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Abstract

This thesis studies the operating principles, parameter design, and harmonics performance
of an HVDC converter topology: SAMMC (single-arm modular multilevel converter), and
develops a DC deicer system using this converter as a rectifier to melt ice on iced conductors.
Ice formation on power lines is a common problem in cold climate jurisdictions. It could
cause severe danger to power systems since the weight of ice could damage the power line or
transmission towers. This thesis develops a portable DC deicer with SAMMC technology to
convert AC power into DC power and use DC current to melt ice on the power line efficiently
and economically. The SAMMC DC deicer system is firstly validated by EMT simulation
models. Then, a scaled-down laboratory prototype is developed to validate the performance

of the SAMMUC rectifier and the harmonics suppression controller.
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Chapter 1

Introduction

1.1 Background

Long-distance transmission lines are critical assets of electric utilities and form the backbone
of electrical power systems. Without a reliable transmission system, the stability and security
of power systems are at risk. In jurisdictions with a cold climate, transmission systems are
prone to the formation of ice on the lines [1]. Ice formation on a line is a serious threat to
its operation, as the weight of the ice can lead to excessive sagging of the line, which in turn
may cause it to come into contact with other objects or lead to mechanical breakage of the
line or transmission towers [2]. Utilities in Canada have had to deal with the consequences
of excessive icing on transmission lines; examples include the massive disruptions that Hydro
Quebec faced in 1998 [3] and more recently in Manitoba Hydro’s system in October 2019 [4].

Knowing the harmfulness of ice accumulation on a power line, it is clear that developing
effective and convenient ice removal methods is of great importance. Utilities adopt various
methods for removing ice from transmission lines, including mechanical rolling of the ice, and
electrical methods for heating [5]. The latter is preferable as it can melt ice off long segments
of a transmission line from a single location before the ice-melter is moved to another place

[6]. This method of deicing, i.e., using electric current to create controlled heat in segments



of a transmission line [7] is the focus of this thesis. For electric ice-melting, both AC and
DC options may be used [8], of which the latter is considered here. Ice-melting based upon
DC currents is preferred because the impedance of power lines” inductance is larger than the
impedance of power lines’ resistance. If AC current is applied, the power lines will absorb
a large reactive power. However, if DC current is applied, the impedance of power lines’
inductance is zero, so there will be no reactive power absorbed by the power lines. [9]. The
downside of DC deiceris that an AC-DC converter (rectifier) needs to be employed to convert
the typically-available AC voltages to a controlled DC voltage.

Compared with other ice-melting methods, DC deicing has significant advantages. Several
research studies have been conducted regarding this method. The most typical DC deicing
device, which is widely used nowadays, consists of a transformer and a thyristor rectifier

(usually 12-pulse rectifier) as shown in Figure [L.1]
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Figure 1.1: Thyristor-based DC deicer.

Limitations can be found in this typical DC deicing device. First of all, a significant
amount of reactive power is absorbed by the rectifier, making the MVA-per-MW ratio much
higher than unity; therefore, a larger transformer must be used. Secondly, the thyristor-
based rectifier generates high current harmonics without a proper filter system; however, it is

difficult to make the size of the deicing system compact if filters are included. In conclusion, a

\)



relatively large space is needed to place the thyristor-based rectifier deicer, and the harmonic
levels are concerning.

In order to reduce the cost, and increase the flexibility of the ice melting procedure,
utilities prefer a portable DC deicer concept. A portable DC deicer is superior to a fixed
DC deicer since there is no need to install one deicer at each AC substation; multiple AC
stations can share one portable deicer to reduce costs. Also for those small stations that
are not equipped with a deicer, the portable deicer can melt ice off their power lines when
necessary.

The work process of a portable DC deicer is shown in Figure[I.2] Assume ice formation on
power line occurs in the area between Transmission Tower 1 and Transmission Tower 3, and
Transmission Tower 1 is connected to a substation. To melt ice with the Portable DC Deicer,
the Portable DC Deicer truck should be moved to the substation which is connected with
Transmission Tower 1 and obtain AC power from this substation. Before starting ice melting
procedure, the transmission lines involved in ice melting procedure should be de-energized by
switching off the disconnectors in substations. Two groups of crews are required to conduct
the ice melting procedure. The first group should locate at the DC Deicer end substation,

and the second group should be located at the end of melting power line.
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Figure 1.2: Portable DC deicer work process.

However, the design of a portable DC deicer could be challenging. Firstly, the size of the
deicer device must be compact enough so that the whole system can be loaded on a vehicle.
This requires a small transformer and converter. Secondly, the deicer must be suitable for
melting different conductors under different conditions. This requires that the DC output
voltage of the device must be highly controllable.

While it has been clearly stated that the performance of a thyristor-based rectifier cannot
satisfy the requirements for a portable DC-deicer, to address this issue, researchers and
utilities are interested in introducing fully controlled voltage-source converters (VSCs) in ice
melting applications. Using VSCs, the problem of harmonics and reactive power consumption
can be essentially remedied. Among different VSC topologies, a modular multilevel converter

(MMC) is attractive. Compared with two-level or three-level VSC designs, MMCs have



several advantages, including higher voltage rating, no need for filter systems, lower switching
losses, and better harmonic performance. To further reduce the size of the deicing system, a
new MMC topology, namely single-arm modular multilevel converter (SAMMC), is selected
in this thesis to be the rectifier of the DC deicer. The schematic diagram of SAMMC based
DC deicer is shown in Figure [I.3]
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Figure 1.3: SAMMC DC deicer.

Similar to conventional MMCs, a SAMMC also uses a modular approach based upon half-
bridge submodules (HB-SM); however, the three valves form a single string on the DC side
with three tapping points to connect to an AC system. The primary benefit of a SAMMC
is its relatively small size. Although some peripheral equipment, such as three AC-side
capacitors and a resonant filter, are added to this new topology, the number of SM valves is
reduced from six to three. This topology is originally intended for tapping small amounts of
power off a DC line to energize small loads, thus operating as an inverter. In the proposed
research it is used as a rectifier, i.e., to connect an AC source to a segmented line through
which controlled amounts of DC current will flow. By introducing SAMMC, the size of both
the rectifier transformer and the rectifier itself are made smaller.

As discussed before, the second requirement for a mobile DC deicer is that one device



should work with different conductors under different conditions. Although the design in
Figure [1.3| can produce reasonably good result in some scenarios, when conductors with
small resistance (typically 22 to 10€2) are to be heated, the rectifier will absorb a large
amount of reactive power. If this problem is solved, the reactive power absorbed from power
system will be greatly reduced, and a smaller transformer can be used. In Figure [I.4] a
DC-DC buck converter is proposed to be added to step down the voltage from rectifier’s DC

side to DC voltage on the conductor side.
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Figure 1.4: SAMMC DC deicer with a step-down DC-DC converter.

In short, introducing SAMMC as the rectifier makes it possible to design a compact,
low-harmonic, and highly controllable DC-deicer. This thesis discusses the two designs (with

and without the step-down DC-DC converter) and compares their merits and drawbacks.

1.2 Literature Review

This section will go through previous studies on several topics related to the design of DC

deicers. The formation and melting process of ice on power conductors, characteristics of



different AC-DC converter types, and the control and principle of DC buck converter.

1.2.1 Ice formation and ice melting

To better understand the ice melting process and select a proper DC current rating for the
DC deicer and plan the melting time, basic knowledge about ice formation and ice melting
models will be first introduced.

For the ice formation on a power line, how frozen water accumulates on the conductor
and what factors affect the shape and size of the ice layer are the points of interest in this
thesis. Hydro-Quebec and other institutions have conducted several studies and experiments
on conductor icing. A number of valuable models and conclusions are recorded in [10].
Generally there are two types of ice accretion on power conductors, namely precipitation
icing and in-cloud icing. Precipitation icing refers to the conductor ice caused by glaze, wet
snow, or dry snow. While dry snow can be easily removed, glaze (freezing rain) and wet
snow are the main causes of iced conductors. In-cloud icing refers to conductor ice caused
by super-cooled droplets within clouds.

Glaze/wet snow or super-cooled droplets can be modeled as a sticky droplet of liquid-
to-frozen water mixing, which has a temperature around 0°C. The surface temperature of
conductors is far below zero, so once the droplets touch the conductor, they will be frozen
and become part of the ice layer on the power line. Several factors could affect the mass and
shape of the ice layer, including air temperature, relative humidity, precipitation rate, wind
speed, the angle between wind flow and conductor, and the conductor diameter [10][11].

In short, droplets move with air stream toward the conductor, stick to the conductor,
and become ice. The location where the droplets touch the conductor is determined by the
airflow nearby the power line and the inertia of droplets [12]. Furthermore, the location of
droplets finally decide the shape of the ice layer on the conductor. Since the droplets tend
to hit the upwind side of the conductor, in most cases, the cross-sector of the ice layer looks

like an ellipse instead of a circle. To validate this theory, Chongqing University in China



built an icing station to capture the cross-section profiles of iced conductors [13]. Figure
shows the diagram of an elliptic iced conductor |13]. Figure shows photos taken from

field experiments [13].



Figure 1.5: Elliptic iced conductor diagram. Source: from (©2011 IEEE
i

21.60 33.47

(©)
Figure 1.6: Cross section profile for iced conductors. Adopted from (©2011 IEEE

After understanding the shape of the cross-section of the ice layer on the power line, one

can study the ice melting process of the iced conductor. Reference divides the melting



process of an elliptic iced conductor into three stages:

(1) Temperature Rising Stage: Before starting the melting process, the temperatures of
both the conductor and ice layer are equal to the ambient temperature (far below 0°C).
After DC current is applied, the temperature of the conductor starts rising, but the ice layer
will not start to melt until the boundary between the conductor and ice layer reaches 0°C.
The interval between the beginning of the melting process and the conductor-ice interface
temperature reaching 0°C is defined as the temperature rising stage.

(2) Ice Rotating Stage: As discussed before, the ice layer tends to grow on the upwind
side, so a cohesive force between the conductor surface and inner surface of the ice layer is
needed to support the ice layer’s gravitational torque. When the inner ice layer starts to
melt, the cohesive force is weakened and finally becomes too weak to support the ice layer.
Then the ice layer rotates until its center of gravity falls right below the conductor. It is
worth mentioning that an air gap forms between the conductor and ice after the rotation.

(3) Ice Shedding Stage: After the second stage, the ice layer is supported by the ice on
top of the conductor. As melting proceeds, the top part of the ice layer becomes increasingly
thinner, and finally the ice is shed off.

To quantify the melting procedure above and find out the ice melting time in a certain
scenario, a mathematical model is developed in [13]. As a conclusion, with a DC current of
800-1000 A, the melting process typically lasts for 30-180 minutes depending on the ambient

temperature, the shape of ice layer, and other weather conditions.

1.2.2 AC-DC Converter types

To find a suitable AC-DC conversion method for the DC deicer application, the two dominant
types of HVDC converters, line commutated converter (LCC) and voltage source converter

(VSC) are reviewed in this subsection.
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LCC converter

&

Figure 1.7: Diagram of a LCC converter.

As shown in Figure the LCC utilizes thyristors as the power switch. A thyristor is a
half-controlled power semicondcutor, so the LCC converter is controlled by adjusting the
firing angles of its thyristors. Since the thyristor cannot be controlled to switch off as long
as there is current flow, the commutation of LCC converter depends on the AC line voltage
[14].

The advantages of the LCC technology is the high voltage and power rating and low
complexity. Thyristor technology has the largest blocking voltage capability compared with
other power semiconductors (for example IGBT, GTO, IGCT) [15][16]. Also, the topology
and controlling strategy of an LCC is simple and reliable. The high power rating and low
complexity make LCC technology especially suitable for high power DC transmission projects
(for example a bulk power transmission system project).

However, there are also disadvantages of the LCC technology. The AC voltage of an LCC
cannot be controlled arbitrarily, so the reactive power flow can be massive during operation.
Furthermore, the current and voltage harmonics of LCC converter are high. To address these

problems, LCCs usually operate with reactive compensation devices and filters, so the size

11



of LCC power conversion system is relatively larger.

VSC converter

i R ek

A~

HE A kA
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Figure 1.8: Diagram of VSC converter.

The diagram of a two-level VSC converter is shown in Figure[I.8] The voltage source con-
verter uses IGBTs for switching. An IGBT is a fully-controlled power semiconductor so that
the AC terminal can be freely switched to output +Vy./2 or —Vj./2 voltage depending on
the firing pulses signal. The control of IGBTs in the VSC converter is achieved by pulse
width modulation (PWM). With a high frequency carrier and 60 Hz modulation waveform,
the AC terminals of VSC can output desirable AC voltage. The magnitude and phase angle
of output AC voltage is controlled by the modulation index and phase angle of modulation
waveform. A large capacitor is required to maintain the DC voltage on the DC side of the
converter.

A VSC is a relatively new technology compared with LCC. VSC technology is studied
and applied by many researchers due to its fully controllable AC output voltage. However,
there are also disadvantages to VSC converter.

The first disadvantage for VSC converter is that a high capacitance and high voltage

capability capacitor is required on the DC side of the converter. The second disadvantage is

12



that the AC output waveform of a two-level VSC converter is a bipolar waveform that contains
massive harmonic components, so a filter is required on the AC side of the converter. The
last disadvantage is that, controlled by PWM technology, it requires the IGBTSs to switch at
a very high frequency; thus the switching losses of the converter become an obvious problem
[17]

To solve these problems, researchers aim to increase the voltage level of VSC converter,

which leads to the prevalence of Modular Multilevel Converter (MMC) technology.

MMC converter

1 1 1 l
I [ I
SM SM SM
2 2 2

, DC | 5 Half-bridge
\Voltage it : submodule
source SM SM
n n
§ g AC power
| system
L | O
SM SM SM
1 1 1
I | I
A SM SM SM
> 2 2 2
n n n

| | |

Figure 1.9: Conventional MMC converter with half-bridge submodules.

A Modular Multilevel Converter (MMC) with half-bridge submodule (SM) was proposed in
2002 by Prof. Marquardt [18]. MMC consists of three phases (six arms). Each arm contains
N SMs. There are two types of SM, namely half-bridge SM and full-bridge SM. In a half-

13



bridge SM, there are two IGBTSs for switching, two anti-parallel diodes and a small capacitor
for energy storage.

The diagram of an MMC with half-bridge SM is shown in Figure With N SMs
installed in each arm, the converter is capable for outputting an N + 1-level AC voltage
waveform. With a proper number of levels, the output voltage is close to a sinusoidal wave-
form, so there is no need for filters on the AC output terminals. Compared with two-level
VSC converter, there is no need for a large DC side capacitor; instead, there are a number of
small capacitors in every SM. Furthermore, the switching frequency for each IGBT in MMC
converter is greatly reduced, the switching loss of MMC is much better than two-level VSC

converter [19].

1.2.3 DC buck converter

A DC-DC buck converter converts a larger DC voltage into a smaller one. The converter is
consists of two capacitors (input voltage capacitor Cj, and output voltage capacitor Cyy), a

IGBT for power switch, an inductor, and a diode.

| . |
; T ,

‘/;77, ‘/ou ;
/ “VCM t -‘Vcout

Load

Figure 1.10: DC-DC buck converter.

There are two states of the buck circuit. By switching on and off the IGBT , the buck
converter operates between on-state and off-state. The two operation states are shown in

Figure [1.11}

14



On-state

T £

Off-state

Figure 1.11: On-state (above) and off-state (below) of converter.

During on-state, the IGBT is switched on, input DC voltage provides energy for both the
load and the energy stored in the inductor and output capacitor. During off-state, the IGBT
is switched off, the inductor and output capacitor release the stored energy to maintain the
load current.

The output DC voltage of buck converter is controlled by pulse-width modulation (PWM).
PWM control is achieved by comparing a DC modulation signal with a switching frequency
carrier. The IGBT switches on when the modulation signal is higher than carrier, vise versa
switches off when the modulation signal is lower than carrier. The PWM schematic is shown

in Figure [1.12
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Figure 1.12: PWM carrier and modulation signal (top) Buck converter IGBT firing pulses
(bottom).

The ratio of on-state operation time T,, to the whole switching period T (including
on-state operation time and off-state operation time) is called the duty ratio [21].

The relation ship between buck converter input voltage V;, and output voltage V,,; is

described as (1.1)):

Ton
‘/out = Ts‘/;n (11)

By changing the DC modulation signal, the duty ratio can be changed thus the output voltage

is regulated to the desired value.

1.3 Thesis Motivation

It has been shown that a DC deicer is an efficient and economical way to melt ice on a

long power line segment. To further reduce the cost and increase the flexibility of the deicer
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device, utilities and researchers are looking for a portable DC-deicer design so that nearby
AC stations can share one deicer. However, the conventional design of the DC deicer uses a
thyristor-based LCC converter, and its size and performance are not suitable for a portable
deicer. This provides the motivation to study the feasibility of applying a more up-to-date
VSC technology in the design of a DC deicer. In this thesis, two DC deicer designs based on
a single-arm MMC will be discussed, and both EMT (electromagnetic transient) simulation

and hardware prototyping methods will be used to verify the design.

1.4 Objectives and Methodologies

Based on the presented background and motivation, this thesis will include the whole proce-
dure of developing a compact-size, high-performance DC deicer, including the circuit topology
design, parameter design, the validation of results, and performance analysis.

During this procedure, several new methods are introduced. Primarily, this deicer design
aims to reduce the size of the device significantly. To achieve this goal, the two fundamental
ideas are to reduce the size of the rectifier transformer and reduce the size of the converter
itself. To reduce the transformer’s size, trying to minimize the reactive power absorbed by
the converter is one solution, so that a transformer with a small MVA rating can be deployed.
This thesis addresses this issue by adding a DC-DC buck converter to fully control the rectifier
DC voltage. To reduce the rectifier’s size, SAMMC topology is utilized to reduce the SM
valves by half; also, a 2HCSC (2nd harmonic current suppression controller) is designed for
SAMMC, so that the SM capacitor size can be significantly reduced.

The design procedure consists of mathematical modeling, EMT simulations, and hardware
validation. Firstly, a mathematical model of the circuit is developed to select the parameters
and investigate the operating conditions. Secondly, another mathematical model is developed

to calculate the harmonics and size the passive components accurately. Thirdly, the system

is simulated in EMT simulation solvers (PSCAD/EMTDC and RSCAD-RTDS). Lastly, a
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scaled-down prototype is developed to prove the feasibility of our design in reality.

The specific objectives and methodologies in this thesis are listed as follows:

(1) Propose two different designs for SAMMC-based portable DC deicer. The first design
consists of a transformer and a SAMMC rectifier. For the second design, a DC-DC converter
is added to the DC side of SAMMC. While one more converter is added in the second design,
the transformer size is reduced.

(2) Develop the circuit’s mathematical model. This model is developed for parameter
design and finding the optimal operating conditions of the SAMMC rectifier. Several pa-
rameters need to be settled in the design procedure, such as transformer voltage rating,
transformer MVA rating, and SM capacitor value. Also, as a highly controllable converter,
the magnitude and phase angle of SAMMC’s AC voltage can be controlled by its modula-
tion waveform. So the design of the modulation index and phase angle is also an issue. To
avoid a large number of time-consuming EMT simulations, this faster model is developed
to design these parameters and modulation waveform for the first step in an approximate
manner. This mathematical model is developed to approximately give out the device per-
formance (for example, AC/DC side voltage and current, SM capacitor average voltage, and
real power /reactive power absorbed by the rectifier) once a set of parameters and modulation
waveform is selected. As a result, the optimal parameters will be obtained from this model
to reduce the size of the transformer and the rectifier.

(3) Develop a mathematical model to analyze circuit harmonics. The values of arm in-
ductors and SM capacitors are critical in deciding the current harmonics level. In order to
control the harmonics level to satisfy IEEE standards, we need to develop a mathematical
model to describe the relationship between SM capacitor value/arm inductor value and har-
monics, and use this model to design the parameters accurately. Since the current harmonics
cannot be obtained directly, an iterative method is used to solve this problem and give out
the 2nd/3rd harmonics magnitudes.

(4) Develop an EMT model for the two designs of the DC deicer device. This thesis
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uses the “detailed equivalent model” to simulate the SAMMC rectifier. This thesis will use
RSCAD to simulate the device on a real-time simulator. This model will be used to validate
the performance of the DC deicer device and validate the two proposed mathematical models.

(5) Propose a 2HCSC (2nd harmonic current suppression controller). No previous research
has been done about the current harmonics suppression controller for SAMMC topology, and
the 2HCSC for conventional MMC cannot work with SAMMC, and no 2HCSC method has
been proposed to suppress the 2nd harmonics in SAMMC so far. A new 2HCSC method is
developed for SAMMC and validated using EMT simulations. After deploying the 2HCSC
controller, the size of the SM capacitor can be reduced.

(6) Develop a scaled-down hardware prototype for the DC deicer. A low-power laboratory
setup is built to test the DC deicer device. An AC voltage source is provided by LabVolt
and the SAMMC is driven by firing pulses generated by RTDS.

1.5 Thesis Outline

The remaining parts of this thesis are organized as follows:

Chapter 2 is an introduction to SAMMC. The operating principles, control diagrams, and
parameter design principles of SAMMC are described. Chapter 3 focuses on the two different
designs of SAMMC DC deicer. The parameter design and simulation results are included.
Furthermore, this thesis will analyze and make the comparison of the two designs. In chapter
4, the RTDS hardware-in-loop validation is built and analyzed. Chapter 5 concludes this

thesis and discusses conclusions, contributions, and recommendations for future research.
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Chapter 2

Introduction to a Single-Arm MMC

2.1 Operation principle of a SAMMUC rectifier

References [22] and 23| have discussed the operating principles of a SAMMC inverter. How-
ever, for the DC deicer application, the SAMMC converter is used as a rectifier. This section
discusses the operating principles of an SAMMOC rectifier. Several diagrams and equations
regarding the steady state normal operating condition will be demonstrated. The AC current
and DC current equivalent circuits are extracted to illustrate the AC-DC power conversion

in SAMMC.
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Figure 2.1: Diagram of a SAMMC rectifier.

Figure is a diagram of a SAMMC rectifier with a DC load. This chapter introduces its
operation by analyzing the voltage characteristic of the converter. The SAMMC converter
consists of three valves. Each valve contains N submodules (SMs) whose nominal average
voltage is noted as V., so each valve is able to produce a voltage range from 0 to NV,
on the AC side. In normal operation, the number of SMs inserted in the valve is controlled
by a modulation waveform with a modulation index m and a phase angle #, and the valve
voltage becomes NV, (1 + msin(wt + 6)) if harmonics are ignored. The valve voltage
mainly contains a fundamental component and a DC component. The fundamental compo-
nent produced by each valve is the line-to-line (L-L) AC output voltage, and three AC-side
capacitors block the DC voltage component. The converter is connected with the AC system
via a transformer represented as the impedance X;. On the DC side, since three valves are

placed on one string, the summation of the total number of inserted SMs in all three valves
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Figure 2.2: AC and DC current flow in a SAMMC.

Figure shows the AC and DC current flow paths in a SAMMC. For AC currents,
three-phase AC currents injected from the power system flow through the transformer and AC
capacitors to charge SM capacitors; a resonant filter which is tuned to fundamental frequency
is utilized to prevent AC current flow through the DC side. The DC current is blocked by
the capacitor in the resonant filter so it will low into the DC load. The current flow through
the valve string contains both AC current component (charging current component) and DC
current component (discharging current component), so that the SM capacitor voltage as
well as DC side voltage can keep constant.

To quantify the above description, the equations regarding current, voltage, and power
under steady-state normal operation are discussed next. Note that this analysis is not a fully

detailed mathematical model; harmonics are ignored, and all components are assumed to be
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ideal.

As illustrated in [24], the common strategies for the controlling MMCs are Phase Shifted
PWM (PSPWM) and Level Shifted PWM (LSPWM), and the number of inserted SMs are
controlled by sinusoidal modulation waveform.

AC power system phase voltage are given as follows :

Vsa(t> = \/§V5ph Sin(wt — %)

Viy(t) = v/2Vig p sin(wt — 5%) (2.1)

Vsc(t) = \/ivSph sin(wt + g)

where Vg, is the RMS value of the power system’s phase voltage, and w is the angular
frequency of power system.

AC power system L-L voltage are as follows:

Vsap(t) = V6V sin(wt)

Vepe(t) = \/EVgph sin(wt — 2%) (2.2)

. 27
Visea(t) = \/Evsph sin(wt + ?)
Modulation waveforms for each valve are:

Wo(t) = %(1 + msin(wt — 0))

wWop(t) = %(1 + msin(wt — 6 — 2%)) (2.3)
W (t) = %(1 + msin(wt — 6 + 2ér))

The modulation index m ranges from 0 to 1.0, and € is the phase angle between the modu-

lation waveform and power system’s AC voltage.
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Equation ({2.3)) leads to the following expressions for the valve voltages:

Wap(t) = w(l + msin(wt — 0))

N 2
Vipe(t) = Vcs+j%(t>(1 + msin(wt — 6 — %)) (2.4)
Wea(t) = w(l + msin(wt — 0 + 2%))

where Vegnap(t), Vesmpe(t), and Vegnoa(t) are the average SM capacitor voltages in each

valve. Thus the L-L output voltage of the converter can be expressed as follows:

N

Vea(t) = VCS+AB(t)m sin(wt — 0)
N 2

Vone(t) = VCS+BMm sin(wt — 0 — ?ﬁ) (2.5)
N 13 2

Voea(t) = VCS+CA()m sin(wt — 0 + g)

The DC voltages blocked by the AC-side capacitors are:

NVism
VCaca(t) - 9
VCacb(t) =0 (26)
NVesm
VC’acc(t) = - 9

where V., is the DC component of Vognap(t), Vesmpe(t), and Vignoa(t).
Applying Kirchhoff’s voltage law (KVL) to the three-valve string and DC load, DC side

voltage can be obtained:

di, dipe  dieq
Vdc(t) - Idc(t)Rdc - VVab(t) + VVbc<t> + VVca(t) + La'rm( dtb + d; + dt ) (27>

Ignoring current harmonics, 74, . and i, contain DC current and symmetrical AC com-

ponents. Also I contains only a DC component ideally; therefore, % + % + d{% = 0.
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Combined with (2.4), (2.7) can be rewritten as:

_ 3NVeem
)

Ve (2.8)

The expression of the currents flowing in the SAMMC rectifier can be found by assuming the
power factor of the converter as cos¢. The arm currents (phase currents) flowing in three
SM valves are as follows:

2
ap(t) = —Ige + £IL sin(wt — 0 — )

V3

; V2 oo 27

Zbc(t) = _Idc + %IL Sm(wt —0— ? — CP) (29>
2 2

Z.ca(t> =14+ £IL Sin(wt — 0+ _7T — 90)

/3 3

where I, denotes the RMS value of the line current. The three line currents (output currents)

are:
ia(t) = V2Ip sin(wt — 0 — % —9)
ip(t) = oI sin(wt — 0 — %T — ) (2.10)
i.(t) = \/§[L sin(wt — 0 + g — )

In steady state operation, the input AC power and output DC power are equal, and so the

average SM capacitor voltage (V.s,) is kept constant. The power balance implies that:

Pdc = Idcvdc :Pac = 3‘/0L7L[arm CoS @

P - V3V Ver—1, cos 0 (2.11)
R

where V,;_r is the RMS value of the converter L-L voltage, and [, is the RMS value of

the AC component in arm current. With (2.5 and (2.9, the expression of I, and I, can be
extracted from ([2.11)) as:
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Vispn cos 0

I, = 2.12

L g ) 212
mly, cos

lje = ——— (2.13)

V6
Finally, the equation for power angle ¢ needs to be obtained. The converter valves are
connected to the AC system via a transformer (X;) and AC side capacitor (C,.). By ignoring

the negligible impact of the arm inductor, then

T Ver—1 _ T _
VSph/ 3 V3 6

0
Fro— =I/-0-Z—¢ (2.14)

JwClac
and ¢ can be expressed as:
Vipn sin(—F) — “L=L sin(—F — 0)
@ =—0—30° — arcsin( - ) (2.15)
(XT - jwcac)]L

To show the difference between the power transmission of SAMMC and conventional MMC,
the following diagram in Figure [2.3] shows the PQ absorbing capability for SAMMC and
MMC with the same semiconductors (4.5 kV, 1000 A) and the same voltage level (12 SMs

per valve).
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Figure 2.3: The PQ capability of SAMMC rectifier.

According to the P@Q capability diagrams, the PQ) absorbing range of SAMMC converter
is significantly smaller than that of a conventional MMC. So the SAMMC topology is more
suitable for low-power applications, especially those applications whose cost and size must
be reduced.

Till now, the operating principle, power conversion principle, and key mathematical ex-
pressions at fundamental frequency have been clearly stated. This part serves as an intro-

duction, and a more accurate mathematical model will be developed in Chapter 3.

2.2 The design of key parameters

Chapter 2 of [25] demonstrates the design of circuit parameters of a conventional MMC con-
verter. This subsection briefly describes the procedure to design parameters for the SAMMC
converter, including the number of SMs per valve, arm inductors, and AC-side capacitors.
As the voltage rating and power rating of the system must be given before deciding converter
parameters, this thesis assumes that the rated AC-side voltage is 13 kV, rated DC-side volt-
age is 6 kV, and the rated power is 5 MW. (These are not the system ratings of the DC-deicer

system; they are rather for demonstrating parameter sizing procedure in this subsection.)
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2.2.1 Number of SMs per valve

The first parameter to be decided is the number of SMs per valve. The number of SMs is
related to semiconductor voltage rating and voltage harmonics. Similarly, with the design of
a conventional MMC, the primary consideration for deciding the number of SMs is related
to the voltage rating of the power semiconductor device.

The maximum voltage on SM capacitor should not exceed the voltage rating of the power

semiconductors. From ([2.8) the average SM capacitor voltage can be expressed as:

2V
‘/csm -
3N

(2.16)

The maximum voltage across each SM capacitor is the SM capacitor’s peak voltage. This
voltage can be calculated as the sum of the average SM capacitor voltage and half of the
voltage ripple. Normally the voltage ripple of any VSC converter capacitor can be considered

as +10% as shown in [26]. Therefore, the voltage ripple equation can be rewritten as:

Vyip = 0.1V (2.17)

where V,;, denotes the peak-peak value of the SM capacitor voltage ripple.

The voltage ratings of semiconductors are decided by the rating of a single IGBT and
the arrangement of IGBTs. While IGBTs can be arranged as a series stack to withstand a
much higher voltage, according to literature [27], [28], and [29], the series stack arrangement
can introduce unbalanced voltages within the stack and lead to higher switching losses. To
avoid unnecessary power losses and control complexities, it is possible to use a high enough
number of SMs (V) so that the V., is lower than a single IGBT’s voltage rating.

In conclusion, to avoid a series-stack IGBT arrangement, the first criterion to choose the

number of SMs can be described as the following inequality:

_ 2 2.9
Vier < 11Vo0r = 1.1 % Vae o 22Vae

(2.18)
3N 3Vser

28



For low DC rating applications, for example, the DC deicer application proposed in this
thesis, the rated DC voltage is only around 6 kV, and the voltage rating for commercial
IGBTSs can reach 6.5 kV nowadays [30]. So the number of SMs cannot be solely decided by
the semiconductor ratings in low DC voltage applications.

The second consideration for choosing the right number of SMs is the voltage harmonics.
When the number of SMs is relatively small, the nearest-level control cannot give out a
satisfactory voltage waveform [31]. Therefore, controlling the SAMMC by a multicarrier-
based PWM method is a better choice. When the modulation index is close to unity, the
number of voltage waveform levels is equal to the number of SMs per valve. With a higher
number of converter output voltage levels, voltage harmonics can be greatly reduced. The
regulation for voltage harmonics limits at point of common coupling (PCC) can be found in
the IEEE 519-2014 standard [32], note that some utilities may have stricter limits than IEEE
519-2014.

To quantify the relationship between voltage switching harmonics and the number of
SMs per valve, Figure shows the voltage waveform THD for different numbers of SMs
(N), Figure shows the schematic diagram of phase disposition pulse width modulation
(PDPWM), and Figure shows the output voltage waveform, and Figure is the voltage
harmonics spectrum. (Note that only switching harmonics are included when discussing the

number of SMs per valve; the voltage ripple on SM capacitors is ignored.)
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Figure 2.4: Voltage THD vs, the number of SMs (carrier frequency = 9 fy, modulation index
= 1.0).

Figure 2.5: Schematic diagram of phase disposition PWM (PDPWM).
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Figure 2.6: Voltage waveform for N = 10 (carrier frequency = 9fj, modulation index = 1.0).
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Figure 2.7: Voltage harmonics spectrum (including the first 15 harmonics).

As shown in Figure [2.4] at least 16 SMs are required in each valve to limit the voltage
harmonics to under 7.5%. However, with a higher number of SMs in each valve, the size
of SAMMC converter is significantly enlarged. The size of the converter is proportional
to the number of SMs. The final decision on this parameter should be made based on two
considerations: the voltage harmonics level must be acceptable, the size of SAMMC converter

must be as small as possible. Specifically, in this portable DC deicer application, the converter
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works with low power and is not a permanent load. It will only be connected to power system
during emergency conditions, so a compromising voltage harmonics performance could be

acceptable.

2.2.2 SM capacitor sizing

It is important to choose the right value for SM capacitance. A low value for the SM
capacitance will cause a high voltage ripple on SM capacitor voltage during its charging and
discharging process and causes a high level of voltage and current harmonics. On the contrary,
an unnecessarily high SM capacitance will increase the cost and size of the converter. In
the design of conventional MMCs, a common practice for capacitor design is that the energy
stored in all capacitors should yield 30-40kJ/MVA [26] of energy storage. While this common
practice provides an approximate range for SM capacitance design, it is insufficient to choose
an accurate, optimal value for SM capacitance. To achieve this goal, this thesis finds out the
theoretical relationship between SM capacitance and SM voltage ripple, and finds the right
capacitance value to limit the voltage ripple to a certain level.

It is first noted that:

1 ! ,
AVeman®) = 5y | man®) -ift) d
sm JO
1 K ,
AVesmpe(t) = NC / npo(t) - ip(t) dt (2.19)
sm JO
1 ! ,
AVmea(®) = 5y | nea(t) - ilt)d
sm J0

where nap(t), npc(t), and nea(t) are the number of SMs inserted in each valve at time ¢;

their expressions can be found as:

nap(t) = N - wug(t)
npc(t) = N - woy(t) (2.20)

nea(t) = N - wve(t)
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where wug(t), wop(t) and wve,(t) are the modulation waveforms for three valves. Substitut-

ing (2.3)), (2.9) and (2.20]) into (2.19)), the final relationship between SM voltage ripple and

Csn can be described as:

AVgman(t) —z(im :— \/\/§§I(j cos(wt —p — 0) + Mmide cos(wt — ) — 277/]62 sin(2wt — ¢ — 26’)]
AVesmpe(t) :2015m :_ \/\%{j cos(wt — — 0 — 2%)

+midc cos(wt — 0 — 2;) — % sin(2wt — ¢ — 260 + 2%)}
AVigmeal(t) ZQC’lsm - \\//_233 cos(wt —p — 0 + Qg)

+midc cos(wt — 6 + 2%) - 2%1 sin(2wt — p — 20 — 2%)}

(2.21)

A conventional approach for sizing SM capacitance is to regulate the SM capacitor voltage
ripple under a certain range (for example 10% of its average voltage value).

The accurate SM capacitor voltage ripple of valve AB can be obtained by finding out the

maximum SM capacitor voltage and minimum SM capacitor voltage, as described below:

erip = AVVCSTm4Bma,w - A‘/csmABmin (222)

where AV.gnaBmar denotes the maximum value of SM capacitor voltage and AV_.gn4Bmin
denotes the minimum value of SM capacitor voltage. These two values can be found by
finding out the time when the derivative of AV,s,,45(t) is equal to zero.

Substituting I; by I4. with relationship , the solution for ‘m%sd—“;’“sw = 0 can be

found as:

dA‘/csmAB(t) o Idc

sin(wt — ¢ — 0) — msin(wt — 0) —

— 2wt — p — 20
dt 2Cs, | mecosp Ccos cos(2wt — ¢ )

(2.23)

Two periodical solutions, namely ty,,4; and ty,,in, can be obtained by solving (2.23)). At
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the moment ¢ = tyiae, AVesmap(t) reaches its maximum value AVignap(tymas). Similarly,
at the moment t = tymin, AVesmap(t) reaches its minimum value AV, a5(tvmin)-
To regulate the SM capacitor voltage ripple under a certain percentage (rippct%) of its

average voltage value, (2.24)) must be satisfied:

Viip < 1ippct%Vesm (2.24)

Manipulations of ([2.22)) and (2.16)), (2.24]) can lead to the size of SM capacitor C,,:

3N 21,
Sm> ) tmax_ —0) — tmzn_ —0
~4rippct %oV |wmceosp (cos(wty p — 0) — cos(wty ©—10))
Lge
+m d (COS(CUthaCC) - COS(wtvmm)) (225>
Lo . |
" 9w cdos o (sin(2wityimaee — @ — 20) — sin(2wtypin — @ — 20))

SM capacitance is related to the converter’s cost, size, and harmonic performance. Al-
though gives out a way to size the SM capacitor based on a voltage ripple percent-
age, this method is not accurate enough when designing converter to control the harmonics
within a certain level. The impact of SM voltage ripple on current harmonics will be further
demonstrated in section After theoretically sizing the capacitance, EMT simulations are

required to check the performance and finalize the design.

2.2.3 Valve inductor sizing

Similar to conventional MMCs, the valve inductor of SAMMC is responsible for absorbing
voltage harmonics, suppressing current harmonics, and limiting DC fault current’s rate of rise
[33]. Since the DC deicer application is not a permanent load and is used under controlled
conditions, this thesis will not discuss the fault condition and will focus on harmonics. While
several papers have proposed the sizing of arm inductors for conventional MMCs [33], [34],

the method of sizing SAMMC valve inductors is different. While in conventional MMCs
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the arm inductor only contains even-numbered circulating current harmonics [35], all the
harmonic components produced by the switching valve can be found in the valve inductor
voltage and current of SAMMC.

To find out the relationship between harmonics level and valve inductor in SAMMC is
not as direct as that of the conventional MMC. The reason is that, as shown in Figure
2.8] the AC harmonics’ equivalent circuit of SAMMC is not a three-phase balanced circuit.
The fundamental frequency resonant filter introduces an unbalanced impedance between
valves AB and CA for harmonic currents. The method to calculate current harmonics will
be discussed in section [2.3. Based on the current harmonics calculation model proposed in
section 2.3 a proper valve inductor value can be chosen to achieve a certain current harmonics

level.

! '\ ab

L
C Ve %ﬁ i ''''
ﬁ

60Hz resonant
filter

Figure 2.8: Unbalanced AC harmonics’ equivalent circuit for SAMMC.

2.3 Current harmonics and their suppression

According to IEEE 519-2014 standard, the permissible THD level for a 120 V~69 kV power
system with a short circuit ratio of 20< Isc/I;, <50 (Isc is the maximum short-circuit

current at PCC, [, is the maximum demand load current) is 8%. When designing a SA-
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MMC, a mathematical model used to estimate the current harmonics level is helpful to
optimize the size of SM capacitors and valve inductors, in order to reduce the cost/size
of the converter while controlling the current THD. Some previous studies have provided
valuable methods for calculating the current harmonics and proposing solutions to suppress
certain harmonic components for conventional MMCs [36], [37]. In a conventional MMC,
each phase current is independent, and the current harmonics circulating in each arm can
be found from the arm inductor’s voltage. However, in the SA-MMC, the current harmonics
flow is more complicated. Instead of circulating through the valve, the 2nd current harmonic
(and other even-ordered current harmonics) leaves the valve string at AC terminals. Also, as
stated before, the AC harmonics’ equivalent circuit of SAMMC is not a three-phase balanced
circuit, so the methods used to calculate a symmetrical power system cannot be used. This
section introduces a mesh current-based iterative method to theoretically analyze current

harmonics and a modified modulation method to reduce current harmonics.

2.3.1 Converter current harmonics calculation

As shown in Figure 2.8 the circuit of SAMMC is not symmetrical when studying harmonic
currents. So instead of converting three-phase calculations into single phase calculations
(which is a general approach for balanced three phase circuits), the mesh current method
[38] is used to solve this circuit.

In the AC circuit shown in Figure 2.8 when the SAMMC rectifier is connected to an ideal
AC power system with a transformer (which is represented as a series equivalent reactor), the
fundamental current is the response of AC power system and the fundamental component of
valve voltages, while an n-th order current harmonics is the response of n-th order component
of valve voltage. The final result of current can be regarded as the summation of fundamental
current component and harmonics components. By applying the superposition theorem,
the AC circuit can be decoupled into a series of sub-circuits containing only one particular

frequency component, as shown in Figure [2.9 and Figure [2.10]
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Figure 2.10: n-th harmonic current response equivalent circuit.

Figure [2.9] is the AC equivalent circuit of the fundamental frequency component, AC
power system is a 60Hz ideal voltage source, and Vi1, Virper, Vel are the fundamental
frequency component of valve voltages. Figure is the sub-circuit for any n-th order
harmonic component. The AC power system is shorted as its voltage contains no harmonics

component ideally, and Virepn, Viiben, Viean are the n-th order components in voltage Vi 4,
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Wie, Wea-

To solve the harmonic current sub-circuits, three valve voltages and each frequency com-
ponent of them need to be calculated. From , the valve voltage is decided by the average
SM capacitor voltage in the valve and the modulation waveform. Moreover, the steady state
average SM capacitor voltage is decided by the current flowing through the valve, can be
described as:

1

AVesmy(t) = N /Ot N - wuog(t) - ig(t) dt (2.26)

where k is the notation of each arm AB, BC, CA. From (2.3)), wva(t), wup(t) and wve,(t)
are the modulation waveforms for three valves.

After obtaining the expression of the valve voltage, a certain current harmonic with the
corresponding valve voltage component in the sub-circuit can be calculated using the mesh

current method. The diagram for calculating n-th harmonic is shown in Figure
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Figure 2.11: Mesh current diagram for the n-th order current equivalent circuit.

In this figure, Zp, is the impedance of transformer and AC capacitor for n-th order
current; Zgymy, is the impedance of valve inductor for n-th order current; Zyiyen is the
impedance of resonant filter for n-th order current. Iy,, I, and I3, is the mesh current for

the three meshes in the circuit. Three line current I4;7,, Igr, and Ioy, are three line currents
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which can be denoted as —1Iy,, I, + I>, and —I5,; and three arm currents I4p,, Ipc, and
Ican can be denoted as —1Iy,, — I3, 1>, — I3, and —I3,.

The mesh current method is based on Kirchhoff’s Voltage Law (KVL) and superposition
theorem [38]. The circuit topology is divided into a few fundamental loops. The KVL

equation for three loops in Figure is shown below:

Iln : (QZLTL + Zarmn) + IQnZLn + I3nZarmn — Vszbn
]2n : (ZZLn + Zarmn) + IanLn - ISnZarmn - _VVbcn (227)

]3n : (SZLn + Zfiltern) + Ianarmn - I2nZarmn - VVabn + VVbcn + VVcan

The n-th order current harmonic can be calculated by solving .

In summary, the current harmonic results are derived from valve voltage expressions.
And valve voltages are obtained by valve currents i, (¢) and modulation waveforms wuy(t)
(K = ab,bc, ca) (A.1). However, the full expression of valve currents i(t) is not known
from the beginning of the calculation procedure, since we do not know their harmonics
components.

The full expression of valve current ix(t) and Vi, with DC, fundamental components
and harmonics can be obtained by an iterative method. Iterative method is used to solve
functions with fixed-points. In mathematics, a function with a fixed point is a function

by which independent variable can be mapped back to itself by the function. This kind of

function can be described as f(¢) = ¢. The equations and descriptions from (A.11)) to (A.14))

in Appendix [A] show how to fit the current harmonics problem into a fixed-point function
problem.

The iterative method for solving the fixed-point function g(x) is shown below. The DC
and fundamental components of valve current (igo+ig1) are selected as initial values for the

iteration 9. Then the result of g(i)) = i} is selected as the independent variable for the

next round of calculation. The results will converge gradually, and when the error if — z'Z’l

becomes smaller than a certain threshold, the iterative procedure is stopped. The numerical
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description for this iterative method is as follows:

ir, = g(iy)
ir = g(iy)
i = g(i})

A fully detailed illustration about the mathematical model and implementation of this

iterative harmonics calculation algorithm is demonstrated in Appendix [A]

2.3.2 Validation of iterative SAMMC harmonics calculation method

A system-scale EMT testing model is built in RSCAD to compare the output current har-
monics simulation results with the proposed mathematical model results, in order to validate
this iterative converter harmonics calculation method. Comparisons of simulation result and
calculation result of harmonics magnitude under five different operation states are shown with
plots, the convergence of iterative method is also shown in another figure to demonstrate how

iterative method helps to make the calculation results more accurate.
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Figure 2.12: Harmonics testing system diagram
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The diagram of the testing model is shown in Figure The peripheral system is: AC
power system is set to be 2 kV (L-L RMS value) at 60 Hz, the transformers equivalent leakage
reactance is 0.85 mH. The converter parameter setting is as below: the AC side capacitor is
100 mF, number of SM per valve is 10, valve inductor is 0.5 mH and SM capacitor is 80 mF,
the resonant filter is consists of a 1.04 mH inductor and a 6.76 mF capacitor, and a resistive
load 4.8 €2 is connected to the SAMMC DC side. A PI controller controlling the phase angle
of the modulation index is deployed to set the system to different operation points. Figure

snapshot of this testing model from RCSAD graphical interface.
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Five different simulation results at different operation points are recorded. The five
different steady-state operation scenarios are listed in the table below:
Table 2.1: Key values for five operation points.
No. of Scenario | Vg I, (Line,RMS) | I /KA 0/degree ¢ /degree
(L-L,RMS)/kV | /KA

1 2 2.8 1 51 60

2 2 2.6 0.8 37.8 68.6

3 2 2.61 0.6 26.8 79.93

4 2 3.5 1.2 70.9 56.1

5 2 2.85 0.4 16.94 86.2

In Table 2.1} 6 denotes the angle by which the power system phase A voltage leads the

modulation waveform wuvg,, and ¢ denotes the angle by which converter output line voltage

leads converter output line currents.

To validate the proposed harmonics calculation method, this thesis compares three line

current 2nd harmonic simulation results (1 onag, gonds, Ioonds) with three line current 2nd

harmonic calculation results (I gonde, Igonde, Ioona.). Figure 2.15 shows the theoretical results

and simulation result comparison for line current 2nd harmonics in five different operation

states.
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Figure 2.14: Theoretical results and simulation result comparison for line current 2nd har-
monics in five different operation states

As shown in Figure[2.14] both simulation results and theoretical results show that the 2nd
current harmonic in Phase B current is higher than the other two Phases, which confirms the
statement that the SAMMC harmonics circuit is not three-phase balanced due to the impact
of resonant filter. For the data of each scenario, the calculation results follows simulation
results with some small error. These errors mainly come from two reasons: firstly, the
number of inserted SM waveform is simplified to a sinusoidal waveform; secondly, higher
level harmonics are ignored to reduce the computation cost.

Similarly, three line current 3rd harmonic simulation results (I43ray, Iggrag, Iogra,) with
three line current 3rd harmonic calculation results (1 43ra,., I ggrac, Io3ra.) are plotted in Figure

2.16.
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Figure 2.15: Theoretical results and simulation result comparison for line current 3rd har-
monics in five different operation states

Figure [2.15 shows that phase A and phase C’s third current harmonics are approximately

the same, while phase B’s third current harmonic is a very negligible value. This is again due

to the unbalanced circuit. The reason for errors between calculation value and simulation

value remains the same with 2nd harmonic.

To show the iterative method in a more intuitive way, Figure [2.16| shows the calculation

result of Scenario 3’s second current harmonic in each iteration.
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The solid line is the simulation value results, and the dashed line is the calculation results
from each iteration. A histogram is used to show the error between simulation results and
calculation results. The errors for the calculation results at the first iteration are over 10%,
then gradually reduced to less than 5%, and finally converge at the 7th iteration.

In conclusion, the proposed harmonics calculation method is tested with five different
scenarios and give out convincing results. The iterative method effectively improved the

accuracy of calculation results.

2.3.3 2nd current harmonic suppression controller

The current harmonics mainly consist of 2nd harmonic. If a way to eliminate 2nd harmonics
from output current can be found, designers can use smaller SM capacitors to achieve the
required current THD standard thus the size and cost of the SAMMC rectifier can be signif-
icantly reduced. This section will design a 2nd harmonic suppression controller based on the
harmonics mathematical model proposed in the previous section and validate this controller

in RSCAD EMT simulation.

The design of 2nd current harmonic suppression controller

From the previous section, it has been confirmed that the SAMMC converter’s current har-
monics are the response of valve voltage harmonics. The most significant magnitude of
current harmonic is the 2nd harmonic. So, removing the 2nd harmonic from the output cur-
rent can be an effective method to reduce the output current harmonics without increasing
the SM capacitor size.

Since SAMMUC is a variant of MMC converter, some performance is similar for both
topologies. In conventional MMC topology, there exists methods to eliminate the 2nd har-
monic current circulating in the MMC arms, the most commonly adopted one is 2nd harmonic
injection method [39]. The principle of this 2nd harmonic injection method can be described

as, by injecting a certain amount of 2nd order signal in the modulation waveform, the 2nd
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order circulating current can be controlled to the desired value (normally zero) [37]. To
obtain the exact amount of 2nd order signal, a Circulating Current Suppression Controller
(CCSC) is designed. In CCSC controller, a PI controller is used to produce the 2nd order
signal from the error of 2nd order current, while the 2nd order current is obtained simply by
adding the current both upper arm and lower arm current. Figure is a diagram showing

CCSC controller for conventional MMC converter.
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Figure 2.17: CCSC controller for a conventional MMC

However, this CCSC controller cannot be deployed on the SAMMC converter. The reason
is that in the SAMMC converter the 2nd order currents leave the converter from AC terminals
instead of circulating in the valve string, so the 2nd order current cannot be obtained by
simply adding currents of two valves. Although the CCSC controller cannot be directly used
to control SAMMC, it inspires the design of the 2nd harmonic current suppression controller
(2HCSC) for the SAMMC converter. To design 2HCSC, two problems need to be solved:
1. Whether the 2nd current harmonic in SAMMC can be controlled by adding a 2nd order
signal to the modulation waveform, and 2. If such a 2nd order signal exists, how to obtain
the 2nd order signal.

Problem 1 can be solved by the current harmonics mathematical model proposed in

48



Appendix [A] In Appendix[4] it has already been validated that the 2nd current harmonic is
the response of 2nd component of valve voltage. Equation [2.28 shows that the 2nd current

harmonic can be obtained by a linear transformation of 2nd component of valve voltage.
IL, =CL-Z,'-CV-Vv, (2.28)

where IL, is the vector of three phase 2nd current harmonics, CL, Zy, CV are coefficient
matrix proposed in Appendix [A] Vv, is the valve voltage vector for 2nd voltage component.

In order to find out a 2nd order signal V, to control 2nd current harmonics, this procedure
can be done by finding a V, to eliminate the 2nd component of valve voltage. If the 2nd
order harmonic can be removed from valve voltage, the 2nd order harmonic current will be
eliminated.

First, a mathematical solution will be used to find out if the 2nd current harmonic in
SAMMC can be controlled by adding a 2nd order signal to the modulation waveform. By

adding a three phase balanced 2nd order signal to the modulation waveform, the modulation

index changes from ([2.3)) into the new one ([2.29):

/ 1
wuy,(t) = 5(1 + msin(wt — 6) — V, sin(2wt + 6,))

/ 1 2 2

wuy(t) = 5 —(1+msin(wt — 0 — %) V, sin(2wt + 6., + ;)) (2.29)
/ 1 27 2

wog, () = 5 (L+msin(wt — 0+ 55) = Vasin(2wt + 0. — ?”))

Combined with (2.4]) and (2.19)), the expression for valve voltage with the 2nd order signal
Vz can be obtained. Take valve AB for example, the valve voltage is as (2.30)):

V\,/ab(t) = va;b(t) Vesman(t)

C 2V
= Nwog,(t) (5 + AVesman(t)) (2.30)
3N
C 2V ,
:vaab(t)(gj\f Ncsm/ Nwv,, (t) - igy(t) dt)
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Since V is a very small signal compared with modulation index, (2.30) can be approximately

expressed as:

, Wie .
Vi) = Nwu, ()(3]6 ~ C / Nwu, () - ig(t) dt)

2Vie

(2.31)
N +NCsm/ Nwvgy(t) - iap(t) dt)

~ N wv;b (t)(

Extract the 2nd component from ([2.31)) and let the 2nd voltage component equal to zero:

0 (— T\r;_Lw sin(2wt + ¢ — 20) — ; A cos(2wt + Oonar) + m4i)d1 sin(2wt + 03,41 + 9))

vy

N
+ m( \/_w81n(2wt—|—90—29)+

mona

g Iyrar .
Ml sin(2wt — 20) + 2L sin (2wt + O3pq1 + 6)
w 6w

mlis, 2V
0s(2wt + Oapa1) — 122:1 cos(2wt + 92nd1)> — 3;[ V1 sin(2wt + 6,1) =

(2.32)
Obviously, the 2nd order signal injected to valve AB modulation waveform to achieve zero

2nd component is:

3N? I Ion
V.1 sin(2wt + 6,1) “3v.C (—277/62 sin(2wt + ¢ — 20) — ;(jl cos(2wt + Oapnar)
I' r 3 N2
m swdl sin(2wt + O3ra1 + Q)) 8VZZ o ( \/_w sin(2wt + ¢ — 26)
mlg. . Israr .
+ 25 sin(2wt — 20) + g:jl sin(2wt + 05,41 + 0)
ml?ndl

I,
— 1o cos(2wt + Ggmﬂ) — m122wd1 cos(2wt + 92nd1))

(2.33)

Similarly, the 2nd order signals injected to valve BC, CA modulation waveform to achieve
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zero 2nd component are:

3N? I L2
Vaasin(2wt + 0:2) == <_ 2736L sin2ut ¢ = 20) = 5 cos(2t + b
dc“sm W
I, 3mN”
+ zdl sin(2wt + 03,41 + 9)) 8VTZ o ( \/—Lw sin (2wt + ¢ — 20)
I . Israr .
—l—ﬂ;; sin(2wt — 260) + g(jl sin(2wt + O3,q1 + 0)
Ly, Ion
_m4ijd1 cos(2wt + Oopar) — Mondl cos (2wt + 92”5”))
3N? L2
V.zsin(2wt + 6,3) = e, ( \/_ sin(2wt 4 ¢ — 20) — ;:1 cos(2wt + Oopar)
de“Ysm w

3mN2 ( L
8‘/110 sm \/_w

mls,.q .
—1—4—3‘11 sin(2wt + 03,41 + 9)) sin(2wt + ¢ — 20)

W

Iy . I3, .
—l—ﬁ;; sin(2wt — 20) + 2:1 sin(2wt + Osra1 + 0)
I, Ion
_ Miand1 cos(2wt + Oopar) — m122 2 cos(2wt + ‘92”5“))
w

(2.34)
From equation and , it is clear that, theoretically, there exists such 2nd order
signals to remove 2nd current harmonics. The next step is to design a controller to inject
these 2nd order signals into modulation waveforms. Although it is possible to theoretically
calculate the V, signal and have it injected into modulation waveform, the high computational
cost and calculation error may compromise the performance of 2HCSC controller. So a more
practical approach is to deploy a PI controller to produce V, signal.

Similar to the CCSC controller used in conventional MMCs, for SAMMC, the errors of
current 2nd harmonics or 2nd component voltage is the ideal input for the controller. As
stated before, the 2nd current harmonics in SAMMC are not circulating in the valve arm, so
it is not easy to obtain 2nd valve current directly. This thesis used DQ transformation and

filters to obtain the 2nd component from valve voltages.
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Figure 2.18: Diagram of 2HCSC controller.

Figure is the diagram of the 2nd harmonic current suppression controller (2HCSC).
DQO transformation is applied to three valve voltages in negative sequence Vi/up, Vireq and
Vipe with a 120Hz rotating angle. The result of the DQO transformation, denoted as V5, and
Vaq, contains a DC component representing the 2nd order component and other AC ripples
representing other frequency components. A filter with a long enough time constant can get
the DC components of Vo4 and Vs, as Vagr and Vogp. Vagr and Vo, ¢ are the projection of valve
voltage 2nd order component on the d q axis, respectively. Vo and Vay¢ are the input of PI
controllers to generate a proper V,p and Vg to make Va4 and Vayr to be zero. V,p and V.
are transformed back to ABC domain with the same 120Hz rotating angle, and V.4, V.5,

V.c are subtracted by the modulation waveform.

Validation of 2nd current harmonic current suppression controller

To validate the proposed 2HCSC controller, a EMT simulation case is developed in RSCAD.

The setting of this testing system is listed as the table below:
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Table 2.2: Parameters and operation state of 2HCSC testing system.

Parameter Value Unit
Power system voltage (L-L,RMS) || 1.5 kV
Transformers leakage inductance || 0.85 mH
AC side capacitor 100 mF
Number of SM per valve 10 -
Valve inductance 0.5 mH
SM capacitor 30 mF
Idc 0.8 kA

Figure 2.23 shows the comparison of output line current before and after 2HCSC is en-

abled. After 2HCSC is enabled, the THD of current is reduced from 6.46% to 1.3%. A similar

comparion is also make for valve voltage.

Current/kA

5 T T T T T T T T
Output current without 2HCSC Output current with 2HCSC
THD=6.46% THD=1.3%
0 -
_5 1 1 1 1 1 [ 1 1
005 006 007 008 009 01 011 012 0.13 0.14
time/s

Figure 2.19: Output current with/ without 2HCSC.
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Voltage/kV
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Figure 2.20: Valve voltage with/ without 2HCSC.

The harmonics spectrum of output currents can clearly illustrate how 2HCSC helps to

reduce current harmonics.
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Figure 2.21: Output current harmonics spectrum without/ with 2HCSC.

On the left hand side is the harmonics spectrum of output current without 2HCSC, on
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the right hand side is the harmonics spectrum of output current with 2HCSC enabled. The
2nd order current harmonics (120Hz component) is removed after 2HCSC is enabled, while
the fundamental component is not affected by 2HCSC.

The injected 2nd order signal V, is shown as Figure [2.22}

03 T T T T T T T T

0.2 2

Signal unit

T

-0.2 a

_03 1 1 1 1 1 1 1 1 1
0.06 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1

time/s

Figure 2.22: Injected 2nd order signal produced by 2HCSC.

Compared with modulation waveform index, the magnitude of signal V, is much smaller

than the magnitude of modulation index AC component (1 unit).

25



Current Harmonics/kA
(]

o
B
T
1

o
(o))
T
1

_08 1 1 L L 1 1 1 1
0.05 006 007 008 009 01 011 012 013 0.14 0.15

time/s

Figure 2.23: Current harmonics diagram 1.Without 2HCSC 2.With 2HCSC.

To show the result in a more direct way, the current harmonics are extracted from output
current waveform. As shown in Figure [2.23] the 2nd component of output current is greatly
reduced after 2HCSC is enabled.
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Figure 2.24: Output current comparison for 1.Csm=90mF without 2HCSC 2.Csm=30mF

with 2HCSC.

The comparison of output current waveform of 30mF SM capacitor design with 2HCSC

controller and the output current waveform of 90mF SM capacitor design without 2HCSC

controller is shown in Figure 2.24] The design with 2HCSC controller has a much better

current THD performance even if the SM capacitance is reduced by 2/3.

In conclusion, the deployment of 2HCSC can remove 2nd current harmonic. With 2HCSC,

the SM capacitance can be reduced, so that the size and cost of the converter is reduced.
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Chapter 3

Design of DC Deicer

After studying the ice melting procedure in Chapter 1 and SAMMC converter in Chapter 2,
Chapter 3 design a SAMMC deicer working with 12.47 kV AC bus bar based on the previous
studies. The design of SAMMC DC deicer includes the design of the converter, the design
of AC transformers and the arrangement of frozen conductors. A mathematical model is
developed to optimize the design to reduce the size and cost of the converter and improve the
converter’s performance. Two different approaches of the deicer design are proposed: the first
design will use a larger transformer and the conductors to be melted are directly connected
on SAMMC converter DC side; the second design uses a DC buck converter between the
SAMMC converter and frozen conductors to step down the DC voltage so that a smaller
transformer can be utilized. While both designs have advantages and disadvantages, this

thesis will discuss the two designs and give out EMT simulation results in PSCAD simulator.

3.1 An overview of SAMMUC based DC deicer design

A mobile SAMMC based DC deicer should consist of the following parts: a rectifier trans-
former, the SAMMC converter, control panel, insulators and connectors. Figure is a

diagram of this mobile SAMMC DC deicer.
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Figure 3.1: SAMMC based DC deicer diagram.

The transformer and SAMMC rectifier are loaded on a truck. When conducting the
melting procedure, the transformer is connected to the AC power system, and SAMMC DC
terminal is connected to the conductor to ne heated. The power flows from AC power system

to the transformer, and converted into DC power in SAMMC to heat the transmission lines.

3.1.1 The choice of transformer

The rectifier transformer is a key component in this deicer system and should be chosen
carefully. A delta-wye transformer should be used. Wye winding is connected to the AC
power system side and delta winding is connected to the converter side to suppress 3rd
current harmonics.

The voltage and MVA ratings of the transformer also need to be considered. While the
primary side voltage is fixed at 66 kV, the secondary side voltage should match the converter’s
output AC voltage to reduce reactive power transmit from transformer to converter. The
leakage reactance of the transformer is used to achieve a certain impedance between AC

power system and SAMMC converter. If the reactance of the transformer is not enough,
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additional reactors may be added in series. A larger reactance will help reduce the reactive
power transmission, but will also limit the range of real power transmission. The transformer

should have enough MVA rating to avoid core saturation.

3.1.2 Iced conductor arrangement scheme

The iced transmission line could have multiple wires, while only two terminals in SAMMC
are available. Thus, arranging the wires and connecting them to two terminals is worth
studying. Usually, the transmission line system includes three wires (phase A, B, and C) to
carry power, and a ground wire to protect transmission lines from a lightning strike. Ideally,
the four conductors can be arranged in series to fit the two DC terminals, such as shown in

Figure |3.2

DC output terminal

+

.
SAMMC [

| .

Four conductors

Figure 3.2: Ideal 4 conductors connection scheme.

However, nowadays, most ground wires use the OPGW (optical fiber composited overhead
ground wire) technology. The OPGW ground wire has an optical fiber in it for communication
purpose, and the optical fiber is very vulnerable to temperature rising [40]. So the ground
wire cannot be melted with DC current unless a special wire called OPGW (M) is used in the
transmission system [40]. Also, OPGW is often earthed by transmission tower [41], and hence
the insulation must be modified before applying voltage. So this thesis will not consider the

ground wire in the melting process. In conclusion, three conductors need to be connected on
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two DC terminals.

DC output terminal DC output terminal

+ [ +

SAMMC \ SAMMC

1-1 connection scheme 1-2 connection scheme

Figure 3.3: 1-1 connection scheme (left) 1-2 connection scheme (right).

Figure |3.3| shows two connection schemes that are widely adopted in DC deicing. The
left-hand side is called 1-1 mode, and the right-hand side is called 1-2 mode [41]. In a 1-1
mode connection, two phase conductors are connected in series. Since only two conductors
can be connected, the melting procedure need to be done twice to heat three conductors. In
1-2 connection, one conductor is in series with two parallel conductors, so only one melting
action is required. But the downside of 1-2 connection is the two parallel conductors can
only be heated by half of the maximum current.

When choosing the connection scheme, it is helpful to refer to the resistance of the con-
nected conductors. The 1-1 connection scheme resistance is 33% larger than 1-2 connection
scheme. In a SAMMC rectifier, the DC voltage is decided by the DC current I,. and con-

nection conductor resistance R.op,:
‘/dc = [dc : Rcon (31)

Also the output L-L. RMS voltage of SAMMC is described as (3.2)):

ml dc Rcon

VierMS = 3.2
RMS 6\/§ ( )

By combining (3.1)) and (3.2)), it can be found that when a certain I, is required, the converter
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AC output voltage is decided by connection conductor resistance.

Vdc

VacRMS = 6\/§

(3.3)

So by modifying the connection scheme, a suitable AC voltage can be set for the converter

to reduce the reactive power transmission.

3.2 Mathematical model for SAMMOC deicer design

In order to design the SAMMC system, the performance of this deicer system needs to be
studied. The design of the converter has been studied in Chapter 2, but the choosing of
transformer for this system is not studied. Moreover, different DC load resistance also affects
the performance of this system. To optimize the deicer system design, the operating point
of a certain case (for example, when system parameters are settled, to apply a certain DC
current on the load conductor, what is the P Q output value and AC current of the system)
need to be obtained; also the PQ capability of the system (what is the maximum power can
the system transfer with a certain load conductor), and also how different transformer rating
and load conductor resistance affect the performance of the system. This section builds a
mathematical model for the deicer system to study the questions above and help design the
SAMMC deicer system.

Since this mathematical model only focuses on steady-state power flow, only fundamental
frequency component will be studied. This model analyzes the power conversion of SAMMC
by extracting the AC circuit and DC circuit from the circuit diagram of SAMMC deicer

system.
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Figure 3.4: AC circuit and DC circuit of SAMMC deicer circuit.

As shown in Figure [3.4] three SM valves are connected in delta . Each valve can be
modelled as an ideal AC voltage source and a series resistor. The series resistor represents

the power semiconductor (IGBT and diode) turn-on resistance.
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Figure 3.5: Delta-wye transformation of SAMMC deicer AC circuit

To study the power flow of the proposed AC circuit, a delta-wye transformation is applied

to the AC circuit. As illustrated in Figure first apply superposition theorem on the AC

circuit to decouple the voltage source and passive components into two subcircuits, then apply

delta-wye transformation to both subcircuit, finally combine the two transformed subcircuit

based on superposition theorem.

After the delta-wye transformation, the wye equivalent voltages (Vi,,, Vi, Vi) become

1/+/3 times of the original AC valve voltage (Vi aBac, Vi BCaces ViCaae) With a 30°phase lagging.

Zpaive 18 the impedance of the SM valve, after the delta-wye transformation, it becomes Z”%

in the wye equivalent circuit.

In the case the L-L voltage of AC power system leads converter L-L voltage by § degree,
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the apparent power transmit from power system to converter can be expressed as:

Sy = 3V, I*
Vi, /5 — Vi /01
= 3V, sp= " Valr
L2 [ jX +R }
— 3V,,(cosd + jsin§) [Vsp(cos 5j—1)—(]j125) -V
_ 3R(V2 — Vi Vi, cos6) 4+ 3XV,, Vi, sin N j3VS§DX — 3RV, V,,,sind — 3XV,,V;,, cosd

R? + X? R? + X?

(3.4)

— _ 1 y Lvalve — Rvalve
where X = X, oo T W, and R = “vlee,

The real power and reactive power transmitted from power system to deicer system is the

real part and imaginary part of apparent power S;:

3R(V] — VipVira €08 0) + 3X Vi, Vi, sin
RQ + X2
3V2X — 3RV, Vi, sind — 3XV,, Vi, cosd
sp PV Va PYVa
Q1= RZ1 X2

P =

(3.5)

Also, the apparent power received by the converter can be expressed as:

Sy =3V, I*

— 3V [Vp]%( +vaiam}
v {Vsp(cos5+jsin5) —V‘;ar
o iX+R
_ 3R(VyVi, cosd — Vi2) + 3XV,, Vi, sind N 33XV, Vi, cosd — 3RV, V,,, sind — 3V;2 X
- R* + X? J R* + X?

(3.6)

The real power and the reactive power absorbed by the converter are:

3R(VypVir, cosd — Vi2) + 3XV,, Vi, sin &
R2 + X2

3XV,, Vi, cosd — 3RV, Vy,, sind — 3V;2 X

‘7 RQ + X2

P, =
(3.7)

Q2 =

Next, the power flow of DC circuit need to be studied. The DC circuit power is the power
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on load conductors R.,, and valve resistance R, pe:

Pdc = Igc (Rcon + 3Rvalve) (38)

The power balance equation is used to solve the operating point; the real power converter

received from power system should be equal to the DC power output of the converter:

Py = P (3.9)

The procedure of solving the operation point for a certain melting case with the proposed

mathematical model is shown in the flow chart in Figure [3.6

Input:
Idc required, Solve equation:
Load conductor resistance, P2=Pdc
System parameters

J, () : valve voltage phase voltage

is a real number?

)

The Ide you required exceeds
deicer system power transfer
capability

Yesl

Calculate IL,
larm, P, Q

Figure 3.6: Diagram of solving deicer operation point

The inputs to the model are the system parameters (transformer’s secondary side voltage
and leakage impedance, converter parameters and modulation index), the resistance of load
conductors, and the required 1.

All the inputs are used to solve the phase angle delay of valve voltage, §, with the power
balance equation . If 9 is a real value, this value is used to calculate other operation

values, like converter output currents and valve currents. If § is a complex number, this
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indicate sind > 1, which means the required ;. exceeds the maximum real power capability

for this system.

3.3 Impact of parameters in SAMMOC deicer design

After obtaining the mathematical model to calculate the operation point for a certain case,
this section studies how different parameters affect the performance of the system. This will
help to design the system wisely. The parameters needed to be discussed are: transformer
secondary voltage rating Vj,, system total impedance X = X; — m + jw%, and mod-

ulation index for converter controlling m. The proposed the mathematical model is used to

evaluate how these parameters affect the power output capability and P() performance for

a certain melting case.

3.3.1 The impact of modulation index (m)

The transformer’s primary-side P(Q) diagram is shown as follows.

real power
reactive power
16 P

Transformer primary P Q

o

4 | | | | | | | | |
05 055 06 065 07 075 08 085 09 095 1

modulation index m

Figure 3.7: Transformer primary side PQ) diagram with different modulation index

Since the conductor resistance is usually a very small value (4.8(2 in this case), (3.2]) shows
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that the converter’s output AC voltage is also small compared with transformer secondary-
side voltage. So an undesirable reactive power will low from AC power system to the con-
verter. From , a larger modulation index is used, the converter output voltage will be
larger, so the reactive power flow can be reduced. In conclusion, the largest modulation index

(m = 1) should be used in this system.

3.3.2 The impact of transformer’s secondary-side voltage

Knowing that the modulation index should be m = 1 from the previous section, this subsec-
tion discusses the impact of transformer’s secondary voltage rating. Since the transformer
primary side voltage rating is fixed at 66 kV, this section will test the secondary voltage
rating from 1 kV to 10 kV, and plot the PQ) power capability when other parameters are

fixed.

S
o

— real power capability
reactive power capability

N
o
T

N w w
o o [3,]
T T T

PQ capability
[
o

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Transformer secondary side voltage/kV

Figure 3.8: Converter P() capability with different transformer secondary voltage rating

From Figure[3.8| to allow the converter to provide enough real power for conductor melting
(typically. 5-10 MW), 1.5 kV 2 kV rating voltage on transformer secondary side is enough.
To study different transformer secondary voltage rating systems’ performance in a certain

case, the mathematical model is used to study different transformer secondary voltage ratings
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and test their PQ) output when apply a 1 kA DC current on 4.8(2 conductor. The results are

plotted in Figure 3.9}
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Transformer secondary side voltage rating/kV
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Figure 3.9: 1 kA melting case study for different transformer secondary voltage rating

If a larger transformer secondary voltage is chosen, the reactive power flow from power
system to SAMMOC converter is larger, thus requiring a larger MVA rating transformer. Also
when transformer secondary voltage is larger, the valve current RMS value will be larger,
thus causing more conduction loss on power semiconductors.

In conclusion, if transformer secondary voltage rating is too high, the reactive power flow
will be excessive, thus a larger transformer need to be deployed. If transformer secondary

voltage rating is too low, the system will be incapable to produce enough DC power.

3.3.3 The impact of system total impedance

The system total impedance is the impedance connecting the SAMMC converter with power

1

FoCae T Jw L”g‘”e the system total impedance is made up with

system. As term X = X; —
three parts, transformer leakage impedance, AC side capacitors and valve inductors. This
subsection will study those three impedances as a whole, X, and study its impact on system

power output capability and study their performance in a case study.
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Figure 3.10: Converter P(Q) capability with different transformer reactance

Figure [3.10] shows the PQ capability of the system with different transformer reactance.
If the transformer reactance is larger than 0.45€), the maximum real power output of the

converter will be less than 5 MW.

Also the performance of different deicer systems with transformer of 0.2~0.45€) reactance

when heating 4.8 2 conductors with 1 kA DC current is studied. The results are plotted in

Figure |3.11

real power
reactive power | |

PQ power flow
~

0.2 0.25 0.3 0.35 0.4 0.45
Transformer reactance/ohm

Figure 3.11: 1kA melting case study for different transformer reactance
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As shown in Figure [3.11] the reactive power flow reaches its minimum value when trans-
former reactance is 0.35€2 in this case. If the transformer cannot provide enough reactance,

series reactor may be used.

3.4 Design of SAMMOC DC deicer: a case study

This section will design a DC deicer to melt a 50 km segment of 230 kV transmission line.

The parameters of transmission line is listed as the following table:

Table 3.1: Parameters for load transmission line conductor
Line  Designa- || Voltage X/Rratio | Ry per km | X per km | Ry per km

tion Class (kV)
LineA 230 230 9.6 0.0629 0.4885 0.048

Table 3.2: Parameters for load transmission line conductor

In the deicer system, the load conductors to be melted can be described as a lumped
model with a series resistor and reactor. In this case, to melt transmission lines in Table
[3.2] with 1-1 connection scheme, the lumped model for two power line conductors in series is

shown in Figure [3.12]

—\/\/\/\—sz)\_/—
2.4 [ohm]  0.065 [H]

Figure 3.12: Lumped model for load transmission line conductor

This section will design a SAMMC deicer system to provide 0.8 kA DC current on the

above transmission line.
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3.4.1 System parameter design

Section provides a method to choose modulation index and transformer for the deicer
system, and section provide method to design the SAMMC converter. Based on these

previous study, the system parameters are designed as Table 3.2:

Table 3.3: Parameters for SAMMC DC deicer system design.

Parameter Value Unit
Transformer primary voltage 66 kV
Transformer secondary voltage 2 kV
Transformer MVA rating 10 MVA
Transformer leakage reactance 15% pu
Series reactance 0.769 mH

The SAMMC converter parameters are designed as Table 3.3:

Table 3.4: Parameters

for SAMMC Converter.

Parameter Value Unit
Number of SM per valve 6 -
SM capacitance 20 mF
Valve inductor 0.5 mH

3.4.2 Controller design

A simplified real power transmission equation can be expressed as (3.10):

P ViVasin

= (3.10)

where V} is the L-I. RMS value of transformer secondary side voltage, V5 is the L-L. RMS
value of SAMMC, ¢ is the phase angle difference between V; and V5, X is the impedance
between power system and converter.

The real power flow is controlled by two variables, magnitude of converter output voltage
V4 and the converter phase delay §. As discussed in subsection [3.3.1] in the deicer system,

usually V5 is much smaller than V7, so the modulation index is fixed to be 1 to avoid larger
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reactive power flow, which means the magnitude of converter output voltage V5 is a constant.
So real power can only be controlled by voltage phase delay 9.

A simple control of VSC converter DC current is depicted in Figure[3.13] In this dual-loop
controller, the outer loop is DC current controller, output DC current is controlled by the
active power flow; the inner loop is converter real power controller, the real power transmitted

from power system to converter is controlled by voltage phase delay 9.

transformer & + lde
Power System — —
reactor
@O— SAMMC
P
V1/0° = V2/—§°

Figure 3.13: Dual-loop controller for SAMMC DC deicer

3.4.3 Simulation results

The proposed SAMMC DC deicer system is modeled in PSCAD; the converter is represented
by detailed equivalent model (DEM) [42]. The converter three phase AC current, AC voltage,

valve voltage, output DC voltage/current and the consumed real/reactive power is shown:
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Figure 3.14: Converter AC output current 12.
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Figure 3.15: Converter AC output voltage V2.
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Figure 3.19: Real power (P1) reactive power (Q1) consumed by transformer primary side.

With the 2HCSC controller, The THD of three phase currents are controlled to be 0.96%,

0.58% and 0.91% for phase A, phase B and phase C. And the THD of converter output AC

voltages are 2.82%, 2.82% and 2.96% for phase A, phase B and phase C.
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3.5 Design of SAMMOC DC deicer with DC buck con-
verter

While section gives out a design of SAMMC deicer, there are some disadvantages in this
design. This section will evaluate the limitation of the design proposed in section and give
out an improvement by adding a DC buck converter on the DC side of SAMMC converter.

A PSCAD simulation case study is given out at the end of this section.

3.5.1 Limitation of SAMMC DC deicer

11 T T T T T T T T T

10 b real power
reactive power

PQ consumption

Idc/kA

Figure 3.20: Deicer system PQ output with different magnitudes of DC current I,

Section presents a case study which a conductor is melted by 0.8 kA DC current. How-
ever, if different magnitudes of DC current are applied to melt the conductor, the operation
condition will change, and may not be desirable.

Figure [3.20| shows how DC current affects the PQ output of the deicer system. When I,

increases from 0.8 kA to 1 kA, the reactive power absorbed by the system will increase and
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exceed the capacity of the 10 MVA transformer. In other words, the reactive power of the
deicer system limits the operation flexibility of the SAMMC DC deicer system.

To address this issue, it is important to understand the reason of the reactive power
flow. As shown in , the converter AC voltage is decided by DC load resistance and DC
current. While the DC resistance of a conductor is a relatively small value, the converter
side AC voltage is also small. The voltage magnitude difference between high transformer
secondary side EMF (Electromotive force) and low converter AC voltage will cause a huge

reactive power flow from power system to converter.

3.5.2 Design SAMMC DC deicer with DC buck converter

To reduce the reactive power flow, the converter AC voltage must be risen. From (3.3)), to
boost converter AC side voltage magnitude, the converter DC voltage must be increased. By
adding a DC buck converter between converter DC side voltage and DC load voltage, the

converter DC side voltage can be boosted up.

+
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Figure 3.21: Diagram of SAMMC rectifier with DC buck converter.



The diagram is shown in Figure Compared with the previous design in Figure [1.3]
although one DC buck converter is added, the transformer size is reduced greatly, and there
is no need for adding additional series inductors. By adding the DC buck converter, the size
of DC deicer is reduced, also the load DC current can be increased. The next subsection will

use simulation to validate the improvement.

3.5.3 Controller design

This subsection will discuss the controllers for both the SAMMC and DC-DC buck converter
in the system.

The SAMMC is equipped with a real power controller and a reactive power controller.
The simplified real power transmission equation can be expressed as , the real power

controller remains the same with Figure|3.13] And the simplified reactive power transmission

equation can be expressed as (3.11):

~ ViVhcos0 — V5
N X

Q (3.11)

Where @ is the reactive power transferred from power system to SAMMC converter, V] is the
L-L RMS value of transformer secondary side voltage, V5 is the L-L. RMS value of SAMMC,
0 is the phase angle difference of V7 and V5, X is the impedance from power system to
converter. When the phase angle difference between power system side voltage and converter
side voltage delta is a small value, the control of real power flow and reactive power flow can
be approximately decoupled as: P is controlled by ¢, Q is controlled by converter side voltage
magnitude V,.grrs. From 7 the control of voltage magnitude V, .grrs can be achieved by
controlling the modulation index m.

The controller for SAMMC rectifier is shown in Figure [3.22
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Figure 3.22: SAMMC rectifier PQQ controller.

The real power controller is a dual-loop controller. The outer loop is the DC current
controller, I is the measured DC current on the DC side load and I,.; is the demanded
DC current reference. The inner loop is the real power controller, the output power of the
converter P is controlled by §, which is the phase angle between transformer secondary side
voltage and converter voltage. While the reactive power control loop is simple, the actual
reactive power flow () follows the reactive power reference @),.s by controlling the modulation
index m.

The controller of DC-DC buck converter is used to regulate the voltage ratio of input DC
voltage Vi1 and output DC voltage V. As stated in subsection [I.2.3] the buck converter
is controlled by PWM scheme. A modulation reference signal is used to control the buck
converter. By regulating the modulation reference signal of buck converter Buckmod, the
DC link voltage between SAMMC and DC-DC buck converter V. is controlled as a constant

23kV. This controller is shown in Figure |3.23
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Figure 3.23: DC-DC buck controller.

When operators from the utility conduct deicing with the DC Deicer, they should set
the DC current reference I,.; and the reactive power reference @),y from the control panel.
Once the ice melting procedure finishes, shut down the converter and remove the connection
between Deicer and power lines. The DC current reference I,y need to be designed carefully
by analysis the thermal dissipation model of the conductor so that the melting procedure can
be done in a suitable length of time. The choice of DC current is affected by conductor type,

shape and thickness of ice layer, ambient temperature and other environmental conditions.

3.5.4 Simulation results

The simulation of SAMMC DC deicer with DC buck converter system is built in RSCAD
substep environment. The SAMMC converter is modelled by an average value model. The

parameter setting of the simulation is listed in the table below:

Table 3.5: Parameters for SAMMC DC deicer system with DC-DC buck converter.

Parameter Value Unit
Number of SM per valve 6 -
SM capacitance 20 mF
Valve inductor 0.6 mH
Transformer primary side voltage || 66 kV
Transformer 2nd side voltage 3 kV
Transformer MVA rating 5 MVA
Transformer leakage reactance 10.7% p.u.
Buck converter input capacitor 6755 uF
Buck converter output capacitor | 10 mF
Buck converter inductor 0.1 mH
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The simulation waveforms (with 2HCSC enabled) are shown below:
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Figure 3.24: Converter output current

The THD of converter output current is 3.19%.
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Figure 3.25: Converter output voltage

The THD of output voltage is 6.32%.
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Figure 3.28: Deicer system absorbed real power and reactive power
Qs is the reactive power absorbed by transformer primary side, Qout is the output reactive
power of transformer secondary side. Qs is 0.63MVar, Qout is -0.26MVar. Compared with

the application of SAMMC DC deicer without DC-DC buck converter, the reactive power
flow is reduced by 90%.

84



Chapter 4

Real-Time Hardware-in-Loop

Validation of SAMMC Rectifier

The previous chapters have already theoretically analyzed the SAMMC converter and also
designed and validated the SAMMC DC deicer in EMT simulations. To further test the
proposed design in real world, a lab-scale MMC setup is used to build an SAMMC prototype,
and operate it as a rectifier to heat up resistors. The design of this prototype converter and

the result waveforms are shown in this chapter.

4.1 Design and parameters of SAMMOC hardware

The RTDS Hardware-In-Loop (HIL) testing system for SAMMC rectifier is consists of fol-
lowing parts:

e MMC submodule setup is modified to be the converter.

e RTDS rack and GTIO cards are used to control the converter, send firing pulses to sub-
modules and collect voltage & current data.

e A Lab volt is used to provide AC voltage.

e Some other peripherals are designed based on certain case.

e An oscilloscope is used to read voltage and current waveforms.
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The core part of this lab-scale MMC prototype, the MMC submodule setup, is built by
Dr. Xianghua Shi. Detailed information about the design and firing principle of the lab-scale
submodules can be found in her report [43]. The table below lists some of the key parameters

of the submodules:

Table 4.1: Key parameters of lab-scale submodules.

Parameter Value Unit
SM capacitance 4.7 mF
Nominal capacitor voltage 20

MOSFET maximum voltage 100 \Y%
MOSFET rated current 137 A
MOSFET on-state resistance 4.5 mS
Diode maximum voltage 100 \Y
Diode rated current 30 A
Diode forward voltage drop 0.385 \Y%

To emulate the SAMMC DC deicer with the lab-scale prototype, a test system is built
under the design of Figure [{.1l Three SM valves are connected with a 60 Hz resonant
filter, and AC capacitors are connected at the AC output terminals to make a SAMMC
converter. Three reactors connect the Lab Volt AC voltage to the converter AC terminal as
an equivalent of three phase transformer. A load resistor is connected at the resonant filter
to be heat up. A RTDS GPC rack is used to generate firing pulses for SM semiconductors

from input modulation waveform. Also an oscilloscope is used to read and record waveforms.
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Figure 4.1: Diagram of the HIL testing system.

The design parameters of lab-scale SAMMC rectifier system is listed in Table

Table 4.2: Lab-scale SAMMC rectifier system setup

Parameter Value Unit
Number of SM per valve 10 -
Valve inductor 5.1 mH
AC side capacitor 312 mF
DC resistive load 236 Q

AC input voltage 36 \Y
Modulation index 1 -
Modulation waveform phase angle 50 degree
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4.2 SAMMC hardware result waveforms

The SAMMC HIL hardware testing system is built and shown in Figure 4.2

Figure 4.2: Lab-scale SAMMC rectifier system photo.

The devices shown in the photo Figure 4.2 are listed as: 1. RTDS rack, 2. Lab-scale
half-bridge SM, 3. Lab volt, 4. DC load resistor Converter AC side capacitor, 5. System
connect reactor, 6. Resonant filter 7. Phase lock loop (PLL) sample voltage divider.

The waveform results after reaching steady state are shown below:
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Figure 4.4: Converter valve voltage.
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Figure 4.9: DC load current.

The temperature of DC load resistor is measured to monitor the heating process on the

load. After reaching steady state, the load resistor temperature rises from 30°C to 40°C in 5

minutes as shown in Figure
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Figure 4.10: DC load resistor temperature before heating (left) and after heating (right).

4.3 Hardware validation of 2HCSC controller

This section will validate the 2nd harmonic current suppression controller (2HCSC) for
SAMMUC proposed in subsection [2.3.3

The same Hardware-in-loop (HIL) testing system with RTDS introduced in the previous
subsection is used to validate 2HCSC controller. SAMMC output line currents and phase
voltages before and after 2HCSC controller is enabled are compared and analyzed to prove
the proposed 2HCSC works in real-world hardware application.

Both of the two hardware cases with and without 2HCSC controller enabled run under

the same operation point. This operation point is recorded by the table below, Table [4.3}
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Table 4.3: Lab-scale SAMMUC rectifier setup for 2HCSC hardware validation.

Parameter Value Unit
Number of SM per valve 10 -
Valve inductor 5.1 mH
AC side capacitor 312 mF
DC resistive load 236 Q

AC input voltage 40 \Y
Modulation index 1 -
Modulation waveform phase angle 50 degree

A comparison between the converter output current before and after 2HCSC controller is

enabled is shown in Figure [4.11}

Current/A
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4 L L . . A . . L L
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
time/s

4 . . . . . . . . h
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
time/s

Figure 4.11: Comparison of SAMMC output current before 2HCSC enabled (left) and after
2HCSC enabled (right).
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Figure 4.12: Harmonics spectrum of output current before 2HCSC enabled (left) and after
2HCSC enabled (right).

The THD of phase A output current before 2HCSC controller is enabled is 2.11%, while
the THD of phase A output current before 2HCSC controller is enabled is 1.58%. In other
words, after applying the 2HCSC controller, the 2nd component of output current is elimi-
nated, the output current THD is reduced by 25%. The effectiveness of 2HCSC will increase

when current increasing.
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Chapter 5

Contributions, Conclusions and

Future work

5.1 Contributions and conclusions

Proposed in 2018, SAMMC is a relatively new topology, so far, the characteristics of this
converter topology are not well researched. This thesis discussed several details about this
converter, including its operating principles, parameter designs, and harmonics performance.
Compared with conventional MMCs, it is particularly suitable for low-power applications.
So, a novel case study of SAMMC application: low power rectifier for DC deicing was given
out. The major contributions and conclusions are:

1. Developed a harmonics calculation model to help design the converter’s SM capacitance
and valve inductor. An iterative calculation method is proposed to improve the accuracy.
The model is validated by comparing calculation results and simulation results. The error of
calculation results are less than 5%.

2. Proposed a 2nd harmonic current suppression controller (2HCSC) to eliminate the 2nd
harmonics of the converter. The controller injects 2nd order signal to modulation waveform

to remove 2nd order components from valve voltage. The controller is tested in both EMT
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simulation and hardware-in-loop (HIL) test, results shows the output current THD can be
reduced by up to 79% (depending on the operating condition).

3. Provided a guideline for SAMMC DC deicer system design. Using a mathematical
model, the impact of several key parameters (transformer secondary side voltage rating,
transformer impedance, AC side capacitor) are investigated on the deicer system.

4. Developed a Hardware-in-loop test with lab-scale MMC submodules and RTDS. The

hardware is used to validate the operation and 2HCSC of SAMMC converter.

5.2 Future work

1. The small-signal stability of the controllers proposed in this thesis to control SAMMC
converter are not studied. The PI controllers’ gain and time constants may not be tuned to
the best value to achieve optimal controlling performance.

2. The DC deicer rectifier is a very low power application (5-10 MVA). However, SAMMC
is capable to transfer a much larger power (for example, as an HVDC power tap or grid
connection inverter). So it is valuable to study the performance and dynamics of SAMMC

in a standard power system in the future.
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Appendix A

Implementation of iterative SAMMC
current harmonics calculation

algorithm

A.1 Mathematical model of SAMMUC iterative current

harmonics calculation
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Figure A.1: Fundamental current response equivalent circuit.
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Figure A.2: n-th harmonic current response equivalent circuit.

Figure [2.9)is the AC equivalent circuit of the fundamental frequency component, AC power
system is a 60Hz ideal voltage source, and Vi a1, Virber, Vivear are the fundamental frequency
component of valve voltages. Figure [2.10]is the sub-circuit for n-th order harmonic compo-
nent, and Viaon, Virben, Vivean are the n-th order components in voltage Viap, Virge, Virea-

To solve the harmonic current sub-circuits, three valve voltages and each frequency com-
ponent of them need to be calculated. From , the valve voltage is decided by the
average SM capacitor voltage in the valve and the modulation waveform. As for the mod-
ulation waveform, it is a purely sinusoidal waveform (for the condition without 2nd current
harmonic suppression controller). Moreover, the steady state average SM capacitor voltage

is decided by the current flowing through the valve, can be described as:

AVesmy(t) = Né’Sm /Ot N - wuog(t) - ig(t) dt (A.1)

where £ is the notation of each arm AB, BC, CA. From (2.3)), wva(t), wop.(t) and wve,(t)
are the modulation waveforms for three valves.
After obtaining the expression of the valve voltage, a certain current harmonic with the

corresponding valve voltage component in the sub-circuit can be calculated using the mesh
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current method. The diagram for calculating n-th harmonic is shown in Figure
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Figure A.3: Mesh current diagram for the n-th order current equivalent circuit.

In this figure, Zr, is the impedance of transformer and AC capacitor for n-th order
current; Zgrm, is the impedance of valve inductor for n-th order current; Zyijer, is the
impedance of resonant filter for n-th order current. Iy,, I, and I3, is the mesh current for
the three meshes in the circuit. Three line current 147, Igr, and Iop, are three line currents
which can be denoted as —1Iy,, I, + I, and —Is,; and three arm currents I4p,, Ipc, and
Ican can be denoted as — 1y, — I3, Is, — I3, and —1I3,.

The mesh current method is based on Kirchhoft’s Voltage Law (KVL) and superposition
theorem [38]. The circuit topology is divided into a few fundamental loops. The KVL

equation for three loops in Figure is shown below:

[1n : (ZZLn + Zarmn) + IQnZLn + [?mZarmn = VVabn
[2n : <2ZLn + Zarmn) + IanLn - ISnZarmn = _VVbcn <A2>

[3n : <3ZLn + Zfiltern) + Ianarmn - IQnZarmn = VVabn + VVbcn + VVcan
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The three equations in (A.2]) can be rearranged into matrix form as follows:

2ZLn + Zarmn ZLn
ZLn 2ZLn + Zarmn
Zarmn _Zarmn 3ZLn + Zfiltern

Denote the matrix
2ZLn + Zarmn ZLn

ZLn 2ZLn + Zarmn

as Iloop,, and matrix

VValm

- VVbcn

VVabn + VVbcn + VVcan

Zarmn _Zarmn 3ZLn + Zfiltern

]1n VVabn
IQn = _VVbcn <A3>
ISn VVabn + VVbcn + VVcan

[1n

as Zy, matrix | [,

[311

as Vloop,, in the rest of this thesis. While Vloop,, can be described as a linear transfor-

mation of valve voltage vector

VVabn
VV” = VVbcn
VVcan
with
VVabn 1 0 0
_VVbcn =10 =1 0
VVabn + VVbcn + VVcan 1 1
where the coefficient matrix
1 0 0
0 -1 0
1 1 1

is denoted as CV.

According to (A.3), the loop currents for the n-th order current can be easily obtained



Iloop, = Z.' - Vloop, = Z,' - CV - Vv, (A.4)

Keeping in mind that the loop currents are not the final current results, the line currents

and valve currents can be obtained from the equations below:

Tapn = —In

Ippn = Iin + Ion (A.5)
Iopn = —1an

Tapn = —Iin — I3,

Ipcn = Ion — I3n (A.6)
Toan = —1Isn

(A.5) and (A.6) can also be rearranged into matrix equation format:

Tarn -1 0 0 I,
Ippn| = |1 1 0| |l (A7)
ICLn 0 -1 0 IBn
and ~ _ _ L
ITagn -1 0 -1 L,
IBC’n = 0 1 -1 IQn (A8)
Ican 0O 0 -1 I3,
IALn

To simplify the notations, denote the matrix |75, | as IL,, the coeflicient matrix

IC’Ln
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-1 0 0 Lapn -1 0 -1

1 1 0] as CL; matrix | [z, | as Iarm,, and the coefficient matrix | ¢ 1 —1| as

0 -1 0 Loan 0 0 -1
CA. Thus (A.7) and (A.8) can be rewritten as:

IL, = CL - Iloop,, (A.9)

Iarm, = CA -Iloop,, (A.10)

In summary, the expressions of valve voltages for each harmonic component can be ob-
tained from and . Then, from —, the current harmonic results are
derived from valve voltage expressions. The input values for harmonic current calculation
are: the topology of SAMMC circuit, SM capacitance Cl,,, three-phase modulation wave-
forms wuy(t) and arm currents i, (t). However, when designing the SAMMC converter, only
the DC (ix(t)) and fundamental components (ix1(t)) of ix(t) are known. In other words, the
full expression of input ix(¢), including DC, fundamental component and other harmonics is
an unknown value. However, according to , it can be shown that arm current harmonics
do impact valve voltage harmonics. If this impact is ignored, the harmonics mathematical
model will lose accuracy.

An iterative method is developed here to figure out the accurate expression of ix(t) with
only DC and fundamental components. An iterative method is used to solve functions with
fixed-points. In mathematics, a function with a fixed point is a function by which independent
variable can be mapped back to itself by the function. This kind of function can be described
as f(c) = c¢. The following equations and descriptions show how to fit the current harmonics
problem into a fixed-point function problem. From and , it is shown that valve
voltages can be expressed as a non-linear function of valve currents. This thesis denote this

relationship as a function:

Vv, = fi(larm,,) (A.11)
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Also from ({A.3))-(A.8]), the valve current is a linear function of the valve voltage:

Iarm, = f»(Vv,) (A.12)

Simultaneous functions (A.11]) and (A.12)) yield:

fo(fi(ITarm,,)) = Iarm,, (A.13)

To simplify (A.13]), this thesis uses g(z) to denote fo(fi(z)). So the function of valve current

vector Iarmn can be constrained by a fixed-point function:

g(Iarm,) = Iarm,, (A.14)

It is evident that function g(x) have infinite fixed-points since there are infinite possible fun-
damental valve current i (). When the operation point is fixed, for a concrete fundamental
valve current iy (f) input, there is only one fixed-point result: the full frequency valve current
ix(t).

The iterative method for solving the fixed-point function g(x) is shown below. The DC

and fundamental components of valve current (ig+ig1) are selected as initial values for the

iteration 7). Then the result of g(i)) = i; is selected as the independent variable for the

next round of calculation. The results will converge gradually, and when the error if — 2-1]:71

becomes smaller than a certain threshold, the iterative procedure is stopped. The numerical
i = g(iy)
i = 9(ix)

description for this iterative method is as follows: Zz — g(zi)

ke k-1
i, — 1, - <err
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A.2 Implementation of iterative current harmonics cal-
culation algorithm

From [44], the majority of valve current harmonics in an MMC valve consists of 2nd harmonic.
Under this consideration, not all the harmonics will be considered in the mathematical model.
Only 2nd and 3rd harmonics will be included when programming the harmonics mathematical
model to simplify this problem.

As described in (A.14), to implement the iterative harmonics method, the expression of
the fixed-point function g(z), or f1(x) and f2(z) need to be found out. As stated before,
the whole AC circuit of the SAMMC is divided into several sub-circuits, each of which
only contains a single frequency component. Correspondingly, when focusing on 2nd and 3rd
harmonics, function g(x) can be decoupled into go(z) and g3(z), which contains the numerical
relationship for 2nd harmonics component and 3rd current harmonics, respectively.

From and (A.14), go(z) and gs(z) can also be written as fao(fo1(x)) and fso(f31(2)).
To find out g(z), four functions: fos (), for(z), fs2(z) and f31(x) need to be found out.

First find out fe(x) and f3a(z). fn2(x) describes the function from valve voltage to arm
current for n-th order harmonics. From (A.4]) and , the expression of f2(z) can be
written as:

Iarm, = f5(Vv,)=CA-Z ' - CV-Vv, (A.15)

After obtaining fuo(x), fu(x) (far(x) and fs1(z)) need to be found. f,1(x) is the function
from arm currents to valve voltages for n-th order harmonics, this relationship is described
in and . By denoting the DC component of valve currents as 4., the funda-
mental component of three-phase valve currents as %I L sin(wt — 0 — ), %I 1 sin(wt — 0 —
%’r — ), %I L sin(wt — 6+ %’r — ), the three-phase 2nd harmonic component as I,41 sin(2wt +
Oondr)s Tonaz SIN(2wt+02,42), Tonas sin(2wt+0s,,43), the 3rd harmonic component as 3,41 sin(3wt+

03rd1), I3rao SIN(3wt + 03,42), I3ra3 Sin(3wt + 03,43). Substituting these terms into ((2.4) and

(A.1]), the full expression of valve voltages can be written as:
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Vwan(t) = nap(t) - (

2Ve 1 t
_|_
3N  NCn Jo

nAB(t) . (_[dc + QIL sin(wt —0— QO))

V3

+ Ianl sin(2wt + egmu) + ISle sin(3wt + (93rd1))

N , 2Vie 1 ['N .
= 5(1 + msin(wt — 6)) - ( N + NC. /0 5(1 + msin(wt — 0)) - (—Ige

2
+ £[L sin(wt — 0 — ) + Iopgr sin(2wt + Ogng1) + Ispqr sin(3wt + Ozrq1)) dt

V3

Vi , N 2 L.
= (1 + msin(wt — 0)) + —— |— V2 Iy, cos(wt — ¢ —0) + e cos(wt — 0)
3 4C'srn wvV3
__m I sin(2wt — ¢ — 20) — Lanas cos(2wt + Oopa1) — Larr cos(3wt + O3,.41)
2v/6w w 3w
+ m; dl sin(wt + Ogpg1 + 0) — M 2ndy sin(3wt + Ogpg1 — 0) + M o3rdn sin(2wt + 05,41 + 0)
w
mls.qr . Nm V6 . N
_ 82}511 Sln<4wt + 937«(11 — 6):| -+ 4csm _6_WIL Sln(2wt — @Y — 29) - 6_w Sll’l(@)
4 M (2wt — 2¢) mly (cos(wt + ) (3wt 30))
sin(2wt — - cos(w — cos(3wt — p —
9% ¥ 4\/6(,0 % %
Ionar , . . I3vaq1 , .
_ ljl (sin(3wt — 0 + O2,q1) — sin(wt + Oopgy +0)) — 351 (sin(4wt — @ + O3,41)

mlana1 (

— sin(2wt + 3,01 + 0)) + c08(20 + Ozpa1) — cos(2wt + Oonar))

_ mdana
12w
misrq1

(cos(2wt + O9,q1) — cos(dwt + Oopgr — 20))

(cos(wt + O3.q1 + 20) — cos(3wt + O3,.41))

I3,
_ Mi3rd1 (COS(?)wt + 63rd1) Cos(5wt — 20+ ‘93rd1))

16w

115



2V 1 ¢ V2 21
t) = npe(t) - Lo+ 2T t—f—p——
npc(t) (3N + NCsm/O npc(t)(—lae + 73 L sin(w v )
—|— Igndg SiIl(th —|— andg) —f- ]37"d2 sin(3wt —|— €3rd2))
N 2 2V N 2
= 2(1+msm(wt—9—§))-(3ﬁf NC'sm/ 1+msmwt—9—§))-(—]dc
2 2
+ %ILsm(wt —0—p— ?ﬂ) + Iopgo sin(2wt + Oap42) + L3740 SIn(3wt + O3.40)) dt
Vie P N 2 9
= ; (14 msin(wt — 6 — 1)) + o w\/\/_—IL cos(wt — ¢ — 0 — g)
mlg. 2w
t—60— —
+ - cos(w 3 )
m . A Donap
- I sin(2wt — ¢ — 20 — ) — p
N L sin(2wt 0 3 ) 5% 0s(2wt + Oa542)
I3rq2 ml. 2nd2 27
- cos(3wt + O3,.42) + in(wt + Oopgo + 0 + — 3 —)
Mlonaz . 2
— 3wt + Ogpge — 0 — —
» sin(3wt + Oopao 3 )
mls,q . 2 mlsqs . 2w
% in (2wt + O3raz + 0 + ) — Sidz sin(dwt + Oz, — 0 — =)
N 6 4 6 I . 4
4021 _6%IL sin(2wt — ¢ — 20 — %) — 6% sin(y) + n;: sin(2wt — 2 — %)
miy, ( 2w [2nd2 . 2m
— cos(wt + ¢ — —) — cos(3wt — ¢ — 360)) — (sin(3wt — 0 + Oopgo — —)
4/6w 3 4w 3
2 I37“d2 . 2 . 27
— sin(wt + Oopgn + 60 + 3 —)) — . (sin(4wt — @ + 03,90 — ?) — sin(2wt + O3,42 + 0 + ?))
2nd2 (cos(26 + Oopan + ?ﬂ) — cos(2wt + Oap42)) — 122:2 (cos(2wt + O2pa2)

4 I, 4
— cos(dwt + anas — 20 — =) + T (cos(wt + By + 20+ =) — cos(3wt + b))
W
ml,, 47
_ 1g’wd2 (cos(3wt + O5,42) — cos(bwt — 20 + O340 — ?))

(A.16)
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2Vie 1

. 2T
3N NC,,

/0 nea(t)(—1lae + %IL sin(wt — 0 — ¢ + ?)

—|— ]Qndg sin(2wt —f- andg) —I— ]3Td35m(3wt —|— 93”13))

VVca(t) == nCA<t> : (

t
= E(l + msin(wt — 0 + 2—7T)) : (2Vdc + ! / g(l + msin(wt — 0 + Q—W)) (e
0

2 3 3N  NC,, 3
2 2
+ \/T;IL sin(wt — 0 — ¢ + g) + Iopas sin(2wt + Oa,43) + L3743 Sin(3wt + O3,.43)) dt
Vie , 9 N 2 9
= ; (1 +msin(wt — 0 + ?ﬁ)) + 0 —w\/\/_gchos(wt —p—0+ %)
mlg. 2
t—0+ —
+— cos(w +3 )
Ar I, Is,
_ Q\T/n&d Iy sin(2wt — ¢ — 20 + ?W) — ;;3 cos(2wt + Oopa3) — ;:3 cos(3wt + O3,.43)
+m12nd35.(t+0 +9_27T)_m[2nd3s. (3wt + 6 _0+27T)
%% miw 2nd2 3 6w miow 2nd3 3
mlsas . 2w mlsgs . 2w
+ 42;13 sin(2wt + 03,43 + 0 — ?) _8—3wdg sin(4wt + 03,90 — 0 + ?)
N 6 4 6 1. 4
407:; —g/—;]L sin(2wt —  — 20 + ?ﬂ) — % sin(p) + 77;: sin(2wt — 2 + g)

I 2 L -
477/62 (cos(wt + ¢ + %) — cos(3wt — p — 30)) — st (sin(3wt — 0 + Oapa3 + ?ﬁ)

= SI(WE + Oanas + 0 = T0)) = 2 (sin(det — @ + Oy + =) — sin(2wt + by + 6 — )

I, 4 I,
M 2nds (cos(26 + O2pa3 — —W) — cos(2wt + Oa,43)) — T 2nd3 (cos(2wt + O2pa3)
4w 3 w
4 Iy, 4
— cos(4wt + g3 — 20 + ?ﬂ)) + %(Cos(wt + Ospq3 + 260 — ?ﬂ) — cos(3wt + O5,43))
w

1, 4

— Tnlg d3 (COS(3wt + 93rd3) — COS(5(JJt — 26 + 03rd2 + ?ﬂ-))
w

From (A.16)), derive function f;(z) : Vva = fo;(Iarmy, Iarm,, Iarmy, Iarms) for each valve
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as:

VVab? (t) -

Wpea(t) =

VVcaQ (t) =

N Imiy, . Lonar
— sin(2wt — ¢ — 20) — cos(2wt + Oopq1)
405771 ( 2\/6(,0 ( 4 ) w (
Is, m2Iy. |
+ % sin(2wt + 03,41 + 0) + d sin(2wt — 260)+
w
I3, m?1s,,
MZ3rdy sin(2wt + 03,41 + 0) — j} — cos(2wt + Oopa1)
w
2]
_ I fondl COS(QCUt + 02nd1)
12w
N 3m[ph . [2nd2
— 2wt — o +120° — 260) — cos(2wt + 04,
o (- sin(zat - ) 2 st + )
m?l,, . .
mlsraz sin(2wt + 03,40 + 6 + 120°) + wd sin(2wt — 260 + 120°) : )
A1T7
I3, o m?21y,
+ M srd2 sin(2wt + 03,42 + 6 + 120°) — 2nd2 cos(2wt + Oapnan)
2]
_ I P2nd2 cos(2wt + Oapgo)
12w
N Imly, . Ionas
— 2wt — p — 120° — 260) — cos(2wt + b,
i, ( /6w sin( ¥ ) % ( 9nd3)
m2l,, . o
+ % sin(2wt + 05,43 + 6 — 120°) + wd sin(2wt — 20 — 120°)
w
m 1343 o M3
+ ——=sin(2wt + 3,43 + 0 — 120°) — ——= cos(2wt + Bap43)
6w w
2]
_ leZLdg cos(2wt + Hgndg))
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And function f51(x) : Vvs = f3(Iarmg, Iarm;, Iarm,, Iarm;) as:

N I3, Ionar .
Viabs =10 <— ;:}ll cos(3wt + O,q1) — mGiudl sin(3wt + Oopgr — 9)>
Nm ( ml,, Lnar .
— 3wt —p —30) — 3wt — 0 + Oy,
+408m <4\/6w cos(3wt — ¢ ) ™ sin (3w + O2na1)
3mls,
— ]_szdl cos(Swt + 03“11))
N Is, Ionaz .
Wes To <— ;f cos(3wt + O3q2) — M 2nd> sin(3wt + Oopge — 6 — 120°))
Nm mIph IanZ .
— 3wt — p — 30) — 3wt — 0 + Ogpge — 120° A.18
3mls,
— 16ijd2 COS<3(JJt + 03rd2))
N I3, Ionas . o
Vi eas :408m (— ;53 cos(3wt + O3,q3) — M 2nds sin(3wt + g3 — 0 + 120 ))
Nm ( ml,, Ionas .
— 3wt — p — 30) — 3wt — 0 + Oa,,43 + 120°
+4Csm <4\/6w cos(3wt — ¢ ) " sin(3w + O2na3 )
3mls,
_ 16z)d3 cos(Swt + Qgrdg))

After obtaining all the functions, the iterative converter harmonics calculation method is

described as a flowchart: Figure [A.4]
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Input: Calculate
Circuit parameters; nitial value
Operation point: Ide, IL of Tarm0

k=k+1

x

hd

Vu2k :le( LarmF! ) (:eq 23)
vozk =13 1( Tarm* ) (eq 239)

!

Tarm?2k =f22( V2k )
Tarm3t =f32( Vusk) (ﬁeq 236)

|

[Larm2* — Iarm2% 1| < err 2

|[Larm3* — Larm3* 1| < err ?

Output : harmonic
current IL.2, I3

(eq2.30,eq2.31)

Figure A.4: Diagram of iterative converter harmonics calculation method procedure.
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