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Abstract

This research focuses on voltage source multilevel converters in high voltage direct
current (HVDC) transmission systems. The first Voltage Source Converter based
HVDC (VSC-HVDC) systems with series connected IGBTs in a two-level converter
represented a solution to meet industrial and economical requirements but is
associated with significant drawbacks such as high dv/dt and di/dt, high switching
loss, and poor output voltage and current quality. To overcome these issues, the
multilevel converter was proposed for HVDC application.

The Modular Multilevel Converter (M2C) was the first multilevel converter to be
commercially used in the power industry. In this thesis, the M2C is investigated
mainly in terms of operating principle, capacitor size and capacitor voltage ripple,
capacitor voltage balancing technique and modulation scheme. The results of this
investigation show that the M2C offers the following features: improved efficiency,
lower supporting voltage and current in the switching devices and low dv/dt. These
features make the M2C suitable for HVDC systems.

Two new operational principles and modulation strategies for a Hybrid Cascaded
Multilevel Converter (HCMC) are proposed in this thesis. Both modulation schemes
extend the modulation index linear range and improve the output waveform quality.
This gives the HCMC a higher power density than any known multilevel converter
topology for the same dc link voltage and switching device rating.

Simulations for both types of multilevel converter (M2C and HCMC) are supported
by practical results from scaled hardware laboratory converters.

Mathematical analysis and calculation of conversion loss for both types of multilevel
converter and for the conventional two-level converter are performed. It is shown
that both M2C and HCMC provide lower conversion loss compare to the
conventional two-level converter.

A control strategy for these two multilevel converters in point-to-point and
multi-terminal HVDC systems is also studied. Simulation results show that these two
converters are able to operate over the entire specified P-Q capability curve and are
capable of riding through ac faults without imposing any over-voltage or

over-current on the converter switches.
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Chapter 1: Introduction

CHAPTER 1

1. Introduction

1.1 Background

Electrical plants generate power in the form of ac voltages and currents. This power
is transmitted to the load centres using three-phase, ac transmission lines. However,
under certain circumstances, dc transmission lines are desirable. This alternative
becomes economically attractive where a large amount of power is to be transmitted
over a long distance from a remote generating plant to the load centre. The breakeven
distance for HVDC overhead transmission lines usually lies somewhere in a range of
300-400 miles and 50-75 miles for submarine cables [1]. In addition, many other
factors, such as the improved transient stability and the dynamic damping of the
electrical system oscillations, may influence the selection of dc transmission in
preference to ac transmission. It is possible to interconnect two ac systems, which are
at two different frequencies or which are not synchronized, by means of an HVDC

transmission line.

In the past 50 years, High Voltage Direct Current (HVDC) systems have employed
several types of switching devices: the mercury-arc valve; the silicon controlled
rectifier (thyristor); the Insulated Gate Bipolar Transistor (IGBT), the Gate Turn-off
Thyristor (GTO) [2]. Originally, mercury-arc rectification was found to be the most
suitable for handling large currents and made high voltage direct current transmission
a reality. In the late 1950s, the silicon controlled rectifier (SCR) led to the
development of line-commutated, current source converter technology. This
improved converter technology led to further development of HVDC transmission
systems. More recently, the advent of high capacity, self-commutating GTO and
IGBT devices has allowed the development of voltage source HVDC transmission.
This approach has realised HVDC Light and HVDC Plus which have extended the
range of application of HVDC systems [3-5].
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HVDC transmission based on the Voltage Source Converter (VSC) can overcome the
functional limits of Current Source Converter (CSC) HVDC but comes with its own
set of performance compromises. Initially converters for voltage source HVDC
employed conventional two- or three-level inverters with composite switches made
up of large numbers of series connected power semiconductor devices. This
approach has proven viable up to voltages of 300kV [6] but is limited by the need to

compromise between switching loss and power quality.

VSC based HVDC is a multi-variable strongly coupled nonlinear system [7, 8]. It can
control active and reactive power independently and can supply both active and
passive networks [9, 10]. Reverse power flow can be implemented by reversing the
direction of dc current without changing the dc voltage polarity. There is no need for
communication between converters and this reversible current feature is helpful in
multi-terminal DC systems, allowing both convenient power flow control and high

reliability [11].

Multilevel converters overcome the need for series connected switches whilst
delivering reduced loss and improved output power quality. A wide range of
multilevel converter topologies have been proposed and some have been successfully
applied to medium voltage drives [12, 13], however, most multi-level topologies are

unsuited for scaling up for application to HVDC transmission systems [14].

The most common types of multilevel converters used in medium and high voltage
applications are:

¢ Diode-clamped multilevel converter

¢ Flying-capacitor multilevel converter

e (Cascaded multilevel converter with separate dc source

The diode-clamped multilevel converter is most widely used in the industrial world
[15, 16]. However, with increased output voltage levels, inherent voltage imbalance
occurs on dc capacitors, which results in the need for external balancing circuits for
the dc capacitors. The expense of capacitors at a low carrier frequency and
complex capacitor balancing techniques are major disadvantages of the

flying-capacitor multilevel converter [17]. The well-known cascaded multilevel
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converter has substantial advantages, especially in the application of the static
synchronous compensator (STACOM) but numerous isolated power supplies are
required for real power exchange. This has been achieved at medium voltage levels
through the use of complex, multi-winding transformers, however this approach is

not suited for use with a high voltage dc bus topology [18].

The Modular Multilevel Converter (M2C), Figure 1-1, and by implication the
H-bridge modular converter have been shown to be viable for HVDC transmission
systems [19]. This approach significantly reduces switching losses and grid-side
power filters requirements. The limitation of the M2C concept is the cell capacitors
which provide a set of virtual dc sources for the multi-level converter. Unlike the dc
link capacitor of a conventional two level inverter, the M2C cell capacitance acts in
series with the power transfer path. Thus the capacitors must be rated for the
fundamental current and must have high capacitance to limit the cell voltage
excursions. The cell capacitors require voltage balance control which increases
system complexity and their large capacitance contributes to increasing the converter

footprint.
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/aiarm1
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Figure 1-1: Three-phase of the N-level M2C.

Recently mixed topology ‘Hybrid’ converters (Figure 1-2) have been proposed
which combine different multi-level converter topologies in order to optimise
different aspects of converter performance [20]. The basic concept involves the use
of a two-level converter in series with cascaded H-bridge cells. These cells can be
powered with electrically isolated separate active dc sources or by means of floating
capacitors. Variants employ isolated sources because both high- and low-voltage
stages contribute to the fundamental voltage. For HVDC, the generation of multiple
isolated dc power supplies is impractical, thus the H-Bridge voltage is provided by
cell capacitors. Although the voltage components synthesised by the H-Bridge cells
may not contribute to real power transfer, they may be used to cancel harmonics and

contribute to reactive power transfer.
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Figure 1-2: Hybrid multilevel converters with ¥2(N-1) H-bridge cells in ac side.

1.2 Motivation

The basic form of the VSC-HVDC converter will combine high-voltage operation
with low losses and low output voltage harmonics with minimized hardware
foot-print and system complexity. Development of HVDC networks will require
extended converter functionality, most notably the ability to control or block current
flow into a suppressed dc network voltage. Several different multi-level converter
topologies can be employed in a HVDC transmission system. The dominant VSC
topologies for HVDC systems are either the conventional two-level converter with

series connected semiconductors or the multilevel M2C.

The M2C approach achieves multi-level operation with a modular and scalable
hardware topology. In addition to standard converter control functions, a robust
capacitor balancing technique is required for the M2C to maintain cell voltages. The
modulation scheme should be robust and expandable to any voltage level number.
The emerging Hybrid Cascaded Multilevel topology gives an extended modulation
index linear range and provides reverse blocking dc link fault capability. Effective
operation of this circuit requires capacitor balance control and synchronization

between fundamental power control and harmonic cancelation if using independent
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control. The harmonic cancelation algorithm should ensure that H-bridge cell

numbers are minimized whilst providing a high-quality output voltage.

1.3 Objectives

In this research, operation of the Modular Multilevel Converter (M2C) and the

Hybrid Cascaded Multilevel Converter (HCMC) has been investigated. Two new
PWM schemes for HCMC and an SPWM scheme for M2C are proposed to achieve

following points:

The modulation scheme for M2C should be robust and expandable to any
voltage level number.

H-bridge cell capacitor balancing for HCMC can be achieved independent of
modulation index and power factor.

The high-voltage two-level converter is switched at a frequency close to the
fundamental power frequency, resulting in low switching loss, by using an
independent control scheme.

Low-distortion output voltage with low switching loss in both the two level
and cascaded H-Bridge stages.

Low output dv/dt as with multilevel operation and voltage total harmonic
distortion (THD) lower than that of the conventional two-level converter.
H-Bridge cell voltage is compatible with a single semiconductor device.

The H-Bridge cells only act to cancel harmonic power flow, resulting in a
reduced capacitance requirement.

The ac side H-Bridge cells may be set to block, thereby protecting the
inverter in the event of a dc side fault and preventing ac flow into a fault on
the dc network.

Extended modulation index linear range to 1.218 and 2 for real and reactive
power applications respectively, using sinusoidal PWM with 3rd harmonic

subtraction.
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1.4 Methodology and Scope of the Research

Switching functions and averaging of the currents and voltages over one switching
cycle are used as the main tools for developing the mathematical models and

analytical methods presented in this thesis.

In order to establish a model of the VSC based HVDC system and design its
controller, the synchronous reference frame is used. The control strategies presented
in this thesis are based on the mathematic model of the converter in the synchronous
reference frame, whence the power flow can be controlled by the amplitude and
phase angle of the ac-side current [21]. A simplified synchronous d-g frame based
HVDC model is suitable for simulation and analysis, since it offers quick dynamic

response and sensitivity to system parameters [10].

The multilevel converter simulations are supported by experimental results obtained

using scaled hardware laboratory converters.

1.5 Thesis Organization

This thesis is organized into eight chapters:

Chapter 1 presents the general background of multilevel converter topologies in
HVDC transmission system applications, and the motivation and objectives of this

research.

Chapter 2 introduces several multilevel converter topologies that are used in industry.
The advantages and disadvantages of these topologies are compared with the
conventional two-level converter. Operating principles and converter applications are

also presented.

Chapter 3 presents a detailed discussion of different Pulse Width Modulation (PWM)
techniques for multilevel converters, namely carrier-based PWM, third harmonic
reference injection and Selective Harmonic Elimination PWM (SHE-PWM).
Different modulation techniques are compared by mathematical analysis and

MATLAB/ SIMULINK simulations.
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Chapter 4 presents the concept and operating principle of the Modular Multilevel
Converter (M2C), and cell capacitor balancing techniques for three- and five-level
M2C are introduced. The derived mathematical expressions for capacitor voltage
ripple and capacitor size are presented at the medium voltage level (20kV dc voltage).

Both simulation and experimental result support this chapter.

Chapter 5 introduces the main concept and two operating modes of the Hybrid
Cascaded Multilevel Converter (HCMC). These two operating modes employ
different PWM schemes: one is independent control of two-level and H-bridge cells
using SHE-PWM, and the other is Sinusoidal Pulse Width Modulation (SPWM) with
third harmonic subtraction. Mathematical analysis of capacitor size and voltage
ripple, and power flow are presented. Both simulation and experiments results are

presented validate the two PWM schemes.

Chapter 6 presents an analytical evaluation of conduction and switching losses for
the proposed multilevel converters. The derived mathematical expressions are based
on sinusoidal current and voltage assumptions. The conversion losses of the M2C
and the hybrid cascaded multilevel converter are compared. Also, theoretical and
experimental conversion losses of the hybrid cascaded multilevel converter are

presented.

Chapter 7 considers the multilevel converter in an HVDC transmission system
application, where the general system description and operation are presented. The
control strategies for two-terminal and multi-terminal HVDC systems are discussed.
Both M2C and HCMC operating during HVDC transmission system steady-state and
transients are simulated in MATLAB/SIMULINK.

Chapter 8 draws general conclusions and presents recommendations for the future

research.
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CHAPTER 2

2 Converter Topologies in HVYDC Transmission
Systems

2.1 Introduction

A HVDC transmission systems can be based on either current or voltage source
converters. The second generation HVDC system employed a current source
converter that used thyristors as the switching devices. This type of transmission
system has been widely used in the power transmission industry for over five
decades and it is also known as a line commutated converter high-voltage direct
current (LCC-HVDC) transmission system. Its main advantages are low conversion
losses (mainly on-state losses, due to thyristor low on-state forward voltage drop)
and high overload capacity. However, its switching frequency is limited to the ac
network power frequency. The main disadvantages of LCC-HVDC transmission
systems are:

e Large passive filters must to be installed for low-order harmonic mitigation,
and an additional damping filter is required (thereby increasing system
losses).

e Slow dynamic response as its switching frequency is the same as the ac
network power frequency.

e Active and reactive output power cannot be controlled independently.

e [t cannot be connected to a passive ac network where the ac system has a low
network source impedance.

e It has a large footprint, which is not desirable for offshore wind farms due to
high installation and maintenance costs.

e It is susceptible to ac network disturbances, which may temporarily shut

down the system [1].
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A voltage source converter based high voltage direct current (VSC-HVDC)
transmission system uses self-commutated devices such as the insulated gate bipolar
transistor (IGBT) as its main switching device, which provides better performance
than the conventional LCC-HVDC system. The first VSC-HVDC systems used
series connected IGBTs (Figure 2-1) with a switching frequency of less than 2kHz.
The adoption of IGBTs in VSC-HVDC transmission systems allows the use of high
frequency pulse width modulation (PWM) that resulting in a fast dynamic response
and independent control of the active and reactive powers. Hence voltage support of
the grid can be achieved without compromise to the basic active power transmission
function. Also ac fault ride through ability can be achieved. The HVDC system can
remain connected and help ac network recovery. Furthermore, the use of a 1 to 2kHz
switching frequency is sufficient to separate the harmonics from the power frequency,
therefore only small size ac filters need to be used to mitigate the high order
harmonics. Consequently, the system footprint is expected to be smaller than the
conventional LCC-HVDC system. However, a disadvantage of the VSC-HVDC is
higher switching losses. Additionally, it is vulnerable to dc side short circuit faults

due to the large dc link capacitance compared with conventional HVDC systems.

Figure 2-1: Conventional series connected two-level converter.
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2.2 Conventional Two-level Converter

A typical three-phase, two-level VSC using IGBTs is shown in Figure 2-2. Two
stacks of IGBTs are connected in series in each leg, where the voltage stress for each
stack equals to the dc link voltage. The switching frequency of each IGBT is the

same as the carrier switching frequency.

_ _ _I
S Sz Ss
Iq
oYY\
ip
— . Y\
e
——ap LYY _|
— _| -
Sy S5 Se

Figure 2-2: Conventional two-level converter.

A two-level converter with a high number (n>100) of series connected IGBTs
represents a solution to meet the requirements of industry and economical needs such
as modular construction and scalability. However, it has significant drawbacks:

e A bulky passive ac filter is needed in order to suppress undesired harmonics.

e High dv/dt and di/dt cause unwanted EMC disturbance and large voltage and

current stress on each device.
e High switching loss.
e The energy stored in the dc capacitor results in high dc fault current and

damage if a short circuit fault occurs on the dc bus.

2.3 Diode Clamped Multilevel Converter

The diode-clamped multilevel converter employs clamping diodes and cascaded dc

capacitors to produce ac voltage waveforms with multiple levels. The first neutral
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point clamped (NPC) multilevel inverter was a three-level inverter, proposed by
Nabae er al. in 1980 [2] and extended to N levels by Bhagwat in 1983 [3]. A
generalized version of the diode-clamped converter consists of N-1 capacitors
connected in series across the dc bus, so that inverter can generate N voltage levels
per phase. One bridge arm is composed of 2x(N-1) series connected switches, and
(N-1) X(N-2) diodes are used to clamp the switch voltages. This topology produces N
levels in the phase voltage and 2X(N-1) levels in the line voltage, during normal

operation.

=

V. — AV, —

(a) (b)
Figure 2-3: One phase of diode-clamped converter (a) three-level leg (b) five-level

leg.

Figure2-3a shows the circuit diagram of one phase of a three-level diode-clamped
converter. Each leg is composed of four active switches with four anti-parallel diodes.
The dc bus capacitor is split into two, providing a neutral point N. The difference
between the three-level diode-clamped inverter and the conventional two-level
inverter is the clamping diodes D, and D,. When switches S, and S; are turned on,

the inverter output terminal A is connected to the neutral point through one of the
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clamping diodes D, or D,. The voltage across each of the dc capacitors is normally
equal to half of the total dc voltage V,;. When current iy flows into the neutral point N,
the capacitors C; or C, can be charged or discharged, causing neutral-point voltage

deviation.

The output voltage V, has three states 0, +/2V,.. Switches §; and S, are turned on for
12V, switches S» and S; are turned on for the O level, and switches S; and Sy are
turned on for voltage level - V2 V.. D,and D, clamp specific switch voltages to half
the dc bus voltage. For instance, when switches S; and S, turn on, V,= V,; diode D,
balances the voltage sharing between S3 and S, with S; blocking the voltage across

C;and S, blocking the voltage across C;,

Table 2-1 shows switching state arrangements for S; to S4 respectively [4]. The gate

signals can be generated by modulation methods introduced in Chapter 3.

Table 2-1: Switching states combinations of one leg of three-level Diode-clamped

inverter.
Switching Device switching status(Phase A) Terminal
state S S5 S3 Sy voltage V4o
1 On On Off Off YaVae
0 Off On On Off 0
-1 Off Off On On -2 Ve

Figure2-3b shows the circuit diagram of one phase of a five-level diode-clamped
converter, where the clamping diodes are of the same voltage rating. There are four
capacitors across the dc link, which divides the dc bus voltage into five levels: 12V,

YV, 0, -YaVye, -¥2Vq.. There are 8 series switches in each arm, S; to Sg, and the
clamping diodes Dj", Dy, D5 ,D; , D5, D5 are used to clamp the voltage on each

switch to one capacitor voltage level. To produce a five voltage level sequence Y2V,
YV, 0, -Y4Vy, -¥2Vq., four adjacent switches could be switched on/off together

sequentially.

Some features of the diode-clamped multilevel inverter are:
1) High voltage rating required for blocking diodes. Although each active
switching device is only required to block a voltage level of V,/(N-1), the

clamping diodes need to have different reverse voltage ratings. If the
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blocking voltage rating of each diode is the same as that of the switching
devices, the number of diodes required for each phase is Ng=( N-1)x( N-2),
where N denotes the number of levels. When N is sufficiently high, the
number of diodes makes the system impractical.

2) Capacitor voltage unbalance. In most applications, a power converter needs
to transfer real power from ac to dc or dc to ac. For more than three levels,
dc link capacitor voltage imbalance increases with decreasing power factor
and capacitor voltage balancing methods must be applied to maintain the

voltage constant [5, 6].

2.4 Flying Capacitor Multilevel Converter

The Flying Capacitor Multilevel Converter was introduced by T.A. Meynard et al. in
1992 [7]. The capacitors in combination with the switches are used to synthesize
different voltage levels at the converter output. The flying capacitor inverter offers
flexible switch combinations for synthesizing the output voltage [8, 9].
Figure 2-4 shows the circuits for one leg of three-level and five-level flying capacitor
multilevel converter. In Figure 2-4a, three output voltage level can be synthesized: 0,
Ve
The steps to synthesize the five-level voltages are:
1. For an output voltage level V40=%2V,., turn on all the upper-half switches S; to
S4.
2. For an output voltage level V4o =%V, there are four combinations:
a. ondevices: S;, S, 53 and Ss.
b. on devices: Sy, S3, S4 and Ss.
c. ondevices: S, S3, Sy, and Sg.
d. ondevices: S}, S», S4, and S.
3. For an output voltage level V4o =0, there are six combinations:

a. ondevices: S;, S,, S7, and Ss.

=

on devices: S3 S4, S5, and Ss.
on devices: S; S3 Ss, and Ss.

c
d. ondevices: S; Sy S, and Sy,

o

on devices: S Sy, S5, and S7.

=

on devices: S S3 S5 and Ss.
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4. For an output voltage level Vo =-%4V,,, there are four combinations:
a. on devices: S;, S, S7, and Sg.
b. on devices: S, S5, Ss, and S7.
c. ondevices: S3 S5 Ss, and Sg.
d. ondevices: S, S5, S7, and Sg.

5. For an output voltage level V4o =-%2V,, turn on all lower half switches, S5 to Sgs.

An N-level converter has 2x(N -1) line voltage levels. Assuming that each capacitor
has the same voltage rating as the switch, the dc bus needs N-1 capacitors for an
N-level converter, and Y2(N-1)x(N-2) clamping capacitors. Because of the large
number of capacitors required and inherent capacitor shortcomings, research and

application of the flying capacitor multilevel inverter is limited.

Ve

S5 Dy

(a) (b)
Figure 2-4: Flying capacitor circuits (a) three-level leg (b) five-level leg.
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The advantages of the flying capacitor converter are:
e Large storage capacitance provides ride-through capability during power
outage. Switch combination redundancy for balancing different voltage levels.
Both real and reactive power flow can be controlled, making it a voltage
source converter candidate for high voltage dc transmission.
Disadvantages are:
® An excessive number of storage capacitors are required when the number of
converter output levels is high. High-voltage systems are more difficult to
package and more expensive because of the required bulky capacitors.
Converter control is complicated, and the switching frequency and switching

losses will be high with real power transmission.

2.5 Cascaded H-bridge Multilevel Converter

The cascaded H-bridge multilevel converter is based on the series connection of
H-bridge cells to achieve medium-voltage operation. It requires a number of isolated

dc sources to supply each H-bridge cell as shown in Figure 2-5 [10].

Each power cell is capable of producing output voltages £V, or O by connecting the
dc source to the output terminals using different combinations of the four switches.
The two series switches in each leg of each cell (e.g. S; and S3) form complementary

switch pairs, where one switch is turned on /off, and the other switch must be off/on.

H-bridge
cell A
H-bridge
11
ce - Ve
[
I
[
I
V L
. d H-bridge
H-bridge cell o e v

Figure 2-5: Cascaded H-bridge converter with electrically isolated DC sources.
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The operating status of the switches can be represented by switch states shown in
Table 2-2. Switch state ‘1’ denotes that the switches S; and S, are on and the inverter
terminal voltage V,. is +V,., whereas ‘-1’ indicates that the switches S, and S;
conduct, leading to V,. =-V,. Switch state ‘0’ signifies that either the upper two

switches S; and S, or the lower two switches S3 and Sy are on.

The cascaded multilevel converter is not suitable for HVDC transmission systems
due to the absence of a common dc link. However it has been proposed for

photovoltaic grid integration [11] and electric hybrid vehicles [12].

Table 2-2: Switching states combinations of one cell of Cascaded H-bridge
Multilevel Converter.

Switching Device switching status (Phase A) Terminal
state S1 S2 S3 S4 voltage V.
1 On Off Off On +Vye
Off Off On On
0 0
On On Off Off
-1 Off On On Off Ve

2.6 Modular Multilevel Converter

The Modular Multilevel Converter (also known as M2C) is the latest converter
topology adopted in HVDC systems [13-16], It has been used in the first commercial
application of multilevel HVDC converters known as HVDC PLUS [17]. This
topology is highly attractive for HVDC applications since the structure of the M2C
allows operation at high voltage with low harmonic content, without the use of ac
filters (where this is appropriate), and also without the need to increase the switching

frequency. This converter will be studied in detail in this thesis.

2.7 Other Converter Topologies

Multilevel-Clamped Multilevel Converter (MLC?) was proposed by P. Rodriguez et

al. in 2011[18]. This topology is based on a multilevel clamp concept combined with
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a Neutral-Point-Clamped (NPC) converter to produce an increased number of levels
without an excessive part count or additional complexity. However, issues regarding

power losses and capacitor voltage balancing were not addressed.

Use of the Z-source inverter for WECS was investigated [19, 20] as a possible
solution for grid interfacing. A unique impedance network is employed in the DC
side rather than a single capacitor or inductor. Unlike the conventional VSC or CSC,
the input voltage can be stepped up and down [21], which is convenient for grid
connection and DC link control. Also the input and output can be voltage or current

sources.

The matrix converter has been investigated as an alternative to conventional ac/dc/ac
conversion for wind energy applications [22, 23]. An array of controlled bidirectional
switches is used as the main power elements to interface a three phase generator to
the grid [24]. It allows independent control of voltage magnitude, frequency, phase
angle and power factor [25]. The main advantage compared to conventional ac/dc/ac
conversion is that there is no dc link, and therefore no bulky capacitors. However,
due to the absence of energy storage elements, ride through capability and input and
output decoupling do not exist [24]. The gain is less than unity and if the input is a

voltage source the output is a current source, and vice versa.

2.8 Comparison

Table 2-3: Comparisons of component requirements per leg of multilevel converters.

. Multilevel Topologies
N-level in phase Diode clamp Flying capacitor | Cascaded H-bridge M2C
Phase levels N N N(odd) N
Line levels 2N+1 2N+1 2N 2N+1
Main switching devices (N-1)x2 (N -1)x2 (N -1)x2 (N -1)x2
Main diodes (N -1)x2 (N -1)x2 (N -1)x2 (N -1)x2
Clamping diodes (N-1x(N-2) - - -
DC bus capacitors (N-1) (N-1 (N -D/2 -
Balancing capacitors - Y (N -1)x(N-2) - (N -1)x2
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Table 2-4: Comparison of different inverter based HVDC systems.

LCC based VSC based
LCC Two level M2C
Switching device Thyristor IGBT IGBT
Switching loss Negligible High Low
On-state loss Low Moderate Moderate
Active power control Continuous +10% to Continuous Continuous
+100% 0 to £100% 0 to £100%
Igdependent cgntrol of No Yes Yes
active and reactive power
Reactive power demand 50% to 60% No No
AC filters Large Small No
Possible with high
AC fault ride through ability | risk of commutation Excellent Excellent
failure
DC fault ride through ability Excellent Poor Moderate

2.9 Summary

The modern power industry requires power converters to operate under
medium-voltage and high-power conditions, which are beyond the capability of
single semiconductor switches. The multilevel inverter is an option to provide high
voltage while the power semiconductors withstand rated voltage. There are three
basic multilevel inverter topologies: the neutral point/diode clamped multilevel
inverter, the flying capacitor multilevel inverter and the cascaded H-bridge multilevel
inverter. Compared with the conventional two-level inverter topology, multilevel
inverters generate lower harmonic distortion, require approximately half the
switching frequency of a two-level converter to generate output voltage with the
same quality, have a lower voltage stress across a single switch, and facilitate higher

power ratings [26].
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CHAPTER 3

3 Pulse Width Modulation Techniques

3.1 Introduction

The Voltage Source Converter (VSC) is the key technology behind application of
advanced power electronics apparatus for electronically controlled modern power
systems. It is also the backbone of modern High Voltage Direct Current (HVDC)
transmission systems and Flexible AC Transmission Systems (FACTS) devices such
as static synchronous reactive power compensators (STATCOM) for both
distribution and transmission systems. The reduction of switching losses in VSCs is
of prime importance in industrial applications. Exact switching transitions, being
able to increase the converter bandwidth, and reduce or eliminate maximum number
of harmonics represent key developments for these converters. Hence, for any pulse
width modulation (PWM) scheme, a primary objective is to calculate the duty cycles
for the converter switches that produce the desired low frequency voltage and current.
The secondary objective is to determine the most effective way of arranging the
switching processes to minimize unwanted harmonic distortion, switching loss, etc.
[1]. Usually PWM techniques can be evaluated in terms of the following criteria:
wide linear modulation range, low switching loss, low Total Harmonic Distortion
(THD) in the output voltage and current waveform spectra, low switching device

stresses, and ease of implementation [2].

For multilevel converter carrier-based PWM [3-5], Space Vector PWM (SVPWM) [6,
7], staircase fundamental frequency switching and fundamental frequency Selective
Harmonic Elimination PWM (SHE-PWM) [8, 9] methods are widely used and

discussed in the open literature.
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3.2 Carrier-Based Pulse Width Modulation

Carrier-based PWM techniques control each converter phase leg individually.
Comparison between one or more carrier signals and the modulating signal
determines the on/off action for the specific switch in one phase leg, and the width of
each generated pulse is varied in proportion to the amplitude of the modulating signal
[10]. The gating pulses can be placed symmetrically in the centre of the switching
period or asymmetrical on one side, depending on the carrier shape employed
(saw-tooth or equilateral triangle). Carrier-based PWM can be implemented using
different sampling techniques [1]:
® Naturally sampled PWM: Switching instant occurs at the intersection of the
low frequency target reference waveform and the high frequency carrier
waveform.
® Regular sampled PWM: Switching instant occurs at the intersection between
the low frequency regularly sampled target reference waveform and the high
frequency carrier waveform.
e Direct PWM: Switching instant occurs so that the integrated area of the low
frequency target reference waveform over the carrier interval is the same as
the integrated area of the converter switched output.

Based on the carrier waveform level and phase angle differences, multi-level
carrier-based PWM can be divided into two schemes:

e Level-shifted multi-carrier modulation:
For an N-level output phase voltage, N-1 triangular carriers are required. All of these
carriers have the same frequency and amplitude. The N-I triangular carriers are
vertically disposed such that the bands they occupy are contiguous. There are three
schemes for level-shifted multi-carrier modulation.
i.  Alternative phase opposition disposition (APOD): Each carrier
waveform is shifted by 180° from the adjacent carrier waveform.
ii.  Phase opposition disposition (POD): Carrier waveforms above the
zero reference are in phase but shifted by 180° from those carrier
waveforms below the zero reference.

iii.  Phase disposition (PD): All carrier waveforms are in phase.
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¢ Phase-shifted multi-carrier modulation:
All the triangular carriers have the same frequency and the same peak-to-peak
amplitude, but there is a phase shift between any two adjacent carrier waves, given
by:

360°
0, = 3.1
sh (N—l) ( )

Where N is the output phase voltage level.
Based on the target reference signal differences, multilevel carrier-based PWM can
be divided into these schemes:

¢ Sinusoidal pulse width modulation (SPWM): Where the modulating signal is
a pure sinusoidal reference and compared with the triangular carrier
waveform to generate switching signals for the switches.

e Third-Harmonic-Injection pulse width modulation (THI-PWM): Injection of
harmonics into a pure sinusoidal modulating signal can increase the dc link
voltage utilization in over-modulation while retaining the linearity between
the modulating signal and the modulated output waveform, and improved

THD. The maximum modulation index that can be achieved by harmonic

injection PWM is 2/ V3 in the linear modulation mode. A 1/6 third harmonic
component [1] can be added to the pure sinusoidal waveform to increase the
maximum output line-to-line voltage. A % third harmonic injection [6]
achieves the lowest THD in the output line-to-line voltage.

e Switching frequency optimal pulse width modulation (SFO-PWM): Where
zero sequence components are injected into the modulating signal (equation
3.2 to 3.5). This approach can extend the linear range of the modulation index
by 15% before over-modulation. Another feature is that the switching pattern
is similar to space vector modulation.

_ max(v, +v, +v )+min(v, +v, +v )

Viers = > (3.2)
vZ =V Veero (3.3)
Vi =V ~Vopro (3.4)
v: =Ve = Vaero (3.5)

Where vj- (j=a,b,c) is the resultant modulating signal.
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e Dead Band pulse width modulation (DBPWM): If the neutral point of the
load is floating, on an instantaneous basis, keeping one inverter leg clamped
does not result in loss of control of the three output line currents [11].
DBPWM allows each phase of the converter to remain inactive for 1/3 of the
line cycle thus the switching actions of a DPWM modulator are 2/3 those of a
continuous modulator with an identical carrier frequency. Fewer switching
actions lead to lower switching loss. The analytical expression for the

reference waveform is:

v=ksinax+e;

e, = 0<k<2/+3

e * . ..
Where: u,, and u,, are the maximum and minimum values of the three

ax
instantaneous sinusoidal modulating signals.
The literature review focuses on naturally sampled SPWM with different carrier

waveforms for multilevel converters.

3.2.1 Analysis of carrier-based PWM

Analysing the harmonic distribution of a pulse width modulated converter output
voltage waveform is quite complex and is often performed using Fast Fourier
Transform (FFT) analysis. It is based on the concept that any time-varying waveform
can be described by an infinite series of harmonic components. The most well
adopted analytical method of determining the harmonic components of power
electronic converters was proposed by Bowes and Bird in 1975 [12]. They assumed
two time variables: one representing the time variation of the high-frequency carrier
wave and the other representing the low-frequency reference waveform. Both of
these variables are considered independent and periodic. The harmonics of a PWM
switched waveform can be expressed in a general form as a summation Fourier series

[13]:
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F(t)= %+ z (Ay,, cosnayt + By, sin nayt) + z (A0 cOs n@,t + B, sin na,t)

L. "l (3.6)
+D° D (A, cos(m@, +nay)t) + By, sin((ma, +nay)t))

m=l n=—oco
Where:
% 1s the dc offset.

> ) is the fundamental component and baseband
Z (Ag, cos nayt + B, sin nayt)

n=1 harmonics.

Z (Ao cosna,.t+ B, sinn@.t) is the carrier harmonics.
m=l1

S~ Ay, cos((ma),. + nayy )t
z z (an sin((ma, +nay)t)

m=Il n=—co

1s the side-band harmonics.

The complex coefficients for (3.6) can be expressed by:

b
27°

T T .
j j F(x, y)e! "™ ™) dxdy (3.7)

- -7

Where F(x)=F(a@.t) represents the carrier waveform function.

F(y)=F(apyt) represents the reference waveform function.

Mathematical model for the carriers required to generate N-level voltage output

For an n-level converter, n upper carriers and n lower carriers can be defined as:

|

Vupper _k = Voffset_k +E(sm 1(sm(a)ct+6’k )+1) (3.8)
2k 1

Where: v, & =1—E;k=1,2,....5(n—l)
| S

Viower _k = Voffset _k +E(Sln 1(Sm(wct + 0]( »=D (3.9)
2(k—1) 1 1

Where: vyger o =1- = ;k:E(n+1),E(n+2) ..... (n—-1)

29



Chapter 3: Pulse Width Modulation Techniques

For different carrier patterns:

PD:6, =0 Vk k=0 to k=n-1

POD: 6,to 6’,1_% =0, 9n+% to 6,,=7 (3.10)
APOD: 6,,,=0and 6, ,, =7

For three-level Phase Disposition (PD), Phase opposition disposition (POD) and
Alternative phase opposition disposition (APOD) modulation schemes, the upper and

lower carriers can be expressed by:

1.2 . 4, .
Vipper =5 —sin !(sin(@.r) +1)] (3.11)

1.2 . 4 .
Vigwer = —|—sin "} (sin(@.t + 6) —1)] (3.12)
2
Where =0 for PD carriers, and € =z for POD and APOD carriers.
For five-level Phase Disposition (PD), Phase opposition disposition (POD) and

Alternative phase opposition disposition (APOD) modulation schemes, the upper and

lower carriers can be expressed by:

Vipper 1= 1, l[2 sin”! (sin(@,t + 6,) +1)]
- 2 4 (3.13)
1.2 . 4, . ’
Vipper 2 = Z[E sin”! (sin(@, + 6,) +1)]
1.2 . 4. .
Viewer 1= Z[; sin” (sin(@,.t +65) —1)]
3.14
1 1.2 . 4, . ( )
vlowe,_2=—5+z[;sm (sin(@.t+6,)-1)]

Where 6,=6,=60,=6,=0 for PD carriers
6,=6,=0,6;, =6, = x for POD carriers.

6,=65,=0,6, = 6, = 7 for APOD carriers

Figure 3-1 to Figure 3-6 show these three schemes of PWM signal generation for

three-level and five-level diode clamped/M2C converters.
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Harmonic analysis

Three-level SPWM with PD carriers:

Figure 3-7 shows PWM signal generation for two cycles of the carrier signal

waveforms. The two intersection points in the wupper carrier are:
1 . .. V4 . .

X =——Msiny—land x; = EM siny +5 (where y is the carrier waveform and
V4

shown in Figure 3-7). When the output voltage varies between ¥2Vdc and 0, while

. . . : . 2. .
the two intersection points in the lower carrier are: x,., =—§M sin y+ 7 and

Xpo = —EM sin y—27x when the output voltage varies between -2Vdc and 0.
f2 )

A
TC ol TC
1 ....................... V ...................................................................................................................
xﬁt ref )ifl T
/v = carriers

v

0
Xr2 Vie sz
AN 4/ ot
_ |

_Vdc
2 1
f(x’ y) = —VdC
2 .
1
fx,y)= _EVdC

_lVdc 4 Sa

2 27

Figure 3-7: Two cycles of reference and carrier signal waveforms by using PD carrier
(where in the first cycle, the reference is crossing the upper carrier, and in the second
cycle, the reference is crossing the lower carrier).
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Based on equation (3.6), the complex coefficient C,,, can be derived:

nxf1 27 Xp]

- Vdc [J' J' (mx+ny)dxdy+'|' (J. ej(”lx+n)’)dxdy+'|. ej(mx"'"Y)dxdy)]

47[ 0 xp1 T 7 x2
Coo =0

1
Cor :EMVdc G149
Con =0,Vn>1

2 & Jook_pymrM

Cpo=— Vae > (1) (1—cos(m+n)7x)

2mr = 2k-1

C. =Y (1 _costm+mm)(J, (maM )sin %)
2mrx 2

niw
2 2k-1) 0057

+— Joop_p(maM
zzk}: k= M 2k =1=n)

|n[2k~1

Where J stands for the Bessel function of the first kind:

_ - (_l)q l 2q+a
Tal0)= ;‘) q!r(q+a+1)(2 0

The C, term indicates the carrier harmonic components of the phase voltage are
only non-zero when m is odd, which means only odd order carrier harmonics exist.
The C,, term indicates the sideband components are separated by 2@}, with even

order sideband harmonics (n=even) spread around the odd carrier components
(m=0dd) and odd order sideband harmonics (n=o0dd) spread around the even carrier

components (m=even).

Three-level SPWM with POD/APOD carriers:

With POD/APOD carrier based PWM, the mathematical analysis results are the same,
as displayed in Figure 3-8, but the difference between POD/APOD carriers and PD

carriers is the integration limits are determined by the lower carrier. The two

. . . . . 1 .
intersection points in the upper carrier are: x,=——Msiny—-1 and
T

Xfy :%M sin y+% (where y is the carrier waveform and shown in Figure 3-8).

When the output voltage varies between Y2V, and 0, while the two intersection

34



Chapter 3: Pulse Width Modulation Techniques

points in the lower carrier are: X,, =M Ssiny+37 and x;, =-7zM siny+37

when the output voltage varies between -/2V,. and 0.

A
TC TC
1 ..... x1 ...... Vref ..................... xl ...........................................................................
o Vi
Vo1 =—7x+1 Ve =7x—1
0 >
Tr2 Wt
W NN
x-=3
lVdc
2 1
f(x,y)==Vdc
2 |-
1
f(x,y)=—=Vdc
1 2
__Vdc
2 27

Figure 3-8: Two cycles of reference and carrier signal waveforms by using
POD/APOQOD carrier (where in the first cycle, the reference is crossing the upper
carrier, and in the second cycle, the reference is crossing the lower carrier).

V2 7Xf1 2 Xf2
Cmn Ydc J' J' ](mx+ny)dxdy+.|' ( J' e](mx+ny)dxdy]

47[ 0 xp1 T X

- ﬁsm(%) J,(maM)

wm
1
Cor =5 MVae
Con = O,VI’I >1
Cmo =0,Vm>1

In three-level POD/APOD carrier PWM, the carrier harmonics are absent; only odd

sideband harmonics spread around carrier components.
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Simulations
Fundamental (50Hz) = 155.8V , THD=17.41%
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Figure 3-9: Line voltage and spectrum of a five-level Diode-Clamped
Converter with PD, POD and APOD carriers (M=0.8, V;.=200V,f.=1000Hz).

Based on the simulation results (Figure 3-9), PD PWM provides lower THD than
POD and APOD. This is because in the PD PWM scheme, the carrier harmonic
components are common to the phase-leg voltages and cancel in the line-to-line
voltage. This makes the PD PWM scheme superior to the other two PWM schemes,
thus PD PWM will be used in this thesis.

3.2.2 Third Harmonic Reference Injection

Third Harmonic Injection was firstly introduced in 1975 by Buja and Indri [14]. The
main purpose of the injection is to increase the maximum modulation index of a
three-phase converter system by including a certain amount of common mode third

order harmonic in to PWM reference signal of each phase. This third order harmonic
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component only exists in the output phase voltage not the line-to-line output voltage,
since the common mode component is cancelled in the three-phase system. If the
three-phase output phase voltage reference waveforms are:

Vv

a

(ref+3rd) = Vgc[M cos @t + M 3 cos3ar]

Viref +3rd) = Vac M cos(ar — 120°) + M 5 cos3ar] (3.17)
Ve(ref+3rdy = Vac[M cos(ar + 120°) + M5 cos3ar]

The line-to-line voltage V,, will be calculated as:

Vb = Varer+3ra) = Vi(rer+3ray = Vae[M cos @ — M cos(ax =120 )]
(3.18)
=MV, [%cos wr — gsin wr]= \/§MVdC cos(ar +30)
From (3.18) it can be observed that the third order component is cancelled in the

line-to-line output voltage.

To calculating the magnitude of the third order harmonic injected to the sinusoidal
reference waveform, (3.17) is divided by MV,.. Equations (3.17) and (3.18) can be

redefined in the per unit system:

v=cos@+kcos30 (3.19)
Where k=M;/M represents the parameter to be optimized to reduce the

maximum value of the function below unity. The maximum value of (3.19) is

defined at the point where its derivative is zero, as shown in (3.20):

%zcost9+kcos30=sin9+3ksin30=0 (3.20)
t
Substituting sin36 = (4 cosé— Dsin@ into (3.19) the expression of v can be
obtained:
v=—2@on 22 o Loy -1k (3.21)
3 3k 3 3

The maximum value of v can be obtained the derivative with respect to k is equal to
Zero:

Y ras 2o (3.22)

dk 3 6k

So k has two possible values:
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J3/2, recalculating that

produces a maximum of v=

1
6

The value of k

V, =MV, the maximum phase output voltage can be obtained:

Vo max =N3/2MVy,

1.15 before phase voltage v

Hence the modulation index M increases to 2/ \/3

exceeds one per unit.

This analysis shows that the modulation index can be increased by 15.5% by

sixth third order harmonic into the target reference sinusoidal

including a one

waveform.

-level phase voltage PD PWM reference waveform with 1/6

10 shows a five

Figure 3-

=1,£,.=1000Hz).

third harmonic injection, (M

(n-d) abejjon

0.015 0.02 0.025 0.03 0.035 0.04

0.005 0.01

0

Time (s)

=0.8, f.=1000Hz).

Figure 3-10: Five-level phase voltage PD PWM reference waveform with 1/6 third
harmonic injection, (M

38



Chapter 3: Pulse Width Modulation Techniques

3.3 SHE-PWM

SHE-PWM offers tight control of the harmonic spectrum of a given voltage
waveform with a low number of switching transitions. However, many switching
angles must be calculated based on the order harmonics to be cancelled, thus the
system is non-linear and transcendental equations with trigonometrically terms need

to be solved [8, 9].

Bipolar SHE-PWM is a switching scheme involving harmonic elimination that has
been widely applied for many years to conventional two-level converters in both
single- and three-phase systems. The angles are distributed to the two level
transitions of the first quarter period. Assuming that there are k switching instants
between zero and the first level are k (where k is always an odd number) and the total
number of switching actions is equal to N, the equations describing SHE-PWM is
given in equation (3.23) [5, 15-17].

PR N i—1+k
Y (=) cos(@)+ 3 (1) cos(@)=%M
i=1 "izk+1 4

k -1 N i—1+k
> (=) cosGa)+ Y (=D cos(5a.)=0 (3.23)
i=1 ikl !

k -1 N i—1+k
> (=1) cos(nx.)+ Y (=1 cos(nx.)=0
i=1 Coizk+1 !

Where: ¢«; are the switching angles for each switching instant, and

2. .. . .
(o, <a,<---<a,<—). iisthe number of harmonics to be eliminated.
T

As an example, if S‘h, 9‘h, 7" and 11" order harmonic are going to be cancelled and
the magnitude of the fundamental component is 0.9 per unit, the nonlinear equations

are calculated to yield four & angles:
o =11.78 0, =23.02", 0 =41.69 01, = 48.79°
Figure 3-11 shows the phase voltage and its spectrum of a two-level converter with

SHE that cancels the 5, 7" and 11™ order harmonics (the 9" is co-phasal and is

hence cancelled in three-phase system).
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Figure 3-11: Phase voltage and its spectrum of a two-level converter with selective
harmonic elimination that cancel Sth, 7™ and 11" order harmonic.

3.4 Summary

The main PWM techniques discussed, analysed and simulated in this chapter are
carrier-based modulation and SHE modulation. Phase disposition PWM is selected
and used in this thesis due to its superior harmonic performance over its counterparts.
A review of third harmonic injection into the modulating waveform to increase

modulation index has been presented.
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CHAPTER 4

4 Modular Multilevel Converters

4.1 Introduction

The Modular Multilevel Converter is an emerging multilevel converter topology

which was introduced in 2001[1-4]. This topology is highly attractive for medium

and high voltage application e.g. Medium Voltage Drive and HVDC applications. It

has been used in the first commercial application of multilevel HVDC converter

known as HVDC PLUS [5]. The structure of the modular multilevel converter allows

to operate at high voltage with low harmonic content without the use of ac filters

(where is appropriate), and without the need to increase the switching frequency [6].

This topology overcomes the main disadvantages of the conventional multilevel

converter and provides a set of attractive features:

Modular construction: Within each module, the voltage level is clamped and
may be set to a level compatible with single device voltage rating. By using a
proper control strategy, the identical modular cells are scalable to different
output voltage levels.

Capacitor balancing is feasible for any number of levels, regardless of
operation conditions.

Low Total Harmonic Distortion and low stress on each switching device.
Failure management: Protection of all converter cells against mechanical
destruction in the case of a short circuit or insulation failure. Because of the
realization of redundancy, a failed cell can be replaced by a redundant cell in
the arm which gives flexibility.

Low manufacturing cost: with increased voltage levels, harmonic filters size

can be reduced, resulting in a significant cost reduction.
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4.2 Operating Principle

The principle of operation of the modular multilevel converter was discussed in
[7-10]. Figure 4-1 shows the three-phase modular converter with N cells per arm.

Each converter phase generates N voltage levels at output phases a, b and c referred
to the supply mid-point ‘0’. The voltage across each cell capacitor is %Vdc and the

voltage stress across each switching device is limited to one capacitor voltage. Arm
inductance L limits the inrush and circulating currents due to instantaneous voltage
imbalance in the cell capacitors and the possibility of capacitors connected across the
dc link having a voltage that does not sum to the dc link voltage during cell
switching state changes. Proper converter operation requires a robust capacitor
voltage balancing strategy to ensure that the voltage across each switching device is

controlled over the entire operating range [11, 12].

Figure 4-2 shows one phase of a three-level modular multilevel converter. Each cell
consists of two switching devices. When the switch S, is turned on and S, is off, the
output voltage is 0. When the switch S, is turned on and S,, is off, the output voltage
is V.. The two switches in each cell must be operated in a complementary manner.

Each capacitor voltage in each cell must be maintained at Y2V,. The four main

switches are S .,S ., .,S

ml®>~m2°~m3°~ m4>

and the four auxiliary switches are §,,,S.,,5,,5,,
which comprise four complementary switch pairs (S, ,S,,),(S,,,,5,,).(S,3:53) >
(S,4-S,4) - In the three-level converter, there are 3 output voltage states: 0 and +%2V.

Assuming the dc source midpoint as the output voltage reference, there are six switch
combinations that synthesize three output voltage levels. At each instant the leg must

be controlled so that the upper and lower arm voltages sum to V.
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Vac

L)

Voltage across upper arm

. b >
Ic
Ceo—>
1
3 3
LN LN
[/ c_arm2 lb_armz / a_arm2

Figure 4-1: Three-phase of the N-level M2C.
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Figure 4-2: Phase ‘a’ of a 3-level M2C.

For voltage level V=1V, ., S .S , from the upper arm and S,,S, from the

lower arm, are on.

For voltage level V =0, the four switch combinations are:

S S

ml? ~'m3

and S,,S, on
SmZ 4 SmS and Sul ° Sa4 on

S,.,:8,, and S .S, on

mé

S8, and S, S . on

ml?

For voltage level V,;=-1V, .S .S, from the upper arm and S,;,S,, from the

lower arm, are on.

Table 4-1 summarizes all the switch states and conduction loop. 1 indicates that a

switch is turned on and O indicates that a switch is turned off.

46



Chapter 4: Modular Multilevel Converter

Table 4-1: Switching state of three-level M2C.

Switching  States o Conducting devices
St | Sma | Sz | Sa Vao i, >0 iy <0
1 1 0 0 1/2V4 Sm1»Sm2,SazrSaa D11, Dz, D3, Daa
1 0 1 0 Sml: DaZ:Dm3:Sa4 Dml: Sa2:5m3: Da4
0 1 1 0 - Da1, Sz, Dimz» Saa Sa1» Dz, Smzr Daa
0| 1 |0 |1 = Da1,Sm2:Sa3:Dma | Sa1, Dmzr Daz» Sma
1 0 0 1 Sml: DaZ:Sa3' Dm4 Dml: Saz: Da3:Sm4
0 0 1 1 —1/2V4c | Dm1, Dz Dazs Daa Sm1, Sm2,Sazr Saa

4.3 Pulse width modulation

In regard to a modular and scalable topology, the applied modulation scheme should
be expandable to any voltage level number. Therefore, at lower numbers of voltage
levels, a carrier-based strategy is used to control the switching states. As the number
of voltage levels increases, carrier-based PWM can be replaced by a ‘staircase’ type
modulation. By using a phase disposition (PD) carrier strategy, the n-level M2C
needs n-1 triangular carriers, with the same frequency and amplitude, from 1 to -1
[13, 14]. A sinusoidal reference waveform (with triplens if desired) is compared to
the triangular carrier waveforms and the gate signal to each IGBT is controlled
according to the comparison results. If the reference is greater than a carrier signal,
then the active device corresponding to that carrier is switched on, and if the
reference is less than the carrier signal, then the active device corresponding to that

carrier is switched off.

For a modular multilevel converter, the modulation index, m, and the frequency ratio,

my, are defined as for conventional multilevel PWM [15, 16]:

24,
A 4.1)
f.
=— 4.2
m, 7 4.2)

Where A, and A denote the amplitudes of the modulating and carrier signals

respectively, and f, and f denote their respective frequencies.
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4.3.1 Illustrative example: three-level capacitor voltage balancing method

Figure 4-3 shows two triangular carrier waveforms and one sinusoidal reference
waveform. When the reference signal is greater than the upper triangular signal the
output voltage level equals %2V, and when the reference signal is less than the lower
triangular signal, the output voltage level equals -2V,,.. The last condition is voltage
level 0 which can be generated by 4 different conditions. These combinations are
referred to as redundant switch states. In a modular multilevel converter, the
redundant switch states are groups of switch states that produce the same phase
voltage rather than the line-to-line voltage, as in the case of conventional multilevel

converters.

"o 0002 0004 0006 0008 001 0012 0014 0016 0018 002

Figure 4-3: Carrier and reference waveforms for 3-level M2C.

If phase a is connected to either the positive or negative dc rails to synthesize voltage
levels 12V, and -Y2V,., the load connection has no effect on the capacitor voltages.
When phase a is connected to the zero level, the upper capacitor always charges

during the positive half of the load current (i, >0), while the lower capacitors
discharge during the negative half of the load current (i, <0), the upper capacitors

discharge while the lower capacitor charge.

Figure 4-4 shows four switch combinations when phase a is attached to the zero
voltage level. The load connection in Figure 4-4(a) represents the switch combination
(1010) which can cause voltage imbalance due to the connection of one output phase

to the point between capacitor C, and C,. If the current direction indicated in
Figure 4-4a is assumed positive, for i, >0 the lower capacitor C,discharges and
upper capacitor C, charges, while the upper capacitor discharges and the lower

charges for i, <0.
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(c)0101 (d)1001

Figure 4-4: Four possible load connection to zero voltage level in a three-level M2C.

The load connection shown in Figures 4-4(a)-(d) represent the redundant switch
states (1010, 0110, 0101, 1001) which are effective for balancing purposes because
the upper and lower capacitors are alternatively used as energy tanks to supply power
to the load. Any capacitor voltage balancing strategy using carrier-based or space
vector modulation must use these switch combinations periodically and for a
relatively short duration in order to compensate for capacitor voltage error. Table 4-2

summarizes all of the switch combinations and their effect on each capacitor voltage.
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Table 4-2: Effect of redundant switch states of three-level modular converter on

capacitor voltage.

Switch states

Load current

Effect on capacitors voltages

Direction Path

i >0 S D.,&S. D . C,Tand C, !
(A) 1010

i <0 S,D &S .D., C,Tand C, !

i >0 S .D &S..D . C Tand C, 1
(B)0110

i <0 S.D,,&S,.D, C,Tand C |

i >0 S .,D,&S,.D,, C, Tand C,{
(©)0101

i <0 S.D &S D, C, Tand C, |

i >0 S D.&S. D, C,Tand C, 1
(D)1001

i <0 S,D &S D, C, Tand C, |

Where: T means the capacitor is charged, ! means the capacitor is discharged.

Based on these facts, the developed capacitor voltage balancing method for a

three-level converter can be summarized as followed:

i.  The capacitor voltages are measured periodically, and the upper group and

lower group are sorted in ascending voltage order.

ii.  During positive load current, select a switch state that charges the upper

capacitor with the minimum voltage and discharges the lower capacitor with

the maximum voltage.

iii.  During negative load current, select a switch state that charges the upper

capacitor with the maximum voltage and discharges the lower capacitor with

the minimum voltage.

By this method, the voltage balance of the cell capacitors is maintained.

4.3.2 Five-level capacitor voltage balancing method

In the five-level modular converter shown in Figure 4-5, there are 70 switch states

for each phase (Table 4-3). These switch states can be used collectively to generate a

five-level waveform in each phase of the converter.
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The capacitor balancing strategy for a five-level modular converter is similar to that

for a three-level modular converter, and can be summarized as followed:

1. VaO = I/ZVdC .
i, >0 Smj =1& Sy jsay =0 J varies from
ii.  V,=%V,.:
One capacitor from the upper group with the minimum voltage to be
i >0 charged.
Three capacitors from the lower group with the maximum voltages to
be discharged.
One capacitor from the upper group with the maximum voltage to be
i <0 discharged
Three capacitors from the lower group with minimum voltage to be
charged.
. V,=0:
Two capacitors from the upper group with the minimum voltage to be
i >0 charged
Two capacitors from the lower group with the maximum voltages to be
discharged.
Two capacitors from the upper group with the maximum voltage to be
i <0 discharged
Two capacitors from the lower group with minimum voltage to be
charged.
1v. VaO = _%Vdc .
Three capacitors from the upper group with the minimum voltage to be
i >0 | charged.
! One capacitor from the lower group with the maximum voltages to be
discharged.
Three capacitors from the upper group with the maximum voltage to
i <0 be discharged
One capacitor from the lower group with minimum voltage to be
charged.
V. Va o — —I/ZVdC .
i, >0 Smj =08& S jray =1
Jj varies from 1 to 4.
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Table 4-3: Summary of the effect of five-level modular converter switch state on

capacitor voltage.
voltage No. of switching Current direction & capacitors condition
levels states >0 <0
1, > 1, <
YV, 1 C; > &Cj C; —>&C; T
1upper4 T &Cupper4 1”171;:;" N &Cupper4
1 4\2 _ min
+AVie (Cl ) =16 lower4 lower4 lower4 T &Clower4
3 max J/&C 3 min
upper4 T &Cupper4 “1717"3”4 \L &Cupper4 N
0 (C4)2 2 min 2 max
27 = lower4 lower4
éowrflgi \L &Clower4 2 in T &C
upper4 0 upper4 “PPW“' N “PPW4
&C - 3 max &C
YV, CcH?=16 € Zimin
lower4 lower4
llovlui[f;’f J/ &Clower4 1 in T &C

Definitions: notation C“”{’Iflr‘l means choose one capacitor with minimum voltage
from upper 4 capacitors.

Where: j varies from 1 to 4, T means the capacitor is charged, J means the

capacitor is discharged and — means the capacitor state remains unchanged.
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4.4 Mathematical analysis

4.4.1 Cell capacitors sizing

> ial E&'—|
‘ } l%u
- T s %/
I/ZV(;_ al _|_ c
ial Vi Vc} |_ /
. L.
T % 4 lg lp C lc
= — L L L
Vao L
ia2 .
lZVd=- VGZT - T :_T I/(N
¢ V/,g ch
(a) (b)

Figure 4-6: (a) linear model for M2C and (b) Current distribution in one cell.

Figure 4-6 shows an averaged bulk model for an M2C circuit, M2C cells in each arm
are considered to be a controllable voltage sources. In each cell, two IGBTs are
considered as a controllable current source, where the current magnitude is decided
by modulation index m. From Figure 4-6, it can be derived that Modular multilevel

converter upper and lower arm voltages in the same phase leg are defined by:

V,(@#)=1V, (1-msinar)
(4.3)
V., () =1V, (1+msin ax)

Where V,,, m, and @ represent total converter dc link voltage, modulation index
and output voltage fundamental frequency in rad/s respectively. Assuming the
converter is lossless, the power balance equation can be expressed as:

Bic = Vdcldc = 3X V I COS¢: f)ac73¢ (4.4)

2 "m m

Since for sinusoidal pulse with modulation, V,, =¥4mV,,, the dc current component

per arm is:

Idv :%mlm COS¢ (45)

W=

Where phase current i, =1, sin(@t—@). Thus, the arm current of the phase ‘a’ can
be expressed as:

Iul :%Idc-i_%iu (4'6)
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Combining equations (4.5) and (4.6), the arm current can be expressed as:

Ial = %Idc |:1+

sin(a)t—(p)} 4.7)

mcos ¢

Letting g = , equation (4.7) can be rewritten as:

mcos ¢
I, =11, [1+gsin(wr - )] (4.8)

For cell capacitance sizing, assume all six arms of the converter contribute equal
power. Therefore the instantaneous power the upper arm exchanges with the ac side
is:

P, . =3V, (-msin@t)x+1, (1+gsin(at —@)) 4.9)
The average power the upper arm exchanges with the ac side over the full
fundamental cycle is:

127[

P,.= - [4V,.(1—msin@)xL 1, (1+gsin(@r - p)dar =L P, (1-1gmcos ) (4.10)
0

By substituting ¢= in equation (4.10), it reduces to zero. This demonstrates

mcos ¢
the natural balancing of the modular converter cell capacitors if they are modulated

correctly.

For cell capacitance sizing of the modular converter with N cells per arm, the total

pulsation energy can be obtained from the integration of P,

arml

between 6, and 6,.

Where: 6, = —sin”! (é) +¢

6, =7r+sin—1(l)+¢
q

Where 6, and &, are the zero crossing points of the current defined by equation

(4.8) and provide the limits of integration to enable calculation of the cell capacitor

pulsation energy.

Therefore, the total exchanged energy between the capacitor and the ac side can be

expressed as:
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6,
m;ijﬂwpmmmn@hﬂ+%mm—@mm
@3

(4.11)
1 1 3/2
=— P .g(1-—
3 ) dc q ( qz)
The Pulsation of energy per each cell for N cell in one arm is:
W= P g ()" (4.12)
3-w-N q

For a three-level modular converter, N=2 and ¢ =

. Therefore equation (4.12)
mcos @

reduces to (4.13):

2 2
w =1p Z7m)

f . (4.13)
i wm

Assuming the cell capacitor maximum and minimum voltages are V.. and Vi

respectively, the pulsating energy each cell capacitor exchanges with ac side is:

W, =1C(Vi. -V

cmin

)=C (Vo =V,

cmax cmin

)%(‘/cmax + V

cmin

)=CAV, V. (4.14)

where C is cell capacitance, 4V, is the maximum allowable voltage ripple, and VC
is average cell voltage. By equating equations (4.12) and (4.13), the cell capacitance
is:
_P.(2-m%)
3omAV_ V.

max

(4.15)

cm

Assuming ‘Z =1V, and fz%(percentage voltage ripple), equation (4.15)

c

can be rewritten as:

2 2
:égié£;)24ggigég) (4.16)

From equation (4.16), the converter is design to operate at high modulation indices
requiring relatively small cell capacitance compared to those designed to operate at
low modulation indices. Also, the lower the cell voltage, the larger the cell
capacitance. For example, a 20kV, 20MW converter, the cell capacitance required
such that the voltage does not exceed 5% when operated at 0.9 modulation index is:

20x10°x(2-0.9%)

- ~ 5mF
3% 2% 50%0.9%0.05x (10x10°)° "
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4.4.2 Capacitor voltage ripple

The modular multilevel converter cell capacitors experience relatively high voltage
due to the flow of the fundamental current component through the capacitors.
Therefore, the capacitors are required to store more energy than in two-level and
neutral-point clamped converters in order to maintain the cell capacitor voltage ripple
across within acceptable limits. The cell capacitor voltage can be expressed using a
linearized switching function. If the phase current is assumed constant within each
switching cycle, the switching function can be replaced by device duty cycle. For the
three-level modular multilevel converter controlled using SPWM for instance, when

0<ar<z, the time at voltage level +%2V,. is T msin ax and time at the 0 voltage level
is T.(1-msinax) In the negative half cycle, the time at voltage level -/2V,. is
T msinax and the time at 0 is 7 .(1+msin ax). Output voltage levels +%2V,. and

-12V4 do not affect the state of charge of the cell capacitor. Only switch combinations
that connect the output phase to ‘0’ affect the state of charge of the cell capacitors.
The time at the O voltage level is distributed equally between the cells capacitors,
assuming the capacitor voltage balancing strategy that uses redundant switch states is
ideal, and uses these capacitors for an equal period of time over the full fundamental
cycle [17-19]. So, an expression for capacitor voltage can be based on one capacitor.

The average current flowing through the capacitor in each cell can be expressed by:

i, =3(—-msin an)i, (4.17)

T o1
lsm_Z

(I+msinar)i, (4.18)
Where: i,; is the converter upper arm current, Za is the average current of the
auxiliary switch s, (the same as the capacitor current), and i, is the main switch

average current (Figure 4-6). Therefore, the voltage across each cell capacitor can be

related to the local average current that flows through the cell capacitor:

C—<=1i 4.19
de ( )

Therefore, the voltage cross the capacitor C is:

2 m

1 . .
v (@)= — j [L(1—msinon)(E 1, +11, sin(ar—p))ldar
| (4.20)
= E[%Idcmcos wt—+1, cos(ax—@)++1, sinQax — )]+ A
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If the capacitor initial voltage is /2Vq., and recalculating that /1, =4ml cos¢ the

constant A is:
1 )
A=1V, —E(émzlm cosp—+1, cosp—1iml, sin@) 4.21)

Finally, the voltage across each cell capacitor C is:

v.(at)=%V, + (f)”& [Lm® cos pcos @t —Ltm* cos @ 422)
+3msin(2axt — @) — 3 cos(@t — @)+ cos @+ msin @]

The first term of the equation (4.22) represents the desired settling point of the

capacitor voltage, while the remaining terms represent the ripple voltage which

depends on cell capacitance, load power factor, modulation index, and phase current

magnitude. Also, observe that the capacitor voltage ripple of the three-level M2C

contains fundamental components and a second harmonic term. The second

harmonic term in the capacitor voltage is related to the product of the sinusoidal

modulation and the sinusoidal phase current.

Figure 4-7a shows the theoretical and simulation waveform of the capacitor ripple
referred to Y2V, and Figure 4-7b shows the peak stored energy by the cell capacitor
and total output energy per cycle. The ratio of energy output over one cycle to peak
energy stored by the cell capacitor is 0.204/3.4=6%. With a target system modulation
index m=0.9 and load power factor p.f =0.72 lagging.

1.04 T T T 4 T T T

1.026 . 34 g
3 T
1.027 Simulation 1 .
regult 7
2 i
Vo'¥) 2 Ecap(¥) Laemeneeees
Ve_s(¥) Calculation Eout(¥) "’
..... result cee 1 . T
. 0.304
0" K
0% \/\W
or 4
0.96 . . . . ! L !
0 1 2 3 4 0 0.5 1 1.5 2
v ¥
T T
(a) (b)

Figure 4-7: (a) Theoretical and simulation voltage waveform across the upper arm
capacitor, (b) energy stored in cell capacitor bank and total output energy per cycle (b)
when modulation index m=0.9 and load power factor p.f.=0.72 lagging.
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4.5 Simulations

To illustrate the ability of the modular multilevel converter to operate independently
of load power factor and modulation index, the modular converter in Figure 4-1 is
simulated under different operating conditions and with different cell numbers.
Carrier-based SPWM and an embedded capacitor balancing strategy are used to
control the converter switching devices in order to generate the desired output phase
voltage and to force the capacitor voltages to follow their set points. A three-level
M2C is simulated at dc voltage level of 100V and a switching frequency of 2.1kHz,
to allow comparison with the experimental results. All other simulations are
considered with dc rail voltage of 20kV, and a 2.1kHz switching frequency. The
quality of the output voltage waveform and capacitor voltage balancing are evaluated

[20, 21] by simulation at different modulation indices and load power factors.

4.5.1 Simulations for three-level M2C
Case I: Modulation index m=0.9, power factor=0.72lagging

Figure 4-8 shows the simulation results obtained when the three-level converter with
ImF cell capacitors, and arm inductance of 3mH, operates at 0.9 modulation index
and 0.72 power factor lagging. The ac side used an RL load with 25Q resistance and
0.035H inductance (the same parameters are used experimentally). From the output
voltage waveforms in Figure 4-8a and Figure 4-8b, phase and line voltage show that
the modular converter generates high quality output voltage with relatively low
harmonic content and low dv/dt (principle of minimum switching losses, one voltage
level per switching cycle is maintained). Figure 4-8c shows that the modular
converter produces high quality load current at high power factors, by utilizing its
arm inductances as low pass filters. The initial value of cell capacitor of each arm are
different; the two upper arm capacitors are set to 60V, while the two lower arm
capacitors are set to 40kV. Figure 4-8c(ii) shows phase current and its associated
upper and lower arm currents. Despite the phase current being sinusoidal and dc
offset free, the arm currents contain dc offset proportional to the peak phase current,
load power factor, and modulation index. Unlike the conventional voltage source
converters with discontinuous arm current, the arm current of the modular converter

is continuous as shown in Figure 4-8c(ii).
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Figure 4-8: Waveforms obtained when three-level modular converter is simulated at 0.9
modulation index and 0.72 power factor lagging.
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This may eliminate the need for dc side filters in applications such as STATCOM or
HVDC converters, as the emitted audible noise is extremely low (but this is true only
with a large number of cells per arm).The results in Figure 4-8d show that the
voltages across the cell capacitors of the three-level modular converter are
maintained around the desire set-point after taking nearly 0.1 second to balance and
reach ¥2Vdc. Figure 4-8 e shows the current waveforms of two complementary
switches of one M2C cell. The switching frequency per device under this operating
condition is less than half the carrier frequency and the equivalent switching
frequency on the output phase voltage is the same as the carrier frequency. With an
increased number of cells per arm, the switching frequency per device is expected to

be reduced considerably.

Case II: Modulation index m=0.8, power factor=1

Figure 4-9 shows the results when the converter is operated at 0.8 modulation index

and unity power factor.
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Figure 4-9: Waveforms obtained when three-level modular converter is simulated at
0.8 modulation index and unity power factor.
The converter is able to operate without any difficulties in terms of cell capacitor

voltage balancing, and produces high quality current at high power factors. This
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demonstrates the ability of the modular converter to operate over the full modulation
index linear range independent of load power factor. Experimental results provide
further validation in section 4.6.

4.5.2 Simulations for five-level M2C

Figure 4-10 shows the simulation results obtained when the five-level converter with
2200pF cell capacitors and 1mH arm inductance operated at 0.9 modulation index

and 0.88 power factor lagging.
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Figure 4-10: Waveforms obtained when five-level modular converter is simulated at
0.9 modulation index and 0.88 power factor lagging.
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It can be observed that the line-to-line voltage total harmonic distortion and voltage
stress on switching devices for the five-level converter is reduced to half of the

three-level converter.

The effects of load power factor and modulation index on capacitor voltage balance
of the five-level modular converter are evaluated. To show the effect of load power
factor on capacitor voltage balance, a modulation index of m=0.9 with different load
power factors is considered. In the case of zero power leading, a small value of
inductance is included in the load circuit to attenuate the switching frequency
component. The results (shown in Figure 4-11) demonstrate that capacitor voltage

balance in a five-level M2C is not dependent on the load power factor.
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Figure 4-11: Effect of power factor on voltage balance of cell capacitors.

4.5.3 Simulations for nine-level M2C

Figure 4-12 shows the simulation results when the nine-level converter with 2200uF
cell capacitors and ImH arm inductance is operated at 0.9 modulation index and 0.88
power factor lagging. Observe that the line-to-line voltage total harmonic distortion

and voltage stress on switching devices for the nine-level converter is reduced to half
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that of the five-level converter.
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Figure 4-12: Waveforms obtained when nine-level modular converter is simulated at
0.9 modulation index and 0.88 power factor lagging.

4.5.4 Simulations for seventeen-level M2C

Figure 4-13 shows the line-to-line voltage waveforms and their spectra for 17-level
M2C, and the voltage across the 32 capacitors in one phase leg of the M2C. Phase

voltage and line-to-line voltage waveforms in Figure 4-13a and Figure 4-13b.
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Figure 4-13: Waveforms obtained when seventeen-level modular converter is
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Figure 4-13b show that the 17-level M2C produces an output voltage with the least
harmonic distortion and lowest voltage stress on the switches compared to the three,
five and nine level converters. The results in Figure 4-13c shows the arm current in
the M2C, and current waveforms for the devices within one cell of the M2C (mainly,
the current waveforms in the main and auxiliary devices). Note that the auxiliary
device is the switch that connected in series with the cell capacitor. Figure 4-13c
shows that the arm current of the M2C is continuous but contains a dc component.
The existence of this dc component in the arm increases the conduction loss of the
M2C compared to the losses of the two-level converter. This is despite a significant
reduction in current stresses in the switching devices of the M2C. Based on Figure
4-13e, the effective switching frequency per device is only 200Hz in the M2C. This

reflects in a significant reduction in M2C losses.

4.6 Experimental validation

This section provides experimental validation of the analysis and simulation results
presented. The practical results are obtained from one phase-leg of a prototype
three-level modular converter with a 100V dc link voltage, ImF cell capacitors, and
arm inductance of 3mH (see Appendix A.l1). The converter is controlled using
SPWM with a 2.1kHz switching frequency. An Infineon Technology Tri-core
microcontroller TC 1796 is used to program the modulation and capacitor voltage
balancing strategy. Figure 4-14 and Figure 4-15 show the experimental results
obtained at (.72 power factor lagging with modulation index m=0.9, and unity power
factor with modulation index m=0.8 respectively. The converter operates
successfully in both cases and cell capacitor voltage balancing is maintained. From
the phase voltage and current waveforms in Figure 4-14a and Figure 4-14b, the
modular converter with only two cells per arm produces high quality phase current,
utilizing its upper and lower arm inductors as low-pass filters, as demonstrated in the
simulations. From the current waveforms of devices S, and §,, (Figure 4-14d and
Figure 4-14e), these three-level modular switching devices operate at half the carrier
frequency, as demonstrated in the simulation. This confirms the suitability of the
modulation and capacitor voltage balancing method employed for high-voltage

applications where the switching frequency per device and semiconductor losses are
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restrictive factors. Even though the upper and lower arm currents include a dc offset
and distortion their sum remains sinusoidal and equal to the phase current [9, 19,

22-25].

a) Load voltage and current b)  Voltage across four cell capacitors of the phase-leg
(scale: Sms/div, 100v/div, 1A/div). (scale: 10ms/div, 10v/div).
+* * +
Upper arm

current

current

c) Current in the upper and lower arms of the phase leg d)  Current in one device (IGBT and diode) of a cell.
(scale: Sms/div, 1A/div ). (scale: 2.5ms/div, 1A/div).
1
h i

e)  Current in the other device (IGBT and diode) of a cell.
(scale: 2.5ms/div, 1A/div).

Figure 4-14: Experimental waveforms obtained from a one-phase 3-level modular
multilevel converter experiment at 0.9 modulation index and 0.72 power factor

lagging.
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Figure 4-15: Experimental waveforms obtained from one-phase 3-level modular
multilevel converter experiment at 0.8 modulation index and unity power factor.

4.7 Summary

This chapter analyses the M2C operating principle, capacitor size and voltage ripple
of the modular multilevel converter when SPWM modulated. It also experimentally
validates the analysis provided and demonstrates the advantages of the modulation
and capacitor balancing strategy. As the M2C is the only multilevel converter able to
exploit the full potential of multilevel modulation, it has been selected as
representative of multilevel converters in this investigation. The results of this
investigation show that the M2C offers the following features: improved efficiency,

lower voltage across and current through the switching devices, extremely low dv/dt
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and audible noise resulting from small voltage steps, and low switching frequency
per device. These results confirm the suitability of the multilevel converter, such as
the M2C, for medium- and high-voltage applications, such as reactive power
compensation, medium voltage drive systems, interfacing for renewable power plants

using wind and solar energy, and high voltage dc transmission systems.
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CHAPTER 5

S5 Hybrid Cascaded Multilevel Converter

5.1 Introduction

The use of power electronic converters in medium and high-voltage applications has
increased significantly in the last decade. This increase is dominated by the use of
these converters as interfacing units for renewable power generation and reactive
power compensation at medium-voltage, and for high-voltage dc (HVDC)
transmission systems [1-5]. Recently a new generation of viable voltage source
multilevel converters have emerged, which includes the modular multilevel converter,
H-bridge modular converters, and the alternative arm modular converter [3, 4, 6].
These converters can achieve improved efficiency and better power quality but have
the disadvantage of increased complexity and converter footprint [5, 7, 8]. Some of
these converters offer the feature of dc fault blocking capability, the ability to block
the active power exchange between the ac and dc sides, and reactive power between
converters and the ac side, hence there is no current flow in the converter switches
during dc side faults [9, 10]. The H-bridge and the alternative arm modular
multilevel converter, and the hybrid multilevel converter with H-bridge cells in the

ac side offer the feature of dc fault reverse blocking capability.

Several versions of the hybrid multilevel converter with ac side cascaded H-bridge
cells are discussed in [1, 11-18]. The basic concept involves the use of a two-level
converter in the high-voltage stage in series with cascaded low-voltage H-bridge
cells. These cells can be powered from isolated separate active dc sources or by
means of floating capacitors. Variants employ isolated sources because both high and
low voltage stages contribute to the fundamental voltage. However, this approach is
unlikely to be practical for large cell numbers. There are two alternative operating
modes. The first mode employs the series H-Bridge string to compensate for the low

frequency harmonics generated by the high voltage two-level conversion stage. The
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H-Bridge cells do not contribute to real power flow, eliminating the need for isolated
power supplies. This approach offers a number of features [9].
¢ Low switching frequency of the principal two level inverter.
¢ No requirement for isolated dc sources.
¢ The H-Bridge capacitors are only subjected to harmonic power flow, resulting
in reduced cell capacitance requirements.
¢ The series H-Bridge cells can be employed for reverse blocking of dc link

faults from ac side currents.

The second mode is when using standard multilevel modulation, capacitor voltage
balancing can be achieved using phase voltage redundant switch states. The
two-level bridge and H-bridges operating as one unified unit with SPWM can extend
the modulation index linear range and produce better output voltage and current
waveform quality. This approach has advantages of:
e Minimized output voltage spikes when using different modulation strategies
on the two-level bridge and the H-bridges.
¢ Extended modulation index linear range to 1.218 and 2 for real and reactive
power applications, respectively.

e Reverse blocking dc link fault capability is retained.

5.2 Operating Principle

Figure 5-1 shows a single-phase hybrid multilevel converter with two H-bridge cells
per phase. It generates seven or nine-level voltage waveforms at the output phase a
relative to supply mid-point 0. The two-level converter stage requires hard-switched
self-commutated switching devices capable of supporting the full dc link voltage V..
For medium to high voltage applications, series connection will be required. The
series H-bridge cells use low voltage rated IGBTs with a maximum voltage stress
limited to the cell capacitor voltage. Proper operation of the converter in Figure 5-1
requires robust capacitor voltage balancing to ensure that the voltage across each cell

capacitor does not exceed the switch device rating under all conditions.
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Vao

Figure 5-1: Hybrid multilevel converters with 2 H-bridge cells in ac side.

5.2.1 Independent control using SHE- PWM and high frequency PWM

Figure 5-2 shows a generalized version of a single-phase hybrid voltage source
multilevel converter with N H-bridge cells per phase, which is capable of generating
4N+1 voltage levels at the output phase ‘ap’ relative to the supply mid-point ‘0’,
where N is the number of H-bridge cells per phase. An H-bride cell generates
three-level voltage waveforms, V;/N, 0 and —V,/N, at its terminals. The H-bridge
cell’s bi-polar capability allows the hybrid multilevel converter to correct or
distribute any capacitor voltage imbalance that may occur during its operation
independent of load power factor and modulation index. For a large number of
H-bridge cells, the converter generates near pure sinusoidal voltage at the converter
output, as depicted in Figure 5-2. Figure 5-2 shows voltage waveforms at the
two-level converter output, ‘a,’ referred to ‘0’, across the H-bridge cells and output
phase of the hybrid multilevel converter, ‘ay’ referred to ‘0’, assuming a large number
of H-bridge cells. The converter in Figure 5-2 uses the two-level converter to
synthesize the desire fundamental voltage component by switching between +%2V,
and -%2V,. using SHE-PWM. The H-bridge cells act as a series active power filter to
attenuate the low order harmonics existing in the output phase voltage of the
two-level converter stage and create a multilevel voltage waveform with voltage
steps equal to the cell capacitor voltage. This will result in the maximum output
fundamental voltage being 4/x =1.27 (corresponding to the two-level converter
square-wave output voltage). This reduces voltage stress (low dv/dr) on the winding
of the interfacing transformer or any other load connected at the converter ac side

The distinct feature of the hybrid converter in Figure 5-2 is that the switches of the
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two-level converter and H-bridge cells are operated at a relatively low switching
frequency, resulting in low switching losses. Additionally, the converter provides dc
blocking capability but has the potential for reducing cell capacitance relative to the

M2C since the H-Bridge cells only compensate for the harmonics.

Ve

Figure 5-2: Hybrid multilevel converters generalized with N H-bridge cells per phase,
4N+1 voltage levels per phase.

5.22 SPWM with 3" harmonic subtraction

Figure 5-3a shows a hybrid multilevel converter, HCMC, with two ac side H-bridge
cells per phase. Each H-bridge cell blocks %4V,,., where V. is the total dc link voltage.
Therefore, the number of H-bridge cells required must be selected such that when
they are connected in series, they block 12V,.. When these H-bridge cell capacitors
are fully utilized, the hybrid converter in Figure 5-3a generates nine voltage levels
per phase between ‘a’ and ‘O’, as shown Figure 5-3b. Table 5-1 summarizes the
switch states of the nine-level hybrid converter in Figure 5-3a, including the effect of

phase current polarity on each cell capacitor state of charge. Noticed that capacitor
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voltage imbalance is created when the converter generates voltage levels +V., +%V,,,
+/5V,., and £%4V,.. Nonetheless, at voltage levels 12V, capacitor voltage imbalance
can be avoided by using switch combinations (vi) and (xv) that bypass cell capacitors
C; and C,. When the converter generates a ‘0’ voltage level, both cell capacitors can
be charged or discharged either with positive or negative phase current, i,. This
indicates that capacitor voltage balancing of the HCMC in Figure 5-3a is achievable
only when voltage imbalance is created when switching between different voltage
levels, and can be compensated at the ‘0’ voltage level. This may limit the
maximum achievable modulation index. Voltage balance of the H-bridge floating
capacitors is achieved by switching the appropriate capacitors according the switch

states summarized in Table 5-1, taking into consideration the phase current polarity.

S11 S23 S21
| L e
i,
C1 Cz "——:—0 a
S12 So4 S22
JCA g e
(a)

T 2x Ot

0002 0004 0006 0008 001 0012 0014 0016 0018 002
t(s)

(b) (©)

Figure 5-3: Hybrid multilevel converter:
(a) One-phase of a nine-level hybrid cascaded converter,
(b) Phase voltage at converter output ‘a’ relative to supply mid-point ‘0’
(c) normalized reference voltage, load current and carrier waveforms.
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Table 5-1: Summary of the switch combinations of the nine-level hybrid converter
with ac side cascaded H-bridge cells.

Voltage levels Switch combinations Effect of cqrrent polarity on
capacitor voltage
1.>0 1,<0
Vdc l) I/Zvdc'" VCI +Vc2 CllCZl« CITC2T
Wy, i) Y2Vt Ve CilC— Ci1C—
¢ lll) I/ZVdC+VCZ C1—>C2l, C1—>C2T
iv) YaVyet+Ver -Veo Ci|C Ci1C,l
YaVie v) YVa-Ver +Ver Ci1Cy) CilGCot
Vi) I/ZVdC C1—>C2—> C1—>C2—>
%Vd Vii) I/ZVdC-VC] ClTC2—> CllC2—>
¢ Viii) VoV Ve Ci—GC1 Ci—G|
0 ix) Y2Vae-Ver-Ve GGt CillGl
x) YoVat+Vei+Ver GGl Ci1G1
'%Vd~ )Ci) 'I/QVdC"'VCj C1l,C2—> ClTC2—>
¢ xii) '1/2Vdc+ VcZ C1—>C2l, C1—>C2T
xiit) -Y2Vac+Ver -Vea GGt Ci1Gl
'1/2Vdc XiV) 'I/ZVdc'Vc] +Vc2 CITCZl« Cll«C2T
xv) %2V C—Cr— C—-Cr—
Ve xvi) -Y2Vae-Ver CitC— CilCo—
¢ xvii)-Vszc-VCz C1—>C2T C1—>C2l
'Vdc xviii)—’/szC-Vd-VCg C1TC2T CllCQl

Where: T means the capacitor is charged, J means the capacitor is discharged, and

— means the capacitor state remains unchanged.

5.3 Pulse Width Modulation with Third Harmonic

Subtraction

5.3.1 Independent control using SHE- PWM and high frequency PWM

Figure 5-4(i) a shows two-level, fundamental and third harmonic voltage waveforms
normalized to Y2V,.. Figure 5-4 (i) b shows a normalized reference voltage for the
cascaded H-bridge cells, which is obtained by subtracting the two-level converter
stage output voltage from the desire fundamental voltage component, both
normalized by %2Vg. It can be observed that the normalized H-bridge reference
voltage exceeds 1 per unit (V2Vy) at several points. This means more H-bridge cells
are required to successfully synthesize the normalized voltage waveform in Figure
5-4b. In order to reduce number of H-bridge cells required to achieve minimum

conversion losses and a small footprint, a normalized H-bridge reference signal must
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be suppressed such that its positive and negative peaks must be between 1 and -1, as
shown in Figure 5-4c. The waveform in Figure 5-4c can be achieved when a third
harmonic component with appropriate peak value is injected into the normalized
H-bridge reference signal in Figure 5-4b. From Figure 5-4b, it can be observed that
the positive and negative peaks of the normalized H-bridge reference voltage occur
at wr=« and its complementary angle (7 -,z +a,27 —a ). It can be noticed that
by subtracting third harmonic component with peak equal to that of fundamental
voltage at wr = « from the normalized H-bridge reference voltage in Figure 5-4b, the
H-bridge reference waveform in Figure 5-4c can be obtained. By equating the third
harmonic component to the fundamental component at wr=«a , the following
expression is obtained:

my, sin3a=msin& (5.1)
From the Fourier series of the two-level converter output voltage in Figure 5-5(i) a,
fundamental voltage can be related to modulation index and «as follow:

2cosax—1=m 5.2)

From equations (5.1) and (5.2), the magnitude of the third harmonic injected
component to achieve the compensating waveform in Figure 5-5(i) c is:

sing _ 4 1

my, =

- = (5.3)
sin3¢ 7wm+?2

where modulation index is normalized such that 0<m <1

Therefore optimal third harmonic injection that ensures the H-bridge normalized
reference voltage is bounded between 1 and -1, over the full modulation index linear

range is:

Vs, =N, sin3ax = 4 sin 3ax (5.4)

Tm+2
The Fourier coefficient for the voltage across the H-bridge normalized by %2Vdc

prior to third harmonic injection is:

a =0

n

- (5.5
b =2 > l(I—ZCosna')

n

7 n=odd 1
Therefore, the third harmonic component in the H-bridge voltage, after subtraction of

the third harmonic describes by equation (5.3) can be expressed as:
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: 1
b3 :%|:%(1—20053a)—mi| (5.6)

From equation (5.6), the use of third harmonic subtraction according to equation
(5.3), only cancels the extra third harmonic component that causes the positive and
negative peaks of the H-bridge reference voltage to exceed 1 and -1, as demonstrated
in Figure 5-5(ii) d and Figure 5-5(ii) e, without affecting the improvement that can be
achieved in the dc link utilization by using SHE-PWM. Figure 5-5(ii) d and Figure
5-5(ii) e demonstrate the optimality of the presented third harmonic over the
extended modulation index linear range and its ability to suppress the peaks of the

H-bridge normalized reference voltage.
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o : -
v
-1
1 - (a) Normalized two-level, fundamental and 34 harmonic
+msm 2y voltage waveforms
1
\/
ot
L—
-1
(b) H-bridge waveform without 37 harmonic subtraction
~Q+msinaf) "
1
» Wt
-1

(¢) H-bridge waveform with 37 harmonic subtraction

1)
Figure 5-4: Waveforms describing the modulation strategy for the hybrid multilevel
converter with cascaded H-bridges in the ac side.
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(d) Waveforms show normalized two-level converter terminal voltage and its fundament component,
and optimal third harmonic voltage required to suppress H-bridge reference voltage between 1 and -1

for different modulation indices.

Normalized voltage

) i f i i
0 0.005 0o 0.015 0.02 0.025 0.03
t(s)
(e) Normalized H-bridge reference voltage for different modulation indices after injection of optimal
third harmonic voltage.

(i)
Figure 5-5: Waveforms describing the modulation strategy for the hybrid multilevel
converter with cascaded H-bridges in the ac side.

5.3.2 SPWM with 3" harmonic subtraction

Based on Table 5-1, Figure 5-3b and Figure 5-3c the hybrid multilevel voltage source
converter appears to have the ability to extend the modulation linear range up to 2
per unit or even higher, where the modulation index is defined as m=V;//2V4. V4
and V; represent the two-level converter dc link voltage and the peak phase
fundamental voltage respectively. This is because the virtual dc link created by the
H-cell floating capacitors of the hybrid multilevel converter in Figure 5-3a permits
modulation of its output voltage between V. rather than +/2V,. as in other voltage
source converter topologies. Figure 5-3c shows normalized (by %2V, reference
voltage and carrier waveforms, and load current with arbitrary phase angle .

Assume the load current is i, =1, sin(@¢—¢) and the normalized phase reference

voltage is defined as v, =msin@¢. Also assume that the normalized reference
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voltage crosses the lines that represent the normalized voltage levels 0.5pu (¥4V,.),

Ipu (¥2V4) and 1.5pu (34V,.), separate the contiguous bands at a;, a; and o3

respectively. The angles a;, a; and a; can be defined as:e =sin™' 1, o =sin™' I/
and a; =sin! %m Based on observation of operation analysis in Section 5.2.2 and

Table 5-1, the maximum modulation index limit where the capacitor voltage

balancing of the hybrid cascaded multilevel can be attained, will be established based

on charge balance. This implies that the charge imbalance created when the

converter output phase is connected to voltage levels V., %4V, %2V, and %V, must

be compensated at the ‘0’ voltage level. For the hybrid converter in Figure 5-3a, this
observation can be expressed mathematically by:

[0 +]0G V) 2[0GV,)

or (5.7

00)+0GV,)|2[eGV,)

where Q(0), O(%4V,;) and Q(%V,.) represent the net charge exchange of the cell

capacitors at ‘0’, %4V, and %V, as ac line currents flow. Table 5-2 summarizes the
normalized times at each voltage level during the transition of the normalized

reference voltage within the first half cycle between different contiguous bands.

Table 5-2: Summary of normalized times spent (duty cycles) at each voltage level
during converter operation in first half cycle of the reference voltage.

Voltage level Reference voltage location Duty cycle
0 0<v,, <3 1-d,=1-2-msinwt
Ly 0<v, <3 d,=2-msinax
e 1<y, <l 1—d, =2—2-msin ot
Ly 7SV, <1 d,=2-msinax -1
1<y, <3 1-d,=3-2-msinax
ay 1<y, <3 d,=2-msin@w-2
e i<y, <2 1-d, =4—2-msinax
V. TSV, <2 d, =2-msinw-3

Assuming the modulation index is in the range 1<m<l5 (modulation range of
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interest in most high-voltage applications), the net charge that the H-bridge floating
capacitors can exchange when the converter output phase is attached at voltage levels
0, %V, and %V, is expressed by equation (5.8), (5.9) and (5.10):
%% A A
) =| [~i,(1-d,)d+ [ i,(1=d)dt+ | i,(1-d,)dt
0 0 (,H,l%)

; —4+4msin ¢ —4mecos ¢ + (5-:8)
=—1m 2 _
' Mcos(ﬂ+4mcos(psin'IL
m 2m
Yo e A Vo

0V, = [iddi+ [ i,(1-d)dt+ [ i,(1-d)dt+ [ idde
% i, A (5.9)
Jam* =1 _Jm? -1 1 1}

=’"—{4msin_1 L+ -2 —2msin~ —

(=]

m m m m

(”—’Zzy
@ 2 _
L, cosp {—2 vm —1 —2msin‘1l+mz} (5.10)

0GVi)= [ iddr==—

a.
o

m nm

Substituting equations (5.8), (5.9) and (5.10) into inequality (5.7), gives the
following nonlinear transcendental equation:

4+4m¢cos¢—4msin¢—3$cos¢—l2mcos¢sinlﬁ+2mﬂ'cos¢SO (5.11)
Equation (5.11) shows that hybrid multilevel converter capacitor voltage balancing
using multilevel sinusoidal pulse width modulation is power factor and modulation
index dependent when 1<m <1.5. When the converter is operated at zero power
factor lagging or leading (¢=%2m cose=0 and sing=1I), the inequality (5.11)
diminishes for all modulation indices m>1. This indicates that the modulation index
linear range can be extended up to 2 per unit. When the power factor is increased to

unity, inequality (5.11) reduces to:

2_
43N L it amr <0 (5.12)
m 2m

Solution of inequality (5.12) shows that the maximum achievable modulation index
is m<1.218. Above this limit capacitor voltage balancing becomes load power factor

dependent. This is because the regions around the ‘O’ voltage level where the
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H-bridge floating capacitors can be balanced becomes narrow, and the net charge
Q(0) may not be sufficient to correct the voltage imbalance created at voltage levels

Y4V, and %4V, because |Q(%Vdc) >>|00)| as demonstrated in Figure 5-6a.

-lodtvae)

When Y2<m<lI, Q(%V4)=0 and equation (5.8) remains valid for charge exchange at
the ‘0’ voltage level. However, the net charge exchange at voltage level %4V, must to

be recalculated as follow:

_ 1 cosp

2 —
04V, )= @msin” AL (5.13)
w

2m m

When the modulation index is %2<m<I, the range is|Q(4V,)|>>|0©)|. This indicates

voltage balance of the H-bridge cell floating capacitors is highly dependent on load
power factor. These capacitors over-charge as the load power factor approaches

unity.

For modulation indices O<m</2, Q(34V,4.)=0 and the net charge the H-bridge floating

capacitors exchange at voltage levels 0 and Y4V, is recalculated as:

0(0) = %Imcos¢(m7z—2) (5.14)

04V, )= 1 zml cos@ (5.15)
@

Based on equations (5.14) and (5.15), and Figure 5-6a capacitor voltage balancing

remains power factor dependent as modulation index decreases until m =}, =0.31.

This is because |Q(%Vdc) >>(0(0),Vm,0.31<m<Y2. Below this range, capacitor

voltage balancing is attainable independent of load power factor as|Q(0)| 20V,)

as indicated in Figure 5-6a.

The plots for the net charges versus modulation index at voltage levels 0, %4Vdc and
%Vdc in Figure 5-6a, are obtained with power factors of unity, 0.5 lagging and O.
Based on Figure 5-6a and the previous analysis, the dependency of capacitor voltage
balancing in the hybrid cascaded multilevel converter on modulation index and load
power factor becomes severe for modulation indices 0.4<m</{. This is because the
net charge for balancing action at the ‘0’ voltage level may not be sufficient to

maintain voltage balance of the H-bridge floating capacitors as depicted in Figure

85



Chapter 5: Hybrid Cascaded Multilevel Converter

5-6a. Such dependency on load power factor and modulation index can be avoided
by extending the regions where a zero voltage level can be produced and capacitor
voltage balancing action is performed using necessary redundant switch
combinations as shown in Figure 5-6b. This can be achieved by modifying the

normalized reference voltage as follow:

v, (1) = msin ax —2 sin3ar
Figure 5-6b shows the normalized reference voltages before and after modification,
with 0.8 and 1.15 modulation indices. The regions where capacitor voltage balancing

can be achieved are expanded considerably. This can be further illustrated by

considering the angles where both references cross the 0.5pu line in Figure 5-6.

-

Normalized charge(mC/A)

) ; : : ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Modulation index

(a)

1 i 1 i 1
0.01 0.012 0.014 0016 0018 0.02

tis)
(b)
Figure 5-6: (a) Net charges H-bridge floating capacitors exchange at voltage levels 0,
U4V 4. and 34V, and (b) Waveforms illustrate extension of the regions where ‘0’
voltage level can be generated.

i i I 1
0.002 0.004 0.006 0.008

Table 5-3 summarizes the angles for sinusoidal and sinusoidal plus third harmonic
injection references at 0.8 and 1.15 modulation indices. Third harmonic injection

extends the capacitor balancing region in the first quarter of the fundamental cycle
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for 0.8 and 1.15 modulation indices by 15° and 16.4° respectively. This increases the
net charge that can be manipulated in order to ensure voltage balance of the H-bridge
cell capacitors, independent of load power factor, see Table 5-3. Also the modified

reference voltage crosses the ‘0’ voltage level within the first quarter at

ﬁ:sin*lé[s—ﬂjz , allowing manipulation of the charge at the ‘0’ voltage using switch

2
combinations (ix) and (x) in Table 5-1, without significantly increasing the switching
frequency of the H-bridges or switching of more than one voltage level at the
converter output voltage. Therefore it can be concluded that the use of third harmonic
injection with the HCMC may be necessary for capacitor voltage balancing over the

extended range of modulation indices and power factors as demonstrated in Figure

5-6 and Table 5-3.

Table 5-3: Summary of the angles where sinusoidal and modified reference voltage
crosses the boundary line 0.5 that represents the boundary between 0 and %4 Vdc,
where net resultant charge range that can be extended.

Reference voltage o at m=0.8 o atm=1.15
Sinusoidal 38.7° 25.8°
Sinusoidal plus 3 harmonic 53.7° 45.2°
Q(0) at m=0.8 Q(0) at m=1.15
SPWM 0.45%10°1, 0.21x10°1,
SPWM plus 3™ harmonic 2.15%10°1, 1.53x10°I,

5.4 Capacitor voltage ripple and power flow analysis

5.4.1 Capacitor voltage ripple

Since the hybrid converter in Figure 5-1 changes its state several times during one
fundamental period, switching function represents a suitable tool to describe its ac and
dc side dynamics. The voltage at the terminals of the two-level converter stage (Figure

5-1) referred to imaginary supply mid-point can be expressed as:

V,,(0)=1V,.(2S,,()-1) (5.16)

am

Where S,; represent state of the two-level converter upper switch, ‘1’ denotes on-state
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and ‘0’ the off-state.

Total voltage across the cascaded H-bridge cells in Figure 5-1 can be expressed by:
N
Vs ()= (S,,() =S 5(D)V, (5.17)
j=1

Where N represent number of cascaded H-bridge cells, and S;; and Sj3 represent the
two upper switches of cell j.
Differential equation describing dc side dynamics of each H-bridge cell can be written

as:

—V ; =(8,,0)— SJ3(t))/ (5.18)

Where j varies from 1 to N.
For a single-phase hybrid multilevel converter with ac side cascaded H-bridge cells, ac

dynamics can be described as:

d . (V&) —Ri ()
= A (5.19)

Where i,, R, L represent phase current, resistance and inductance respectively.

A switching function can be used to represent converter steady-state and dynamic
performance with greater detail. In order to derive approximate mathematical
expressions that can be used to understand the dynamics of the HCMC, equations
(5.17) and (5.18) must be replaced by their equivalents using averaging over the
switching period, assuming equal probability for selection of the switch states that

produce the same voltage levels.

Therefore, equation (5.17), which describes the voltage across the cascaded H-bridge

cells, can be replaced by (refer to Figure 5-5):

(5.20)

© TV, (msinwt+1-my, sin3at) O<ar<a,7-C<W<TT+ax<O<2T—
t
e ZVdC(msmwt 1-my,sin3a@f) a<ot<r—,Z<<T+a27r-a<wt<2x

The differential equation (5.18) that describes H-bridge cell dc dynamics in the

seven-level hybrid multilevel converter in Figure 5-1is:
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i
(d,+1d,)—=~ O<at<ar-asat<rw
C,
J

i
(d, +§d2)CL,(VHB(t) >0.5)

J
i(l
S, 205>V, (02 0)

—V, = - A<H<T—AT+A< O <2T—ax (5.21)
X 1
%d3 CI’Z ,(0>V,,(t)=2-0.5)

7

1
(d,+1d, )CL,(VHB ) <—-0.5)
J

l
(d4+%d3)CL TS <T+a2mr—-a <o <2m

J

Where j=I, 2, d=2V,—-1, d,=2V, , d,=2V,+1 and d,=2(V,+]), and V,,

represents the H-bridge voltage in equation (5.19) normalized by %2V .

Equations (5.16), (5.19), (5.20), and (5.21) represent an average model that describes
the behaviour of the hybrid multilevel VSC with two ac side cascaded H-bridge cells.

Expressions for the H-bridge cell capacitor voltage over a full fundamental period are
obtained by solving equation (5.21), assuming steady-state phase current of the form
i, (=1 sin(ax—@)+1 ., sin(3ax—@,). This assumption is valid for the single-phase
case only. In the three-phase case, I, ;, =0, due to cancelation of the third harmonic

voltage component in the line voltage. Hence phase current become purely sinusoidal.

Ofat<a,r—alwt<r

36(ml1, cos@l—my,I, ., cos@,)or—18m(1, sinRax — @) -1, sin(or —@,))

V()= ﬁ —18m,, 1, sin2ax + @) +9(my, 1 sin(dax— @ )—ml, ,, sin(4wi — @,) +K, (5.22)
—16(31,, cos(wr — @) +1,,, cosBax — @,)) +6m,, 1, sin(6@r — @,)
asar<m-a,t<m<l
12(m1, cospl—my, 1, ., cos@,)or—6m(1, sinax—@)—1, ., sin(axr—g@,)) (5.23)

V.(t)=

+3(3my, 1, sin(4wt — @ ) —ml ,, sin(4ox — ;) +K,

—12(31,, cos(@r — @) +1,,,, cosBax —@,))+2m,, I ., sin(6ax — @,)
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Tl <w+a,2r—a<wt<2w

36(ml, cos@l—my,1,,, cos@,) ot —18m(1, sinQaxr— @) -1, sin(oxt —@,))

V.(t)= 242}C +9(m3h I, sin(4at — g, ) —ml ., sin(4at —@,) +K, (5.24)
—44 (31, cos(or — @) +1,,, cos(3axr —@,))+6m,,1 ., sin(6ax —,)
T+aso<2r—a,3<m<l
12(m1, cos @, —my,1I, ., cos@,)ax —6m(1, sinRat—@)—1,,, sin(or —@,)) (5.25)

V.()= ﬁ +3(my, 1, sin(4ax — @) = ml ., sin(4ax - 9,) + K,
—8(31,, cos(@r — @) +1,,, cos(Bax —,))+2m,, I, ., sin(6ax —@,)

3h" m3h

The integration constants Ky to K3 are obtained based on the H-bridge cell capacitor
initial voltage. As an example for [, ,, =0 (three-phase case), equation (5.22) reduces
to:

Ofat<a,r—alwt<rw
1 {36m I, cospar—18mI sinQax—@,)+9m,, 1 sin(4wt —@,) (5.26)

V.(it)=—— +K,

24@C | —481,, cos(axt —@,)

Equation (5.26) demonstrates that the H-bridge cell capacitor may experience a lower
current loading in the three-phase case than in the single-phase case. This is due to the
absence of the third harmonic component of the current that may flow through the
H-bridge cell capacitors. This may also be reflected in the capacitor size and converter
losses. Figure 5-7 shows one cycle of the capacitor voltage ripple referred to Y2V, (a)
shows the capacitor ripple in the single-phase case with a certain 3™ harmonic
component in the output current, and (b) shows the capacitor ripple in the three-phase

system with a purely sinusoidal output current.
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Figure 5-7: Capacitor voltage ripple referred to ¥2 V. (a) single-phase case (b)
three-phase case (modulation index m=1, power factor p.f. =1).

5.4.2 Power flow and energy circulation analysis

Since the cascaded H-bridge cells of the HCMC in Figure 5-1 only compensate for
harmonics as depicted in Figure 5-2, the average active power these cells exchange
with the load over a full fundamental period must be zero. To prove this observation

mathematically, the H-bridge reference voltage is recalled in equation (5.27):

V. ()= TV, (msinwt+1-my, sin3at) O<ar<o,7-C<W<TT+ax<O<2T— 597
MLV, (msin @ —1—my, sin30r) @< <T-AA<O<THA2T-A< @ <2m (5.27)
If the phase current is:
i, (t)=1sin(ax—@) (5.28)

Where I, is peak phase current and ¢ donates power factor angle.
The average instantaneous power cascaded H-bridge cells exchange with the load

can be expressed as:

P =i[j:dliadwﬁﬁfdziadwt+jad1iadwt”fd2iadwt+Z:I:dliadan+jad2iadwt]-%vd. (5.29)
Then:
P=1v, (xml, cosp—41I, cosp2cosa—1)) (5.30)
By recalling equation (5.2)
Pz%Vdc(frmIm cosp—41, COS(px%mﬂ):O (5.31)

Where d,=2V,, -1, d,=2V,, , d,=2V,,+1 and d,=2(V,,+1), and V,, represents
H-bridge voltage in equation (5.20) normalized by ¥2Vy.

The relationship between switching angle for 2-level main bridge and modulation
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index m is given by equation (5.2). Calculation of the harmonic magnitudes to be
provided by the H-bridge compensator can be expressed by:

a(

Vh(n,M):E(I '")—sin(n-9)d9+j”‘”("”sin(n-9)d9+j” —sin(n-e)de) (5.32)
T 0 a(m) —a(m)

Where: n is the harmonic order.

Figure 5-8 shows fundamental voltage magnitude and 3™ to 11"™ harmonic magnitude

versus modulation index m.
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Figure 5-8: Fundamental and low-order harmonics versus modulation index.

The total compensating waveform up to the X™ harmonic can be derived by:

V,(0)= th (n,m)-sin(n-6)

n=2

(5.33)

The compensating waveform requires H-bridge cells operating at unity modulation

index, hence the compensating waveform can be rewritten:

V.(6) = f“vh (n,1)-sin(n- )

n=2

(5.34)

If a specific 3rd harmonic magnitude is subtracted from the compensating waveform

to recalculate the compensating waveform to be bounded within *1, then the new

compensating waveform is expressed by:

V,1(8) =V, (n,1)-sin(n-6) - K, sin(3- ) (5.35)

n=2

Where K, is the magnitude of the 3 harmonic.
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Assuming the output current is sinusoidal and at unit power factor to simplify the
mathematical analysis, the energy that must be held in the H-bridge capacitor bank is

given by:
[4
By (0)= B, (6)d6 (5.36)

Where B, (6)=1, sin(6)-V,,,(0)

Total output energy transferred from the DC link is:

E,.0)=] P, (6)6 (5.37)
Where:
Py (0)=1,5in() -V, (1,m)

Assuming a modulation index m=1 and unity power factor, a 3" harmonic component
magnitude of 0.42 is subtracted from the compensation waveform, (after normalizing
the voltage and current to unity). The peak energy stored energy by the compensating
H-bridge cells and total output energy per cycle of the fundamental with and without
3" harmonic injection are shown in Figure 5-9. The ratios of energy output over one
cycle to peak energy stored by the H-bridges with and without 3™ harmonic
subtraction are 0.13/3.2=4.06% and 0.11/3.2=3.4% respectively.
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Figure 5-9: Energy stored in H-bridge capacitor bank and total output energy per
cycle, (a) without 3" harmonic subtraction (b) with 3™ harmonic subtraction.

93



Chapter 5: Hybrid Cascaded Multilevel Converter

5.5 Simulations

5.5.1 Independent control using SHE-PWM and high-frequency PWM

5.5.1.1 Control strategy

Provided zero average power from the cascaded H-bridge cells is exchanged with the
load over the full fundamental period, cell capacitor voltage balance of the HCMC in
Figure 5-1 can be maintained theoretically. However, due to switching device
nonlinearities, tolerances in cell capacitance values, and an imperfect modulation
strategy, a capacitor voltage balancing method is required to ensure that the cell
capacitor voltages are maintained around the set-point, compatible with the voltage
ratings of the switching devices within each H-bridge cell. Such a capacitor voltage
balancing method must also account for H-bridge losses. The simulation uses
H-bridge cell redundant switch states that produce the same voltage levels but with
different impact on the state-of-charge of the cell capacitors, to maintain cell
capacitors voltage balance. This necessitates charge or discharge of the cell
capacitors depending on their voltage magnitude and the polarity of the load current.
A small fundamental voltage is required to interact with fundamental current flowing
through the cascaded H-bridge cells in order to compensate for the H-bridge losses.
This small fundamental component AM is obtained from a proportional-integral (PI)
controller that forces all the cell capacitors to converge toward a desire set-point, as
shown in Figure 5-10. By adding to the predefined modulation index M, the expected
sinusoidal output voltage is achieved. The compensation waveform for the H-bridge
cells is obtained by subtraction of the two-level inverter output voltage, with an
m-dependant 3" harmonic component, from the sinusoidal waveform. The H-bridge
cells are modulated with high-frequency PD carrier PWM to produce a multilevel

output voltage.
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Figure 5-10: Schematic diagram illustrates modulation and capacitor voltage
balancing of the hybrid multilevel converter with two ac side cascaded H-bridge
cells.

5.5.1.2 Performance evaluation

To demonstrate the feasibility of the proposed modulation strategy applied to the
HCMC, the converter in Figure 5-2 is modelled and simulated under three different
conditions. The first case considers a three-phase hybrid multilevel converter with
two H-bridge cells (Figure 5-1) to demonstrate the viability of the presented
modulation strategy. The second case considers the scalability of the concept to
medium-voltage applications. Seven and ten cells in the ac side of the hybrid
multilevel converter are simulated under different operating conditions. The third
case simulates the HCMC in a high-voltage application: specifically, a three-phase
hybrid converter with 20 ac side cascaded H-bridge cells is simulated under different

power factors and modulation indices.

Case I: Three-phase Hybrid cascaded multilevel converter with two ac side cascaded
H-bridge cells

The two-level converter stage and ac side cascaded H-bridge cells are controlled
using SHE and level shifted PWM with 4kHz switching frequency, respectively. The
dc link of the two-level converter stage is 200V, and each H-bridge cell capacitor is
regulated at S0V and incorporates 1mF of capacitance. The ac side uses an RL load

with 25Q resistance and 0.035H inductance. To illustrate that with the presented
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modulation strategy the HCMC can operate independent of load power factor and
modulation index, the converter in Figure 5-1 is simulated at different power factors

and modulation indices.

Figure 5-11a and b show phase voltage relative to the supply mid-point, and total
voltage across the cascaded H-bridge cells. The principle of multilevel modulation
only permits the switching of one voltage level within each switch cycle, but here
this is violated several times within one fundamental period. These violations can be
observed in the voltage across cascaded H-bridge cells by the abrupt switching
instants between +%2V,;. and —Y2V,,. This causes synchronization problems due to the
difficulties in tracking such sharp edges, hence preventing simultaneous switching of
the two-level converter stage and the H-bridge cells. These switching delays cause
spikes in the converter output voltage. Figure 5-11c and d show the spectrum of
phase voltage, V,y and the voltage across the H-bridge cell, V5. Notice the presence
of the third harmonic in both phase and H-bridge cell voltages as demonstrated by
equation (5.6). This shows that the presented modulation strategy uses the third
harmonic to minimize the number of H-bridge cells required such that the voltage
across these cells sum to ¥2V,,., which is equivalent to 1 per unit peak of the H-bridge
normalized reference voltage, in maximising dc link voltage utilization. The
presented modulation strategy extends the linear modulation index range beyond
1.15, up to 1.27. Figure 5-11e shows the two-level converter output voltage referred
to the supply mid-point, where SHE-PWM is used to adjust the fundamental
magnitude. Figure 5-11f shows capacitor voltage across the H-bridge cells. Observe
that the H-bridge capacitor voltages are maintained at Y%V, as demonstrated in
Figure 5-11g. Figure 5-11h shows the line voltage and three-phase current. The
spectrum of the voltage across all the H-bridge cells contains a small fundamental
component to maintain voltage balance of the cell capacitors and compensate for the

losses, as explained in 5.5.1.1 and Figure 5-10.
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Figure 5-11: Waveforms obtained when hybrid multilevel converter in Figure 5-1,
with 200V dc link voltage, operates at 0.8 power factor lagging and 0.9 modulation

index.
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Figure 5-12 shows phase voltage, voltage across the H-bridge cells, capacitor
voltages and phase current obtained when the converter operates at a modulation
index of 0.8 and unity power factor. The output voltage and current waveforms are

shown with distortion since no inductance is incorporated in the load.

Figure 5-11 and Figure 5-12 demonstrate operation of the HCMC independent of
load power factor. To further demonstration the extension of the modulation index
linear range while the HCMC provides real power, simulation results are presented in
Figure 5-13 when the converter in Figure 5-1 operates at 0.9 power factor lagging
and a modulation index of 1.27. The converter is able to cope without any difficulty,

the voltage stresses across the H-bridge capacitors being controlled.
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Figure 5-12: Waveforms obtained when hybrid multilevel converter in Figure 5-1,
with 200V dc link voltage, operates at unity power factor and 0.8 modulation index.
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Figure 5-13: Waveforms obtained when hybrid multilevel converter in Figure 5-1,
with 200V dc link voltage operates at 0.9 power factor lagging and 1.27 modulation
index.

Figure 5-14 shows the relationship between line-to-line voltage THD and modulation

index. As the modulation index increases, line-to-line voltage THD decreases.
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Figure 5-14: shows the relationship between line-to-line voltage THD and
modulation index.

Case II: Scalability to Medium-Voltage applications

To demonstrate that the HCMC is also suitable for medium to high voltage
applications and is capable of operating over the entire linear range of modulation
indices and power factors, two HCMC with seven and ten H-bridge cells in the ac
side are considered. All simulations use a dc rail voltage of 20kV, 5000uF cell
capacitors, and a switching frequency of 1.35kHz. By simulating at different
modulation indices and load power factors, the quality of the output voltage

waveform and capacitor voltage balancing are evaluated.

HCMC with seven H-bridge cells in ac side:

Modulation index m=0.9, power factor=0.88 lagging

Figure 5-15 shows the simulation results for a HCMC with seven H-bridge cells each
blocking 1.43kV. The HCMC delivers 16MW, with a 20kV dc link voltage,
operating at 0.8 power factor lagging and 0.8 modulation index. Figure 5-15a shows
that the third harmonic is the dominant phase voltage harmonic. Figure 5-15b shows
that the H-bridge cells contain a small fundamental component of 63.17V (0.7% of
the fundamental phase voltage) plus harmonics. This fundamental voltage is
associated with the active power required to maintain the average cell voltage at
1.43kV. From Figure 5-15c, the line-to-line voltage contains several non-triplen
harmonics: 5", 7", 11" and 13", Large spikes in the phase and line-to-line voltage
can be observed. As with the HCMC with two H-bridge cell in the ac side, these

spikes also due to the inability of the H-bridge cells to track the step edges in the
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reference modulating signal. Figure 5-15d shows the voltage at the terminal of the
main two-level bridge and its spectrum, it contains large amount of low order

harmonics that needs to be cancelled by H-bridge cells.
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Figure 5-15: Waveforms obtained when hybrid multilevel converter with seven
H-bridge cells in ac side, with 20KV dc link voltage operates at 0.8 power factor
lagging and 0.8 modulation index.

Figure 5-16a shows that the seven cell capacitors are stabilized at 1.43kV in phase a,
as also in phases b and c. Figure 5-16c¢ and Figure 5-16d show the current waveforms

of an IGBT and diode in the upper arm of the main bridge and one switch in an
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H-bridge cell in phase a. The two-level main bridge operates at 150Hz per
fundamental cycle, meaning there are only four switching instants in each cycle
which reduces the switching losses of the two-level main bridge. Although
cumulatively the seven H-bridge cells operate at 1.35kHz, the effective switching
frequency of each switch is low, only 200Hz as shown (Figure 5-16d) by the IGBT

voltage from one cell.
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Figure 5-16: Waveforms obtained when hybrid multilevel converter with seven

H-bridge cells in ac side, with 20KV dc link voltage operates at 0.8 power factor
lagging and 0.8 modulation index.
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Modulation index m=1.2, power factor=0

Figure 5-17 shows the simulation waveform results when the converter operates with
modulation index of 1.2 and zero power factor. Figures 5-17a and b show the
line-to-line voltage and three-phase current: the current waveform quality is better
than the waveform obtained from case 1. With the ac side H-bridge cell number
increasing, better current waveform quality can be expected. Despite the fundamental
current and voltage being 90° out of phase, voltage balancing of the H-bridge cell

capacitors is maintained at the desired point which is shown in Figure 5-17c.
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Figure 5-17: Waveforms obtained when hybrid multilevel converter with seven

H-bridge cells in ac side, with 20kV d

c link voltage operates at zero power factor

lagging and 1.2 modulation index.
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HCMC with ten H-bridge cells in the ac side:

Figure 5-18 shows simulation waveforms for an HCMC with ten H-bridge cells each
blocking 1.5kV. The converter delivers 19MW, with a 20kV dc link voltage and
operates at 0.95 power factor lagging and unity modulation index. Figure 5-18a to
Figure 5-18c shows the HCMC control strategy is viable if the fundamental voltage
of the H-bridge cells is locked in phase with the phase current, whence H-bridge cell
voltage balance can be maintained independent of load power factor and modulation
index. From Figure 5-19a and Figure 5-19b,the two-level main bridge operating
frequency is 150Hz, the same as the seven-level version while the effective switching
frequency of the H-bridge cell switches is reduced from 200Hz to 150Hz, since ten
H-bridge cells create more redundancy for capacitor balancing requirements, thus

reducing the switching loss of each cell.
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Figure 5-18: Waveforms obtained when hybrid multilevel converter with ten
H-bridge cells in ac side, with 20KV dc link voltage operates at 0.95 power factor
lagging and unity modulation index.
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Figure 5-19: Waveforms obtained when hybrid multilevel converter with ten
H-bridge cells in ac side, with 20kV dc link voltage operates at 0.95 power factor

lagging and unity modulation index.
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Case IlI: Scalability to High-Voltage applications

HCMC with Twenty H-bridge cells in ac side:

To demonstrate the viability of the HCMC in high-voltage applications, a three-phase
hybrid converter with a 600kV dc link voltage, 20 cells (with 4mF of capacitance,
blocking 15kV, and capable of generating 81 voltage levels) is simulated. In this case,
the cascaded H-bridge cells are controlled using multilevel PWM with a 1kHz
switching frequency. To show that the converter with a large number of H-bridge
cells can operate independent of load power factors and modulation index, the
converter is simulated at different load power factors and modulation indices. The

results are shown in Figure 5-20 and Figure 5-21.

The results in Figure 5-20 are when the hybrid converter with 20 cells per phase is
operated at 1.15 modulation index and 0.95 load power factor lagging. This case
shows that the proposed modulation strategy generates more fundamental voltage
than any other voltage source converter presented in the literature. This feature can
be utilized to reduce converter semiconductor losses by delivering a specific amount
of power at higher voltage, hence the converter switches experience lower currents.
Figure 5-20a and b show phase voltage referred to the supply mid-point and its
spectrum. The phase voltage remains distorted as in the single-phase case, due to the
presence of a significant amount of third harmonic (Figure 5-20b). The line voltage
and its spectrum shown in Figure 5-20c and Figure 5-20d respectively, demonstrate
the viability of the hybrid converter in high-voltage applications, as they present high
quality voltage on the ac side with extremely low harmonic distortion and dv/dt. The
spikes in the HCMC output voltage can be removed by using small ac filters. Figure
5-20e and Figure 5-20f respectively show the voltage across the 20 H-bridge cells of
one phase and its spectrum. A large number of cells per phase permits good tracking
of the H-bridge reference voltage and harmonic attenuation at the converter output
using a relatively low switching frequency. Unlike the single-phase case, Figure
5-20g shows the three-phase hybrid multilevel converter using a modulation strategy
with optimal third harmonic subtraction injects pure sinusoidal currents. Therefore,
this converter may be suitable for three-phase applications only. Figure 5-20h shows
that the voltages across the capacitors of H-bridge cells of the three phases are
maintained at the desire set point. This ensures the voltage stresses on the H-bride

cells switches are controlled.
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Fundamental (50Hz) = 347kV , THD= 42.55%
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Figure 5-20:Waveforms obtained when hybrid converter with 20 cells per phase is operated
1.15 modulation index and 0.95 power factor lagging

Figure 5-21 shows the simulation results when the hybrid converter operates at 0.9
modulation index and 0.4 power factor lagging. This case demonstrates the
suitability of the hybrid converter in reactive power applications. The converter is
able to operate successfully without compromising the quality of the output voltage

and currents, and maintains voltage balance of the H-bridge cell capacitors.
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a) Phase voltage referred to supply mid-point. b) Line voltage.

C) Phase currents. d) Voltage across 60 H-bridge cell capacitors.
Figure 5-21: Waveforms obtained when a three-phase hybrid converter with 20 cells
per phase is operated 0.9 modulation index and 0.4 power factor lagging

5.52 SPWM with 3" harmonic subtraction

To demonstrate the viability of the HCMC as a universal converter for real and
reactive power applications, the following simulations consider a nine-level
converter with two cells per phase, with a 200V dc link voltage, and controlled using
SPWM with third harmonic subtraction, at a 1.35kHz switching frequency. Each
H-bridge capacitor blocks 50V and has a value of 4.7mF per cell. To demonstrate
that the HCMC can operate independent of load power factor over an extended
modulation index range, the converter in Figure 5-3 is simulated with several
modulation indices and load power factors. Figure 5-22 shows waveforms at unity
modulation index and 0.8 power factor lagging. Figure 5-22a and Figure 5-22b
respectively show the phase and line voltage at the converter terminals. Switching of
more than one voltage level is avoided in both the phase and line output voltages.
Figure 5-22c shows the two-level converter main bridge operates at a relatively low
frequency of approximately 300Hz. This is will be further reduced for hybrid
converter having a large numbers of cells per phase. Figure 5-22d shows the high
quality load current waveforms supplied by the converter at a 1.35kHz switching
frequency. Voltage balance of the H-bridge floating capacitors is maintained around
the desired set point of %4Vdc, as depicted in Figure 5-22e, due to the proposed

modification (Section 5.3.2) introduced to the normalized reference voltages.
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e) Voltage across the H-bridge floating capacitors of the three phases

Figure 5-22: Waveforms demostrating operation of hybrid cascaded voltage source
multilevel converter in real power applications (modulation index m=1 and load
power factor=0.8 lagging)

Figure 5-23 demonstrates that the proposed third harmonic subtraction scheme
enables the hybrid converter to operate independent of load power factor over an
extended modulation index linear range and confirms the validity of the capacitor
voltage balancing limits established in section 5.3.2. Figure 5-23a and Figure 5-23b
respectively display the phase and line output voltages generated by the hybrid
converter with two cells per phase when the modulation index is 1.2 and 0.98 power
lagging. The phase voltage in Figure 5-23a shows the converter utilizes the floating
H-bridge capacitors to extend the modulation index linear range beyond 1.15,
boosting the fundamental output voltage. This is achieved without undesirable

switching transitions in the converter output voltage as shown in Figure 5-23a and
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Figure 5-23b. Figure 5-23c shows the output current waveform at a high power
factor and a 1.35kHz carrier frequency. Voltage balance of the floating H-bridge cell
capacitors is maintained with the high modulation index and near unity power factor.
This confirms the ability of HCMC to operate in active and reactive power
applications with an extended modulation index as theoretically demonstrated in

Section 5.3.2.
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Figure 5-23: Waveforms demostrate operation of the hybrid cascaded voltage source
multilevel converter in real power applications with extended modulation index
(modulation index m=1.2 and load power factor=0.98 lagging)

To further illustrate the fundamental voltage boosting capability of the HCMC in
reactive power applications, the modulation index is increased to 1.5 and the load
power factor is reduced to 0.3 lagging. Figure 5-24 shows the converter remains
operational with capacitor voltage balancing maintained tightly around %V,. The
results in Figure 5-24a and Figure 5-24b show converter phase and line output
voltages, and their spectra. The injected third harmonic in the phase voltage does not
appear in the line voltage. Utilization of the H-bridge floating capacitors as a virtual
dc link in low power factor applications permits the hybrid cascaded converter to
boost the fundamental output voltage, as demonstrated in Figure 5-24a and Figure
5-24b. Figure 5-24c displays the high quality load current waveforms supplied by the

converter at a high modulation index, without resurgence of low order harmonics as
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with other VSCs when operated in the over-modulation region. From the voltage
waveforms at the two-level converter terminals shown in Figure 5-24d, it can be
observed that the switching rate of the two-level converter is significantly reduced.
This is because in low power factor applications, the capacitor charging actions can
be performed at not only ‘0’ and 72V, voltage levels, but other voltage levels can
also contribute, utilizing a current phase shift relative to the fundamental voltage

(power factor angle).
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(c) Three-phase current. (d) Voltage waveform at two-level converter terminal.

Figure 5-24: Waveforms demostrating operation of hybrid cascaded voltage source
multilevel converter in applications involving large reactive power with extended
modulation index (modulation index m=1.5 and load power factor=0.3 lagging)

Figure 5-25 shows that the voltages across the H-bridge cell floating capacitors
remain around %V, as desired. This may permit the hybrid converter to operate in
reactive power applications at higher terminal voltages than other converters, with
reduced currents in switching devices and without an increase in switching device

voltage stresses. Hence lower conversion losses may be achieved.
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(e) Voltage across the H-bridge floating capacitors

Figure 5-25: Waveforms demostrating operation of hybrid cascaded voltage source
multilevel converter in applications involving large reactive power with extended
modulation index (modulation index m=1.5 and load power factor=0.3 lagging)

Figure 5-26 and Figure 5-27 respectively present results with and without the
proposed modification to the reference voltage (Section 5.3.2). With the reference
modification, capacitor voltage balancing of the H-bridge floating capacitors is
maintained tightly around 74V/,,, while with standard multilevel SPWM without third
harmonic injection, capacitor voltage balancing fails. This is due to insufficient
energy around the ‘O’ voltage level that can be manipulated, as in this modulation
index range Q(%V,.)=0 and |Q(%V,)1>>IQ(0)I. Injection of the third harmonic
minimizes capacitor voltage imbalance by extending the balancing region around the
‘0’ voltage level. Capacitor voltage drift from 74V, is within 2.5V (Figure 5-27d),
compared to 25V in Figure 5-27d with SPWM. As a consequence of capacitor
voltage imbalance the converter generated voltage and current waveforms in this
modulation index range deteriorate significantly, as shown in Figure 5-27a through

Figure 5-27c.
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Figure 5-26: Waveforms demonstrating operation of hybrid cascaded voltage source
multilevel converter at low modulation index and H-bridge with unequal cell
capacitor initial voltages (modulation index m=0.6 and load power factor=0.98

lagging).
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(c) Phase current waveforms. (d) Voltage across the H-bridge floating capacitors.

Figure 5-27: Waveforms illustrating operational limitation of hybrid cascaded voltage

source multilevel converter at low modulation index (with SPWM without proposed

modification) and unequal H-bridge cell capacitors initial voltages (modulation index
m=0.6 and load power factor=0.98 lagging).
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5.6 Experimental Validation

5.6.1 Independent control using SHE-PWM and high-frequency PWM

This section provides experimental validation of the analysis and simulation results
presented. Practical results from two prototypes are presented: a single-phase
seven-level hybrid multilevel converter with two ac side cascaded H-bridge cells (see
in Appendix A.1.2) and a three-phase hybrid multilevel converter with two ac side

cascaded H-bridge cells (see Appendix A.1.3).

5.6.1.1 Single-phase experiment results

The dc link voltage of the main two-level converter stage is 200V and each H-bridge
cell supports 50V, with 1mF capacitance. The H-bridge cells are controlled using
4kHz multilevel SPWM, as in the simulations. (Such a high switching frequency is
selected to facilitate demonstration of the concept with a reduced number of cells).
The main two-level converter stage is controlled using SHE-PWM, and only sets the
fundamental voltage magnitude, as previously described. An Infineon Technology
Tri-core microcontroller TC1796 is used to implement the modulation and capacitor

voltage balancing strategy.

Figure 5-28 shows the results at 0.63 modulation index and 0.87 load power factor
lagging. Figure 5-28a and Figure 5-28b show the phase voltage relative to the supply
mid-point and its spectrum. As shown in Figure 5-28a, the hybrid converter with only
two cascaded H-bridge cells produces seven voltage levels per phase. Transitions are
generally restricted to one voltage level per switching cycle, although this is violated
during H-bridge cell transitions between Y2V4 and —Y2Vg4. The spike widths
appearing in the converter output voltage are wider than those shown in the
simulations. This is due to the insertion of dead time that aggravates synchronization
between switching the H-bridge cells and the two-level converter stage, and to the
difficulty the H-bridge cells experience in tracking the step ends in the reference
voltage. Figure 5-28c and Figure 5-28d show the voltage waveform across the
H-bridge cells and its spectrum. Figure 5-28c shows that the H-bridge cells attempt
to track the H-bridge reference provided by the modulator. The spectrum of the
voltage across H-bridge cells contains a small fundamental component associate with
the active power required to maintain the H-bridge cell capacitor voltages around the

set point and to compensate for semiconductor losses.
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Figure 5-28: Experimental waveforms for the hybrid multilevel converter of Figure
5-1, with 200V dc link voltage, and operating at 0.87 power factor lagging and 0.63

modulation index.

Figure 5-28e shows the two-level converter output voltage referred to the supply
mid-point. The phase current shown in Figure 5-28f is not a pure sinusoid, because it

contains a significant third harmonic component inherited from the phase voltage
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shown in Figure 5-28a and Figure 5-28b. The spikes in the phase voltage also
contribute to phase current distortion. Figure 5-28g shows the H-bridge capacitor

voltages are maintained slightly above 50V set point.

The results presented in Figure 5-29 are for the prototype hybrid converter operating
with a 0.95 modulation index and 0.87 power factor lagging. Figure 5-29a shows that
the hybrid converter with only two cascaded H-bridge cells produces nine voltage
levels per phase. This is achieved because the third harmonic subtraction maximizes
the use of the H-bridge cells without creating capacitor voltage imbalance. From the
phase voltage spectra of Figure 5-29b and Figure 5-29d, a high modulation index is
achieved when the harmonic energy in the H-bridge cell voltage is concentrated at
the third harmonic in order to improve utilization of the H-bridge. Figure 5-29e
shows the voltage waveform at the two-level converter output referred to supply
mid-point, and Figure 5-29f shows phase current. The voltages across the H-bridge

cell capacitors are maintained around 50V.

Figure 5-30 shows the results when the hybrid converter is operated at a modulation
index m=0.91 and unity load power factor. The converter load power factor variation
does not significantly affect converter operation or voltage stress on the H-bridge cell
switches. The results in Figure 5-28, Figure 5-29 and Figure 5-30 confirm that the

HCMC is able to operate independently of load power factor and modulation index.
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Figure 5-29: Experimental waveforms for the hybrid multilevel converter of Figure
5-1, with 200V dc link voltage, and operating at 0.87 power factor lagging and 0.95
modulation index.
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Figure 5-30: Experiment waveforms for the hybrid multilevel converter in Figure
5-1, with 200V dc link voltage, operating at unity power factor and 0.91
modulation index.
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5.6.1.2 Three-phase experiment results

In order to show that the presented modulation strategy extends the modulation index
linear range of the HCMC beyond the usual range of 0 to 1.15 with possible space
vector modulation and conventional third harmonic injection, experimental results
obtained at 0.8, 1.15 and 1.20 modulation indices and different load power factors
are presented. The dc link voltage of the main two-level converter stage is 200V and
each H-bridge cell supports 50V, with 3.3mF capacitance. The H-bridge cells are
controlled using 4kHz multilevel SPWM.

Figure 5-31 shows the results when a prototype hybrid converter (see Appendix
A.1.3) is operated at 0.8 modulation index and 0.9 load power factor lagging. Figure
5-31a and Figure 5-31b present phase voltage relative to supply mid-point and its
spectrum. Figure 5-31b shows that the hybrid converter with only two cascaded
H-bridge cells produces seven voltage levels per phase. Transitions are generally
restricted to one voltage level per switching cycle, although this is violated during
H-bridge cell transitions between 2V, and —2V4.. Also the width of the spikes that
appear in the converter output voltage are wider than those shown in the simulations.
This is due to the insertion of the dead time that aggravates synchronization between
switching the H-bridge cells and the two-level converter stage, and is also due to the
difficulty the H-bridge cells experience in tracking step ends in the reference voltage
provided by modulator. Figure 5-31c and Figure 5-31d show the voltage waveform
across the H-bridge cells and its spectrum. Figure 5-31c shows that the H-bridge
cells attempt to track the H-bridge reference provided by the modulator. Also the
spectrum of the voltage across H-bridge cells contains a small fundamental
component that is associated with the active power required for maintaining the
H-bridge cell capacitor voltage at the desired set point and to compensate for
semiconductor losses. Figure 5-31e shows the two-level converter output voltage
referred to supply mid-point. Figure 5-31f shows that the H-bridge capacitor voltages
are maintained slightly above desired set point of 50V. The line voltage and its
spectrum presented in Figure 5-31g and Figure 5-31h, show that there is no third
harmonic component in the line voltage since it is cancelled by the 3-line system

connection.
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Figure 5-31: Experimental waveforms for the hybrid multilevel converter with 200V dc
link voltage, and operating at 0.9 power factor lagging and 0.8 modulation index.
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Figure 5-32: Experimental waveforms for the hybrid multilevel converter with 200V dc
link voltage, and operating at unity power factor and 1.15 modulation index.
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Figure 5-33: Experimental waveforms for hybrid multilevel converter with 200V dc link
voltage, and operating at 0.87 power factor lagging and 1.2 modulation index.
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The results shown in Figure 5-32 are for the prototype hybrid converter is operated
with 1.15 modulation index and unit power factor and Figure 5-33 is when the

converter operates with 1.2 modulation index and 0.87 power factor lagging.

Figure 5-32a shows that the hybrid converter with only two cascaded H-bridge cells
produces nine voltage levels per phase. This is achieved when the third harmonic
subtraction maximizes the use of the H-bridge cells without creating a capacitor
voltage imbalance. Based on Figure 5-31, Figure 5-32 and Figure 5-33, variation of
the load power factor does not significantly affect converter operation or the voltage
stress on the H-bridge cell switches. These figures confirm that the HCMC is able to
operate independently of load power factor and modulation index. The small amount
of low order harmonics in the three-phase current is due to low number of H-bridge
cells in the test prototype. Current quality is improved if the number of H-bridge

cells is increased.

5.6.2 SPWM with 3" harmonic subtraction

To validate the extension of the modulation index linear range of the hybrid
multilevel converter in real power applications, a prototype three-phase hybrid
cascaded converter (see Appendix A.1.3) is used with a 200V dc link voltage and two
cells per phase. Each floating cell capacitor blocks 50V with 3.3mF electrolytic
capacitance per cell. The carrier frequency is 4kHz. The HCMC is controlled using
carrier based PWM with extended balancing regions around the zero voltage level.
This is to avoid synchronization issues that may arise if the high-voltage stage
(two-level converter) and low-voltage stage (H-bridge cells) are controlled
independently. A 32-bit Tri-core TC1796B microcontroller with floating point
capability is used to implemented with the proposed modulation and capacitor

voltage balancing strategies.

Figure 5-34 shows the results when the prototype (see Appendix A.1.3) is operated
with a 1.15 modulation index and 0.9 power factor lagging. The phase voltage
relative to ground ‘0’ contains spikes when the output phase is switching between ‘0’
and %4V, voltage levels. This is because transitions from ‘0’ to these voltage levels

sometimes necessitate switching of more voltage levels, depending on the state of
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charge of the H-bridge cell capacitors and switch state used to achieve the ‘0’ voltage
level. For example, if the ‘0’ voltage level is achieved using state Y¥2V,.-V,.;-V.2,
switching to the -14Vq. voltage level necessitates switching of the dc link voltage of
the two-level converter and several voltage levels in the H-bridge cells; this can be
observed in Figure 5-34c and Figure 5-34d. Comparing with the 150Hz switching
frequency of the two-level converter using independent control, two-level converter
switching frequency using standard SPWM is higher, and may result in switching
loss increases. The dead time between the complementary switches in the two-level
converter stage and H-bridge cells is another factor that influences the magnitude and
width of these output voltage spikes (a 2us dead time has been used). In this
converter topology, dead time prevents smooth transition between voltage levels
during switching of more than one voltage level, as each switching device required
finite time to change its state. Figure 5-34a and Figure 5-34b show that when the
converter switch states are fully utilized, the hybrid cascaded converter with two
cells per arm generates 9 and 17 voltage levels in the phase and line voltages
respectively. Therefore it is expected to generate high quality output voltage with a
low number of cascaded H-bridge cells. Figure 5-34d shows that with the proposed
reference voltage that utilizes third harmonic subtraction, the two-level converter
stage switches between Y2V, and -2V, only when the converter phase output
voltage is switching between ‘0’ and +%4V,.. These switching actions are necessary in
order to balance the H-bridge cell capacitors as explained in the Section 5.3.2. Figure
5-34e shows that the voltage across the H-bridge cell floating capacitors of the phase
‘a’ is maintained at +%4V,. (50V) as expected, despite the converter being operated at
a high modulation index of 1.15 and 0.9 power factor lagging. This result confirms
the viability of the proposed approach in extending the modulation index range when
the hybrid cascaded converter is used in real power applications, without the need to
increase the number of H-bridge cascaded cells. Figure 5-34f shows the current
waveforms are sinusoidal despite the spikes shown in the phase and line voltages in

Figure 5-34a and Figure 5-34b.
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A

a)  Phase voltage relative to supply mid-point
scale: (50ms/Div, SO0V/Div)

b) Line voltage
scale:(50ms/Div, 50V/Div)
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. | |
| |
c)  Total voltage across two H-bridge cells of the d)  Voltage waveforms at the terminal of the two-level
phase A (output phase a relative to m) converter relative to supply mid-point
scale: (50ms/Div, 50V/Div) scale: (50ms/Div, 100V/Div)
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e) Voltage across capacitors of the phase A f)  Current waveforms
scale: (50ms/Div, 20V/Div) scale: (50ms/Div, 2.5A/Div)

Figure 5-34: Experimental waveforms illustrating the performance of the hybrid
cascaded multilevel converter with two cells per phase when operated at m=1.15 and
0.9 power factor lagging.
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For further demonstration of the ability of the HCMC to operate independently of
modulation index and load power factor, the converter is operated with unity

modulation and near unity load power factor.

Figure 5-35a to d show phase and line voltage, phase current, and voltage across the
cell capacitors. The system is able to operate with voltage stress on the switching
devices maintained tightly, as the voltages across the floating cell capacitors are

maintained at Y4V,

b) Line voltage

a) Phase voltage relative supply mid-point

scale: (50ms/Div, S0V/Div) scale: (50ms/Div, 100V/Div)
+ +
/M\ { A A ,...LJ.. i .LL
: R 4.._ e
.,\ | E
E Vc1 ch2z51 V
¢)  Current W‘f‘VCfOTmS ) d)  Voltage across the cell capacitors of the phase ‘a’
scale: (50ms/Div, 2.5A/Div) scale: (50ms/Div, 20V/Div)

Figure 5-35: Experimental waveforms illustrating the hybrid cascaded converter
operating with unity modulation index and power factor approaching unity (0.98
power factor lagging)
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5.7 Comparison

e Modulation strategy

Two modulation strategies have been applied to the HCMC. By using SHE-PWM in
the two-level converter and standard PWM in the H-bridge cells, a low switching
frequency in the two-level converter and a reduction in H-bridge cell number are
achieved, However, spikes appear in the phase and line-to-line voltages, which
means a low order harmonic filter will be required before connection to the grid. By
using standard SPWM with 3™ harmonic subtraction, improved line-to-line voltage
without spikes is achieved, but incurs a trade-off between increased switching

frequency of two-level converter and the improved line voltage quality.

e Hardware implementation

Since two different switching frequencies are used to independently control the
two-level converter and the H-bridge cells, synchronisation issues arise. During
experimentation, MATLAB embedded code was used in a DSP to generate control
signals for the IGBTs. By extracting the signals generated for the upper IGBTs of the
two-level converter in order to control the series cells, rather than using the two-level
converter output voltage reduces synchronisation time delay. The remaining delay
still compromises performance. This issue was accounted for by increasing the
switching frequency of the H-bridge cells to 4kHz, which reduces the time difference
between switching of the two-level converter and the H-bridge cells. This is at the
expense of increased system conversion losses. This issue disappears with the system
using SPWM with 3" harmonic subtraction, since the two-level converter and the

H-bridge cells are treated as single unit.

5.8 Summary

This chapter presented two new operational principles and modulation strategies that
permit a hybrid multilevel converter with ac side cascaded H-bridge cells to operate
independently of modulation index and load power factor, with an extended
modulation index linear range and a reduced number of H-bridge cells. The validity
of the presented modulation and capacitor voltage balancing strategies were

confirmed by simulation and experimentally. Scalability of the hybrid converter to
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high-voltage applications was also investigated. Some of the key features of the

proposed modulation and capacitor voltage balancing method are summarized as

follows:

The positive and negative peaks of the H-bridge cell reference voltage is
suppressed to between 1 and -1, hence reducing the required number of H-bridge
cells such that the sum of their voltages must equal ¥2V,,.. This means the number
of cell capacitors reduces to one quarter of that required with the modular
multilevel converter. As a result the hybrid multilevel converter that uses the
presented modulation and capacitor voltage strategy is expected to have a smaller
footprint.

The modulation index linear range is extended. This allows the HCMC to have a
higher power density than any known multilevel converter topology discussed in
the literature for the same dc link voltage and switching device rating. This
feature can be used to lower converter semiconductor losses in applications that
use an interfacing transformer by raising the ac voltage at the converter side,
hence lowering the current flow in the converter switches.

The methods are scalable, without significant difficulty, for application to
converters with a large number of H-bridge cells. In the case of a three-phase
converter with a large number of cells, it produces near sinusoidal voltage at the
converter output as demonstrated in the Simulation section. In this case, the
current loading on the cell capacitors is significant reduced due to the absence of
the harmonic currents associated with the third harmonic and its multiples. This

allows the use of small cell capacitors without increasing capacitor voltage

ripple.

128



Chapter 5: Hybrid Cascaded Multilevel Converter

References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

S. R. Pulikanti and V. G. Agelidis, "Hybrid Flying-Capacitor-Based
Active-Neutral-Point-Clamped  Five-Level Converter Operated With
SHE-PWM," Industrial Electronics, IEEE Transactions on, vol. 58, pp.
4643-4653, 2011.

E. Babaei and J. Ebrahimi, "A New Topology of Cascaded Multilevel
Converters with Reduced Number of Components for High-Voltage

Applications," Power Electronics, IEEE Transactions on, vol. PP, pp. 1-1,
2011.

C. C. Davidson and D. R. Trainer, "Innovative concepts for hybrid multi-level
converters for HVDC power transmission," in AC and DC Power
Transmission, 2010. ACDC. 9th IET International Conference on, 2010, pp.
1-5.

R. Marquardt, "Modular Multilevel Converter: An universal concept for
HVDC-Networks and extended DC-Bus-applications," in Power Electronics
Conference (IPEC), 2010 International, 2010, pp. 502-507.

G. P. Adam, O. Anaya-Lara, G. M. Burt, D. Telford, B. W. Williams, and J. R.
McDonald, "Modular multilevel inverter: Pulse width modulation and
capacitor balancing technique," Power Electronics, IET, vol. 3, pp. 702-715,
2010.

P. Rodriguez, M. Bellar, R. Munoz-Aguilar, S. Busquets-Monge, and F.
Blaabjerg, "Multilevel-Clamped Multilevel Converters (MLC2)," Power
Electronics, IEEE Transactions on, vol.2, pp. 1-6, 2011.

M. Hagiwara and H. Akagi, "Control and Experiment of
Pulsewidth-Modulated Modular Multilevel Converters," Power Electronics,
IEEE Transactions on, vol. 24, pp. 1737-1746, 2009.

R. Feldman, M. Tomasini, J. C. Clare, P. Wheeler, D. R. Trainer, and R. S.
Whitehouse, "A hybrid voltage source converter arrangement for HVDC
power transmission and reactive power compensation,” in Power Electronics,
Machines and Drives (PEMD 2010), 5th IET International Conference on,
2010, pp. 1-6.

G. P. Adam, S. J. Finney, B. W. Williams, D. R. Trainer, C. D. M. Oates, and
D. R. Critchley, "Network fault tolerant voltage-source-converters for
high-voltage applications," in AC and DC Power Transmission, 2010. ACDC.
9th IET International Conference on, 2010, pp. 1-5.

129



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Chapter 5: Hybrid Cascaded Multilevel Converter

M. M. C. Merlin, T. C. Green, P. D. Mitcheson, D. R. Trainer, D. R. Critchley,
and R. W. Crookes, "A new hybrid multi-level Voltage-Source Converter with
DC fault blocking capability," in AC and DC Power Transmission, 2010.
ACDC. 9th IET International Conference on, 2010, pp. 1-5.

D. Zhong, B. Ozpineci, and L. M. Tolbert, "Modulation Extension Control of
Hybrid Cascaded H-bridge Multilevel Converters with 7-level Fundamental

Frequency Switching Scheme," in Power Electronics Specialists Conference,
2007. PESC 2007. IEEE, 2007, pp. 2361-2366.

C. A. Silva, L. A. Cordova, P. Lezana, and L. Empringham, "Implementation
and Control of a Hybrid Multilevel Converter With Floating DC Links for
Current Waveform Improvement," Industrial Electronics, IEEE Transactions
on, vol. 58, pp. 2304-2312, 2011.

D. Sha, D. Wu, and X. Liao, "Analysis of a hybrid controlled three-phase
grid-connected inverter with harmonics compensation in synchronous
reference frame," Power Electronics, IET, vol. 4, pp. 743-751, 2011.

H. Sepahvand, L. Jingsheng, and M. Ferdowsi, "Investigation on Capacitor
Voltage Regulation in Cascaded H-Bridge Multilevel Converters With
Fundamental Frequency Switching," Industrial Electronics, IEEE
Transactions on, vol. 58, pp. 5102-5111, 2011.

M. D. Manjrekar, P. Steimer, and T. A. Lipo, "Hybrid multilevel power
conversion system: a competitive solution for high power applications," in
Industry Applications Conference, 1999. Thirty-Fourth IAS Annual Meeting.
Conference Record of the 1999 IEEE, 1999, vol.3, pp. 1520-1527.

S. Lu and K. Corzine, "High Power Motor Drives Based On Hybrid
Multilevel Converters and Direct Torque Control," in Applied Power
Electronics Conference, APEC 2007 - Twenty Second Annual IEEE, 2007, pp.
1077-1083.

L. Haiwen, L. M. Tolbert, S. Khomfoi, B. Ozpineci, and D. Zhong, "Hybrid
cascaded multilevel inverter with PWM control method," in Power
Electronics Specialists Conference, 2008. PESC 2008. IEEE, 2008, pp.
162-166.

S. Fukuda, T. Yoshida, and S. Ueda, "Control Strategies of a Hybrid

Multilevel Converter for Expanding Adjustable Output Voltage Range,"
Industry Applications, IEEE Transactions on, vol. 45, pp. 827-835, 2009.

130



Chapter 6: Switching and Conduction Losses

CHAPTER 6

6 Switching and Conduction Losses

6.1 Introduction

In the design stage of any power converter, estimation of switching device electrical
loadings and power losses provide useful information regarding device ratings,
thermal circuit sizing, and conversion efficiency. Therefore, this chapter evaluates
the power loss performance of the main two converter topologies investigated in this
thesis, namely, the modular multilevel converter (M2C) and the hybrid cascaded
multilevel converter (HCMC). Several methods for power converter loss estimation
have been reported in the literature [1]. The most direct method for quantifying
conversion on-state and switching losses is to measure the voltage drop across and
current flowing through the power semiconductor switches. This is difficult to
accomplish for multilevel converters due to large number of power devices normally
used in these topologies, and their accessibility. Additionally, a large number of high
bandwidth voltage and current probes may be necessary to measure the fast
switching transitions of the power semiconductors. Considering the number of
probes and the fast sample rate required, it would not be feasible to simultaneously
record all of the data for even one cycle of operation. Other methods for loss
estimation are based on heat measurement with calorimeters. However, these
methods measure overall losses, and are not directly based on experiments making it
difficult to match exactly same the operating conditions (especially semiconductor
temperatures) when evaluating the different methods. Hence, purely experimental
results are not completely useful for a fair comparison. Other methods based on a
hybrid combination of simulation and experimental measurement, theoretical models
and data sheet information have been reported in [2, 3]. Such methods are more
suitable for this task, especially for a multilevel converter. Using a simulation basis,
they can be easily applied to multilevel converters, without the increasing the

difficulties introduced by the number of semiconductors and high bandwidth probes.
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The loss calculation method that samples the discontinuous current within a
switching cycleT,, and transforms this into a continuous microscopic average or root

mean square signal presented in [4, 5] is used within this chapter. This approach is
applicable when the switching frequency is much higher than the fundamental
frequency, since the current shape within one switching period can be considered

linear without significantly sacrificing calculation accuracy.

Self-commutated power devices such as the IGBT have two main power loss
mechanisms, conduction and switching losses [6-9]. Diode losses are predominately
the sum of conduction and recovery losses. A systematic derivation of conduction
and switching losses will be conducted for the standard two-level converter, and the
three-level modular converter, and then extended to the modular converter and the

hybrid cascaded converter with a large number of levels.

6.2 Conduction loss modelling

Conduction losses are those that occur while the power device is in the conduction
on-state. Due to the voltage drop across switching devices, power dissipation during
conduction is computed by multiplying the on-state saturation voltage by the on-state
current:

P=V -i (6.1)

The device voltage is a function of the current [4, 7, 10-12], and can be expressed by:

V, =R, i, +V, (6.2)

on

Where R is the forward resistance of the device.
i, is the output load current.
V, is the forward voltage drop across the device with no load.

In an inverter, if the frequency ratio is bigger then 15, the output current can be
assumed to be sinusoidal:

i,(t)=1,-sin(at— @) (6.3)
Where: ¢ is the power factor angel between current and voltage.
For a power switching device, the typical voltage/current (Vg /Icg) graph shown in

Figure 6-1 is approximated by linearizing the forward resistance of the devices
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obtained from output characteristics such as those shown in Figure 6-2:
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Figure 6-2: Estimation of IGBT forward resistance from the output characteristics.

The values of R, can be obtained from the output characteristics shown in Figure

6-2 as follows:

R[m = iCE — V;El :‘I/CEZ (6.4)
c c1 c2

Similarly, for a diode, conduction voltage also can be obtained from a simple

linearization of the exact diode V/I characteristic:
V,=R,-i,+V,, (6.5)
Where V), is the voltage drop at rated current of the diode.
R, is the forward resistance of the diode.
Calculation of V,;and R, is similar to the calculation of V  andR,, .

The conduction loss expression for a switching device is therefore calculated as:

133



Chapter 6: Switching and Conduction Losses

1 . 17 o
P=c ! Vo1, (e = { [V, +R,, i,(0O]i,(0)dr

n n 6.6
:%_[Vfo (i (0)dt +%IRM ()t (66)
0 0

:VOVI ‘E+Rﬂﬂ ‘12

rms

Where T is the fundamental period and I, and I, are the average and rms values

of current i, in the switching device over one fundamental period.

The expression for the local average and rms currents within one switching period

can be approximated as:

- 1%, .

=7 { i (Ndit=d,-i (1) (6.7)
1 T

i =E£i3 ()dt =d, i, (1) (6.8)

Where d,, is the duty cycle of the switching device.
6.3 Switching loss modelling

Switching loss is the power dissipation during the power semiconductor device
turn-on and turn-off switching transitions. The most accurate method of determining
switching losses is to plot the current and voltage waveforms in the controllable
switch during the switching transition, and they multiply the waveforms point by
point to get an instantaneous power waveform. The area under the power waveform
is the switching energy at turn-on or turn-off. The diode can be considered as an ideal
switch at turn-on, since it turns on rapidly compared to the controllable switch. The
switching energy of a diode at turn-on can therefore be neglected. However, the
switching energy at turn-off cannot be neglected, since the diode current reverses
during the reverse-recovery time. Hence, the switching loss estimation method will

consider IGBT turn-on and turn-off losses and diode turn-off losses [2, 4].
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Figure 6-3: Hard switching character(ics)tic a) IGBT turn-on b) IGBT turn-off
¢) Diode turn-off [2, 4].
In one inverter leg, during IGBT turn-on, as shown in Figure 6-3a, the current starts
to increase, gradually transferring (commutating) the load current from the
freewheeling diode to the IGBT (the opposite diode is turning off). When the current
through the IGBT i, reaches the load current /., it continues to increase since the
IGBT must provide the load current plus the reverse recovery current of the opposite

diode. This increases power losses during turn-on.

During IGBT is turned off as shown in Figure 6-3b, the voltage across the IGBT
increases until it reaches the dc link voltage V). Then the opposite diode is forward
biased and starts to conduct. The current through the IGBT decreased rapidly
producing an overshoot in the collector-emitter voltage V.p due to parasitic

inductance. In addition, after the initial change in current, the current slope decreases
due to the charges stored in the internal base of the BJT that part of the IGBT. This is

referred to the tail section of the IGBT turn-off switching dynamics.
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Finally, during diode turn-off as shown in Figure 6-3c, when the reverse recovery
current returns from it negative peak value to zero, the voltage across the diode

increases from the forward voltage to the blocking voltage.

The data sheets quote switching energies are for a certain reference voltage Vy.r
equal to the blocking state voltage of the IBGT prior to the corresponding
commutation, and a reference current I, f which is the on-state current [2, 4, 12].

The individual switching losses can therefore be expressed by:

V. i
PIBGT = fs '(Eon +Eoﬁ")' o= (69)
Vref Iref
Vi i
Pdiode = fv ’ Erec i (6.10)
Vref Iref
Finally, total switching losses can be expressed by:
Vdc i()
Ptota[ = f\‘ : (Eon + Eo_ﬁ‘ + Erec) ’ V_ : I_ (6 1 1)

ref " ref

Where E, ,E,and E, are the turn-on, turn-off energy for IGBT and reverse

recovery energy for diode.

There are different methods for estimating switching losses. The most commonly
used approach is to approximate the switching energy as a function of
collector-emitter current [8]:

Eswitching =k, +k, (6.12)
Where: k; and k, are the constant terms determined from the linearized switching

energy graph given in a device datasheet, as shown in Figure 6-4.

Therefore the average switching loss for the multi-level inverter can be expressed by:

Y .
=== k -i,+k,)d .
=], i+l Mo (6.13)

switching — 9

Where f; is the switching frequency.

a, f are the angle switching device turn-on duration of one fundamental

period provides limits of integration.
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6.4 Conduction and switching losses

The parameters used in calculating conduction and switching losses in the
simulations of the two-level, M2C and HCMC are given in Table 6-1. For the
two-level conventional converter, a 1.5kV blocking voltage gives a best fit linear
characteristic for calculating conduction and switching losses. The number of series

connected devices is 20kV/1.5kV=13.3, that is, 14 devices in series. For an N-level
M2C, each cell is rated at LVdC. For three-level, five-level and nine-level

converters, the number of series connected devices in each cell is %
where N=3,5,9. For the HCMC with two cells, seven cells and ten cells in the ac side,
the number of series connected devices in the main bridge is the same as for the
two-level conventional converter, which is 2.7 per arm. For the ac side cells, in the
two cell version, each cell should block 5kV which means 5kV/1.5kV=3.3 devices in
series, i.e. 4 series connected IGBTs. In the seven and ten cell versions, no series

connection is required with the cells.

All converter power losses are calculated under three different operating conditions:
(a) when the converter delivers 16 MW at 11kV and a 0.8 power factor lagging.
(b) when the converter delivers 20MVAr at 11kV (pure reactive power only).
(c) when the converter delivers 20MW at 11kV and unity power factor (real

power only).
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The two-level converter, the M2C and the HCMC are simulated with a switching

frequency of 1.35kHz. With multi-level converters, the switching frequency is

defined as the number of times to the converter changes state, which is not the same

as the switching frequency of each device.

Data for the FF400R33KF2C IGBT 1is used in the calculations. The forward

resistance, typical forward voltage drop and the free-wheel diode total switching

energy losses during turn-on and turn-off and reverse recovery losses where are

obtained from the datasheet.
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Table 6-1: Converter data used in simulation power loss estimation

/ KI onl 0.0016J/A
DC link voltage 20kV Ky s 0.029]
Converter rating 20MVA Ki o 0.0017J/A
Carrier frequency 1.35kHz Ki o0 0.35J
R,w(IGBT) 1.75mQ Kb o1 0.0006J/A
Rp(diode) 1.64mQ Kp o 0.398]
Vw(IGBT) 1.2V Cell capacitor 2.2mF
Vpo(diode) 1.05V IGBT rating 3.3kV
Number of series Number of series devices
devices per 14 per cell (five-level M2C & 4
leg(two-level & HCMC with two cells in ac
HCMC main bridge) side)
Num.b er of series Number of series devices
devices per cell 7 . 2
(three-level M2C) per cell (nine-level M2C)

6.4.1 Conventional two-level converter

e  Conduction losses

Ta Dg; Ty 1DJY] Tes D.;
Voo —— a b ¢
Taz D, T - Dy T.>— De;

O

Figure 6-7: Conventional two-level converter.

Figure 6-7 shows a conventional two-level converter. The load current i (f) and
modulation waveform v, (t) of the phase a are defined as:
i,(t)=1,sin(ax— @) (6.14)

v, (t) =m-sin ¢ (6.15)
The duty cycle of the switch To; is d | = %(1 +msinar) and the period during which

it conducts current over the carrier period T is d,, -T,. Switch T, conducts current

for the period(1-d,,)T. .
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Current flow in switches T, and T,, , and in their corresponding freewheel diodes

devices D, and D,, is defined by:

+Q ﬂ'+¢

I d,i a’a)—— I —[1+msinax]- I, sin(a@t —@)dw

Tal,av -

(6.16)
T+
Tal rms I dal jdw_ (617)
1 27+¢
Dty =5~ I d, ldCU— (6.18)
o+
5 1 27+ 2
I Dalrms — A _ _[ dal ada)_ (619)
2
o+
1 27+
Ta2,av =7 _[ (l_dal)iada)= (620)
2 o+
I’ —LZTw(l—d Yildw= & [37 +8mcos @] 6.21
Ta2,rms 271_ Sin al’%a 247[ ¢ ( . )
IDaZ,av = _IDal,av (622)
IzDaZ,rmx = IzDal,rms (6-23)

Therefore, based on equation (6.6) and equation (6.16) to (6.23), the total conduction

losses for the IGBT and diode can be estimated as:

2

j ot
_ 247 37 (6.24)

2
2; (37 —8mcos@)-R, + I, (ﬂ'mcosgo 4)-V,,

conduction

®  Switching losses
For the two-level converter the IGBT switching losses are the sum of the turn-on and

turn-off switching losses based on equation (6.13). Specifically:

n+Q

Pswithcing_IGBT I [( 1 anl _oﬁl ) : Io Sin(a)t - ¢) + k[_anZ + kI_oﬁZ ]da)t (6~25)
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fv(k on +k ) )I” ‘fS
— I_ lzﬂl—ﬁl +Z(k1_an2+k1_”]72)

The diode switching losses are predominantly recovery loss, which can be expressed

as:

fs 27+ .
switching _diode = 4 _[ [(kDfoﬁ’l ' IO Sln(at - ¢) + kDJ’ﬁcz]dat

p+7

(6.26)

-k -1
— fv D_offl "o +£kD 2
2z 4 -
Equations (6.25) and (6.26) assume sinusoidal load current with peak /,, and that the
carrier frequency is high compared to the fundamental frequency, this enables the

current within a carrier period to be assumed constant.

Table 6-2 shows the conversion losses of the two-level converter under the three

previously specified operating conditions.

Table 6-2: Summary of two-level conventional converter conversion losses.

Operating condition (a)

20MVA atl1kV and power factor of 0.8
lagging (inverter with limited reactive

power capability)
Conduction loss (kW) 124.3kW
Switching losses (kW) 270.8kW

Total conversion losses (kW)

395.1kW (1.97%)

Operating condition (b)

20MVA at 11kV and zero power factor
(reactive power applications)

Conduction loss (kW)

122.6kW

Switching losses (kW)

270.3kW

Total conversion losses (kW)

393.4kW (1.96%)

Operating condition (c)

20MVA at 11kV and unity power factor

Conduction loss (kW)

126kW

Switching losses (kW)

270.8kW

Total conversion losses (KW)

396.8 kW (1.98%)
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6.4.2 Modular Multilevel Converter (M2C) Conversion Loss

6.4.2.1 Three-level M2C

o  Conduction losses

For the 3-level modular converter as shown in Figure 6-8 , the on-state duty cycle of
each switching device over one period of output voltage is required to calculate the
average conduction loss in the converter using carrier-based PWM. The conducting

device depends on the switching state and the load current as shown in Table 6-3.

Table 6-3: summary of all the switch states and conduction devices.
1: switch on and 0: switch off.

Switching ~ States o Conducting devices
Smi | Smz | Smz | Sme Vao iy >0 i <0
1 1 0 0 1/2V4 Sty Sm2,Saz» Saa D1, Doy Dz, Daa
1 0 1 0 Sml'DaZ'Dm3:Sa4 Dm1'5a2'5m3:Da4
0 1 1 0 . Da1, Stz Dimz» Saa Sa1» Dm2, Smz» Daa
ol 1] 0] 1 v Dats Sm2:Saz Dma | Sat» Dz Dazs Sma
1 0 0 1 Sml'Da2'5a3:Dm4 DmleaZ'Da3vSm4
0 0 1 1 —-1/2V,, D1, Dinay D3y Dga Sm1r Sm2,Sazr Saa
The duty cycle of the switch S,; is d, = d,, 1_,_; dp .= 1 m s1nwf+i and current

flows through the main switching devices during the carrier period Tg is d,, T, .

ml K
1 ) 1 .
Where d, , za-m-smﬂand d, 25-(1—m-s1n49).

The currents in the switching devices are:

T+Q 7r+(p

1
Ly =75 - j d.id a)_z— j ~[1+msin axr]-1, sin(@x — p)d@
(6.27)
= 4, [Tmcos @+4]
V4
T+
Sml ms A _ _[ dml jdw_ (628)
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— 3
L
A
VaO
1
—Vi=/—
7 d

Figure 6-8: Phase ‘a’ of a 3-level M2C.

1 2r+¢ 4]
Dml,av =< _ I dmllada) - <
2 o+
27+
Dml ms — I dml a = ” [37[ Sm COS ¢]
¢+7r
1 T+
Sal,m - j (1 dml) da)_ ” [12 Tm COS (0]
i 1217
IzSal,rms :L I (1_dml)i5da):—”[97[—8n’lcos ¢]
2z ) /4
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17 41
Dal.av :2— I (-d, )i dwo=——=[rmcos p+12] (6.33)
o+ 7
2+ 2
1 . 121
1 2Da1,rms =— _[ (1-d, )zjd ©0=—2=[97 +8mcos @] (6.34)
27 s v
ISmZ,uv = ISml,uv’ ISmS,av = ISm4,av = _ISml,uv
2 72 . _ 72
Sm2,rms Sm3,rms Smd,rms Sm1,rms
(6.35)
IDml,av = IDmZ,av > IDm3,av = IDm4,av = _IDml,av
2 . . .
I Dm2,rms — I Dm3,rms — I Dmd,rms — I Dml,rms

Therefore, the total conduction loss for one switching device, including IBGT and

diode, can be estimated as:

1217 41,

(Br+8mcosp)-R + (4+7mcos@) -V, +
_| a (6.36)

2
124, (37 —8mcos@)-R, + 41, (Tmcosp—4)-V,,
T

conduction

®  Switching losses
Since the switching instant S,,; is determined by the balancing requirements of the
cell capacitors, the switching frequency in consecutive fundamental cycles may not
be constant. However, it will be constant over several cycles. Therefore, the effective
switching frequency per switch is the average switching frequency over several
fundamental periods. The discontinuous nature of device current is ignored when
calculating the switching energy loss. Instead the continuous current is used to
estimate the equivalent switching energy loss per switch over the fundamental period,
which is then divided by the effective switching period in order to obtain the

switching power loss.

The IGBT switching losses are the sum of the turn-on and turn-off switching losses

based on equation (6.13). Specifically:

Vax

Pswnhcing,IGBT = Zf_;[ _[ [(kl,onl + kl,oﬁfl ) ’ Io Sin(wt - ¢) + kl,onz + kl,oﬁfz daox (6.37)
®
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(k. +k -1
= f; ( 1_onl I—Oﬁl) 2 +£(k[_an2 +k1_0ﬁ2)
T 2

As the diode switching losses are predominantly recovery loss, and can be expressed

as:
f 27+
Pswirhcing,diode = 4S _[ [(kbfoﬁ‘l -1, sin(@xt — @)+ kp,oﬁfz Id ax
n (6.38)
f; ‘kD_oﬁ’l .Ia fs
=T S

In this case, the effective switching frequency for each individual switching device is
obtained from MATLAB simulations under the same operation conditions. Taking

operation condition (a) as an example, the operating modulating index is:

22, ~0.9

\/gvdc '

The full-load current (neglecting the current harmonics) at 0.8 power factor lagging

M =

is given by:
B P _ 16MW
«/g-VLCOS(p V3x11kV %0.8

I, ~1049.84

(1,= V21 ; Assuming star connected load).

The effective switching frequency for the devices S,,; and S,; are: S,,;=500Hz (main
switch) S,;=700Hz (auxiliary switch). Practically, since the current sharing between
the IGBT and its freewheel diode depend on load power factor, the actual effective
switching frequencies of the IGBTs and diodes are less the values obtained. However,
for simplification purposes, the effective switching frequencies used in estimating the
switching and recovery power losses for both the IGBTs and diodes are 5S00Hz for
the main switch and 700Hz for the auxiliary switch. Therefore, an efficient way of
obtaining the effective switching frequency per switch (IGBT and diode) is to count
the number of current commutations over an integral number of fundamental cycles

and then calculate the average switching frequency for one fundamental cycle.

IGBT S,,; and diode D,,; (main switch):
Pym1=0.985kW
Pam1=0.644kW
IGBT S,; and diode D,; (main switch):
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Psa1=1.159kW
P421=0.902kW

Total switching and recovery losses in one cell are:

P:7X( Psm1+ Pdm1+ P531+Pdal):25.83kw

Therefore, the total switching and recovery losses, where each switching device
blocks 1.5kV not 1.8kV (switching loss is based on 1.8kV in the datasheet), is given
by 1.5/1.8x25.83kW=21.525kW

Table 6-4 shows the conversion losses of the three-level M2C under three different
operating conditions.

Table 6-4: Summary of three-level M2C conversion losses

20MVA atl1kV and power factor of 0.8
lagging (inverter with limited reactive
power capability)
126.2kW
258.3kW
384.5kW (1.92%)

Operating condition (a)

Conduction loss (kW)
Switching losses (kW)
Total conversion losses (KW)

20MVA at 11kV and zero power factor

GreiiEuE o) (reactive power applications)

Conduction loss (kW) 142 .8kW
Switching losses (kW) 274.5kW
Total conversion losses (KW) 417.3kW (2.02%)

Operating condition (c)

20MVA at 11kV and unity power factor

Conduction loss (kW)

131.04kW

Switching losses (kW)

223.7kW

Total conversion losses (KW)

354.74kW (1.77%)

6.4.2.2 Five-level M2C

e Conduction losses

The duty cycles d; to d, represent the time spent at each voltage level as a ratio of the
carrier period Ts. The duty cycles of the four upper main switches (see Chapter 4
Figure 4-5) of the five-level converter are:

d=2-m-sin@-1,d,=2-m-sinf,d,=2-m-sinf+1,d, =2-(m-sinf+1)  (6.39)

The duty cycle of the switch S, is d,n1=dl+%d2+%d3=zmsinwt—% with
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current circulated through the main switching devices for a period d,,-7T, during
the carrier period T;. The currents in the switching devices are:
T+ T+
Lo == _[ ld L _[ [—msma)t——] I sin(at —@)dw
2z 27r
(6.40)
T+
Sml ms A _ j dml 3d(()— (641)
1 27+ ' 21
Dml,av =4 j dmllada): - (642)
27 s V4
27+
Dml rms J. dml jda) == O [28m Cos ¢+ 37[] (6-43)
(o+7r
T+
21
ISal,av =< j (1 dml )l da)_ 5 (644)
T
17 , 61
2Sal,rms =5 j (1_dml )ljda): . (645)
v/ p /4
1 27+ ' 21
Iy == I (1-d,))ido=—=[4-Trmcos @] (6.46)
27 s V1
1 27+ ' 612
IZDal,rms =5 _[ (1 - dml )ljda) = - (647)
2 V4
o+
ISm2,av = ISml,av > ISm3,av = ISm4,av = _ISml,av
IszZ,rmx = Isz3,rms = 125m4,nm = Iszl,rms
(6.48)
IDml,av = IDmZ,uv > IDm3,av = IDm4,uv = _IDml,uv
IZDmZ,rms = IszS,rms = 12D1n4,rms = IZDml,rms

The average and rms currents in the lower four cells are the same as for the upper
four. Therefore, the total conduction losses for one switching device, including the

IBGT and the diode, can be estimated as:
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I’ 21
0/, (28mcos@p—37) R, +—=(Txmcosp—4)-V, , +
B‘onduction = ” 2 & (6.49)

I 21
- 67[" (28mcos@+37)- R, + ﬂ_" (4+77xmcos@)-V,,

*  Switching losses
Calculation of five-level M2C switching losses follows the same procedure as for the

three-level M2C.

Table 6-5 shows the conversion losses of the five-level M2C under three different
operating conditions.

Table 6-5: Summary of five-level M2C conversion losses

20MVA atl1kV and power factor of 0.8

Operating condition (a)

lagging ( inverter with limited reactive

power capability)
Conduction loss (kW) 130.56kW
Switching losses (kW) 171.2kW

Total conversion losses (kW)

301.76kW (1.51%)

Operating condition (b)

20MVA at 11kV and zero power factor
(reactive power applications)

Conduction loss (kW)

142.08kW

Switching losses (kW)

183.5kW

Total conversion losses (kW)

325.58 (1.62%)

Operating condition (c)

20MVA at 11kV and unity power factor

Conduction loss (kW)

153.6kW

159.4kW
313kW (1.56%)

Switching losses (kW)
Total conversion losses (kW)

6.4.2.3 Nine-level M2C

For nine-level and seventeen-level M2C, the average and root mean currents required
to estimate the conduction losses using equation (6.6) are obtained from simulation.
This approach is used due to the increased complexity of an analytical approach for
estimation of device average and root mean square currents. The switching loss per

IGBT due to turn-on and turn-off in the nine-level M2C is estimated as:

Pswit('hing_IGBT = fs‘[kl_()nl : Il + kl_()]fl : 12 + k]_()nZ + kl_()]fZ] (6'50)

Where & k k; ou2sk; o5, are constants determined by linearizing the

I_onl>

I_off1°

switching energy curves in the data sheet, I; and I, are average currents at turn-on
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and turn-off instants over the full fundamental period, and f; is the frequency at

which each device operates.

The recovery losses in the freewheeling diodes are given by:
Pswitching_di()de = fs‘ [kD_t)ﬂl : 12 + kD_()ﬂZ] (6'5 1)
Where k, ., and k, ., are constants determined by linearizing the switching

energy graph in the data sheet.

When the converter delivers 20MW at 0.8 power factor lagging with a modulation

index of 0.9, the average and RMS device currents in one cell are:

Main IGBT Lyean =7165A. 1, =1250A ,1,, =1440A., 1 ;- =1400A
switch | pjode Lyean =150A .1, =400A, 1, =1500A

Auxiliary | 1GBT Lyean =160A .1, =350A.1,, =1400A, I = 7T00A
switch Diode Imean =1004, Irms =400A, I_oﬁ" =1500A

Table 6-6 shows the conversion losses of the nine-level converter under three
different operating conditions.

Table 6-6: Summary of nine-level M2C conversion losses

Operating condition (a)

20MVA atl1kV and power factor of 0.8
lagging (inverter with limited reactive

power capability)
Conduction loss (kW) 153.6kW
Switching losses (kW) 94 .8kW

Total conversion losses (kW)

248.4kW (1.24%)

Operating condition (b)

20MVA at 11kV and zero power factor
(reactive power applications)

Conduction loss (kW)

167.3kW

Switching losses (kW)

108.6kW

Total conversion losses (kW)

275.9kW (1.37%)

Operating condition (c)

20MVA at 11kV and unity power factor

Conduction loss (kW)

158.4kW

Switching losses (kW)

87.1kW

Total conversion losses (kW)

245.5kW (1.22%)
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6.4.2.4 Seventeen-level M2C

Calculation of seventeen-level M2C conduction and switching losses follows the
same procedure as the calculations for nine-level conventional converter.
Table 6-7 shows the conversion losses of the seventeen-level converter at three

different operating conditions.

Table 6-7: Summary of seventeen-level M2C conversion losses
20MVA at11kV and power factor of 0.8

Operating condition (a) lagging (inverter with limited reactive
power capability)

Conduction loss (kW) 170.8kW

Switching losses (kW) 42 .4kW

Total conversion losses (KW) 213.2kW (1.06%)

20MVA at 11kV and zero power factor

G canion () (reactive power applications)

Conduction loss (kW) 190.1kW

Switching losses (kW) 67.1kW

Total conversion losses (kW) 257.2kW (1.28%)

Operating condition (c) 20MVA at 11kV and unity power factor
Conduction loss (kW) 175.7kW

Switching losses (kW) 36.96kW

Total conversion losses (KW) 212.7 kW (1.06%)

6.4.3 Hybrid Cascaded Multilevel converter Conversion Loss

6.4.3.1 HCMC with two cells in the AC side

Figure 6-9 shows one phase of an HCMC with 2 cells in the ac side.

Idc

1/2vde J: Salj K} D

0]

|I}—‘

Vao
1/2 V¢ m— Vino

S|4_|
Sbl—l K} Dy

Figure 6-9: Hybrid multilevel converters with 2 H-bridge cells in the ac side.
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e  Conduction losses

Main bridge two-level converter:

The main two-level converter is used to synthesize the desire fundamental voltage
component by switching between +/2V,. and -2V, using selective harmonic
elimination (SHE-PWM) which the switching frequency is 150Hz. This is illustrated
in Figure 6-10. For simplicity, the current harmonics are neglected and the load

current per phase is assumed to be:
i, =1, sin(axt— @) (6.52)

Where I, is the peak current and ¢ is the phase angle.

The average and rms current in the converter switching devices can be obtained as
follows:

Switch Sal:

The current flow in switch S,; can be defined as:

(6.53)

. i, OSOST-A&T<DAST+Q
lSalz 0

Therefore the average and rms currents in S,; are given by:
1 - T+Q
o === ([ Isin(@—gdar+ [ I sin(ax - p)dar)
2 “

(6.54)
= ZIA[COS(CZ— @) +cos(a+@)—cos(p)+1]
T
T-a T+
I;I_szi( [ 17sin* (@ —p)dax+ | I sin’ (ot —p)dar)
T e g (6.55)

2
= ;—;’z [cos(a — @) - sin(ax — @) + cos(ax + @) - sin(& + @) + cos(@) - sin(Y) + @]

Diode Dal:
The current flow in diode Dal is defined by:

_ i, T+Q<aX<rwr+a&2r-a<wm<2rw
Ypa1 = (6.56)

0

The average and rms currents in diode D,; are given by:
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T+a

2
I o= L [ 1,sin(@—p)dar+ | 1,sin(@r—p)daon

2
T s e (6.57)

= 21—" [cos(a— @)+ cos(a+ @) —cos(p)—1]

T

T+a 2

I o = %( J' 17 sin’ (o — p)d ax + _[ 1 sin’(ax — p)d ax)

- T

i T+ 2r-a (658)

21} [—cos(ax— @) -sin(a — @) —cos(ax + @) - sin(x + @) + cos(@) - sin(@) — @]

Since the current and voltage waveforms have quarter and half wave symmetry, the

average and rms currents in the devices S,; and D, are identical to those in devices
Sa 1 and Da 1.

malKA l 0
12Vde /

Q.- . .
Sl T—-a T ‘u,{[+0{ 2T—o 2;: ot
ot —A 1 I

Figure 6-10: Main two-level bridge switching pattern.
H-bridge chain cells (Si;. D) and (Sy; Da):
The current flow in devices (S, D11) and (S,1, D3;) can be defined as:
) ) i, p<at<o&r-a<wm<rw
Igy) = g0 = 0

(6.59)

) ) i, Ofsar<op&r+a<wa<n-a
Ipit =lpy = 0

Therefore, the average and rms currents in these devices are:

Ig) o=1g o= %(J‘IU sin(@t — @)d ot + I I sin(ax — @)dax)
T e (6.60)
= 21—"[— cos(a— @) —cos(a+ @)+ cos(@)+1]
V4
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2
Igllfnms

=I5y rms=2L(J.Ifsin2(aJt—(p)da)t+ f 1} sin* (@t — p)d ax)
B T
) ? o (6.61)

21” [cos(a — @) - sin(ax — @) —cos(ax + @) - sin(& + @) + cos(@) - sin(@) + @]
V4

2r-a
Loy w=Ipo o = é (f I,sin(@—p)dat+ | I,sin(@t-p)dar)
0 T (6.62)
= 2I; [—cos(a— @) —cos(a + @) +cos(¢) —1]
5 5 1 4 2r-a
Lots me =iy s =5 [ 12 sin* (@t - g+ [ I} sin’ (@t - gp)dar)
0 T+a (663)

I} | —cos(a—@)-sin(a — @) +cos(a + @) - sin(& + @)
25[ +cos(a—@)-sin(@—@)—a }

Since two H-bridge cells is operating as a five-level converter and devices (S;1,D11),
(S12,D12), (S21,D21) and (Sy2,D7,) operate in a discontinuous mode over the entire
fundamental cycle, the discontinuous currents in these devices are replaced by their
equivalent continuous currents using a local average (average over one switching
cycle). To perform this transformation, assume the carrier frequency is much higher

than the fundamental frequency, then the modulating signal V,,can be considered

constant within each carrier period as shown in Figure 6-11. Duty cycles are used to
obtain the local average and rms currents within one carrier cycle, and are defined as
follows:

D,=2V,,—1 D,=2V,, D,=2V,, +1 D,=2(V,,+1)

Where:

msinax +1-m,, sin3ax O<at<o,7-c<ot<rm,r+a<wat<2r-a
msin@t —1—my, sin3at A< <T-AT<O<T+A2T—A< Wt <27

Vi (1) :{
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|

27T

-1/2)

/N

Figure 6-11: Five-level PD carriers, H-bridge modulating signal and load current

waveforms.

The case to follow assumes @<« and based on Figure 6-11, and Vy; =-0.5when

o<ot<zm—-aand 0<Vyp <05 when m+a<wr<27m—oa . The local average

and rms currents in switching devices S;; and Dj;, within one carrier period, are

obtained as follows:

In the period 0< ar < a, the output phase switches between 0 and +¥2V4., whence

the local average and rms currents within one switching cycle are:

For O<ar<¢

For p<ax<c

- 1 )
Iy, = (D, +5D2)la

- 1 .

luzll,rms =(D, +5D2 )lj (6.64)
lTsu =0

lTSfl_rms = 0

- 1 .
i, = (D, +5D2)la

- 1 .

ke = (D5 Do) (6.65)
2)11 =0

lTDzll_rms = 0

In the period 7—a < <7, the converter output phase switches between 0 and

+%V ¢ (in this region, for a lagging and unity power factor there is no current flow in
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the diode), therefore the local average and RMS currents within one switching cycle

arc:

- 1 .
i, = (D, +ED2)la

- 1 .

lsfl,rms = (D, +ED2 )lj (6.66)
Z)ll =0

iDll_rms = O

In the period 7 +a < wt <27 — o the converter switches between 0 and Y%V,

therefore the average and rms currents within one switching cycle are expressed as:

Z)ll :%D?aia

) 1 .2

Ipi_ms = EDﬂa (6.67)
?511 =0

lTS?l_rms =0

Therefore the average and rms currents in switching devices (Sjjand S;;) and (Dy;
and D»,) over the full fundamental period are given by:

IGBT SH.'

T+p
Qmwz;{ﬂD+lDﬁda+I(D+1Dﬁdm+I(D+lDﬁdM} (6.68)

a T+Q
ﬂwmz;{j 1Dﬁ%m+I(D+1Dﬁ%m+f(D+‘DﬁHM} (6.69)
[ -
Diode Dy;:
1 T+a 2r-a
Iy w= 2”[j(z) +1D,)i dox+ j (D, +1D,)idar+ j 1D, da)t} (6.70)
0 +Q T+o
T+a 2r-a
Lot me =7 [j(D +1D))ildar+ [ (D, +4D)ilder+ | Dz2da)t} (6.71)
T+Q T+a

Knowledge of the above currents facilitates estimation of the conduction loss in each

switching devices in the HCMC with two H-bridge cells in ac side.

®  Switching losses

The switching losses of the main two-level bridge switches are obtained as follow:
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Main bridge two-level converter:
Switch S.;:

Based on Figure 6-10, switch S, continuously conducts during period

<< T—-C.

f; al?4 )
P.S‘witching?Sal = Tﬂﬂ'/[ J. [(klfonl + k170ﬂ1)10 Sln(at - ¢) + (kI,OVl2 + klff’ﬁcz)]da)[

(6.72)
k +k 1 k +k
— fY_M( I1_onl I_aﬁ"l) 0 [1+COS¢]+ fr_M( I_on2 1_0ﬁ2) (71'—;0)
2 27
fs T+a ‘
P.S»vitclzing7D01 = T; I [kDfojflI() sin(ar — @) + kD,Oﬁ'Z]dwt
e (6.73)

— kD_oﬁ‘lfs_MIO [I—COS(0]+ kD_oﬁ‘2fs_M¢
27 27

Where fs m =150Hz. The switching losses in the lower devices (S,; and D,;) of

the main bridge are identical to those in the top (S,; and D).

H-bridge chain cells (Sn,Dn) and (S]]&D]]k
Switches Si3 and Di3:

?
P.S'withcing7513 = 2f_;[J' [(klfnnl + klfnﬁ’l)l() Sin(w’ - ¢) + (kl,nnZ + kLnffZ )]dal
0

(6.74)
= (kI*”"I +k170ﬁ'1)f~910 [1_ COS¢] + (k170112 + kI,o]fZ)fv(D
2r 2z
P, —LT[k I sin(ax—@)+k dax
Switching _D13 — 27[ D_off17o ¢ D _off2
. (6.75)
k, . fI k, .
— Dfojjlfc o [1+COS¢]+ Dfon‘ch (7[_¢)
2z 2z

The switching losses in the lower devices (Si4 and Dy4) of the cells are identical to

those in the top (S;3 and Dy3).

Switches Si; and Dy;:

1 7T+(0 )
PSwitching_Sll = E [(kl_()nl + k/_oﬁl ), sin(ax — @) + (k1_onz + kl_offz)]da)t

(klfnnl +k170ffl)fvlm + 1

= T 7(k170112 +k170j]’2)f9

(6.76)
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i L 27+¢

Switching _ D11 - 2 J. [kDfojfllo Sin(a}t - ¢) + kDfojfZ ]da)t
7o (6.77)
k 0 f‘sla
= _Doffls70 +1ky o f,

T
In this case, the effective switching frequency for each individual switching device is

obtained from MATLAB simulations under the same operation conditions.

Table 6-8 shows the conversion losses of the HCMC with two H-bridge cells in the

ac side at three different operating conditions.

Table 6-8: Summary of HCMC with two H-bridge cells in the ac side conversion
losses.

20MVA atl1kV and power factor of 0.8

Operating condition (a) lagging (inverter with limited reactive

power capability)
Two-level main bridge H-bridge cells
Conduction loss (kW) 140.4 92.7
Switching losses (kW) 42.3 78.6

Total conversion losses (KW) 354kW (1.77%)

20MVA at 11kV and zero power factor

Operating condition (b) (reactive power applications)

Two-level main bridge H-bridge cells
Conduction loss (kW) 104.2 86.1
Switching losses (kW) 33.5 75.2

Total conversion losses (kW) 299kW (1.5%)

20MVA at 11kV and unity power factor

Operating condition (c)

Two-level main bridge

H-bridge cells

Conduction loss (kW)

131.4

82.9

Switching losses (kW)

40.8

68.7

Total conversion losses (KW) 323.8 kW (1.61%)

6.4.3.2 HCMC with seven cells in the AC side

For the HCMC with seven and ten cells in the ac side, the average and rms currents
required to estimate the conduction losses equation (6.6), are obtained from
simulation. This approach is used due to increased complexity of an analytical
approach for estimation of device average and root mean square currents. The
switching loss per IGBT due to turn-on and turn-off in the HCMC with seven and ten

cells in the ac side is estimated using the equation (6.50), while the recovery losses in
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the freewheeling diodes are calculated using equation (6.51). The average current at
turn-on, turn-off, and diode reverse recovery instants over the full fundamental

period are also obtained from simulations.

The conduction and switching losses of the two-level main bridge are remained same
with the HCMC with two H-bridge cells due to switching pattern for the two-level

main bridge is only depended on the modulation index.

Table 6-9 shows the conversion losses of the HCMC with seven H-bridge cells in the

ac side at three different operating conditions.

Table 6-9: Summary of HCMC with seven H-bridge cells in ac side conversion
losses

20MVA at11kV and power factor of 0.8

Operating condition (a) lagging (inverter with limited reactive

power capability)

Two-level main bridge H-bridge cells
Conduction loss (kW) 140.2 122.3
Switching losses (kW) 42.3 42.63
Total conversion losses (kW) 347.43kW (1.73%)

20MVA at 11kV and zero power factor

Operating condition (b) (reactive power applications)

Two-level main bridge H-bridge cells
Conduction loss (kW) 104.2 116.2
Switching losses (kW) 33.5 47
Total conversion losses (kW) 300.9kW (1.51%)

Operating condition (c) 20MVA at 11kV and unity power factor

Two-level main bridge H-bridge cells
Conduction loss (kW) 1314 108.9
Switching losses (kW) 40.8 57.6
Total conversion losses (KW) 338.7 kW (1.69%)

6.4.3.3 HCMC with ten cells in the AC side

The loss calculation procedure for the HCMC with ten cells in the ac side is same as
that for the HCMC with seven cells. Table 6-10 shows the conversion losses for the

ten H-bridge cells case, under the three different operating conditions.
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Table 6-10: Summary of HCMC with ten H-bridge cells in ac side conversion losses

20MVA at11kV and power factor of 0.8

Operating condition (a) lagging (inverter with limited reactive

power capability)

Two-level main bridge H-bridge cells
Conduction loss (kW) 140.4 141.2
Switching losses (kW) 42.3 41.5
Total conversion losses (kW) 365.4kW (1.82%)

20MVA at 11kV and zero power factor

Operating condition (b) (reactive power applications)

Two-level main bridge H-bridge cells
Conduction loss (kW) 104.2 136.4
Switching losses (kW) 33.5 40.2
Total conversion losses (kW) 314.2kW (1.57%)

: o 20MVA at 11kV and unity power factor
Urpnmiting coneiion () Two-level main bridge I?I]—lla)ridge cells
Conduction loss (kW) 131.4 120.5
Switching losses (kW) 40.8 42.8
Total conversion losses (kW) 335.5kW (1.67%)

6.5 Experimental Conversion Losses

For comparison with the simulations, experimental losses are presented for the three
operation conditions:

(1) V4=200V, modulation index M=1.2, power factor p.f.=0.9 lagging.

(2) V4=200V, modulation index M=1.15, power factor p.f.=unity.

(3) V4=200V, modulation index M=0.8, power factor p.f.=0.9 lagging.

The three-phase output active fundamental power delivered to the load due to the
fundamental supply component is monitored with a power analyser; dc voltage and

current measurement are taken from the dc source.

The switching device parameters of switching device for the Nine-level HCMC
circuit are shown in Table 6-11. To allow comparison, the operating conditions for
the simulated conversion losses based on the mathematical analysis in 6.4.3.1 are to

the experiments.
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Table 6-11: Converter data used in experiments power loss estimation[14].

. K; 0.231J/A
DC link voltage 200V X, 7167
IGBT rating 600V R,.(IGBT) 15.9mQ
Carrier frequency 4 kHz Rp(diode) 50mQ
Vw(IGBT) 1.07V Vpo(diode) 1.1V

Table 6-12: Summary of HCMC with two H-bridge cells in ac side conversion losses
both in simulation and experiment.

Simulation Experiment
P.=8.3W _ V=200V Line=2.953A
Condition | p —73.0w | F4=70IW Tu=3.505A | D07 8W I, iasov
M Pross=22.2W Pioss=25.2W (3.59%)
N P.=7.9W _ V=200V Line=2.9A
Condition [ p.—j2.5w | Fe=720W Lu=3.754 | P72V Iy 144y
@ Plos;=20.4W Pioss=24.1W (3.21%)
B P.=3.1W ~ V=200V Line=1.707A
Conglﬂon Posow | La=3032W I Crsoa | BR292oW I o7 00w
©) Ploss=8.TW Pioss=10.7W (3.52%)

Note: Py indicates the power associated with the fundamental frequency component.

From Table 6-12 the experimental conversion losses agree with those obtained using
mathematical analysis. Compare to the mathematical analysis results, the
experimental conversion loss values are increased in the experiments because the

switching frequency is increased to 4kHz ( f;=1.35kHz in mathematical analysis) to

obtain better quality of output voltage and current waveforms. The lack of H-bridge
cells and due to synchronous issues when using independent control strategy, the

switching losses increase dramatically.
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Table 6-13: Conversion losses summary of the M2C and HCMC with cells in the ac

side.

a) 20MVA at11kV and a power factor of 0.8 lagging (inverter with limited
reactive power capability).

M2C
3-level S-level 9-level 17-level
conde 126.2 130.56 153.6 170.8
a) SR 258.3 171.2 94.8 42.4
Total Loss (kW) | 384.5(1.92%) | 301.76(1.51%) | 248.4(1.24%) | 213.2(1.06%)
Hybrid Cascaded Multilevel Converter
2-cells 7-cells 10-cells
Conduction Loss
| (k.‘w> 262.5 192.5 281.6
a) SR 120.9 84.93 83.8
Total Loss (kW) 354 (1.77%) 347.43(1.73%) 365.4(1.82%)
b) 20MVA at 11kV and zero power factor (reactive power applications).
M2C
3-level S-level 9-level 17-level
conde 142.8 142.08 167.3 190.1
B 274.5 183.5 108.6 67.1
Total Loss (kW) | 417.3(2.02%) | 325.58(1.62%) | 275.9(1.37%) | 257.2(1.28%)
Hybrid Cascaded Multilevel Converter
2-cells 7-cells 10-cells
Conduction Loss
| <ka> 190.3 220.4 240.6
b) | SwicEtes 108.7 80.5 73.7
Total Loss (kW) 299(1.5%) 300.9 (1.51%) 314.3 (1.57%)
c) 20MVA at 11kV and unity power factor.
M2C
3-level S-level 9-level 17-level
conder 131.04 153.6 158.4 175.7
©) | M 223.7 159.4 87.1 36.96
Total Loss (kW) | 354.74(1.77%) | 313(1.56%) | 245.5(1.22%) | 212.7(1.06%)
Hybrid Cascaded Multilevel Converter
2-cells 7-cells 10-cells
Conduction Loss
. (k;v) 214.3 240.3 251.9
c) | Svicetes 109.5 98.4 83.6
Total Loss (kW) 323.8(1.61%) 338.7(1.69%) 335.5(1.67%)
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As the number of levels/cells increases, the effective switching frequency per switch
decreases which leads to a switching loss reduction, while the conduction losses
increase due to more switches conducting at any given time. For the M2C, it can be
concluded that as the number of levels/cells increases, efficiency increases. For
HCMC, it can be concluded that as the number of levels/cells increases, efficiency
slightly decreases due to the increased number of devices are conducting over the
fundamental cycle. However, the efficiency of HCMC is still higher than that of the

conventional two-level converter.
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CHAPTER 7

7 Application of Multilevel Voltage Source
Converters in High-Voltage Direct Current
(HVDC) Transmission Systems

7.1 Introduction

Offshore wind farms have been identified as a key solution for combating global

warming and meeting government renewable targets. An HVDC transmission system

has a number of advantages for integrating large wind farms over conventional ac

connection techniques, such as [1-3]:

1Y)
2)
3)

4)

Transmission distance is not limited by cable charging currents.

Power flow magnitude and direction are fully defined and controlled.

Fewer cables are required and the absence of a reactive power component in
the dc system results in significant economic and environmental benefit.

Improved system fault ride through capability.

Of the two main dc transmission technologies, the voltage source converter, VSC,

based HVDC scheme is superior to the LCC scheme in terms of [4, 5]:

D
2)
3)
4)

5)

6)

Active power and reactive power can be controlled independently.

No voltage polarity reversal is required to reverse the power flow direction.
Black start capability.

Operation with weak and low short-circuit ratio ac networks, and with
passive loads is possible.

Converters of the dc transmission system can provide leading or lagging
reactive power that eliminates the need for reactive power compensation at
converter stations.

Raised switching frequency allows reduction of harmonic filtering

requirements.

HVDC transmission systems based on the VSC have been proposed for transmitting
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power between conventional ac networks and offshore wind farms with reduced
power losses and improved system stability. VSC-HVDC is suited to multi-terminal
(MT) dc transmission systems for connecting different areas or wind farms dispersed
over a wide area. However, control, operation and management of more than 2 grid

side VSCs (GSVSCQ) is significantly more complex and challenging [6].

7.2 VSC-HVDC Operation and Control

7.2.1 System description

Figure 7-1 shows a two terminal VSC-HVDC link. The main function of the system
is to transmit DC power from the rectifier side to inverter side. As shown in Figure
7-1, it consists of DC-link capacitors, two converter stations, high-pass filters, phase

reactors, transformers and DC cable [7, 8].

& A G

Transformer Reactor 1

AC Filter 1 g H} _”:])} 4 ':‘Q’} - 3 L)]} ! K]} 4 Filter 2

- rectifier side inverter side

11
|
1

Figure 7-1: VSC-HVDC system topology.

e Converters
The converters are two level VSCs employing IGBT power semiconductors. One
converter operates as a rectifier and the other as an inverter. The two converters are
connected either back-to-back or through a dc cable, depending on the application
[9].

® Transformers
Normally, the converters are connected to the ac system via a transformer. The most
important function of the transformer is to transform the voltage of the ac system to a
magnitude suitable for the converter. It can use a simple connection (two-winding
instead of three to six-winding transformers used for LCC schemes). The leakage

inductance of the transformer is usually in the range 0.1-0.2p.u [10].
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¢ Phase reactors
The phase reactors are used for controlling both the active and reactive power flow
by regulating the currents through them. The reactors also function as ac filters to
reduce the high frequency current harmonics generated by the VSCs. The reactors
are essential for both the active and reactive power flow, since these properties are
determined by the power frequency voltage across the reactors. The reactors are
usually about 0.1-0.2p.u. impedance [10].

e AC filters
The ac voltage output contains harmonic components, generated by the IGBTs
switching action. These harmonics must not be injected into the ac system, cause
malfunction of ac system equipment or cause radio and telecommunication
disturbances. High-pass filter branches are installed to attenuate these high-order
harmonics. With VSC there is no need to compensate any reactive power consumed
by the converter itself and the current harmonics on the ac side are related directly to
the PWM frequency. The low-order harmonic content in the current is small.
Therefore the amount of filtering required in these converters is reduced dramatically
in comparison to the requirement of naturally commutated converters.

¢ DC capacitors
On the dc side there are two capacitor stacks of the same capacitance. The size of the
capacitors depends on the required dc voltage. The objective of the dc capacitor is
primarily to provide a low inductance path for the turn-off current, and energy

storage to enable control of power flow.

The dc side capacitor design is an important part of HVDC system design. Due to
PWM switching action in the VSC-HVDC, the current flowing to the dc side of a
converter contains harmonics, which result in ripple on the dc side voltage. The
magnitude of the ripple depends on the dc side capacitance, current, and the

switching frequency.

The design of the dc capacitor should not only be based on steady-state operation.
During disturbances in the ac system (faults, switching action) large power
oscillations may occur between the ac and dc sides. This in turn will lead to
oscillations in the dc voltage and to dc over-voltages that may stress the circuit

components. It is important to consider the transient voltage variation constraint
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when the dc capacitors are selected. Small dc capacitance C,. can be used, which

should theoretically result in a faster converter response and provide energy storage
for power flow control. The dc capacitance is characterized by a time constantz ,
defined as the ratio between the stored energy at rated dc voltage and the nominal
apparent power of the converter:

1 2
‘N Cchch

2 (7.1)

T=

SN
Where V. denotes the nominal dc voltage and S) is the nominal apparent power
of the converter. The time constant is equal to the time needed to charge the
capacitor from zero the rated voltage V., if the converter is supplied with a

constant active power equal to S, . The time constant 7 is selected to be less than

Sms to satisfy the requirements of a small ripple and small transient over-voltage on
the dc voltage, which will be verified by simulation. This relatively small time

constant allows fast control of active and reactive power [10-12].

7.2.2  System operation

The fundamental operation of VSC-HVDC can be explained by considering a two
terminal ac systems as two idea ac voltage source (Figure 7-2). On the inverter ac

side, the converter can be modelled as a controlled voltage source V. ,, and can be

expressed as:

V

con2 —

1
EM Ve sin(ax + @) + harmonics (7.2)

Where M is the modulation index and ¢ is the power factor.

— —
VSC, ige load SC, P,Q

Transformer

Veon2

R 'W\—Ll L, R, Iq Transformer
= "@ Ve P«n 4@ o —
T —5
AC Filte Vi

T T Ay T Filter
Veont Vs

||

rectifier side inverter side

Figure 7-2: Basic structure of a VSC-HVDC system.
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The active power P, and reactive power Q, of the converter station sent to the ac

system is coupled with the impedance X,, can be calculated using equations (7.3)

and (7.4). The losses of the phase reactor are neglected.

V. >V.,sind
P2= conZ);Z (73)
2

The reactive power flow is determined by voltage drop AV shown in Figure 7-2 is

related to the amplitude of converter’s voltage V., ,as follows:

_ Vs2 (VconZ cosd — VSZ)
X, (7.4)

)

Where 0¢is the angle between V. ,andV,,.

The P-Q envelope depicted in Figure 7-3 presents the active and reactive power
capability of the VSC-HVDC system, Ideally, a VSC is able to operate anywhere
within the full circle. Practical limitations are applied, restricting the active and
reactive powers to within limits (a VSC has local capacitive storage). The
controllable active power can be transferred in both directions with equal maximum

value [13-16].

F S
S
Rectification Inversion
Capacitive
Voltage limit Reactive power
g (over-excited)
. /% X\
( ) v
Q(pu) 0 2
-0.25
Inductive
Reactive power
(under-excited)
-0.75 .
Current lirhit
v
-1 P(pu) 1

Figure 7-3: Active and reactive power capability curve of a VSC-HVDC system.
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7.2.3  Control System

The VSC-HVDC control system shown in Figure 7-4 is based on two control loops:
an inner current control loop controlling the ac current and an outer control loop
controlling dc voltage, active power, reactive power and ac voltage or frequency,
depending on the control strategy. The choice of which controller is used to calculate
the converter current reference values depends on the application. If the load is a

passive system, the VSC-HVDC can control frequency and ac voltage. If the load is

an established ac system, the VSC-HVDC can control ac voltage and power flow [11,
17-21].

VS e Hoad VSC,
Transformer RiLy R.L, Transformer
1 Ve ! -

Figure 7-4: VSC-HVDC control system structure.

7.2.3.1 The inner current controller

The inner current control loop can be implemented in the dg-frame, using a
two-phase rotating reference frame via Park’s transform. In the control scheme
analysis, the reference frame is selected so that the ac source voltage is on the d-axis.
Therefore, active power exchange between the ac system and the dc link can be
controlled by the d-axis current component, and the reactive power can be controlled

by the g-axis current component [22-25].
From the Figure 7-4, the left-hand side converter station denoted by VSC; as a

rectifier, and the right-hand side converter station denoted by VSC, operates as

inverter.
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For the rectifier, the voltage equations in the synchronous d-q frame are:

-d
vd =R +14‘;i—w14if1 +v4
t

conl

(7.5)

s conl

dif
VI=RI{ +14%+ oLl +V?
t

Instantaneous power extracted from the AC source to the DC link can be expressed

as:
(7.6)

Where

Vs‘f’q are the d- and g-axis components of the ac source voltage.

.d,
4 4 are the current components.

d,g
V. on) are the converter voltage components.

R,, L; are the equivalent resistance and inductance of transmission line.
o is the source angular frequency.
Subscript ‘1’ denotes quantities relating to VSC; and subscript ‘2’ denotes quantities

relating to VSCo.

For the inverter VSC, in Figure 7-4, the voltage equations in the synchronous d-q

frame are:

con2

d
d d di . d
Veonz = Raly +de—§—wl'2’g+vs2

(7.7)
q9 _ q di;’ d q
VconZ - RZIZ + LZ I—'— 60[/212 + Vs2
The transformation from the three-phase system to the dg-frame is:
cos(ax) cos(awx— 2—ﬂ.) cos(ax + 2—ﬂ.)
3 3 e
X g0 = KX e = \E sin(ar) sin(cr —2?”) sin( ot +2?”) X, (7.8)
X,
V2 V2 V2 ‘
L 2 2 2 i

Where X can be either the voltage or current of a converter station.
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7.2.3.2 The outer controller

e DC voltage controller

The aim of voltage control is to regulate the converter output voltage at the reference
value as the converter outputs the required active power into the ac grid. At the dc
side, the dc capacitor supports the dc bus voltage and the dc cable or line is the
channel for the active power flow. The energy stored in the capacitor varies
(fluctuates) if the active power is not in balance between the two sides of the VSC
station. Fixed dc voltage control maintains the dc voltage by changing the active
power exchanged between the VSC and the ac grid.

The dc link voltage V. is sensed and compared to the voltage reference Ve ref, as
shown in Figure 7.5. The resulting error yielded feeds a PI controller which generates
the reference 1y . for the ac active power currents in the synchronous rotation frame.
In this control scheme, the output dc voltage is controlled by the outer voltage loop,
and the inner feed forward decoupled PI current regulators ensure that the input ac

currents track their references. VSC, operates as the dc controller.

) o 2
Vdc_Ref ¥ Id_Ref
Dizcrete
Fl Controller
(1)
Vic

Figure 7-5: DC voltage controller.

e Active power controller
An active power controller is used to specify the power to be exported or imported
between the two active systems. VSC; operates as the active power controller. The

principle is illustrated by Figure 7-6:

(2 > P (D)
P ref o ld_Ref
Dizerete
Fl Contraller
1
P

Figure 7-6: Active power controller.
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P_,.ris the active power reference. The active power error term (P_,., -P) is passed

through a PI controller to generate the reference value of d-axis current component
iflefl. If more accurate control of the active power is needed, a combination of a

feedback and open loop control can be used.

e Reactive power controller

The reactive power controller is similar to the active power controller.

e The ac voltage controller

As shown in the Figure 7-2, the voltage drop AV across the reactor X,can be

described as:

AV = VconZ V2 & AVp + ]Avq
_RPHX0 XoP- RO (7.9)
VsZ VsZ

If AV, <V, +AV,

Then

_RyP+X,0
VS2

AV (7.10)

For ac networks most power circuits satisfy X, > R, , therefore the voltage drop AV

is considered to depend only on the reactive power flow Q. The phasor diagram and

block diagram of the ac voltage controller follow:

Imaginary
A
Veon2
Vo To re
- AV (p
7 V> . » Real Vo
el

Where ¢ is the angle between V. ,andV,,. @is the power factor.

Figure 7-7: Phasor diagram and ac voltage controller.
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¢ The frequency controller
The purpose of the frequency controller is to maintain the converter output frequency
at its reference value. The change in power for a given change in frequency in an
interconnected system is known as the ‘stiffness’ of the system [26]. The
power-frequency characteristic can be approximated by a straight line, whence it is
feasible to use a PI controller in the feedback loop of the frequency and the control
error can be reduced to zero in steady state. The block diagram of the frequency

controller is shown in Figure 7-8:

f Pl p——» I d2 ref
+

fref

Figure 7-8: Frequency controller.

7.3 Multi-terminal (MT) HVDC system operation and

Control

7.3.1  System outline

Figure 7-9 shows the multi-terminal (MT) HVDC system layout. The system consists
of four terminals with two WFVSCs and GSVSCs. The four terminals are connected
by four dc cables but other connection arrangements are also applicable, such as

connection to one common point.

The WFVSCs control the ac voltage seen by the wind generators. The wind
generators (and their power converters) act to extract the maximum energy. The
HVDC link collects the wind farm energy, having been converted from ac to dc. The
dc power is then transmitted to the GSVSCs via dc cables. The two GSVSCs transfer
the dc power into the respective AC grids, according to pre-defined arrangements. In
addition, they also provide reactive power/ac voltage control for the connected grids.
This support feature can be useful as the grid network at the point of connection is
sometimes weak, with a low short circuit ratio (SCR). A high-frequency filter (HFF)
is connected at each VSC output terminal to absorb the high-frequency harmonics

generated by the converters [6, 27-36].
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Figure 7-9: Layout of the proposed MT-HVDC system.

7.3.2  Control system

Depending on the operating arrangement, different control strategies can be
employed for an MT-HVDC system. In the MT-HVDC transmission system in
Figure 7-9, converters WFVSC; and WFVSC, are assigned to control the active
power flow, while converters GSVSC; and GSVSC; control the dc link voltage.

Figure 7-10a shows the control system for converter WFVSC; which is also
applicable to WFVSC,. The control scheme uses a standard decoupled d,g strategy to
control active and reactive power with feed-forward terms to improve system
disturbance rejection. Active power control allows the converters to adjust the active
power command proportionally to the average reduction in the voltage magnitudes at
buses B3 and B,4. A rate limiter is used to control the power slope during active power
ramping. Figure 7-10b shows the control system for converter GSVSC, which is also
applicable to GSVSC,. The detail of the active power-dc voltage droop is shown in
Figure 7-10c. Voltage droop control can be used to distribute the power to different
ac nodes via the HVDC link. In some circumstances droop control of the GSVSCs
could be arranged to transfer real power to the HVDC link, where this power must be
compensated by another GSVSC (or accepted by a wind farm, for instance when
providing power to black start the wind farm). In normal operation, GSVSC; and
GSVSC,; equally share the power delivered from the WF side, and droop control is
designed for active power exchange between GSVSC; and GSVSC, according to the
dc voltage change AP is the active power that can be exchanged between converters

GSVSC; and GSVSC2.
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Figure 7-10: (a) and (b) control system of the converter station in wind farm side and
grid side, (c) active power-dc voltage droop characteristic.

The relationship between AP and the reference dc voltage of converter GSVSC,,

when the dc link of the converters GSVSC, is held at V., is given by equation (7.11)

[31, 34]:
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Ve :%Vdc + /%VJZL.—RAP (7.11)

Where R is the effective resistance of the line connecting GSVSC; and GSVSC,;,

Therefore inclusion of an active power-dc voltage droop characteristic allows
converters GSVSC; and GSVSC; to respond to any load demand irrespective of their
control mode [35, 37].

7.4 Simulations

To analyse to proposed control system, three simulations were performed:
e Five-level M2C in a two terminals HVDC system.
e Hybrid Cascaded Multilevel Converter with 7 cells in the ac side, in a two
terminals HVDC system.

¢ Two-level converter in a four terminals MT-HVDC system.

The study is focused on the performance of the VSC-HVDC at steady state, load

change and disturbances in supplying network and grid side.

7.4.1  Five-level M2C in an HVDC Transmission system

As shown in Figure 7-11, all simulations were performed with two five-level M2C
converters. In wind energy generation, a doubly-fed induction generator (DFIG) or a
full sized converter are usually adopted, hence network frequency variations have no
direct influence on power generation. The wind farms are therefore substituted by an
infinite voltage source with a constant voltage amplitude and phase angle. The ac
system voltage on both sides is 230kV 2000MV A, and the rated dc voltage is 275kV
[38].The reactor is 0.12 p.u. and the converter switching frequency is 2.1kHz. The
power flow directions are assumed positive. The active and reactive power capability

is as shown in Figure 7-3.

Line 12 200MVA
75km 132kV/230kV

200MVA
230kV/132kV
2000MVA 2000MVA
230kV H H 230kV
X/R=10 X/R=10
WF1

50km

T ™ B2 F B3 Gs1

B1 275kV
—_— —_—
S-level M2C Slevel M2C
P WFVSC P2

GSVsC
200MVA 200MVA

Figure 7-11: Test system of five-level M2C based HVDC system.
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Case I: Steady-state performance and active power reversal

Figure 7-12 illustrates system performance when the system exports 100MW from
the grid side (GS) to wind farm (WF). From t=0.75s, the system is switched to a
‘sleep’ mode which means two converter stations operate as two independent
STATCOMs regulating the ac voltage at buses B; and B, . At t=1.75s, the active
power is reversed, with the GS receiving 100MW active power from the WF side as
can be seen in Figures 7-12 a and b. The dc voltage in the GS converter is stabilized
at 275kV, while in the WF side there is a small step change due to active power
reversal shown in Figure 7-12c. The system is stable with the voltage stresses across
the switching devices controlled during the entire operating period. Also there is an
absence of high and low frequency harmonic components from the dc link current.
This means that dc filters are not required. An expanded view of dc current without
ac filtering is shown in Figure 7-12d. Figures 7-12e and f show the current
waveforms at bus B, and its expanded waveform. As can be seen, the M2C produces
high quality current waveform. Figure 7-12h shows the line voltage at the converter
terminals, confirming the interfacing transformers of both converters experience low
voltage stress compared to those on a conventional two-level converter. This is due
to switching of relatively small voltage steps, at a reduced switching frequency per

device.

Case II: Transient performance on load change and three-phase fault

To evaluate the transient performance of an M2C based HVDC system, the system in
Figure 7-11 experiences a load change of 100+j60 MVA at the GS load and a
three-phase fault at point F with a duration of 140ms. The results are shown in Figure
7-13. The HVDC system using an M2C is able to recover from a solid three-phase
fault at point F without difficulty in terms of voltage stress on the converter switches
that may result from cell capacitor voltage balancing problems or current stresses.
Observe from Figures 7-13a and b that converter VSC, has responded to the sudden
increase in reactive power demand due to the introduction of the 100+j60 MVA load
at bus B, when t=0.75s while this sudden change at bus B, doesn’t affect bus B. The
occurrence of the three-phase fault at point F at t=1.6s. The duration of this fault is
140ms. Figure 7-13c shows that dc fault voltage at VSC, terminal is limited which

proves the feasibility of the proposed control strategy.
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(h) Line Voltage waveform at converter VSCo.
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VSC,.
Figure 7-12: Simulation waveforms for steady-state five-level M2C HVDC system.

(g) Voltage across cell capacitors of converter VSC; and
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Figure 7-13: Simulation waveforms showing transient performance of a five-level
M2C HVDC system.

180



Chapter 7: Applications of Multilevel Voltage Source Converter in HVDC System

The peak current during the fault period is controlled, as can be seen in Figures
7-13d and e; this may allow converter VSC, to provide the necessary reactive power
support to the GS ac network provided the fault remains to prevent voltage instability
at the network GS, without increasing the risk of converter switch over-current.
Figure 7-13f shows the decrease in voltage magnitude of bus B, to 0.3 p.u. during the
fault, and its recovery immediately after the fault is clear. Capacitor voltage in both

rectifier and inverter remains stable as shown in Figures 7-13g and h.

7.4.2 HCMC with 7 cells in the ac side in a HVDC Transmission System

To demonstrate the hybrid multilevel converter with ac side cascaded H-bridges in
HVDC applications, a three-phase HCMC with a 275kV dc link voltage and 7 cells
(with 4mF cell capacitance, each blocking 19.6kV, and capable of generating 29
voltage levels as shown in Figure 7-14), is simulated. In this case, the cascaded

H-bridge cells are controlled using multilevel PWM with a 1.35kHz switching

Line 12 200MVA Sokm
7Skm 132KV/230KkV.
230KV/132kV 2000MVA
2000MVA 11 |1 230KV
230kv X/R=10
X/IR=10
WF1 a1 T T2 B2 F B3 GS1
—_— HCMC with 278KV HCMC with P —

P1 7 cells 7 cells P2
WFVSC GSVSC
200MVA 200MVA

Figure 7-14: 200MW 275kV HVDC system based on HCMC with 7 cells in the ac
side.

Case I: Steady-state performance and active power reversal

Figure 7-15 illustrates the steady-state performance of the HCMC with 7 cells in the
ac side, with an active power reversal command. VSC; is commanded to ramp up the
exported active power from 0 to 160MW within 0.4s. During the same period, a
reactive power command is given to the VSC, to increase reactive power exchange
with the grid from 0 to 60MV Ar (inductive) within 0.15s. At t=1.2s, another reactive
power command is given to the inverter to change the reactive power exchange with
the grid from 60MVAr (inductive) to SOMVAr (capacitive) within 0.35s. At t=1.5s,
another active power command reverses the power flow from 160MW to -160MW
within 0.8s, the dc current correspondingly reverses the direction and dc voltage at
VSC, terminal increases by 0.6 kV and then decreases to 274.4kV to response to the

power command, which can be seen from Figures 7-15a to d. Figure 7-15g shows
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voltage balance across the H-bridge cells is sensitive to reactive power change
(magnitude and direction), due to cell capacitor voltage balancing depending on the
small active power component during the reactive power change. This dependence
may limit the converter from rapidly recovering from some faults.
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Figure 7-15: Key waveforms of the steady-state of an HCMC with 7 cells in the ac
side in a 275kV HVDC system.
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The line voltage contains spikes, as shown in Figure 7-15h, can be eliminated using

an interfacing reactor or small ac filter.

Case II: Transient performance on three-phase fault

To demonstrate hybrid converter ac side fault response, the system in Figure 7-11 is
subjected to a three-phase fault of 200ms duration at point F in the middle of the line.

The simulation results are shown in Figure 7-16.
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Figure 7-16: Key waveforms of the transient performance of an HCMC with 7 cells
in the ac side in a 275kV HVDC system.

During the ac fault, due to the significantly reduced ac voltage, the active power

generated by the wind farm is reduced by the power command given to converter
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VSC,, which is made sensitive to any change of voltage magnitude on bus B and B,
as can be seen in Figures 7-16a and d. Capacitor voltage magnitudes in both the
rectifier and inverter remain stable as shown in Figure 7-16e. This prevents trapped
energy in the dc link causing the dc link voltage to rises dramatically as shown in
Figure 7-16f. The system remains stable during the fault period. When the fault is

cleared, the system recovers rapidly within 200ms.

7.4.3  Four-terminal HVDC system

In order to demonstrate the validity of the proposed control strategy, the
four-terminal system in Figure 7-9 is simulated. Converters WFVSC; and WFVSC,
control active power and GSVSC; and GSVSC, regulate the dc link voltage at
275kV. GSVSC,; incorporates dc voltage droop control to enable active power
sharing between WFVSC, and WFVSC,; at any ratio. The converters are modelled as
300MVA two-level converters using SPWM with a carrier frequency of 2.1kHz. The
system rating is shown in Figure 7-17, where the power flow directions indicated are

assumed positive.

300MVA
230KV/132kV. 132KV/400KV
2000MVA ] J000MVA
230kV. 400KV
XR=10
WF1

XIR=10

300MVA
230KV/132KV.
2000MVA
230kV. -
X/R=10

WF2 B2 2

WFVSC2 —_—
oOMVA Gsvsc2

P 300MVA * (80+/80)MVA

Figure 7-17: Four-terminal voltage source converter DC transmission system.

Case I: Steady-state performance and active power management

In order to evaluate the proposed active power-dc voltage droop characteristic in the
power management control strategy, the four-terminal system shown in Figure 7-17
is simulated. Initially, both WFVSC,; and WFVSC, export 140MW, and after t=0.5s,
VSC,; starts to export 200MW while the active power exported by WFVSC,; remains
140MW as shown in Figures 7-18a and b. Under this operational condition, both
GSVSC; and GSVSC, regulated the terminal dc voltage at 275kV which means
GSVSC,; and GSVSC; share the active power exported from the wind farm side
while there is no active power flow between GSVSC; and GSVSC, as shown in

Figure 7-18h At time t=0.8s, the active power-dc voltage droop control of converter
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GSVSC(, is activated to increase the active power delivered to converter GSVSC, by

70MW by reducing the dc link voltage of converter GSVSC; to 0.2kV.
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Figure 7-18: Waveforms demonstrating power management using active power-dc
voltage droop characteristic.
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During this period, the dc link voltage of GSVSC, remains at 275kV which leads to
active power flow from GSVSC, to GSVSC,; as shown in Figure 7-18c to f At time
t=1.5s, another power command to converter GSVSC,; reverses the active power
sharing. The active power delivered to GSVSC, is decreased to 90MW while the
active power delivered to GSVSC; increases to 230MW. This command is activated
by increasing the dc link voltage of GSVSC, by 0.2kV as shown in Figure 7-18f.
Figure 7-18g and Figure 7-18h show the power flow between the four converter
stations. These results establish the effectiveness of active power-dc voltage droop

control for power management in multi-terminal dc transmission systems.

Case II: Transient performance on load change and ac side fault

This section investigates the response of the multi-terminal dc transmission system in
Figure 7-19 to a load change at bus B4 and a solid three-phase fault at point F. Both
WEFVSC; and WFVSC, export 140MW initially. After t=0.5s, WFVSC, starts to
export 240MW as shown in Figure 7-19a and b. At t=1s the system is subjected to a
three-phase fault at point F with a duration of 200ms and at t=1.8s a load of 80+j80
MVA is connected to bus B4 The system responds to these events without affecting
the overall system stability. The system treats the introduction of 80+j80 MVA load
at bus B4 as a local event, and its impact is limited to GS,. As a result, converter
GSVSC; increases it reactive power output in order to support the voltage at bus B4
as shown in Figure 7-19c and d. The impact of the three-phase fault at point F is
universal, for two reasons. The first reason is that during the fault period, the active
power transfer capability of converter GSVSC; is significantly reduced as the voltage
magnitude at bus Bj collapses to 20% of the nominal value as shown in Figure 7-19h.
This causes the dc link voltage of converter GSVSC; to rise, transferring the active
power that cannot be delivered through converter GSVSC; to GSVSC, as can be
seen in Figure 7-19f and g. As a result, the power delivered through GSVSC,
increases during the fault period shown in Figure 7-19d. The second reason is that
the adopted recovery strategy compromises the decoupling feature of a VSC-HVDC
transmission system in favour of minimizing the dc side trapped energy in order to
reduce any converter voltage stresses due to a sudden rise of the dc link voltage.
Figure 7-19d to Figure 7-19f show transient active power flow between dc links
during a three-phase fault. Adjustment of the power commands to the converters

controlling the active power, successfully limits the dc link voltage rise at the
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terminal of converter GSVSC,. Figure 7-20b shows the expanded view of the current

injected into bus B3 during the fault period.
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Figure 7-19: Simulation waveforms showing system performance during a load change
at bus B4 and a three-phase fault at point F.
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Figure 7-20: Simulation waveforms showing system performance during a load change
at bus B4 and a three-phase fault at point F.

7.5 Summary

This chapter investigated multi-level voltage source converters in HVDC and
multi-terminal dc Transmission system applications. Using PWM control of a
voltage source converter enables independent control of real and reactive powers
within the system limits. Different controllers can be used depending on the
application. The five-level M2C based HVDC system simulation results show this
HVDC system is able to operate over the entire specified P-Q capability curve. By
using a higher level M2C converter, the ac and dc filters, and interfacing reactor
might be eliminated due to the low dv/dt experienced by the switches in the future. It
can also be concluded that an M2C based HVDC system is capable of riding through
any ac faults without posing any risk to the converter switches from over-voltage or
over-current. Using the hybrid cascaded multilevel converter does not compromise
black start capability and eliminates the need for start-up equipment to charge and
discharge the H-bridge cell capacitors. The hybrid cascaded multilevel converter
offers the feature of dc fault reverse blocking capability, since it is able to block
active power exchange between the ac and dc sides, and reactive power between
converters and the ac side. In a multi-terminal HVDC system, the proposed control
strategy improves control flexibility and allows the converter controlling the dc
voltage to respond to any power demand. The strategy minimizes converter
over-voltage on the dc side, hence minimizes the dc side trapped energy, thus

eliminating the need for a dc chopper on the dc side.
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CHAPTER 8

8 Conclusions

8.1 General Conclusion

The multi-level converter is the backbone of HVDC transmission system
development, having better output waveform quality with lower harmonic content
when compared to a conventional two-level converter. Additional advantages are
the small ac side filter requirement and lower conversion loss. This thesis reports the
investigation of two multi-level converter topologies: the Modular Multi-level
Converter (M2C) and the Hybrid Cascaded Multi-level Converter (HCMC), both of
which can be deployed in HVDC systems. A general review of multi-level converter
types and their open-loop modulation techniques has been presented. A generalized
approach for conversion loss calculation with carrier-based pulse width modulation
has been studied. Two new modulation techniques for HCMC are proposed to
achieve lower H-bridge cell capacitance and extended the modulation linear range.

Both of these modulation techniques are validated and assessed by practical tests.

Chapter 1 discussed the development of multilevel converter topologies in HVDC
transmission systems and proposed two multilevel converter topologies which are
suitable for HVDC application. Three types of conventional multilevel converters
were investigated in Chapter 2. Different modulation techniques for the M2C and the

hybrid cascaded multilevel converter, (HCMC), were compared in Chapter 3.

Chapter 4 analyzed the M2C operating principle, capacitor size and ripple when
SPWM modulated. The chapter also presented experimental validation of the
analysis provided and demonstrated the advantages of the modulation and capacitor
balancing strategy. The M2C offers the following features: improved efficiency,
lower voltage and current in the switching devices, and low dv/dt. These features

make the M2C suitable for HVDC systems.

193



Chapter 8: Conclusions

Chapter 5 presented two new operating principles and modulation strategies that
permit the hybrid cascaded multilevel converter to operate independent of
modulation index and load power factor. Low-distortion output voltage and current
waveforms can be achieved based on the effective H-bridge cell capacitor balancing
technique. Extending the modulation index linear range provides better utilization
of the HVDC link voltage since a higher fundamental output voltage for a given
HVDC link improves power transfer for a given line voltage. Third harmonic
subtraction from the modulating waveform minimizes the number of H-bridge cells.
This reduces the additional losses. The potential benefits of the hybrid cascaded
multilevel converter are dc fault reversed blocking capability, since it is able to block
active power exchange between the ac and dc sides, and reactive power exchange
between converters and the ac side. The validity of the presented modulation and
capacitor voltage balancing schemes were confirmed by simulation and

experimentation.

Since the two-level converter and the H-bridge cells of the HCMC use independent
modulation control (SHE-PWM and high-frequency PWM), practical
synchronization issues arise. This issue was addressed by increasing the switching
frequency, which reduces the time difference between switching of the two-level
converter and the H-bridge cells. This is at the expense of increased system
conversion losses. The issue does not arise with the system using SPWM with 3™
harmonic subtraction, since the two-level converter and the H-bridge cells are treated

as single system.

Under the same voltage conditions (for instance, V,;=200V), the H-bridge cell
capacitance (1mF) when using SHE-PWM and high frequency PWM is smaller than
the capacitance (4.7mF) when using standard PWM. This is because the H-bridge
capacitors are only subjected to harmonic power flow in the independent control
modulation scheme, while in a standard PWM scheme, the H-bridge capacitors are

subjected to active power flow.
Chapter 6 presents mathematical analysis and calculation of conversion losses for the
two types of multilevel converters and the conventional two-level converter. Three,

five, nine, and seventeen level conversion losses for the M2C, and conversion losses
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for two, seven, and ten cells in the ac side of the HCMC were calculated. A
simulation and experimental conversion loss comparison of the HCMC with two

H-bridge cells in the ac side, was also carried out.

Both the M2C and HCMC have lower conversion losses than the conventional
two-level converter. As the number of levels/cells increases, efficiency increases. The
HCMC has higher conduction losses than the M2C due to H-bridge cells used in this
topology, while half-bridge cells are used in the M2C. This extra HCMC loss is the
penalty for inherent dc blocking capability.

Chapter 7 investigated the M2C and HCMC multilevel converters in HVDC and
multi-terminal dc transmission system applications. Both steady-state and transient
performance were analysed in order to verify the control strategies employed.
Simulation results show these two converters in an HVDC system are able to operate
over the entire specified P-Q capability curve and are capable of riding through any
ac faults without posing any risk to the converter switches from over-voltage or

over-current.

8.2 Author’s Contribution

The author’s contributions can be summarized as follows:

¢ Two new operating principles and modulation techniques have been proposed
for the HCMC. One uses independent control of the two-level and cascaded
H-bridge cells, and employs the series H-bridge string to compensate for the
low frequency harmonics generates by the high voltage two-level conversion
stage. The other operational mode treats the HCMC as one unit and uses
sinusoidal PWM with 3rd harmonic subtraction in the modulation scheme.

e By using an independent control system for the HCMC, the H-bridge
capacitors are only subjected to harmonic power flow, resulting in a reduced
cell capacitance requirement, and the sinusoidal output voltage magnitude
may be increased up to 4/z =1.27 p.u. This will decrease the transformer
and inverter rating by 12% due to the increased fundamental component of
the output voltage.

e Capacitor voltage balancing can be achieved using phase voltage redundant
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switch states. By using standard multilevel modulation, the linear modulation
range is extended to 1.218 and 2 for real and reactive power applications,
respectively.

The proposed switch strategy reduces the overall conduction loss and
switching loss of the HCMC, compared to conventional two-level converter
losses.

Mathematical analysis for capacitor voltage ripple and capacitor size was
presented for both the M2C and the HCMC, which gives guidance for the
required cell capacitance when applied to medium-voltage or HVDC
transmission system applications.

Theoretical analysis of conversion and switching losses of the M2C and
HCMC has been performed. This analysis gives an accurate method by which
to calculate multilevel converter losses for a lower number of levels. As the
number of output voltage levels increase, reasonable assumptions regarding
losses must to be made due to the increasing complexity of the mathematical
calculations.

An effective control strategy for the multi-level converter in HVDC and
multi-terminal HVDC systems was developed. Active and reactive powers
can be control independently. An HVDC system using an M2C is able to
recover from solid three-phase faults without any difficulty in terms of
voltage stresses on the converter switches that may result from cell capacitor
voltage unbalance or current stresses. In a multi-terminal HVDC system, the
proposed control strategy allows the converter controlling the dc voltage to
response to any power demand. Active power-dc voltage droop control for

power management is feasible for multi-terminal dc transmission systems.

8.3 Suggestions for future research

Research undertaken in this thesis addressed some of the challenges regarding the

use of a multilevel converter in HVDC transmission system application in terms of

capacitor balancing technique, minimizing conversion loss, reducing dv/dt, and

improving the quality of the output voltage. Suggestions for future research are:

The independence of the HCMC control system should be optimized in order
to dampen reactive power oscillations and minimize cell over-voltage

magnitudes.
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Further investigation is required in relation to connection of the HCMC to the
grid, and its ability to meet the grid code. The switching frequency should be
carefully selected in order to separate the sidebands from the baseband, yet

allow the converter to response fast enough to any network alteration.
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Appendices

The appendices show details of the practical implementation. The test rigs, circuit

boards as well as program codes are presented. The list of tables and figures, and the

author’s publications are also included.

A Experimental Components

A.1 Test Rig Structure

As the chapters have covered different topics, three different test rigs have been set

up for practical implementation.

A.1.1 Modular Multilevel Converter in Chapter 4

The test rig as shown in Figure A-1 is set up to verify the control and PWM strategy

for single-phase three-level M2C. It mainly includes the following components:

100V DC voltage source

Four 1mF cell capacitors

Two 3mH arm inductors

Four cells of M2C modules

TriCore 1796B digital signal processor
Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits
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(b)

Figure A-1: System photo of M2C (a) test rig (b) schematic diagram in Chapter 4.
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A.1.2 Single-phase Hybrid Cascaded Multilevel Converter in Chapter 5

The test rig as shown in Figure A-2 and Figure A-3 are set up to verify the control

and PWM strategy for single-phase nine-level Hybrid Cascaded Multilevel Converter.

It mainly includes the following components:

200V DC voltage source

Two 1 mF cell capacitors for H-bridge
Two cells of H-bridge modules

One conventional two-level converter

TriCore 1796B digital signal processor
Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits

Figure A-2: System photo of single phase nine-level Hybrid Cascaded Multilevel

Converter test rig.
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A.1.3 Three-phase Hybrid Cascaded Multilevel Converter in Chapter 5

The test rig as shown in Figure A-4 is set up to verify the control and PWM strategy

for three-phase nine-level Hybrid Cascaded Multilevel Converter. It mainly includes

the following components:

200V DC voltage source

Six 3.3 mF cell capacitors for H-bridge
Six cells of H-bridge modules

One conventional two-level converter
TriCore 1796B digital signal processor
Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits
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A.2 Test Rig Components

The main components used in the practical implementations are introduced in this

section.

A.2.1 Digital Signal Processor

The main task of the digital signal processor (DSP) is to sense the circuit analogue

signals and to generate the required switching pattern driving signals for power

electronic devices according to the implemented software algorithm. The 32-bit

TriCore1796B DSP shown in figure A-5 is employed as the controller for all

practical implementations.

The main features of the DSP related to the practical implementation are listed

below:

High-performance 32-bit super-scalar TriCore V1.3 CPU with 4-stage
pipeline

—Superior real-time performance

—Strong bit handling

—Fully integrated DSP capabilities

—Single precision Floating Point Unit (FPU)

—150 MHz operation at full temperature range

32-bit Peripheral Control Processor with single cycle instruction (PCP2)

—16 Kbyte Parameter Memory (PRAM)

-32 Kbyte Code Memory (CMEM)

Multiple on-chip memories

—2 Mbyte Program Flash Memory with ECC

—128 Kbyte Data Flash Memory usable for EEPROM emulation

—192 Kbyte on chip SRAM

—16 Kbyte Instruction Cache

—16 Kbyte BootROM

32-bit External Bus Interface Unit (EBU) with

High performing on-chip bus structure

Versatile On-chip Peripheral Units

—Two General Purpose Timer Array Modules (GPTA) with additional Local
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Timer Cell Array (LTCA2) providing a powerful set of digital signal filtering and
timer functionality to realize autonomous and complex Input/Output management
—Two 16-channel Analog-to-Digital Converter units (ADC) with selectable
8-bit, 10-bit, or 12-bit resolution
—One 4-channel Fast Analog-to-Digital Converter unit (FADC) with
concatenated comb filters for hardware data reduction: supporting 10-bit resolution,
min. conversion time of 280ns
e 123 digital general purpose I/O lines, 4 input lines
e Digital I/O ports with 3.3 V capability
®  On-chip debug support for OCDS Level 1 and 2 (CPU, PCP3, DMA)
e Power Management System
e Clock Generation Unit with PLL
e Core supply voltage of 1.5V
e [/O voltage of 3.3V

e Full automotive temperature range: -40° to +125°C
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Figure A-5: DSP,32-bit TriCore1796B
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A.2.2 Interface Circuits

Two interface boards are used to electrically isolate the DSP from external circuits
using optocouplers due to protection reasons. One board isolates the ADC channels
of the DSP from the voltage and current transducer circuits; while the other one
isolates the PWM channels on the DSP from the driving circuits. The photo of the
interface boards is shown in Figure A-6, with their circuit schematics shown in

Figure A-7 and A-8.

) DeNDP IN

o000a8oY .. 2

2

i
DENDP IN

Figure A-6: Interfacing boards.
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A.2.3 Gate Drive C

The gate drive circuit should be able to supply enough gate drive voltage and to

source enough current for the switching devices to operate. The electrical isolation

between the interface circuit and gate drive circuit is implemented using optocoupler.

Figure A-9 shows the gate drive circuit photo and figure A-10 shows the circuit

schematic.
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A.2.4 Voltage and Current Transducers

An accurate current data is required for the controller. The current transducer circuit
schematic is shown in figure A-11. The transducer used is Hall effect current sensing
device LASS5P, which has high accuracy, good linearity and optimized response time
with its features attached below. The photo of both transducers is given in Figure

A-13.
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Figure A-11: Current transducer circuit schematic.

The voltage transducer circuit schematic is shown in Figure A-12. The voltage

transducer LV25P uses Hall effect to measure the voltage signal.
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Figure A-12: Voltage transducer circuit schematic.
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A.2.5 Complementary Signal Generating Board

The complementary signal generating boards are used for generate complementary
signals for two IGBTs in the same leg with 1pus dead time as shown Figure A-14 and
Figure A-15.

Figure A-14: Photo of complementary signal generating board.
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B Program Code

B.1 M2C simulation code

B.1.1 Three-level M2C code

function y = PWM_FCN(t,u)
va=u(l);vb=u(2);vc=u(3);
Vcl=u(4);Vc2=u(5);Vc3=u(6);Vcd=u(7);Ia=u(8);
$SPWM Modulation

£c=2100;

xc=2*pi*fc*t;
ycl=0.5*%((2/pi)*asin(sin(xc))+1);
yc2=0.5*((2/pi)*asin(sin(xc))-1);
%$Balancing

Ku_max=max (Vcl,Vc?2);Ku_min=min(Vcl,Vc2);
KL_max=max (Vc3,Vcd) ;KL_min=min (Vc3,Vc4);

%Phase A
UP=[{1 100001 1];Lw=(0 01 1110 0];
A=[1 01001011;B=[01 10100 1];C=I0

if (va>=ycl)
sa=UP;

elseif (va<ycl&&va>=yc2)
if (Ia>0)
%$During +ve current
if (Vecl==Ku_min)
if (Ve3==KL_max)
sa=C;
else
sa=B;
end
else
if (Ve3==KL_max)
sa=D;
else
sa=A;
end
end
else
$During -ve current
if (Ve3==KL_min)
if (Vecl==Ku_max)

sa=C;
else
sa=D;
end
else
if (Vecl==Ku_max)
sa=B;
else
sa=A;
end
end
end
else
sa=LW;
end
y =sa;
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B.2.2 Five-level M2C

function y = PWM_FCN(t,u)
va=u(1l);vb=u(2);vc=u(3);
Vecl=u(4);Vc2=u(5);Vc3=u(6);Vcd=u(7);Vchb=u(8);Vco=u(9);Vc7=u(10);Vc8=u(ll);Ia=u(l2);

VC_UG=[Vcl,Vc2,Vc3,Ved];
VC_LG=[Vc5,Vc6,Vc7,Ve8];
VC_US=sort (VC_UG) ;VC_LS=sort (VC_LG) ;
%$SPWM Modulation
fc=2100;
xc=2*pi*fc*t;
ycl=0.5+0.25*((2/pi) *asin(sin(xc))+1);
yc2=0.25*% ((2/pi)*asin(sin(xc))+1);
yc3=0.25*((2/pi) *asin(sin(xc))-1);
ycd4=-0.5+0.25* ((2/pi) *asin(sin(xc))-1);
%$Balancing
Ku_max=max (VC_UG) ; Ku_min=min (VC_UG) ;
KL_max=max (VC_LG) ; KL_min=min (VC_LG) ;
Sa=[0; 0; 0; 0; 0; 0; 0; 0];
%Phase A
$Voltage level +Vdc/2
if (va>=ycl)
%Upper switches
for II=1:4
Sa(II)=1;
Sa(II+4)=0;
end
%During +1/4Vdc
elseif (va<ycl&&va>=yc2)
$Voltage level +Vdc/4
$When Ia>0, this voltage level is produced by selecting one capacitor with minimum
% voltage from the upper group and three capacitors with maximum voltage from the bottom
group.
%$When Ia<0 one capacitor with maximum voltage is selected from the upper group and
%three with the minimum voltage magnitudes are selected from the lower group.
if (Ia>=0)

for II=1:4
$Upper switches
1if(VC_UG(II)==Ku_min)
Sa(II)=0;
else
Sa(II)=1;
end
$Lower switches
1if(VC_LG(II)==KL_min)
Sa(II+4)=1;
else
Sa(II+4)=0;
end
end
else
$Ia<0
for II=1:4
$Upper switches
1if (VC_UG(II)==Ku_max)
Sa(II)=0;
else
Sa(II)=1;
end
%$Lower switches
1if (VC_LG(II)==KL_max)
Sa(II+4)=1;
else
Sa(II+4)=0;
end
end
end
%$During 0 Vdc
elseif (va<yc2&&va>=yc3)
if (Ia>=0)
for II=1:4
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$Switching of the upper group

if (VC_UG(II)==VC_US(1) ||VC_UG(II)==VC_US(2))

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

if (VC_LG(II)==VC_LS(3) ||VC_LG(II)==VC_LS(4))

Sa(II+4)=0;
else
Sa(II+4)=1;
end
end
else
%$Ia<0
for II=1:4
%$Switching of the upper group

1f(VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4))

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f (VC_LG(II)==VC_LS (1) | |VC_LG(II)==VC_LS(2)

Sa(II+4)=0;
else
Sa(II+4)=1;
end
end
end
$During -1/4 voltage
elseif (va<yc3&&va>=yc4)
if (Ia>=0)
for II=1:4
$Upper switches
1if (VC_UG(II)==Ku_max)
Sa(II)=1;
else
Sa(II)=0;
end
$Lower switches
1if (VC_LG(II)==KL_max)
Sa(II+4)=0;
else
Sa(II+4)=1;
end
end
else
%$TIa<0
for II=1:4
$Upper switches
1if (VC_UG(II)==Ku_min)
Sa(II)=1;
else
Sa(II)=0;
end
$Lower switches
1if (VC_LG(II)==KL_min)
Sa(II+4)=0;
else
Sa(II+4)=1;
end
end
end

$during -1/2V voltage
elseif (va<=yc4)
for II=1:4
Sa(II)=0;
Sa(II+4)=1;
end
end
y=5a;
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B.2.3 Nine-level M2C

function y

PWM_FCN (t,u)

va=u(1l);vb=u(2);vc=u(3);
Vel=u(4);Vc2=u(5);Vc3=u(6);Vcd=u(7);Vchb=u(8);Vco=u(9);Vc7=u(10);Vc8=u(ll);
Vc9=u(1l2);Vcl0=u(13);Vcll=u(1l4);Vcl2=u(15);Vcl3=u(l6);Vcld4=u(l17);Vcl5=u(18);Vclée=u(l9

)i

Ta=u(20);

VC_UG=[Vcl,Vc2,Vec3,Ve4,Ve5,Ve6,Ve7,Ve8];
VC_LG=[Vc9,Vcl0,Vcll,Vecl2,Vel3,Veld,Vel5,velo];
VC_US=sort (VC_UG) ;VC_LS=sort (VC_LG) ;
$SPWM Modulation

fc=2100;

xc=2*pi*fc*t;

ycl=0.
yc2=0.
yc3=0.
yc4=0.
yc5=0.

75+0.125* ((2/pi) *asin(sin(xc))+1);
5+0.125* ((2/pi) *asin(sin(xc))+1);
25+0.125* ((2/pi)*asin(sin(xc))+1);
125* ((2/pi) *asin(sin(xc))+1);
125*((2/pi) *asin(sin(xc))-1);

yc6=-0.25+0.125* ((2/pi)*asin(sin(xc))-1);
yc7=-0.5+0.125*%((2/pi) *asin(sin(xc))-1);
yc8=-0.75+0.125* ((2/pi)*asin(sin(xc))-1);
%$Balancing

Ku_max=max (VC_UG) ; Ku_min=min (VC_UG
KL_max=max (VC_LG) ; KL_min=min (VC_LG
Sa=[0 0 00O 0O0OO0OO0OO0O0O0OOOOO

%Phase

%Voltage le

if (va>=ycl)
%Upper switches

7

1

)
)
0

for II=1:8
Sa(II)=1;
Sa(II+8)=0;
end
elseif (va<ycl&&va>=yc2) $%Voltage level +Vdc3/8 (1
if (Ia>=0)
for II=1:8
$Upper switches
1if(VC_UG(II)==Ku_min)
Sa(II)=0;
else
Sa(II)=1;
end
$Lower switches
if (VC_LG(II)==KL_min)
Sa(II+8)=1;
else
Sa(II+8)=0;
end
end
else
$Ia<0
for II=1:8
$Upper switches
1if (VC_UG(II)==Ku_max)
Sa(II)=0;
else
Sa(II)=1;
end
$Lower switches
1if (VC_LG(II)==KL_max)
Sa(II+8)=1;
else
Sa(II+8)=0;
end
end
end
elseif (va<yc2&&va>=yc3) $%Voltage level is 1/4 Vvdc
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if (Ia>=0)
for II=1:8
%$Switching of the upper group
1if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2))

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group
1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2))
Sa(II+8)=1;
else
Sa(II+8)=0;
end
end
else
%$Ia<0
for II=1:8
%$Switching of the upper group
1f (VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8))
Sa(II)=0;
else
Sa(II)=1;
end
%$Switching of the lower group
1if (VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8))
Sa(II+8)=1;
else
Sa(II+8)=0;

for II=1:8

$Switching of the upper group

1f(VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3))
Sa(II)=0;

else
Sa(II)=1;

end

$Switching of the lower group

1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3))

Sa(II+8)=1;
else
Sa(II+8)=0;
end
end
else
%$Ia<0
for II=1:8
$Switching of the upper group
1f (VC_UG(II)==VC_US(6) | |VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8))
Sa(II)=0;
else
Sa(II)=1;
end
$Switching of the lower group
1f(VC_LG(II)==VC_LS(6)||VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8)
Sa(II+8)=1;
else
Sa(II+8)=0;
end
end
end
elseif (va<ycd&&va>=yc5) $%Voltage level is 0Vdc (4 upper 4 lower)
if (Ia>=0)

for II=1:8
$Switching of the upper group

1f(VC_UG(II)==VC_US(1) ||VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4)
)
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Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f (VC_LG(II)==VC_LS (1) | |VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)

)
Sa(II+8)=1;

else
Sa(II+8)=0;
end
end
else
$Ia<0
for II=1:8

%$Switching of the upper group

1if (VC_UG(II)==VC_US(5) ||VC_UG(II)==VC_US(6)||VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8)
)

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f (VC_LG(ITI)==VC_LS(5) | |VC_LG(II)==VC_LS(6)||VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8)

)
Sa(II+8)=1;

else
Sa(II+8)=0;
end
end
en
elseif (va<ycb&&va>=yc6) $%Voltage level is -1/8Vdc (5 upper 3 lower)
if (Ia>=0)
for II=1:8
$Switching of the upper group
if (VC_UG(II)==VC_US(6) ||VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8))
Sa(II)=1;
else
Sa(II)=0;
end
$Switching of the lower group
1f(VC_LG(II)==VC_LS(6)||VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8)
Sa(II+8)=0;
else
Sa(II+8)=1;
end
end
else
%$Ia<0
for II=1:8
%$Switching of the upper group
1f (VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3))
Sa(II)=1;
else
Sa(II)=0;
end
$Switching of the lower group
1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)
Sa(II+8)=0;
else
Sa(II+8)=1;
end
end
end
elseif (va<yc6&&va>=yc7) $%Voltage level is -1/4Vdc (6 upper 2 lower)
if (Ia>=0)
for II=1:8

$Switching of the upper group
1f (VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8))
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Sa(II)=1;
else
Sa(II)=0;

end
%$Switching of the lower group
if (VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8))
Sa(II+8)=0;
else
Sa(II+8)=1;
end
end
else
%$Ia<0
for II=1:8
$Switching of the upper group
1£f (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2))
Sa(II)=1;
else
Sa(II)=0;
end
%$Switching of the lower group
1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2))
Sa(II+8)=0;
else
Sa(II+8)=1;
end

(7 upper 1 lower)

o

$Upper switches

1if(VC_UG(II)==Ku_max)
Sa(II)=1;

else
Sa(II)=0;

end

$Lower switches

1if (VC_LG(II)==KL_max)
Sa(II+8)=0;

else
Sa(II+8)=1;

end

end
else
%$Ia<0
for II=1:8

$Upper switches

1if (VC_UG(II)==Ku_min)
Sa(II)=1;

else
Sa(II)=0;

end

%$Lower switches

1if (VC_LG(II)==KL_min)
Sa(II+8)=0;

else
Sa(II+8)=1;

end

Sa(II)=0;
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B.2.4 Seventeen-level M2C

function y = PWM_FCN(t,u)
va=u(1l);vb=u(2);vc=u(3);

Vel=u(4);Vc2=u(5);Vc3=u(6);Vcd=u(7);Vchb=u(8);Vco=u(9);Vc7=u(10);Vc8=u(ll);

Appendices

Vc9=u(1l2);Vcl0=u(13);Vcll=u(1l4);Vcl2=u(15);Vcl3=u(l6);Vcld4=u(l17);Vcl5=u(18);Vclée=u(l9

) ;Vel7=u(20);Vcl8=u(21);Vcl9=u(22);

Vc20=u(23);Vc2l=u(24);Vc22=u(25);Vc23=u(26);Vc24=u(27);Vc25=u(28);Vc26=u(29);Vc27=u(3

0);Vec28=u(31);Vc29=u(32);
Vc30=u(33);Vc31=u(34);Vc32=u(35);
Ta=u(36);

VC_UG=[Vcl,Vc2,Vc3,Ve4,Ve5,Ve6,Ve7,Ve8,Ve9,vVel0,vVell,vel2,vel3,vVeld,vel5,Velo6];
VC_LG=[Vcl7,Vecl8,Vcl9,Vc20,Vec2l,Ve22,Ve23,Ve24,Ve25,Ve26,Ve27,Ve28,Vec29,vVe30,Ve3l,Ve3

21;

VC_US=sort (VC_UG) ;VC_LS=sort (VC_LG) ;

%$SPWM Modulation

fc=1200;

xc=2*pi*fc*t;
ycl=0.875+0.0625* ((2/pi) *asin(sin(xc))+1);
yc2=0.75+40.0625* ((2/pi)*asin(sin(xc))+1);
yc3=0.625+0.0625* ((2/pi) *asin(sin(xc))+1);
ycd4=0.5+0.0625*((2/pi)*asin(sin(xc))+1);
yc5=0.375+0.0625* ((2/pi) *asin(sin(xc))+1);
yc6=0.25+0.0625* ((2/pi)*asin(sin(xc))+1);
yc7=0.125+0.0625* ((2/pi) *asin(sin(xc))+1);
yc8=0.0625*((2/pi)*asin(sin(xc))+1);
yc9=0.0625* ((2/pi)*asin(sin(xc))-1);

ycl0=-0.125+0.0625* ((2/pi) *asin(sin(xc
ycll=-0.25+0.0625*((2/pi)*asin(sin(xc)

)-1);

)
)-1);

ycl2=-0.375+0.0625* ((2/pi) *asin(sin(xc))-1);
ycl3=-0.5+0.0625* ((2/pi)*asin(sin(xc))-1);
ycl4=-0.625+0.0625* ((2/pi)*asin(sin(xc))-1);

ycl5=-0.75+0.0625*(
ycl6=-0.875+0.0625%*

2/pi)*asin(sin(xc))-1);
(2/pi)*asin(sin(xc))-1);

(
(

%$Balancing
Ku_max=max (VC_UG) ;Ku_min=min (VC_UG) ;
KL_max=max (VC_LG) ;KL_min=min (VC_LG) ;

Sa=[0 0 0O0O0OO0O00000O00O0COO0O0OOOOOOOOOOOOOOOGOO];

%Phase A
%Voltage lev
if (va>=ycl)
%Upper switches
for II=1:16
Sa(II)=1;
Sa(II+1l6)=0;

[0]
=
+
<
Q.
Q
~
N

elseif (va<ycl&&va>=yc2) %%Voltage level
if (Ia>=0)
for II=1:16
$Upper switches
1if (VC_UG(II)==Ku_min)
Sa(II)=0;
else
Sa(II)=1;
end
%$Lower switches
if (VC_LG(II)==KL_min)
Sa(II+16)=1;
else
Sa(II+16)=0;
end
end
else
%$TIa<0

for II=1:16
$Upper switches
1if (VC_UG(II)==Ku_max)
Sa(II)=0;
else
Sa(II)=1;
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end

$Lower switches

1if (VC_LG(II)==KL_max)
Sa(II+le)=1;

else
Sa(II+1l6)=0;
end
end
end
R R R R R R R R R TR R R E R R R R R R e R R R R R R R R R R R R R R e T e h
elseif (va<yc2&&va>=yc3) $%Voltage level is 3/8 Vdc (2 upper 14 lower)
)

for II=1:16
$Switching of the upper group
1£f (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2))

Sa(II)=0;
else
Sa(II)=1;

end
%$Switching of the lower group
1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2))
Sa(II+16)=1;
else
Sa(II+16)=0;
end
end
else
%$TIa<0
for II=1:16
$Switching of the upper group
1f(VC_UG(II)==VC_US(15)||VC_UG(II)==VC_US(16))

Sa(II)=0;
else

Sa(II)=1;
end

$Switching of the lower group
if (VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(16))
Sa(II+le)=1;

else
Sa(II+1l6)=0;
end
end
end
ettt TLLTILLTSLL%55%S
elseif (va<yc3&&va>=yc4) %%Voltage lev is 5/16 Vvdc (3 upper 13 lower)
if (Ia>=0)

for II=1:16

$Switching of the upper group

1f (VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3))
Sa(II)=0;

else
Sa(II)=1;

end

%$Switching of the lower group

1f(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)

Sa(II+le)=1;
else
Sa(II+1l6)=0;
end
end
else
%$Ia<0

for II=1:16

$Switching of the upper group

1f (VC_UG(II)==VC_US(14)||VC_UG(II)==VC_US(15)]||VC_UG(II)==VC_US(16))
Sa(II)=0;

else
Sa(II)=1;

end

$Switching of the lower group

1if(VC_LG(II)==VC_LS(14)||VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(16))
Sa(II+le)=1;

else
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Sa(II+16)=0;
end
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for II=1:16
%$Switching of the upper group

1if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3) ||VC_UG(II)==VC_US(4)
)

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f(VC_LG(ITI)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
)
Sa(II+16)=1;
else
Sa(II+16)=0;
end
end
else
%$Ia<0
for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(13)||VC_UG(II)==VC_US(14)||VC_UG(II)==VC_US(15) ||VC_UG(II)==VC_US
(16))

Sa(II)=0;
else
Sa(II)=1;

end
$Switching of the lower group

1f (VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS(14)||VC_LG(II)==VC_LS(15) ||VC_LG(II)==VC_LS
(16))

Sa(II+16)=1;
else

Sa(II+16)=0;
end

if (va<ycS&&va>=yc6) $%Voltage level is 3/16 Vdc (5 upper 11 lower)

for II=1:16
$Switching of the upper group

if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3) ||VC_UG(II)==VC_US(4)
[ [IVC_UG(II)==VC_US(5))

Sa(II)=0;
else

Sa(II)=1;
end

$Switching of the lower group

1f(VC_LG(IT)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| [VC_LG(II)==VC_LS(5))
Sa(II+l6)=1;
else
Sa(II+16)=0;
end
end
else
%$Ia<0
for II=1:16
$Switching of the upper group
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if (VC_UG(II)==VC_US(12)||VC_UG(II)==VC_US(13)||VC_UG(II)==VC_US(14)||VC_UG(II)==VC_US
(15) | |[VC_UG(II)==VC_US(16))

Sa(II)=0;
else
Sa(II)=1;

end
$Switching of the lower group

1f (VC_LG(II)==VC_LS(12)||VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS(14) ||VC_LG(II)==VC_LS
(15) | IVC_LG(II)==VC_LS(16))
Sa(II+le)=1;

else
Sa(II+16)=0;
end
end
end
R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R Er
elseif (va<yc6&&va>=yc7) $%Voltage level is 1/8Vdc (6 upper 10 lower)

$Switching of the upper group

if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3) ||VC_UG(II)==VC_US(4)
| [IVC_UG(II)==VC_US(5) | |VC_UG(II)==VC_US(6))

Sa(II)=0;
else
Sa(II)=1;

end
$Switching of the lower group

1f(VC_LG(IT)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| [IVC_LG(II)==VC_LS(5)||VC_LG(II)==VC_LS(6))
Sa(II+l6)=1;
else
Sa(II+16)=0;
end
end
else
%$Ia<0
for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(11) | |VC_UG(II)==VC_US(12)||VC_UG(II)==VC_US(13) ||VC_UG(II)==VC_US
(14) | [VC_UG(II)==VC_US(15) | |VC_UG(II)==VC_US(16))

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f(VC_LG(ITI)==VC_LS(11)||VC_LG(II)==VC_LS(12)||VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS
(14) | IVC_LG(II)==VC_LS(15) | |VC_LG(II)==VC_LS(16))
Sa(II+16)=1;
else
Sa(II+l6)=0;

witching of the upper group

1f(VC_UG(II)==VC_US(1) ||VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4)
| |[VC_UG(II)==VC_US(5) | |VC_UG(II)==VC_US(6)||VC_UG(II)==VC_US(7)

Sa(II)=0;
else

Sa(II)=1;
end

$Switching of the lower group
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1f(VC_LG(IT)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| IVC_LG(II)==VC_LS(5)||VC_LG(II)==VC_LS(6)||VC_LG(II)==VC_LS(7)
Sa(II+l6)=1;
else
Sa(II+16)=0;
end
end
else
%$Ia<0
for II=1:16
%$Switching of the upper group

if (VC_UG(II)==VC_US(10) | |VC_UG(II)==VC_US(11l) ||VC_UG(II)==VC_US(12) ||VC_UG(II)==VC_US
(13) | |[VC_UG(II)==VC_US(14) | |VC_UG(II)==VC_US(15) ||VC_UG(II)==VC_US(16))

Sa(II)=0;
else
Sa(II)=1;

end
%$Switching of the lower group

1if (VC_LG(II)==VC_LS(10) | |VC_LG(II)==VC_LS(11)||VC_LG(II)==VC_LS(12) ||VC_LG(II)==VC_LS
(13) | IVC_LG(II)==VC_LS(14) | |VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(16))
Sa(II+le)=1;

else
Sa(II+16)=0;
end
end
end
sttt T NS TILTTILLILLLLS%%S
elseif (va<yc8&&va>=yc9) %$%Voltage level is 0 Vdc (8 upper 8 lower)

for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4)
[ [IVC_UG(II)==VC_US(5) | |VC_UG(II)==VC_US(6)||VC_UG(II)==VC_US(7)||VC_UG(II)==VC_US(8))

Sa(II)=0;
else

Sa(II)=1;
end

$Switching of the lower group

1f(VC_LG(IT)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| [IVC_LG(II)==VC_LS(5)||VC_LG(II)==VC_LS(6)||VC_LG(II)==VC_LS(7)||VC_LG(II)==VC_LS(8))
Sa(II+l6)=1;
else
Sa(II+16)=0;
end
end
else
%$Ia<0
for II=1:16
%$Switching of the upper group

1f(VC_UG(II)==VC_US(9) ||VC_UG(II)==VC_US(10)||VC_UG(II)==VC_US(11l)||VC_UG(II)==VC_US/(
12) | |[VC_UG(II)==VC_US(13)||VC_UG(II)==VC_US(14) ||VC_UG(II)==VC_US(15) ||VC_UG(II)==VC_
Us(16))

Sa(II)=0;
else

Sa(II)=1;
end

%$Switching of the lower group

1f(VC_LG(II)==VC_LS(9)||VC_LG(II)==VC_LS(10)||VC_LG(II)==VC_LS(11l)||VC_LG(II)==VC_LS(
12) | [VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS(14)||VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_
LS(16))
Sa(II+le)=1;
else
Sa(II+l6)=0;
end
end
end
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o

elseif (va<yc9&&va>=ycl0) %
if (Ia>=0)
for II=1:16

$Switching of the upper group

Voltage level is -1/16 Vdc (9 upper 7 lower)

1f (VC_UG(II)==VC_US(10) | |VC_UG(II)==VC_US(11l) ||VC_UG(II)==VC_US(12) ||VC_UG(II)==VC_US
(13) | |[VC_UG(II)==VC_US(14) | |VC_UG(II)==VC_US(15) ||VC_UG(II)==VC_US(16))

Sa(II)=1;
else

Sa(II)=0;
end

%$Switching of the lower group

1f(VC_LG(II)==VC_LS(10)||VC_LG(II)==VC_LS(11)||VC_LG(II)==VC_LS(12)||VC_LG(II)==VC_LS
(13) | IVC_LG(II)==VC_LS(14) | |VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(16))
Sa(II+16)=0;
else
Sa(II+16)=1;
end
end
else
$Ia<0
for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4)
| [IVC_UG(II)==VC_US(5) | |VC_UG(II)==VC_US(6) ||VC_UG(II)==VC_US(7)

Sa(II)=1;
else

Sa(II)=0;
end

$Switching of the lower group

1f(VC_LG(ITI)==VC_LS(1l) | |VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| IVC_LG(II)==VC_LS(5)||VC_LG(II)==VC_LS(6) ||VC_LG(II)==VC_LS(7)
Sa(II+16)=0;

else
Sa(II+l6)=1;
end
end
end

R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R T e i
elseif (va<yclO&&va>=ycll) %$%Voltage level is -1/8 Vdc (10 upper 6 lower)
if (Ia>=0)

for II=1:16
%$Switching of the upper group

if (VC_UG(II)==VC_US(11) ||VC_UG(II)==VC_US(12) ||VC_UG(II)==VC_US(13) ||VC_UG(II)==VC_US
(14) | |[VC_UG(II)==VC_US(15) | |VC_UG(II)==VC_US(16))

Sa(II)=1;
else

Sa(II)=0;
end

%$Switching of the lower group

1f(VC_LG(II)==VC_LS(11)||VC_LG(II)==VC_LS(12)||VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS
(14) | [IVC_LG(II)==VC_LS(15) | |VC_LG(II)==VC_LS(16))
Sa(II+16)=0;
else
Sa(II+1l6)=1;
end
end
else
%$Ia<0
for II=1:16
%$Switching of the upper group

if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3) ||VC_UG(II)==VC_US(4)
| [IVC_UG(II)==VC_US(5) | |VC_UG(II)==VC_US(6))

Sa(II)=1;
else
Sa(II)=0;
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end
$Switching of the lower group

1f(VC_LG(ITI)==VC_LS(1l) | |VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| IVC_LG(II)==VC_LS(5)||VC_LG(II)==VC_LS(6))
Sa(II+16)=0;

else
Sa(II+l6)=1;
end
end
end

99009000000 00000000000000000000000000000000000000000000000000000000000000000000000000
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elseif (va<ycll&&va>=ycl2) $%Voltage level is -3/16 Vdc (11 upper 5 lower)
if (Ia>=0)

for II=1:16
%$Switching of the upper group

if (VC_UG(II)==VC_US(12) | |VC_UG(II)==VC_US(13) ||VC_UG(II)==VC_US(14) ||VC_UG(II)==VC_US
(15) | |[VC_UG(II)==VC_US(16))

Sa(II)=1;
else

Sa(II)=0;
end

%$Switching of the lower group

1f(VC_LG(IT)==VC_LS(12)||VC_LG(ITI)==VC_LS(13)||VC_LG(II)==VC_LS(14)||VC_LG(II)==VC_LS
(15) | IVC_LG(II)==VC_LS(16))
Sa(II+16)=0;
else
Sa(II+l6)=1;
end
end
else
%$Ia<0
for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3)||VC_UG(II)==VC_US(4)
| [IVC_UG(II)==VC_US(5))

Sa(II)=1;
else

Sa(II)=0;
end

$Switching of the lower group

1f(VC_LG(ITI)==VC_LS(1l) | |VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)
| [IVC_LG(II)==VC_LS(5))
Sa(II+16)=0;

else
Sa(II+1l6)=1;
end
end
end

R R R R R R R LR R R R R R R R R E R R R R R R R R R R R TR R R R R R R E e R R R et e e
elseif (va<ycl2&&va>=ycl3) $%Voltage level is -1/4 vdc (12 upper 4 lower)
if (Ia>=0)

for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(13)||VC_UG(II)==VC_US(14)||VC_UG(II)==VC_US(15) ||VC_UG(II)==VC_US
(16))

Sa(II)=1;
else

Sa(II)=0;
end

$Switching of the lower group

1f(VC_LG(II)==VC_LS(13)||VC_LG(II)==VC_LS(14)||VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS
(16))
Sa(II+16)=0;
else
Sa(II+l6)=1;
end
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end
else
%$Ia<0
for II=1:16
%$Switching of the upper group

1if (VC_UG(II)==VC_US (1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3) ||VC_UG(II)==VC_US(4)
)

Sa(II)=1;
else

Sa(II)=0;
end

%$Switching of the lower group

1f (VC_LG(II)==VC_LS (1) | |VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)||VC_LG(II)==VC_LS(4)

)
Sa(II+16)=0;

else
Sa(II+1l6)=1;
end
end
end

R R R R R R R R R R R R R R R E R R R R R R R R R R E TR R R R R R R R e R R R Rt e e
elseif (va<ycl3&&va>=ycld) $%Voltage level is -5/16 Vdc (13 upper 3 lower)
if (Ia>=0)

for II=1:16
$Switching of the upper group

1f(VC_UG(II)==VC_US(14) | |VC_UG(II)==VC_US(15)||VC_UG(II)==VC_US(16))

Sa(II)=1;
else

Sa(II)=0;
end

$Switching of the lower group

1f(VC_LG(IT)==VC_LS(14)||VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(1l6))
Sa(II+16)=0;
else
Sa(II+l6)=1;
end
end
else
%$Ia<0
for II=1:16
$Switching of the upper group
1f (VC_UG(II)==VC_US(1) | |VC_UG(II)==VC_US(2)||VC_UG(II)==VC_US(3))

Sa(II)=1;
else

Sa(II)=0;
end

%$Switching of the lower group
1if(VC_LG(II)==VC_LS(1)||VC_LG(II)==VC_LS(2)||VC_LG(II)==VC_LS(3)
Sa(II+16)=0;

else
Sa(II+1l6)=1;
end
end
end

R R R R R R R R R R R R R R R R R R R R R R R bR R R R R R R R R R R R R E R E b E R R R R bR EE R hE R kR b E kb hE bk E bk
elseif (va<yclé4s&&va>=yclb) $%Voltage level is -3/8 Vdc (14 upper 2 lower)
if (Ia>=0)

for II=1:16
$Switching of the upper group
1f (VC_UG(II)==VC_US(15)||VC_UG(II)==VC_US(16))

Sa(II)=1;
else

Sa(II)=0;
end

$Switching of the lower group
1if(VC_LG(II)==VC_LS(15)||VC_LG(II)==VC_LS(16))
Sa(II+16)=0;
else
Sa(II+l6)=1;
end
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(IT)==VC_US(1) | |VC_UG(II)==VC_US(2))

Sa(II)

else

1:16
Switching of the upper group

if(

VC_UG

Ta<o0
for II

g

end

else

o

1;

(15 upper 1 lower)

0;
1;

)
)
)
)

(II)==VC_LS (1) ||VC_LG(II)==VC_LS(2))

%$%Voltage level is -7/16Vdc

Sa(II)=0;
Sa(II+16)
else

Sa(II+16)
Ku_max
KL_max
Ku_min
KL_min

VC_LG

Switching of the lower group

end
if(
end
=ycl6)

1;

0;

1;

0;

(I1)

Sa(II+1l6)=0;

else

(I1)
(II)
Sa(II+1l6)=0;

else

(I1)

end

Sa(II)

else

Sa(II)

else

Sa(II+le)=1;
Sa(II+le)=1;

Sa(IT)
Sa(IT)

1:16
Upper switches

VC_UG
VC_LG
VC_UG
VC_LG

Upper switches

if(
Lower switches

end
0)
=1:16
end
if(
end
%$Ia<0
for II
if(
end
$Lower switches
if(
end
end

elseif (va<yclb&&va>
if (Ia>=
for II

else

end

end

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
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o
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o
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o
o

(0 upper 1l6lower)
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0;

yclé)
Sa(II+le)=1;

1:16

Sa(II)

elseif (va<
for II
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B.2 Hybrid Cascaded Multilevel Converter simulation code

B.2.1 HCMC with 2 H-bridge cells

function y = PWM_FCN(t,u)
V_H=u(l);

ia=u(2);

vel=u(3);

vc2=u(4);

Vdc=u(5);

V_C=[vcl,vc2];
Cmax=max (V_C) ;Cmin=min (V_C) ;
%$SPWM Modulation

£c=4000;

xc=2*pi*fc*t;
ycl=0.5+0.25*((2/pi) *asin(sin (xc
yc2=0.25*((2/pi) *asin(sin(xc))+1
yc3=0.25*((2/pi) *asin(sin(xc))-1
yc4=-0.5+0.25*((2/pi)*asin(sin(x

))+1);
)i
)!
c))-
=[0; 0; 0; 0];

1f (V_H>=ycl)
Soutput +vdc/2 (1/4 1/4)

y=[1; 0; 1; 0];
elseif (V_H<ycl&&V_H>=yc2)

%output +1/4Vdc (1/4 0 —-———- 0 1/4)
if ((ia>=0&&vcl==Cmax) | | (ia<0&&vcl==Cmin))
Suse switch combination (1i1)
y=[1; 0; 1; 11;
else
%$use switch combination (i)
y=[1; 1; 1; 01;

end

elseif (V_H<yc2&&V_H>=yc3)

$output Ovde (1/4 -1/4 —-———- -1/4 1/4 —————— 0 0)
if ((ia>=0&&vcl==Cmax) | | (1a<0&&vcl==Cmin))
y=[1; 0; 0; 11;
elseif ((ia>=0&&vc2==Cmax) | | (1a<0&&vc2==Cmin))
y=10; 1; 1; 0];
else
y=[1; 1; 1; 11;
end

elseif (V_H<yc3&&V_H>=yc4)

%$connect the output to -vdc/4 (-1/4 0 —————- 0 -1/4)
if ((ia>=0&&vcl==Cmin) | | (1a<0&&vcl==Cmax) )
%use switch combination (ii)
y=10; 1; 1; 11;
else
%use switch combination (i)
y=I[1; 1; 0; 11;
end

else
$connect the output to -1/2vdc (-1/4 -1/4)
=007 1; 0; 1717

end
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B.2.2 HCMC with 7 H-bridge cells

function [sys,x0]=HB_PWM_ 7Cells(t,x,u,flaqg)
if (flag==0)
x0=[1;

oo

oo

sys=[0;0;14;10;0;11;
elseif (flag==3)

va=u(l);ia=u(2);vcl=u(3);vc2=u(4);vc3=u(5);vcd=u(6);vchb=u(7);vco=u(8);

vc7=u(9);vdc=u(10);
VC=[vcl vc2 vec3 vcd veh ve6o veT7]l;
VCS=sort (VC) ;

%Generation of carriers for 10 HB cells arranged as PD

£=50;

wt=2*pi*f*t;

Beta=0;

xc=27*wt+Beta;

Kr=2/pi;

N=15;

KNorm=1.0;
TUP=(Kr*asin(sin(xc))+1)/(N-1);
TLW=(Kr*asin(sin(xc))-1)/(N-1);

for I=1:(N-1)/2
Voffl=1-2*I/(N-1);
K=I+(N-1)/2;
Voff2=1-2*(K-1)/(N-1);
yc (I)=Voffl+TUP;
yc (K)=Voff2+TLW;

end

yc=KNorm*yc;

ycl=yc (1) ;yc2=yc(2);yc3=yc(3);ycd=yc(4);ycd=yc(5);ycb=yc(6);
ycT=yc(7);yc8=yc(8);yc9=yc(9);yclO=yc(10);ycll=yc(11l);ycl2=yc(12);

ycl3=yc(13);ycld=yc(14);
%$end
$PWM signals generation
$Let NC is number of cells

FEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

NC=7;
if (va>=ycl)
%+1.0
for II=1:NC
sa(IIl,1)=1;sa(I1,3)=0;
end
elseif (va<ycl&&va>=yc2)
$+6/7
if (ia>=0)
for II=1:NC
if (VC(II)==VCS(1l))
sa(II,1l)=1;sa(I1,3)=1;
else
sa(II,1)=1;sa(II,3)=0;
end
end
else
%$1a<0
for II=1:NC
if (VC(II)==VCS(NC))
sa(II,1l)=1;sa(I1,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc2&&va>=yc3)
$+5/7
if (ia>=0)

for II=1:NC
1if(VC(II)==VCS(1l))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1l)=1;sa(I1,3)=0;
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end
end
else
$ia<0
for II=1:NC
if (VC(II)==VCS(NC))
sa(II,1)=0;sa(II,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc3&&va>=yc4)
S+4/77
if (ia>=0)

for II=1:NC
1if(VC(II)==VCS(1l))
sa(II,1)=0;sa(II,3)=1;
elself (VC(II)==VCS(2))
sa(II,1l)=1;sa(I1,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
$ia<0
for II=1:NC
if (VC(II)==VCS(NC))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-1))
sa(IIl,1l)=1;sa(II,3)=1;

else
sa(IIl,1l)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycéd&&va>=ych)
$+3/7
if (ia>=0)

for II=1:NC
1f ((VC(II)==VCS(1)) || (VC(ITI)==VCS(2)))
sa(II,1)=0;sa(II,3)=1;

else
sa(II,1)=1;sa(II,3)=0;
end
end
else
%$1a<0
for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycbh&&va>=ycb)
$+2/77
if (ia>=0)

for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(3))
sa(IIl,1l)=1;sa(II,3)=1;
else
sa(II,1l)=1;sa(I1,3)=0;
end
end
else
$ia<0
for II=1:NC
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1f((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-2))
sa(IIl,1l)=1;sa(II,3)=1;
else
sa(II,1l)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycéb&&va>=yc7)
$+1/7
if (ia>=0)

for II=1:NC
1f ((VC(II)==VCS(1)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(II,3)=0;

end
end
else
%$1ia<0
for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(II,3)=0;
end
end
end
elseif (va<yc7&&va>=yc8)
%0
if (ia>=0)

for II=1:NC
1if ((VC(ITI)==VCS(1)) || (VC(ITI)==VCS(2)) || (VC(ITI)==VCS(3)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(4))
sa(II,1l)=1;sa(II,3)=1;
else
sa(II,1l)=1;sa(I1,3)=0;

end
end
else
$ia<0
for II=1:NC
1f((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-3))
sa(II,1l)=1;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
end

elseif (va<yc8&&va>=yc9)
$-1/7

if (ia>=0)

for II=1:NC
1f((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
$ia<0
for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)))
sa(II,1)=1;sa(II,3)=0;
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else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<yc9&&va>=ycl0)
%-2/7
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=1;sa(I1,3)=0;
elseif (VC(II)==VCS(NC-2))
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))
sa(II,1)=1;sa(I1,3)=0;
elself (VC(II)==VCS(3))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<yclO&&va>=ycll)
$-3/7
if (ia>=0)

for II=1:NC
if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(IIl,1l)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1ia<0
for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))
sa(IIl,1l)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycll&&va>=ycl2)
$—-4/77
if (ia>=0)

for II=1:NC
1f ((VC(II)==VCS(NC)))
sa(II,1)=1;sa(I1,3)=0;
elseif (VC(II)==VCS(NC-1))
sa(II,1l)=1;sa(I1,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
$ia<0
for II=1:NC
if ((VC(ITI)==VCS(1l)))
sa(II,1)=1;sa(II,3)=0;
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elself (VC(II)==VCS(2))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl2&&va>=ycl3)
$-5/7
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC
1if ((VC(II)==VCS(1)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl3&&va>=yclé)
$-6/7
if (ia>=0)

for II=1:NC
if ((VC(II)==VCS(NC)))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC
1if ((VC(II)==VCS(1)))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
else
$-1

for II=1:NC
sa(II,1)=0;sa(II,3)=1;

end
end

sys=[sa(l,1);sa(l,3);sa(2,1);sa(2,3);sa(3,1);sa(3,3);sa(4,1);sa(4,3);sa(5,1);sa(5,3);
sa(6,1);sa(6,3);sa(7,1);sa(7,3)];
sys=[ycl;yc2;yc3;ycd;ych5;yc6;ycT;yc8;yc9;ycl0;ycll;ycl2;ycl3;ycld];
else

sys=I[1];
end
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B.2.3 HCMC with 10 H-bridge cells

function [sys,x0]=HB_PWM_10Cells(t,x,u, flaqg)
if (flag==0)
x0=[1;
sys=[0;0;20;13;0;11;
elseif (flag==3)
va=u(l);ia=u(2);vcl=u(3);vc2=u(4);vc3=u(5);vcd=u(6);vchb=u(7);vco=u(8);
vcT7=u(9);vc8=u(10);vc9=u(ll);vclO=u(1l2) ;vdc=u(13);
VC=[vcl vc2 vec3 vcd vech veb ve7 ve8 ve9 vell];
VCS=sort (VC) ;
%Generation of carriers for 10 HB cells arranged as PD
£=50;
wt=2*pi*f*t;
Beta=0;
xc=27*wt+Beta;
Kr=2/pi;
N=21;
KNorm=1.5;
TUP=(Kr*asin(sin(xc))+1)/(N-1);
TLW=(Kr*asin(sin(xc))-1)/(N-1);

for I=1:(N-1)/2
Voffl=1-2*I/(N-1);
K=I+(N-1)/2;
Voff2=1-2*(K-1)/(N-1);
yc (I)=Voffl+TUP;
yc (K)=Voff2+TLW;
end
yc=KNorm*yc;
ycl=yc(1l);yc2=yc(2);yc3=yc(3);ycd=yc(4);ycd=yc(5);yco=yc(6);
yc7=yc (7);yc8=yc(8);yc9=yc(9);yclO=yc(10);ycll=yc(1ll);ycl2=yc(12);
ycl3=yc(13);ycld=yc(14);ycl5=yc(15);yclé=yc(16);ycl7=yc(17);ycl8=yc(18);
ycl9=yc(19);yc20=yc(20);
$end
$PWM signals generation
$Let NC 1s number of cells
NC=10;
if (va>=ycl)
%$+1.5
for II=1:NC
sa(IIl,1)=1;sa(I1,3)=0;
end
elseif (va<ycl&&va>=yc2)
%$+1.35
if (ia>=0)
for II=1:NC
if (VC(II)==VCS (1)
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1l)=1;sa(II,3)=0;
end
end
else
$ia<0
for II=1:NC
if (VC(II)==VCS(NC))
sa(IIl,1l)=1;sa(II,3)=1;
else
sa(II,1l)=1;sa(II,3)=0;
end
end
end
elseif (va<yc2&&va>=yc3)
$+1.2
if (ia>=0)

for II=1:NC
1if(VC(II)==VCS (1))
sa(II,1)=0;sa(II,3)=1;
else
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sa(II,1l)=1;sa(II,3)=0;
end
end
else
%$1ia<0
for II=1:NC
if(VC(II)==VCS(NC))
sa(II,1)=0;sa(II,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc3&&va>=yc4)
%$+1.05
if (ia>=0)

for II=1:NC
1if(VC(II)==VCS(1l))
sa(II,1)=0;sa(II,3)=1;
elself (VC(II)==VCS(2))
sa(II,1)=1;sa(I1,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
$ia<0
for II=1:NC
if (VC(II)==VCS(NC))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-1))
sa(IIl,1l)=1;sa(II,3)=1;

else
sa(II,1)=1;sa(II,3)=0;
end
end
end
elseif (va<ycéd&&va>=ych)
%+0.9
if (ia>=0)

for II=1:NC

1f ((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))

sa(II,1)=0;sa(II,3)=1;

else
sa(II,1l)=1;sa(I1,3)=0;
end
end
else
%$1a<0
for II=1:NC
1f ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycb&&va>=yc6)
%+0.75
if (ia>=0)

for II=1:NC

if ((VC(II)==VCS(1)) || (VC(II)==VCS(2)))

sa(II,1)=0;sa(II,3)=1;
elseilf (VC(II)==VCS(3))
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
%$1ia<0
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for II=1:NC
1f((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-2))
sa(II,1)=1;sa(II,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycéb&&va>=yc7)
%$+0.6
if (ia>=0)

for II=1:NC

1f ((VC(II)==VCS(1)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
%$1ia<0
for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))
sa(II,1)=0;sa(II,3)=1;
else
sa(IIl,1l)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc7&&va>=yc8)
%+0.45
if (ia>=0)

for II=1:NC
1f ((VC(ITI)==VCS (1)) || (VC(IT)==VCS(2)) || (VC(ITI)==VCS(3)))
sa(II,1)=0;sa(II,3)=1;
elself (VC(II)==VCS(4))
sa(II,1l)=1;sa(I1,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
%$1ia<0
for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))
sa(II,1)=0;sa(II,3)=1;
elseif (VC(II)==VCS(NC-3))
sa(II,1l)=1;sa(I1,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc8&&va>=yc9)
%+0.3
if (ia>=0)

for II=1:NC

1f ((VC(II)==VCS(1l)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)) || (VC(II)==VCS(4)))
sa(II,1)=0;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
%$1ia<0

for II=1:NC

1f ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)) || (VC(II)==VCS(NC-3)))
sa(II,1)=0;sa(II,3)=1;
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else
sa(II,1l)=1;sa(I1,3)=0;
end
end
end
elseif (va<yc9&&va>=ycl0)
%+0.15
if (ia>=0)

for II=1:NC

1£((VC(II)==VCS(1)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)) || (VC(II)==VCS(4)))
sa(II,1)=0;sa(II,3)=1;
elself (VC(II)==VCS(5))
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1)=1;sa(I1,3)=0;
end
end
else
%$1a<0
for II=1:NC

1£((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)) || (VC(II)==VCS(NC-3)))
sa(II,1)=0;sa(II,3)=1;

elseif (VC(II)==VCS(NC-4))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=1;sa(II,3)=0;
end
end
end
elseif (va<yclO&&va>=ycll)
%0
if (ia>=0)

for II=1:NC

1f((VC(IT)==VCS(1)) || (VC(IT)==VCS(2)) || (VC(IT)==VCS(3)) || (VC(II)==VCS(4)) || (VC(II)==V
Cs(5)))
sa(II,1)=0;sa(II,3)=1;
else
sa(IIl,1l)=1;sa(I1,3)=0;
end
end
else
$ia<0

for II=1:NC
1£((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)) || (VC(II)==VCS(NC-3)) ||

(VC(II)==VCS(NC-4)))
sa(II,1)=0;sa(II,3)=1;

else
sa(II,1)=1;sa(I1,3)=0;
end
end
end
elseif (va<ycll&&va>=ycl2)
%$-0.15
if (ia>=0)

for II=1:NC

1£((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)) || (VC(II)==VCS(NC-3)))

sa(II,1l)=1;sa(I1,3)=0;

elseif (VC(II)==VCS(NC-4))
sa(II,1)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;

end

end

else
$ia<0
for II=1:NC
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1f ((VC(II)==VCS(1l)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)) || (VC(II)==VCS(4)))
sa(II,1)=1;sa(I1,3)=0;
elself (VC(II)==VCS(5))
sa(II,1)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl2&&va>=ycl3)
%$-0.3
if (ia>=0)

for II=1:NC

1£((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)) || (VC(II)==VCS(NC-3)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC

1f((VC(IT)==VCS(1)) || (VC(IT)==VCS(2)) || (VC(IT)==VCS(3)) || (VC(II)==VCS(4)))
sa(IIl,1l)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl3&&va>=ycld)
%—0.45
if (ia>=0)

for II=1:NC
if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1))||(VC(II)==VCS(NC-2)))

sa(II,1)=1;sa(I1,3)=0;
elseif (VC(II)==VCS(NC-3))
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0

for II=1:NC
1f ((VC(II)==VCS(1)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)))

sa(II,1)=1;sa(I1,3)=0;
elself (VC(II)==VCS(4))
sa(II,1l)=1;sa(I1,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycld&&va>=yclb)
%-0.6
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)) || (VC(II)==VCS(NC-2)))

sa(IIl,1l)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1ia<0
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for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)) || (VC(II)==VCS(3)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl5&&va>=yclé)
%$-0.75
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(II,1)=1;sa(I1,3)=0;
elseif (VC(II)==VCS(NC-2))
sa(II,1l)=1;sa(II,3)=1;
else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))
sa(II,1)=1;sa(II,3)=0;
elseilf (VC(II)==VCS(3))
sa(II,1)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl6&&va>=ycl7)
%$-0.9
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)) || (VC(II)==VCS(NC-1)))
sa(IIl,1l)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1a<0
for II=1:NC
1f((VC(II)==VCS(1l)) || (VC(II)==VCS(2)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl7&&va>=ycl8)
%-1.05
if (ia>=0)

for II=1:NC
1f ((VC(II)==VCS(NC)))
sa(II,1)=1;sa(I1,3)=0;
elseif (VC(II)==VCS(NC-1))
sa(II,1)=1;sa(II,3)=1;
else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1ia<0
for II=1:NC
1if ((VC(II)==VCS(1)))
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sa(II,1l)=1;sa(II,3)=0;
elseif (VC(II)==VCS(2))
sa(I1,1)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl8&&va>=ycl9)
$-1.2
if (ia>=0)

for II=1:NC
1if ((VC(II)==VCS(NC)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
%$1ia<0
for II=1:NC
if ((VC(II)==VCS(1)))
sa(II,1)=1;sa(I1,3)=0;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
elseif (va<ycl9&&va>=yc20)
%$-1.35
if (ia>=0)

for II=1:NC
if ((VC(II)==VCS(NC)))
sa(IIl,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
else
$ia<0
for II=1:NC
1f ((VC(II)==VCS(1)))
sa(II,1l)=1;sa(II,3)=1;

else
sa(II,1)=0;sa(II,3)=1;
end
end
end
else
%$-1.5
for II=1:NC
sa(II,1)=0;sa(II,3)=1;
end
end

sys=[sa(l,1);sa(l,3);sa(2,1);sa(2,3);sa(3,1);sa(3,3);sa(4,1);sa(4,3);sa(5,1);sa(5,3);
sa(6,1);sa(6,3);sa(7,1);sa(7,3);sa(8,1);sa(8,3);sa(9,1);sa(9,3);sa(10,1);sa(10,3)]1;
else

sys=[];
end
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B.2.4 HCMC with 2 H-bridge cells using SPWM with 3" harmonic subtraction

function y=Modulator (t,u)

va=u(l);

ia=u(2);

vel=u(3);

vc2=u(4);

vdc=u(5);

w=100*pi;

xC=2T7*w*t;

xX3=3*w*t;

Y=va-sqgrt (2) /pi*sin (x3);

k=2/pi;
ycl=0.75+0.125*% ((2/pi) *asin(sin(xc))+1);
yc2=0.5+0.125* ((2/pi) *asin(sin(xc))+1);
yc3=0.25+0.125*%((2/pi) *asin(sin(xc))+1);
ycd=0.125*((2/pi)*asin(sin(xc))+1);
yc5=0.125*((2/pi) *asin(sin(xc))-1);
yc6=-0.25+0.125* ((2/pi)*asin(sin(xc))-1);
yc7=-0.5+0.125*((2/pi) *asin(sin(xc))-1);
yc8=-0.75+0.125* ((2/pi)*asin(sin(xc))-1);

V_C=[vcl,vc2];
Cmax=max (V_C) ;Cmin=min (V_C) ;

y=[0; 0; 0; 0; 01;
if (Y>=ycl)
%output +vdc (1/2 1/4 1/4)

y=[1; 1; 0; 1; 0];
elseif (Y<ycl&&Y>=yc2)
%$output +3/4vdc (1/2 1/4 0 ——— 1/2 0 1/4)

if ((ia>=0&&vcl==Cmax) | | (1a<0&&vcl==Cmin))
%use switch combination (ii)
y=[1; 1; 0; 1; 11;
else
%$use switch combination (i)
y=[1; 1; 1; 1; 01;
end

elseif (Y<yc2&&Y>=yc3)
$output +1/2vdc (1/2 0 0 ————— 1/2 0 0)

y=[1; 1; 1; 1; 11;

elseif (Y<yc3&&Y>=yc4)

%$output +1/4vdc (1/2 -1/4 0 ———— 1/2 0 1/4)
if ((ia>=0&&vcl==Cmin) | | (1a<0&&vcl==Cmax) )
Suse switch combination (1i1)

y=[1; 0; 1; 1; 1];

else
%use switch combination (i)
y=[1; 1; 1; 0; 1];

end

elseif (Y<ycd&&Y>=ych)

%$connect the output to 0 (1/2 -1/4 -1/4 ——————- -1/2 1/4 1/4)
if ((ia>=0&&Cmin>=vdc/4) | | (1a<0&&Cmax<vdc/4)
y=[0; 1; 0; 1; 0];
else
y=[1; 0; 1; 0; 11;
end

elseif (Y<yc5&&Y>=ych)
%$connect the output to -vdc/4 (-1/2 1/4 0 ————— -1/2 0 1/4)
if ((ia>=0&&vcl==Cmax) | | (ia<0&&vcl==Cmin))
%use switch combination (ii)
y=1[0; 1; 0; 1; 11;
else
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%use switch combination (i)
y=[0; 1; 1; 1; 01;
end

elseif (Y<ycb&&Y>=yc7)

%$output -1/2vdc (-1/2 0 0 ———- -1/2 0 0)
y=[0; 1; 1; 1; 11;
elseif (Y<yc7&&Y>=yc8)
%output -3/4vdc (-1/2 -1/4 0 —-———- -1/2 0 -1/4)
if ((ia>=0&&vcl==Cmin) | | (ia<0&&vcl==Cmax) )

%use switch combination (ii)
y=[0; 0; 1; 1; 1];

else
%use switch combination (i)
y=[0; 1; 1; 0; 1];

end

else
%connect the output to -Vdc
y=10; 0; 1; 0; 1];

end

242

Appendices



B.3 Program code for experimental validation

B.3.1 Three-level single-phase M2C

function y = fcn(u)

% This block supports the Embedded MATLAB subset.

% See the help menu for details.
va=u(l);ia=u(2);vcl=u(3);vc2=u(4);vc3=u(5);vcd=u(6);
£s=2100;Ts=1/£fs;DT=1.25e-6;KT=10e6;

if (va>=0)
%Positive half cycle of reference voltage
T1l=Ts* (1-va);
if (ia>=0)
%$During positve half of phase current
if (vel<vc2&&vecd>ve3)
$select switch state (1)
P_index=1;
elseif (vcl<vc2&&ve3>ved)
%select switch state (ii)
P_index=2;
elseif (vc2<vcl&&ved>ve3d)
%$select switch state (iii)
P_index=3;
else
%select switch state (iv)
P_index=4;
end
else
%$During negative half of phase current
if (vel>ve2&&ved<ve3)
%$select switch state (1)
P_index=1;
elseif (vcl>vc2&&ve3<vcd)
$select switch state (ii)
P_index=2;
elseif (vec2>vecl&&ved<ve3)
$select switch state (iii)
P_index=3;
else
$select switch state (iv)
P_index=4;
end
end
else
%$Negative half cycle of reference voltage
Tl=-Ts*va;
if (ia>=0)
%$During positve half of phase current
if (vecl<vec2&&ved>ve3l)
$select switch state (1)
P_index=-1;
elseif (vcl<vc2&&ve3>vcd)
$select switch state (ii)
P_index=-2;
elseif (vc2<vcl&&ved>ve3d)
%$select switch state (iii)
P_index=-3;
else
%select switch state (iv)
P_index=-4;
end
else
%$During negative half of phase current
if (vel>ve2&&ved<ve3d)
%$select switch state (1)
P_index=-1;
elseif (vcl>vec2&&ve3<vcd)
%select switch state (ii)
P_index=-2;
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end

%$Determination of rising and falling edges of the PWM

elseif (vec2>vecl&&ved<ve3)
$select switch state
P_index=-3;

else

%$select switch state
P_index=-4;

end
end

if (P_index==1)

%$Sal and Sx1

Tral=T1+DT;Tfal=Ts-DT;
Trx1=DT;Tfx1=T1-DT;

%$Sa2 and Sx2

Tra2=DT; Tfa2=Ts-DT;

Trx2=0;Tfx2=0;
%$Sa3 and Sx3

Tra3=DT; Tfa3=T1-DT;
Trx3=T1+DT; Tfx3=Ts-DT;

%$Sa4 and Sx4
Trad=0;Tfa4d=0;

Trx4=DT; Tfx4=Ts-DT;

elseif (P_index==2)

%$Sal and Sx1

Tral=T1+DT;Tfal=Ts-DT;
Trx1=DT;Tfx1=T1-DT;

%$Sa2 and Sx2

Tra2=DT;Tfa2=Ts-DT;

Trx2=0;Tfx2=0;
%$Sa3 and Sx3
Tra3=0;Tfa3=0;

Trx3=DT; Tfx3=Ts-DT;

%$Sa4 and Sx4

Trad4=DT;Tfa4=T1-DT;
Trx4=T1+DT; Tfx4=Ts-DT;

elseif (P_index==3)

%$Sal and Sx1

Tral=DT;Tfal=Ts-DT;

Trx1=0;Tfx1=0;
%$Sa2 and Sx2

Tra2=T1+DT; Tfa2=Ts-DT;
Trx2=DT; Tfx2=T1-DT;

%$Sa3 and Sx3

Tra3=DT;Tfa3=T1-DT;
Trx3=T1+DT; Tfx3=Ts-DT;

%$Sa4 and Sx4
Trad=0;Tfa4d=0;

Trx4=DT; Tfx4=Ts-DT;

elseif (P_index==4)

%$Sal and Sx1

Tral=DT;Tfal=Ts-DT;

Trx1=0;Tfx1=0;
%$Sa2 and Sx2

Tra2=T1+DT; Tfa2=Ts-DT;
Trx2=DT; Tfx2=T1-DT;

%$Sa3 and Sx3
Tra3=0;Tfa3=0;

Trx3=DT; Tfx3=Ts-DT;

%$Sa4 and Sx4

Tra4=DT;Tfa4=T1-DT;
Trx4=T1+DT; Tfx4=Ts-DT;

elseif (P_index==-1)

%$Sal and Sx1
Tral=0;Tfal=0;

Trx1=DT;Tfx1=Ts-DT;

%$Sa2 and Sx2

Tra2=T1+DT; Tfa2=Ts-DT;
Trx2=DT; Tfx2=T1-DT;

%$Sa3 and Sx3

Tra3=DT;Tfa3=Ts-DT;

Trx3=0;Tfx3=0;

(iid)

(iv)
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%$Sa4 and Sx4
Trad4=DT;Tfa4=T1-DT;
Trx4=T1+DT; Tfx4=Ts-DT;

elseif (P_index==-2)
%$Sal and Sx1
Tral=0;Tfal=0;
Trx1=DT;Tfx1=Ts-DT;
%$Sa2 and Sx2
Tra2=T1+DT; Tfa2=Ts-DT;
Trx2=DT; Tfx2=T1-DT;
%$Sa3 and Sx3
Tra3=DT; Tfa3=T1-DT;
Trx3=T1+DT; Tfx3=Ts-DT;
%$Sa4 and Sx4
Tra4=DT;Tfa4=Ts-DT;
Trx4=0; Tfx4=0;

elseif (P_index==-3)
%$Sal and Sx1
Tral=T1+DT;Tfal=Ts-DT;
Trx1=DT;Tfx1=T1-DT;
%$Sa2 and Sx2
Tra2=0;Tfa2=0;
Trx2=DT; Tfx2=Ts-DT;
%$Sa3 and Sx3
Tra3=DT; Tfa3=Ts-DT;
Trx3=0;Tfx3=0;
%$Sa4 and Sx4
Trad4=DT;Tfa4=T1-DT;
Trx4=T1+DT; Tfx4=Ts-DT;

else
$P_index==-4
%$Sal and Sx1
Tral=T1+DT;Tfal=Ts-DT;
Trx1=DT;Tfx1=T1-DT;
%$Sa2 and Sx2
Tra2=0;Tfa2=0;
Trx2=DT; Tfx2=Ts-DT;
%$Sa3 and Sx3
Tra3=DT;Tfa3=T1-DT;
Trx3=T1+DT; TEx3=Ts-DT;
%$Sa4 and Sx4
Tra4=DT;Tfa4=Ts-DT;
Trx4=0;Tfx4=0;

end

y = [Tral Tfal Trxl Tfxl Tra2 Tfa2 Trx2 Tfx2 Tra3 Tfa3 Trx3 Tfx3 Trad Tfad Trx4 Tfx4]*KT;
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B.3.2 HCMC with 2 H-bridge cells using independent control

Part 1: Two-level converter

function [Ton_H, Toff H,VT] = fcn(M,Fs,F,T_PWM_COUNT,Q, Theta)
% This block supports the Embedded MATLAB subset.
% See the help menu for details.

W=2*pi*F;

Ts=1/Fs;

a=0.5*(1+0.25*pi*M) ;b=acos (a) ;

c=W*Ts;

N=Fs/F;

II=Theta/c;

Nl=floor (b/c);N2=N/2-N1;N3=N/2;N4=N/2+N1;N5=N-N1;

if (II<N3)
if ((II<=N1) || (II>=N2))

Ton_H=T_PWM_COUNT/2;
Toff_ H=T_PWM_COUNT/2;
VT=-1;

else
Ton_H=Q;
Toff_ H=T_ PWM_COUNT-Q;
VT=1;

end

else

1f((II<N4) || (II>=N5))
Ton_H=Q;
Toff_ H=T_ PWM_COUNT-Q;
VT=1;

else
Ton_H=T_PWM_COUNT/2;
Toff_ H=T PWM_COUNT/2;
VT=-1;
end
end

Part 2: H-bridge cells

Appendices

function [Trl11,Tf11,Trl13,Tf13,Tr21,Tf21,Tr23,TEf23]= fcn(va,ia,vcl,vc2,T_PWM_COUNT, Q)

% This block supports the Embedded MATLAB subset.
% See the help menu for details.

Ts=T_PWM_COUNT;

N=2;

Ve=[vcl vc2];

if (va>=0.5)
%$Swithcing between 1/2Vdc to 1/4 Vdc
Th=Ts* (2*va-1);T1=Ts-Th;
if (ia>=0)
for II=1:2
1if(Vc(II)==Kmax)
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Q;Txf(II,3)=T1;
end
end

else
%$1a<0
for II=1:2
1if(Vc(II)==Kmin)
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
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Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=T1;
end
end
end
elseif (va<0.5&&va>=0)
$switching between 1/4Vdc and Ovdc
Th=2*Ts*va; T1l=Ts-Th;

if (ia>=0)
for II=1:2
1f (Vc(II)==Kmax)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(I1,3)=Ts/2;
else
Txr(II,1)=T1;Txf(II,1)=Ts;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
else
%$1ia<0
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=T1;Txf(II,1)=Ts;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end

elseif (va<0&&va>=-0.5)
$switching between 0Vdc and -1/4Vdc
Th=Ts* (1+2*va) ; T1l=Ts-Th;

if (ia>=0)
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=Ts/2;Txf(II,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=T1;
end
end
else
$ia<0
for II=1:2
1f (Vc(II)==Kmax)
Txr (II,1)=Ts/2;Txf(I1,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=0Q;Txf(II,3)=T1;
end
end
end
else

$switching between -1/4Vdc and -1/2Vdc
Th=2*Ts* (1+va) ;T1l=Ts-Th;
if (ia>=0)
for II=1:2
1if (Vc(II)==Kmin)
Txr(II,1)=Ts/2;Txf(II,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=Q;Txf(II,1)=Th;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
end
end
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else
$ia<0
for II=1:2
if (Ve (IT)==Kmax)
Txr (II,1)=Ts/2;Txf(II,1)=Ts/2;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
end

Trl1l=Txr(1,1);Tf11=Txf(1,1);Tr13=Txr(1,3);Tf13=Txf(1,3);
Tr21=Txr (2,1);Tf21=Txf (2,1) ; Tr23=Txr (2,3) ; Tf23=Txf(2,3);

B.3.3 HCMC with 2 H-bridge cells using SPWM with 3" harmonic subtraction

function [Trl1l1,Tf11,Trl3,T£f13,Tr21,T£21,Tr23,T£23,Ton_H, Toff _H]=
fcn(va, ia,vel, ve2, T_PWM_COUNT, Q, vdc)

% This block supports the Embedded MATLAB subset.

% See the help menu for details.

Ts=T_PWM_COUNT;
Ton_H=0;Toff_ H=0;

N=2;

Ve=[vcl vc2];
Kmax=max (Vc) ; Kmin=min (Vc

)7
Txr=zeros (2,3);Txf=zeros (2,3);
$5555555%%%%5%%%%%%%% $Swithcing between Vdc to 3/4
VdCs 555 555555555555 555%55%55%5555555%555%55%%55%5%5%5%5%5%%%
if (va>=1.5)
Th=Ts* (4*va-3) ;
Ton_H=Q;Toff H=Ts-Q;
if (ia>=0)
for II=1:2
1if (Ve (II)==Kmax)
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts-Q;
end
end
else
$ia<0
for II=1:2
1if(Vc(II)==Kmin)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Th;Txf(II,3)=Ts-Q;
end
end
end
$55%5%55%5%5%5%55%5%5%5%%5%5%%%%5%%%%%switching between 3/4Vdc and
1/2Vdcs%5%%55%%5%5%555%55%55%55%5%%5555%55%5955%5%5%%5%%5%%%%%%
elseif (va<l.5&&va>=1)

Th=Ts* (4*va-2);
Ton_H=Q;Toff H=Ts-Q;
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if (ia>=0)
for II=1:2
1f(Vc(II)==Kmax)
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=0Q;Txf(II,3)=Ts-Q;
end
end
else
%$1ia<0
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
$%5%5%%%%%%%%%%%%%%switching between 1/2Vdc and
1/4Vdcss%5%555 55555555555 %5%55%5%55%5%%55%5%%%%%
elseif (va<lé&&va>0.5)

Th=Ts* (4*va-1);
Ton_H=Q;Toff H=Ts-Q;

if (ia>=0)
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
else
%$1a<0
for II=1:2
1f (Vc(II)==Kmax)
Txr(II,1)=Q;Txf(II,1)=Th;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
$5%5%%5%%%%%%%%%%%%%switching between 1/4Vdc and
OVACE 5555 5555555555555 %5%5%5%5%555%%%5%5%5%%%5%%%%

$switching between 1/4Vdc and Ovdc
Th=Ts* (4*va) ;
if (ia>=0)
if (Kmin>vdc/4)
Ton_H=Q; Toff_ H=Th;
for II=1:2
1f(Vc(II)==Kmin)
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Txr(II,1)=Th;Txf(II,1)=Ts-Q;
Txr (II,3)=Q;Txf(II,3)=Th;

else

Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=0Q;Txf(II,3)=Th;

end
end
else
Ton_H=Q;Toff_ H=Ts-Q;
for II=1:2
1f(Vc(II)==Kmin)
Txr (II,1)=Ts/2;Txf(II1,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
else
$ia<0

Ton_H=Q;Toff_ H=Th;
if (Kmax<vdc/4)
for II=1:2
1f(Vc(II)==Kmax)

Txr(II,1)=Th;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=Th;

else

Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=Th;

end
end
else
Ton_H=Q; Toff_H=Ts-Q;
for II=1:2
1f (Vc(II)==Kmax)
Txr (II,1)=Ts/2;Txf(I1,1)=Ts/2;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Th;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
end
35%%5%5%5%%%%%5%5%%%%%%% %$switching between 0Vdc and

elseif (va<0&&va>=-0.5
$switching between 0Vdc and -1/4Vdc
Th=Ts* (4*va+l);
if (ia>=0)
for II=1:2
if (Kmin>0.25*vdc)
Ton_H=Ts/2; Toff_H=Ts/2;
1f(Vc(II)==Kmax)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(II,3)=Ts/2;
else
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts;
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end
else
Ton_H=Q; Toff_ H=Th;
1f(Vc(II)==Kmax)
Txr(II,1)=Th;Txf(II,1)=Ts-Q;
Txr(II,3)=0;Txf(II,3)=Th;
else
Txr(II,1)=Th;Txf(II,1)=Ts;
Txr (II,3)=0Q;Txf(II,3)=Ts-Q;
end
end
end
else
%$1ia<0
for II=1:2
if (Kmax<0.25*vdc)
Ton_H=Ts/2; Toff_H=Ts/2;
1f(Vc(II)==Kmin)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Ts/2;Txf(I1,3)=Ts/2;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts;
end
else
Ton_H=Q; Toff_ H=Th;
1f(Vc(II)==Kmin)
Txr(II,1)=Th;Txf(II,1)=Ts;
Txr(II,3)=Q;Txf(II,3)=Th;
else
Txr(II,1)=Th;Txf(II,1)=Ts-Q;
Txr(II,3)=Q;Txf(II,3)=Ts-Q;

end
end
end
end
$55%%5%5%%%%%5%%%%%%%%%%%switching between —-1/4Vdc and
=1/ 2VdCs 5555555555555 5555555555555 55555%55%5%55%%%

Th=Ts* (4*va+2);
Ton_H=Ts/2; Toff_H=Ts/2;

if (ia>=0)
for II=1:2
1f (Vc(II)==Kmax)
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr(II,3)=Th;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
else
%$1a<0
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Th;Txf(II,3)=Ts-Q;
else
Txr(II,1)=Q;Txf(II,1)=Ts-Q;
Txr (II,3)=0Q;Txf(II,3)=Ts-Q;
end
end
end
5%%5%55%5%5%%%5%5%5%%%%5%5%5%%%%%%%switching between -
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Th=Ts* (4*va+3);
Ton_H=Ts/2; Toff_H=Ts/2;

if (ia>=0)
for II=1:2
1f(Vc(II)==Kmin)
Txr(II,1)=Q;Txf(II,1)=Th;
Txr (II,3)=0Q;Txf(II,3)=Ts-Q;
else
Txr(II,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=0Q;Txf(II,3)=Ts-Q;
end
end
else
%$1ia<0
for II=1:2
1f (Vc(II)==Kmax)
Txr(II,1)=0Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr (IT,1)=0Q;Txf(II,1)=Ts-Q;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
TS5 55%55%555%%%%%5%%%%%%switching between
—VdCS 5555555 55555555555%555%55%%55%5%5%5%5%%5%%5%5%%
else

Th=Ts* (4*va+4);
Ton_H=Ts/2;Toff_H=Ts/2;
if (ia>=0)

for II=1:2
1if (Vc(II)==Kmin)

Txr (II,1)=Ts/2;Txf(II,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else

Txr(II,1)=Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;

end
end
else
%$1a<0
for II=1:2
1f (Ve (IT)==Kmax)
Txr(II,1)=Ts/2;Txf(II,1)=Ts/2;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
else
Txr (II,1)=Q;Txf(II,1)=Th;
Txr (II,3)=Q;Txf(II,3)=Ts-Q;
end
end
end
end

Tr1l=Txr(1,1);Tf11=Txf(1,1);Trl13=Txr(1,3);Tf13=Txf(1,3);
Tr21=Txr (2,1);Tf21=Txf (2,1); Tr23=Txr (2,3) ; Tf23=Txf(2,3);
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