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Abstract

Modular multilevel converters (MMC) are gradually becoming the technology of
choice in high-voltage direct current (HVDC) power transmission for grid integration
of large-scale offshore wind farms and multi-terminal HVYDC transmission schemes.
Each phase of an MMC HVDC terminal consists of several hundreds of identical sub-
modules that switch a module capacitor in and out of the circuit to synthesize near
perfect sinusoidal ac voltages. This operation requires sophisticated control and
modulation techniques. Furthermore, the design of converter, validation of control
system and operational planning requires robust simulation models. To precisely
model the switching operation in the converters electromagnetic transient solvers
are employed. These solvers utilize numerical integration methods and nodal anal-
ysis to resolve the system in time domain.

However, the design of MMC poses a computational challenge to the classical elec-
tromagnetic transient simulations techniques. Independent operation of submod-
ules necessitates explicit their modeling, which leads to hundreds of nodes and
semiconductor devices in the equivalent models. This time-varying topology with
hundreds of nodes leads to the excessive computational load on the electromag-
netic transient solvers. To address this, existing literature proposes numerous ef-
ficient equivalent models for MMC based on submodule/arm’s Thevenin’s equiva-
lence, switching function or average representations. The desired equivalent mod-
els for EMT studies are expected to reproduce internal and external dynamics of
the converter in stationary and transient conditions. However, many of the existing
models in literature lack the capability to capture the blocked state of operation
of submodules, which finds application in the dc fault operation of the converter.
Furthermore, with an extensive collection of proposed models, existing literature
lacks an independent collective objective comparison of proposed models, which
enable suitable selection of model based on the simulation needs.

In light of these requirements, this thesis presents a comprehensive review and
enhances models from the existing literature. Moreover, using PSCAD/EMTDC sim-
ulations the proposed models are evaluated against the detailed model of the con-
verter regarding accuracy and computational load. The simulations confirm the
ability of enhanced models to capture the dynamics of converter under stationary
and severe transient conditions. Furthermore, based on the simulation methods
and results, the thesis addresses limitations of the proposed models and presents
recommendations for their simulation applications.

In addition to the specific focus on electromagnetic transient simulation models,
the thesis further aims to serve as a tutorial for the MMCs technology. Therefore
the thesis presents a detailed account of MMC operation, and its associated control
and modulation system.

Index Terms — High-voltage direct current (HVDC), Modular multilevel convert-
ers (MMC), Thevenin's equivalent model, Switching function models, Average value
models, Electromagnetic transients.
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Introduction

This introductory chapter serves to state the background, the motivation
behind the work, primary objectives and defines the layout of the Thesis.

1.1. Motivation and Past Work

Changing climate conditions, limited fossil fuel resources and ever increasing global
thirst for energy, demand for major transformations in the energy landscape. In
the last century, electric power has gradually evolved as the primary medium of
energy for household and commercial consumption. With electricity sector account-
ing for around 24.6% of global greenhouse gas emissions [3], international treaties
[1, 2, 4], summarized in table 1.1, are pushing for reduced dependency on fossil
fuels and deployment of renewable energy sources. An eco-friendly electrical gen-
eration with renewable resources, e.g. hydro, the wind and solar, offers a clean
and sustainable solution to the energy demand. However, integration of these re-
sources into the traditional AC power grid poses various challenges. In most cases,
renewable assets are concentrated in remote areas. In particular, for off-shore

Table 1.1: Climate Change: International Treaties and Targets

Treaty Targets

Kyoto Protocol  “Stabilization of greenhouse gas concentrations in the atmosphere..."[1]

20% cut in greenhouse emissions, 20% energy from renewables and

EU 20-20-20 20% increase in energy efficiency (Targets for the year 2020)

COP-21 “Holding the increase in the global average temperature to well below 2°C..."[2]

15
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wind farms, long distance submarine power cables are required for water cross-
ings. Transmission of bulk power over long distances especially via underground
and sub-sea cables turns out to be a challenging task for high-voltage alternating
current (HVAC) transmission, where the innate reactance of overhead lines or ca-
bles tend to limit power transmission capability. In addition to this, integration of
intermittent renewable assets, such as wind energy, with weak AC links presents
additional problems.

An alternative for HVAC is high-voltage direct current (HVDC) transmission which
unaffected by reactive elements of line, has theoretically no limit on transmission
distance and provides a controllable mode of transmission. However, HVDC re-
quires converters at both ends to convert from AC to DC and vice versa. Historically
absence of reliable and efficient converters has been the bottleneck in the devel-
opment of HVDC. Nevertheless, the recent invention of DC/AC cascaded modular
multilevel converters by Lesnicar and Marquardt [5-8], offers an efficient and eco-
nomically viable solution for grid integration of remote resources and bulk power
transfer. This converter topology with its inherent modular and scalable configu-
ration promises to mitigate the limitations of existing dc-ac converter technologies
and is gradually becoming the choice for HVDC converters.

Modular multilevel converters (MMC) are becoming the technology of choice in
HVDC power transmission for grid integration of large-scale offshore wind farms
and multi-terminal HVDC transmission schemes. Each phase of an MMC HVDC
terminal can consist of several hundreds of identical sub-modules that switch a
module capacitor in and out of the circuit at different times to synthesize the re-
quired ac-side voltage waveform. This operation requires sophisticated control and
modulation techniques. Besides this, the application-specific design of converter
system presents a need for its accurate modeling and computer simulation to-
gether with the associated power system, which is essential for efficient design,
validation of complex control systems, and operational planning. In power elec-
tronic systems, switching operation is integral and the prime source of transients in
the system. Therefore for MMCs, Electromagnetic transients (EMT)-type solvers are
utilized for the simulations. These solvers employ the solution method proposed
by Dommel [9] that uses the trapezoidal rule of integration and Bergeron’s method
[10] for representation of lumped and distributed circuit elements in the form of
time-varying current sources and conductances respectively. With this equivalent
representation, step by step time domain solution of the system is obtained using
nodal analysis. However, due to the non-linear characteristics of semiconductor
devices and subsequent time-dependent topology, power electronic systems tend
to be computationally intensive with this solution method [11, 12].

In conventional thyristor and IGBT based converters, individual valves are com-
posed of series-connected semiconductor devices which operate simultaneously
and for purposes of EMT modeling behave as a single component. To the contrast,
MMCs for HVDC applications employ hundreds of sub-modules with an independent
operation. Therefore, MMC simulation with explicit modeling for each semiconduc-
tor device has an enormous computational load.
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To address the need for efficient MMC models existing literature presents several
levels of equivalent representation. Fast and accurate simulations of EMT phenom-
ena require models that capture all of the operating modes of the converter and
allow for the natural development of its dynamics.

Such efficient models from the existing literature include:

» A simplified average model for the steady-state and dynamic behavior of MMC
was investigated first by Teeuwsen [13]; however the article provides little detail
on the model itself.

» Based on the nested fast and simultaneous method [14], Gnanarathna et al. [15]
proposed an equivalent detailed model for MMC where all sub-modules in an
arm are modeled with their Thevenin’s equivalence. This model offers superior
computational speed while retaining information for each sub-module. However,
this representation does not inherently capture blocked state of operation of sub-
modules. References [16—24] validate and present enhanced versions of this
detailed equivalent model. Similar to this, Xu et al. [25] proposed an accelerated
model, which partitions sub-modules from the rest of the system and mimics the
interconnection with dependent sources. Reference [23, 26] validate and present
enhanced versions of this model.

Both of these representations split the computation associated with individual
sub-module/arm and rest of the system. Thus, they exploit the computational
efficiency of solving numerous small matrices or a set of algebraic equations
instead of one large matrix and drastically increase the computational speed.

o Switching functions models for MMC are presented in [27-31]. Articles [28-30]
utilize state-space formulation which is computationally intensive and not suitable
for fault studies in an HVDC system. While articles Adam et al. [31] proposes a
generalized switching function model that uses binary functions to model the
individual operation of sub-modules with high computational efficiency.

 To address the need for very fast modeling representation, various simplified av-
erage models for MMC have been proposed in the literature [18, 32—-47]. Articles
[18, 32—34] extend the classical average modeling technique for 2/3-level con-
verters [48] to MMC and represent its terminal dynamics using controlled sources;
articles [35, 36] presents enhanced versions of this model, capable of simulating
blocked state of operation. References [37, 38] reduce MMC to an equivalent
buck-boost circuit. These representations do not inherently model internal dy-
namics of the converter and lack natural development of its internal and external
dynamics,which are governed by arm currents, and sub-module capacitors, and
therefore are only suitable for the stationary operation of the converter.

Furthermore, articles [39, 40] present continuous models of converter based on
state-space formulation and differential equation respectively; articles [41, 42]
extends the latter model for the modeling capability of the blocked state.

These existing models provide a faithful representation of the terminal behavior of
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converter. However, these models do not inherently capture all operating states of
converter but instead, utilize fictitious diodes and switches to mimic blocked state of
operation. Furthermore, the literature lacks an independent collective comparison
of the equivalent models.

Therefore, this thesis aims to enhance and develop MMC equivalent representations
that model all states of operation and provide a thorough review and objective
comparison, regarding relative accuracy and computational efficiency, of the models
that are suitable for EMT studies.

1.2. Objective

This thesis is aimed towards gaining insight in of modular multilevel converters for
high-voltage direct current applications. The prime objective is to develop compu-
tationally efficient models for modular multilevel converters for simulation of elec-
tromagnetic transients.

1.2.1. Specific Objective

¢ Develop the understanding of operating principles of MMC.

¢ Investigate various control and modulation techniques for MMC.

« Investigate and develop different levels of simplified equivalent models for MMC.

« Validate proposed models of the converter regarding accuracy and computational
speed against a detailed representation.

1.3. Main Contributions

The main contributions of this thesis are:

» Theoretical analysis of MMC: The thesis presents a detail mathematical formula-
tion of internal and external dynamics of converter and optimization of the size of
converter components. Furthermore, building on this mathematical formulation
the thesis presents an overview of control and modulation techniques.

¢ Enhancement equivalent models: The primary contribution of this thesis is an
independent study of existing equivalent models of MMC and enhancement in
these models that enable inherent modeling all operating states of the converter
and allow for the natural development of all of its internal and external dynamics
under stationary and transient conditions.

» Comprehensive comparison of equivalent models: The thesis presents a detailed
comparison regarding accuracy and computation speed of the equivalent models
under various operating conditions.
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1.4. Report outline

The report is structured as follows:

e Chapter 2 gives an overview of the need for HVDC systems against HVAC and
presents a brief account of power converter technologies besides modular multi-
level converters.

o Chapter 3 introduces the basic structure of MMC converter, its operating principle
and develops a continuous analytical model. Furthermore, circulating currents
and capacitor voltage ripple associated with converter arms are analyzed here.

o Chapter 4 provides brief mathematical derivations for optimum sizing of MMC
components for given ratings and constraints.

» Chapter 5 provides a brief description of the control techniques for grid-connected
converters including voltage balancing and circulating current suppression control
methods for MMCs. Furthermore, a linear time-invariant model of MMC is derived
and subsequently utilized in optimal tuning of MMC's dc voltage and ac-power flow
side controllers.

» Chapter 6 gives a review of modulation techniques for the MMCs.

o Chapter 7 presents a very short account of the operation of MMC under AC and
DC fault scenarios.

o Chapter 8 delves into the solution methods for electromagnetic transient sim-
ulations. Different levels of EMT models for MMCs from existing literature are
derived and enhanced in this chapter.

o Chapter 9 presents and compares PSCAD/EMTDC simulation results for various
equivalent models of MMCs under various transient conditions.

« Finally, Chapter 10 completes the thesis with discussion and drawn conclusions.

1.5. Publication

The list of publications from this thesis is as follows:

Conference Presentation: S. Khan, J. A. Suul, E. Tedeschi and M. Jafar, “Blocking
capability for Switching Function and Average Models of Modular Multilevel
Converters”, Environment and Electrical Engineering (EEEIC), 2016 16th
International Conference on, Florence, Italy, 7-10 June, 2016.






Background

AC and DC mode of transmission are individually viable for different
applications. With generation and consumption in AC, power converters are
essential for HVDC transmission. This chapter serves to give a brief account

and comparison of HVAC and HVDC transmission. A short overview of the
two most frequently used types of power converters is also presented here.

2.1. Modes of Transmission

Power transmission forms the critical link of connecting consumers to generation.
Distributed generation and an emphasis to tap into renewable resources are pushing
conventional methods of transmission to its limits. This section presents a brief
account of the two modes of transmission.

2.1.1. High Voltage Alternating Current Transmission

Conventional high-voltage alternating current (HVAC) transmission systems form
the backbone of electric power system. In AC systems, transformers are utilized to
step up/down voltages and transfer of energy is achieved by overhead transmission
lines or underground/submarine cables. Easy transformation capability, together
with generation and consumption of electricity in AC has been the driving forces
behind widespread use of AC systems.

For AC, the transmission line is modeled by four parameters i.e. series resistance R’,
inductance L', shunt capacitance ¢’ and shunt conductance ¢’ which are distributed
along the line as illustrated in fig. 2.1. Resistance R’ is dependent on conductor’s
resistivity and dimensions. The skin effect associated with AC tends to make R’

21
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Figure 2.1: Representation of segment of a transmission line / cable

higher than that for a DC system. Series inductance L’ in line is attributed to the
internal and external magnetic fields. Mutual and ground coupling of conductors
results in the parasitic shunt capacitance ¢’. Insulating medium, dimension and
relative position of conductors determine these reactive parameters of line. Shunt
capacitance is further affected by the conductor’s proximity to the ground. Further-
more, leakage currents between conductors or between conductors and ground
give rise to the shunt conductance G'.

Similar to the overhead lines (OHL) parasitic elements are present in underground
and submarine cables. However, different structure, arrangement and insulation
materials in cables imply a significant difference in values [49]. In comparison to
OHL, conductors in cables are relatively closer to each other and the ground. More-
over, cables employ solid or a combination of solid/ liquid dielectrics which have
higher permittivity, unlike OHL where the air is the dielectric medium. These con-
ditions subsequently lead to higher shunt capacitance and lower series inductance
in cables as compared to OHL.

These parameters characterize the transmission line/cable and define the power
transmission capability. For an AC transmission line/cable power carrying capacity
is limited by [50]:

1. Steady-state stability.
2. Thermal limits.

3. Voltage limits.

Steady-state stability

The steady-state stability limit (SSSL) is defined as “... maximum power at the
receiving end of the circuit that can be transmitted without loss of synchronism if
the load is increased in very small steps and if the field currents are changed after
each increment of load so as to restore the normal operating conditions (usually
constant terminal voltages) [51]”. This limit is even applicable to lossless lines.
If a system exceeds this power limit, associated machines in the system will lose
synchronism.
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Table 2.1: Parameters of Cable/Line

OHL!  Submarine Cable?

Voltage level (KV) 500 500
R'(Q/Km) 0.024 0.026
L'(mH/Km) 0.87535 0.17507
Cc'(nF/Km) 12.992 286.9
G'(Q~Y/Km) 0 0

The steady state stability limit in an AC transmission lines is given by [50]:

AL
Prax = - 7 cos(6, — ) (2.1)

Voltage at sending end = V526
Voltage at receiving end = V320
y=JR +jwl)(G" +jwC")
where, Z't0, = Z. sinh(yl)

2.~ [BHes

As6, = cosh(yl)

SSS B, corresponds to § = 6,

Figure 2.2 illustrates the impact of line length on SSSL, where B,,,, Vvs. transmis-
sion distance(eq. (2.1)) is plotted for typical values of an OHL and submarine cable
table 2.1 with assumption V; = V5. The plot reveals that power transmission capa-
bility of a transmission line decrease with increasing length of the conductor, where
cables tend to suffer more drastically with increasing distance.
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Figure 2.2: Maximum transmission capability of transmission line/cable

1Table 7.1 [49]
2Table 7.2 [49]
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Thermal limits

Losses in the conductor impose thermal limits, to restrict the temperature rise and
the subsequent sag in the overhead lines. The resistance of line contributes these
losses; which tend to elevate in ac systems, due to the increased magnitude of the
current because of the flow of reactive power.

Alternating current implies changing flux in the parasitic inductance, and this leads
to consumption of reactive power by the line. Similarly, alternating voltage implies
continuous charging and discharging of the parasitic capacitance which leads to the
generation of reactive power. The associated reactive power produced by shunt
capacitance and consumed by series reactance is given by:

Qc=jo(C'HV? Q= ju'DI? (2.2)

At a resistive load equal to surge impedance loading (SIL) ( \/; for a lossless line)

the reactive power consumed by parasitic inductance balances reactive power sup-
plied by parasitic capacitance. However, with higher loads line consumes reactive
power; similarly, for lower loads, there is net reactive power generation. This flow
of reactive power increases the magnitude of current in lines/cables which in turn
increases losses and reduces its power carrying capability as imposed by the ther-
mal limits.

Voltage limits

In the transmission system, the voltage drop along the line is also kept within limits
and this, in turn, restricts the power carrying capacity. Besides voltage drop across
line resistance, reactive power flow tends to disturb the voltage profile along the
line. At SIL net reactive power in line equate to zero and the voltage profile along
a lossless line is flat. However, for cases when a line is lightly loaded or unloaded
the effect of shunt capacitors dominate. Shunt capacitors imply flow of “charging
currents” even in absence of load which are given by:

Icharging = jo(C'V (2.3)

Under these conditions, there is a net production of reactive power from the trans-
mission line; this results in a higher magnitude of the voltage at receiving end than
the transmitting end. This occurs, as capacitive “charging currents” through line
inductance produce a voltage in phase with the voltage at transmitting end; re-
sulting in an increase in voltage along the line. Here both inductance and shunt
capacitance contribute to voltage rise, and this voltage rise is shown to be propor-
tional to the square of line length. This effect is known as Ferranti’s effect after its
discoverer Sebastian de Ferranti [52]. To the contrast, when the line is overloaded,
parasitic series inductance dominates, and there is a voltage drop along the line.

These over-voltage and under-voltage problem at the receiving end of the line
becomes more significant as the line length increases and leads to voltage control
problems.
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In general, power carrying capacity of short transmission lines (< 80Km) are re-
stricted by thermal limits; while loadability of medium length lines (80—100Km) are
determined by voltage limits and steady state stability limit defines the loadability
for the long transmission lines (> 300Km) [50].

In conclusion, HVAC transmission is plagued by higher line losses, lower power
transmission capacity, and voltage control problems. Moreover underground/sub-
marine cables with higher shunt capacitance tend to suffer from excessive reactive
power in lines adding to losses, voltage regulation problems and have lower SSSL
rendering limited application for long distance transmission. To address these lim-
itations of HVAC reactive compensation in the form of shunt reactors/capacitors is
required along the line at regular distances. Furthermore, in ac power flow is dic-
tated by line parameters and network topology and is not controllable. Additional
flexible alternating current transmission system (FACTS) devices are required to
make power-flow controllable. These supplementary devices add to the cost of the
system and are not always feasible for the submarine cables.

2.1.2. High Voltage Direct Current Transmission

HVDC transmission, as the name states use high voltage DC current to transmit
power. Direct current implies that transmission capability is unaffected by parasitic
reactive elements associated with lines and is, therefore, independent of the length
of cable/line. However conversion from ac to dc and dc to ac at transmitting and
receiving ends, respectively, requires additional power converters in the system.

Flow of dc current and presence of converters offers various advantages over HVAC
transmission as enumerated below [53-56]:

e In DC, two conductors are required for transmission, whereas three phase AC
systems utilize at least three conductors. This implies that

— HVDC offers more power transmission capability over the same network as
HVAC. For similar insulation level and cross-sectional area for conductors, DC
system provides 40% more power carrying capacity than that of an AC system.

— HVDC offers a smaller footprint, reducing cost and environmental impact.

» DC systems as stated earlier are unaffected by parasitic inductive and capacitive
elements of cable/line. This implies that [54]:

— There is theoretically no limit on transmission distance.

— No voltage control problems due to Ferranti’s effect.

— No requirement for reactive compensation along the line.
 Presence of converters on both ends of transmission line implies:

— High-speed controllability on the power flow.
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— Limits on short-circuit currents, unlike AC where interconnection elevates fault
level in the system

— No restriction of synchronism (frequency or phase angle) on the two AC sides.

¢ Lower transmission losses with HVDC due to the absence of skin, proximity effect
and lower corona losses.

e HVDC links act as “firewall” to propagating and expanding faults in a network
[56]. In a conventional system in case of a widespread outage or a “black-out”
standby generators are required to bring power plants to operating conditions i.e.
“black-start”. HVDC due to its ability to isolate cascading faults restrict the extent
of black-out. In addition to this, the ability of some HVDC converter technologies
to operate in the absence of AC grid give them a potential as “black- starters” i.e.
to restore AC network in case of a black-out.

Even with of all of the advantages of DC, historically AC has been the main driving
force for transmission of energy. The proliferation of AC over DC is attributed to
the ease with voltages can be stepped up or down in AC systems. AC employ
transformers to convert voltages to desired levels, whereas such a simple equivalent
device is absent for DC systems, which has been the core reasons for the dominance
of AC transmission. In the past, solutions available for HVDC converters, either as
an interface between AC and DC system or between different level DC-DC systems,
have been inefficient, expensive, unreliable and had a much larger footprint. The
disadvantages of HVDC systems are mainly contributed to the limitation of power
converter technology.

The presence of converters poses:
¢ Additional losses and costs at the terminals of the HVDC system.

¢ An additional requirement of filters at terminals to mitigate harmonics from con-
verters. Nevertheless, multi-level converter topological allow filter-less configu-
ration.

¢ An additional requirement of reactive power compensation at terminals for some
power converter technologies.

The absence of reliable and efficient converters has been the bottleneck in the
development of HVDC. In addition to this, lack of DC breakers is still a constraint
in multi-terminal and network operation for HVDC. This has restricted the use of
HVDC in the power system. Nevertheless, due to its unique characteristics, HVDC
transmission finds specialized application in [53]:

1. Long distance bulk power transmission.
2. Interconnection of asynchronous systems.
3. Submarine/offshore applications.

4. DC links in AC grid for control of the power flow.
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Long distance bulk power transmission is mainly used for connection of remote
hydro or solar generation e.g. the 3.0 GW 940-km long HVDC link between three
gorges and guangdong in China [57]. Interconnection of asynchronous systems is
meant for back to back connection of two or more independent systems especially
links between countries operating at different frequencies. Submarine cables have
application in connecting offshore wind farms and in some cases connection of
offshore oil/gas platform to shore power. HVDC links in AC grid are primarily used
to strengthen the existing grid; the high-speed control offered by HVDC link aids in
the stability of an AC system.

2.1.3. HVDC vs. HVAC

As discussed earlier “frequency” associated with AC systems tends to make long
distance transmission far more involved than DC. On the other hand, the high cost
of converters limits the feasibility of use of HVDC. Therefore, for any long distance
transmission, economic analysis is necessary to determine the suitable mode of
transmission. Based on this economic evaluation, the term “break-even distance”
is introduced, which refers to the transmission distance at which both HVDC and
HVAC have equal economic feasibility. For HVDC at break-even distance, lower line
costs and lower capitalized cost of losses counterbalance the higher terminal costs,
making HVDC as economically viable as HVAC [58].

To determine feasibility of HVDC vs. HVAC for a particular transmission system
economic analyses is performed based on the following factors [59]:

1. Terminal Cost.
The cost of power converters and filters to mitigate harmonics introduced by
converter implies higher station cost in HYDC compared to HVAC.

2. Cable/Line Cost.
The cost of line/cable per unit distance is lower in HYDC compared to HVAC.
For similar power transmission capability, HVAC is required to have the higher
rating as it suffers from the flow of reactive power and higher losses. More-
over, HVDC requires fewer conductors than HVAC and since DC peak voltage
is % times that of AC voltage a lower insulation class is required for the HVDC

lines or cables.
3. The value of losses.

An additional requirement of compensator along the line as distances increasing
also adds to the cost of HVAC system. Figure 2.3 illustrates cost vs. transmission
distance for typical HVAC and HVDC systems.

Technical and economic analyses presented in [60, 61] for offshore wind farms
shows that economic break-even distance between HVAC and HVDC is around 35-
90 Km. Similarly, for the case of overhead lines break even distance is around
500-800 Km [55].
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Figure 2.3: AC vs. DC Transmission Cost over distance

2.2. HVDC Converters

With generation and consumer supply at AC voltages, converters are essential for
HVDC transmission. HVDC converters date back to late 19th century when rotatory
converters i.e. electrical machines were used as mechanical rectifier and inverters.
With the invention of mercury arc valve in early 20th century these expensive, inef-
ficient and high maintenance rotary converters were gradually replaced by mercury
arc line commutated converters (LCC). Mercury arc valves converters for commer-
cial HVDC transmission were first employed in 1954 for the HVDC link connecting
Swedish mainland and the island of Gotland [62]. Development of solid state de-
vices led to the replacement of mercury arc valve by solid state thyristor. Solid
state thyristor valves offer various advantages over mercury valves; they are free
of poisonous mercury, offers fewer losses and are less susceptible to re-strikes
during transient fault events. The first thyristor valves only commercial converter
was employed in 1972 by Canadian General Electric and NB Power at Eel River for
HVDC transmission [63]. Further research in high power electronics gave way to
insulated-gate bipolar transistors which unlike thyristors has the additional ability
of controlled turn-off of current. This development led to voltage source convert-
ers (VSC), the first HVDC transmission with VSC converters commercial installed in
1997 power between Hellsjon and Grangesberg in Sweden [64].

At present both LCC and VSC are commercially used for HVDC converters, LCC with
high power capability is the preferred choice for overhead lines whereas VSC with
a smaller footprint and “black-start” capability is preferred for offshore wind farms.
For now, HVDC converters are expensive, and the added cost of converters at the
transmitting and receiving ends need to be offset by the energy saved due to lower
losses, making HVDC financially unviable for short distances.
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2.2.1. Current-source/Line-Commutated Converters

Line-commutated means that commutation process is dependent on the line volt-
age of the associated AC system. Line-commutated converters employ mercury
valve or thyristor as the commutation device. The thyristor is a semi-controllable
semiconductor device, i.e. a forward biased thyristor can be turned on at desired
instant with the gate signal. However, the gate signal offers no control over the
turn-off instant, which naturally occurs if the current through thyristor drops below
the "holding current”.

A six pulse bridge converter illustrated in fig. 2.4 forms the building block for LCC
converter. It comprises of two thyristors per phase leg that allow or inhibit the
flow of current in synchronized manner to get the desired operation. The term
“six” refers to six commutations in converter per cycle, resulting in a pulsed voltage
waveform [56]. The waveform on the dc side is made up of line-line voltage pulses
and at any instant in time exactly one of the two thyristors in each leg is conduct-
ing. Each thyristor conducts for an angle of %’T radians. For HVDC transmission, the
inverter end sets the dc voltage whereas rectifier end controls the dc current by reg-
ulating the voltage difference. Delay/firing angle («), i.e. delay of gate pulse from
the instant when the thyristor is forward biased, provides control for the thyristor
and consequently operation of the converter. For 0 < a« < Z converter has rectifier
operation and for 7 < a < — ¥y, it works as an inverter.

For HVDC systems mostly used configuration is the twelve pulse bridge arrangement
fig. 2.5. This topology comprises of two six pulse bridges, phase shifted by 30°,
connected in parallel on AC and series on the DC side. This configuration eliminates
fifth and seventh harmonics [65, 66].

P

AC Side

DC Side

X

Figure 2.4: Six Pulse bridge converter Figure 2.5: Twelve Pulse converter

The limitations of thyristor-based converters and their impact are as follows:

« For the operation of LCC synchronous voltage source is required. This implies
that LCC cannot operate in the absence of AC grid and hence doesn’t have any
"black-start capabilities”. Also due to this LCC does not perform well with weak
AC grid and requires short circuit ratio (SCR) > 2 i.e. the short circuit capacity
from the AC grid > two times the converter rating [56].

o LCC only operates at lagging currents. Therefore, the converter consumes reac-
tive power. This reactive consumption varies with load hence switched reactive




30 2. Background

compensation is required. This adds to the cost and footprint of the converters
limiting its use in offshore transmission.

e LCC converters inject harmonics on the AC and DC side. Therefore, filters are
required which again add to cost and footprint of converter restricting its use in
offshore transmission.

¢ Two quadrant operation of LCCi.e. bidirectional voltage and unidirectional current
implies that to reverse the direction of power in an LCC based HVDC link voltage
polarity on both LCC has to be reversed. This reduces the speed with which
power direction can be changed and makes it unsuitable for multi-terminal HYDC
system.

Despite these shortcomings, LCC with its technological maturity, higher voltage
blocking capability, higher efficiency, lower cost, and reliability makes it the tech-
nology of choice for long distance high power transmission via overhead lines.

A variant of LCC is capacitor commutated converter which employs series capacitor
bank between the AC side of converter and converter transformer. The advantages
of CCC contributed to series capacitors are:

e The series capacitors are the source of reactive power and hence reduce the
requirement of reactive compensation for the converter and can operate with
leading power factor.

e The converter can perform well even with weak AC grids.

However, CCCs are more expensive and have poor dynamic response under unbal-
anced conditions [67].

2.2.2. Voltage-Source/Self-Commutated Converters

Development of fully controllable semiconductor like insulated-gate bipolar transis-
tors gave way to the VSC. With IGBTs both the turn-on and turn-off instances are
controllable from the gate signal. Schematic of such a VSC-converter is shown be-
low fig. 2.6. Similar to LCC it comprises of three phase legs with AC node in the
middle. A capacitor on DC side maintains a constant voltage. There are two semi-
conductor valves together with anti-parallel diodes per leg. The anti-parallel diode
with valve allows for current to change polarity in the converter and is responsi-
ble for carrying phase displaced currents for reactive power flow. For high voltage
application, each valve (arm) constitutes of a large number of series connected
IGBT’s and state of the art gate drive circuitry to ensure simultaneous switching.
This converter is termed as the two-level converter as the voltage on AC side can
only have two level i.e +U,4,—Uy,.

For VSC AC voltage waveform is obtained through various modulation techniques of
which sinusoidal pulse width modulation and space-vector modulations techniques
are the most common. These modulation techniques enable converter to synthe-
size desired amplitude, frequency, and phase for the ac wave-forms which in turn
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enables an independent control of real and reactive power in a grid connected sys-
tem. The current bi-directional capability of self-commutated valves in VSC offers
various advantages over LCC. These includes [58, 64, 66]:

Pulse width modulation [68] carried at high frequency, ensures harmonics are of
higher order. This results in reduced requirement of filters in VSC; reducing cost
and footprint of the converter station.

Decoupled control of real and reactive power implies that:

— VSC does not require reactive power compensation. This reduces cost and
footprint of the converter.

— VSC possess superior voltage stability and transient characteristics.

VSC can operate in passive systems, i.e. absence of AC grid, and behave in a
similar manner to a synchronous generator; i.e. generate frequency and voltages
and therefore have a potential use as “black-starters”. Compare to conventional
black-start methods VSC offers reduced restoration time, safer and smoother
recovery process together with lower investment and maintenance cost [69].

In VSC power flow can be reversed by changing current direction. In multi-
terminal HVDC, this allows for reversal of power at any terminal independent of
other terminals.

Unlike twelve pulse LCC converter, there is no requirement of specialized trans-
formers.

On the downside, high switching frequency required by PWM implies greater losses
in VSC. Simultaneous switching of series connected switches, stresses imposed on
valves at higher voltage require considerations in design and limits the voltage rating
of VSC.

_l

AC Side

Figure 2.6: Two level Voltage Source Converter
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Multilevel Converters

Traditionally both CSC and 2-level VSC have an extensive application from HVDC
transmission to industrial processes. However to meet the needs of higher voltage
and higher power operation these topologies require semiconductors with higher
ratings, which are not only expensive but tend to aggravate the shortcomings of
these technologies. On power ratings, thyristor-based converters have an advan-
tage over IGBT based VSC. While for VSC’s, research has led to the development
of multilevel variants of VSC e.g. neutral point clamped converter (NPC), flying
capacitor converter (FCC) and cascaded H-bridge converters (CHB) which enable
high power capabilities with traditional semi-conductors.

Multilevel converters are defined as, "power-conversion systems composed of ar-
ray of power semiconductors and capacitive voltage sources that, when properly
connected and controlled, generate a multiple-step voltage waveform with variable
and controllable frequency, phase, and amplitude” and in addition, each phase
leg can generate at least three voltage levels [70]. These converters employ tra-
ditional medium voltage semiconductors which with complex circuit and control
attain higher nominal power. Moreover, this topology results in reduced harmonic
content in ac-waveform, increased efficiency, near sinusoidal ac-currents, improved
power quality and consequently lower requirement of filtering [70]. Articles [70, 71]
present a detailed overview of NPC, FCC, and CHB multilevel converters. Despite
the advantages of these multilevel topologies, converters owing to their complex
circuit structure and specialized requirements have restricted widespread use of
these converters.

Overall, VSC contributed to their “black-start” ability and dynamic voltage control
have applications in weak grid systems. Particularly for offshore HVDC systems
limited space on platforms benefits from the smaller footprint of VSC.
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(a) NPC - 3 levels (b) FCC - 3 levels (c) CHB - 5 levels

Figure 2.7: Classical Multilevel Topologies



Modular Multi-Level
Converter

MMC is a newly realized topology of VSC and prime interest in this thesis.
This chapter describes the design of the converter and its operation.

Recent invention of DC/AC modular multilevel (cascaded) converters by Lesnicar
and Marquardt [5-8] and its AC/AC counterpart [72—75] is a breakthrough in high
power converters technology. It offers a state of the art solution to limitations of
previous converters and is gradually becoming the technology of choice in HVDC
power transmission for grid integration of large-scale offshore wind farms and multi-
terminal HVDC transmission schemes.

MMC offers various advantages over conventional LCC and VSC. These benefits
are attributed to its modular and multilevel configuration and will become obvious
from the operating principles explained in the following sections. However to lay
stress on the significance of MMC, key advantages as described in [5-7, 76—79] are
enumerated below:

e Modular realization:

— Composed of identical modules, no central element.
The absence of central storage or dc-link capacitors simplifies the protection
against short circuits [5].

— Scalable to any power or voltage level.
MMC is scalable to any voltage and power level just by variation in the number
of sub-modules.

— Cheaper mass production - standard components.

33
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— Fail-safe operation - redundant sub-modules.
During operation, the control algorithm can replace a faulty sub-module with a
redundant sub-module. Thereby ensuring continued operation and the failed
module can be replaced at scheduled maintenance.

Multilevel waveform:
— Low harmonic content - near sinusoidal waveform.

— Smaller and simpler filters reduced footprint.
With sufficiently large number of levels, filters are no longer required

— Reduced switching frequency - lower switching losses.
With the multilevel configurations, the effective switching frequency equals
2Nf;,, [80]. This implies a reduced requirement for switching frequency in
MMCs. Comparison of switching and conduction losses of semiconductors as
investigated in articles ([81, 82]) reveals higher efficiency of MMCs as com-
pared to 2-level VSCs.

— Individual switches only experience a fraction of DC voltage therefore unlike
classical VSC there is no extensive requirement of a series connection of IGBTs.

Furthermore compared to existing multi-level VSC topologies (NPC, FCC, and CHB),
MMC modular and multilevel configuration offers superior characteristics:

MMC's strictly modular design enables its scalability to any number of voltage
levels. Whereas in NPC and FCC converters the design complexity significantly
increases with the number of levels and therefore traditionally the number of
levels in NPC and FCC converters are kept to three and four levels respectively
[71].

Also, unlike NPC and FCC converters, MMCs do not employ dc-link capacitors and
consequently offer superior fault characteristics [6].

CHB converters have the similar modular and multilevel configuration as MMCs.
However, this topology requires independent and isolated dc-sources which are
traditionally provided by the non-standard multi-pulse transformer[71]. To the
contrast, MMC’s solely utilize off-the-shelf components.

On the down side, [43, 79, 83]:

MMCs require more IGBTs and diodes as compared to two-level VSC.

Each sub-module requires its very own capacitor and therefore, MMCs are less
compact.

Stored energy in MMC is higher than that of two-level VSC or three-level NPCs
[79].

High number of sub-modules requires complex control techniques.

Table 3.1 presents the comparison of MMCs to classical 2-level and multilevel con-
verters regarding topology and components.
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Table 3.1: MMCs vs. Classical VSCs
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SW=2(M - 1) _ DC-link capacitors Industrial use
NPC x X CD=(M - 1)(M - 2) M-1 voltage balancing  limited to 3-levels.
_ _ M Capacitor voltage Industrial use
Fee v/ SW=2M-1) zM-1 v balancing limited to 3-levels.
CHB v/  SW=2M-1) uey  lsolated - -
MMC _ _ SM capacitors _
(HBSM) oo/ SW=aM-1) v v voltage balancing

MMC with its break-through advantages is being developed by all of the major
power converter manufacturers. At present it is being commercialized by Siemens
as HVDC Plus [84—-86], by ABB as cascaded two-level converter in their existing VSC
technology - HVDC Light® [80], by Alstom as HVDC MaxSine® [87] and Mitsubishi
electric plans to roll-out their MMC based SVC-Diamond™ in or after the year 2016
[88].

A number of HVDC-links based on MMC are already under operation. These include
85-kilometer Trans-Bay Cable in San Francisco, with power transmission capability
of 400MW at +£200kV developed by Siemens [89]; HVDC link rated at 2000MW at
+320kV between France and Spain developed by Siemens [90].

However, this converter technology is yet far from its maturity. The complex con-
trol and modulation techniques that accompany MMC, which are the driving forces
behind many of its advantages, are of key interest in literature. Besides, dynamic
modeling of the MMC, which is essential for the assessment of the converter’s per-
formance within a power system and the validation of control schemes, are of prime
interest in recent studies.

1SW = IGBT and anti-parallel diode, CD= Clamped Diode, M= No. of levels.
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3.1. Design

MMC converters are based on the “cascade connection of multiple bi-directional
chopper cells or single-phase full-bridge cells” [91]. A three phase MMC comprises
of three legs and based on their circuit configuration MMCs can be classified as
[91, 92]:

« Single-Star configured bridge cells MMC (SSBC)
¢ Single-Delta configured bridge cells MMC (SDBC)
¢ Double-star-configured MMC

— Double star chopper cells (DSCC)

— Double start bridge cells (DSBC)

The article ([91]) presents a detailed comparison and application examples of these
configurations. However, only double-star configured MMC (DSCC & DSBC) permits
a common dc-link. Therefore, DSCC and DSBC have an application as HVDC con-
verter and are of interest in this study.

Figure 3.2 illustrates a double-star-configured MMC. Each phase leg of the converter
comprises of two arms; that connect dc and ac terminals through N cascaded/series
sub-modules (SMs), and an arm reactor (L). Resistance, R, models the losses as-

3 phase AC 3 phase AC

LA R

3 phase AC
DC link

a phase arm
b phase arm
¢ phase arm
a phase arm
b phase arm
c phase arm

Ll I [=

(a) SSBC (b) SDBC (c) DSBC/DSCC

[
_|

Figure 3.1: MMC - Classification
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sociated with each arm and inductance L, models the converter transformer reac-
tance. Based on the design of sub-modules, double-star configured MMC are split
into DSCC and DSBC.
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Figure 3.2: Double-star-configured MMC
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3.1.1. Sub-Modules

Sub-modules are two terminal devices, composed of an IGBT-based converter and
a capacitor. These modules enable the conversion operation of the converter and
based on their circuit configuration are categorized as follows.

Half bridge Sub-Module
Half bridge sub-Modules (HBSMs) are chopper cells i.e. they comprise of two IG-
BTs with freewheeling diodes and a capacitor as illustrated in fig. 3.3. The output
voltage from each SM can be the capacitor voltage v, or 0 V. Therefore with this
topology, each arm in MMC behaves as a controllable, unipolar voltage source [83].
Table 3.2 describes all possible switching stateés)of the HBSM.

ic(t

vsy (1)

[og

Figure 3.3: Sub-Module Half Bridge

With complementary operation of IGBTS a sub-module can insert v, (inserted) or
0V (bypassed) based on gate signal (T'1,T2) irrespective of direction of current.
In addition to this, turn off of both switches results in a blocked state where free-
wheeling diodes allow the flow of current and their conduction is dependent on the
voltage across and current through them. SM in blocked state is inserted if arm
current is positive with the upper diode (D1) forward biased or is bypassed with
negative arm current via forward biased lower diode (D2) otherwise the reverse
biased diodes lead to chopping of current.

With half-bridge SMs, the converter cannot suppress DC side faults. IGBTs in the
half bridge cell are turned off in the case of a dc side fault, but the presence of
the freewheeling diode implies that the module behaves like an uncontrolled diode
rectifier, and restricts current flow in one of the two potential directions. Therefore,
additional components e.g. DC breakers or breakers on the AC feed are necessary
for this configuration [83]. Nevertheless blocked state of sub-modules prevents
discharge of capacitors in case of a dc-side fault, unlike VSC, which adds to fault
damage. This topology of sub-modules yields DSCC-MMC which is the focus of this
study and here-forth will be simply referred as the MMC.

Table 3.2: Operation of Half Bridge Sub-Module

State T1 T2 vey ism Capacitor
>0 Charging - via Diode D1
Inserted ON  OFF v <0 Discharging - via IGBT T1
>0 None - bypassed via IGBT T2
Bypassed OFF  ON 0 <0 None - bypassed via Diode D2
ve  ism > 0 &vgy(t —At) 2 ve(t —At)  Charging - via Diode D1
Blocked OFF OFF o ismy <0 &vgy(t—At) <0 None - bypassed via Diode D2

Else None and igy = 0
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Full bridge Sub-Module

FBSM comprises of four IGBTs with freewheeling diodes and a capacitor as illus-
trated in fig. 3.4. The output voltage from the module can be the zero, positive of
capacitor voltage v, and negative of capacitor voltage —v.. Hence with full bridge
module, each arm/multivalve behaves as a controllable, bipolar voltage source.
Table 3.3 describes all possible switching states of the FBSM. With a full bridge
configuration, the converter can suppress arm currents in any direction.

ic(t)
Ds —| T,AD, | 4
C——= vt

Figure 3.4: Sub-Module Full Bridge

This topology of sub-modules yields DSBC-MMC. Full-bridge operation allows the
converter to be utilized as three to single phase converter as investigated in [72—
75]. For dc-ac conversion, this converter with its buck and boost function of dc-link
voltage allows for greater variation in the dc-link voltage [91]. Also, the ability to
switch to reverse polarity aids in mitigation of dc side fault. The reverse polarity
voltage contributes as negative back e.m.f. suppressing dc fault currents [17, 93].

Compared to HBSM, FBSM requires twice as many IGBTS and diodes and hence
also have higher losses [82]. Besides these half and full bridge other configurations
for sub-modules e.g. clamp double [77], three-level FCC/NPC and five-level cross-
connected [94] have been proposed. However compared to the rest HBSM employ
the least number of IGBTs and diodes, yielding minimal losses and are the SM of
choice for HVDC application. Hence, throughout this thesis HBSM configuration is
being considered for analysis and simulation.

Table 3.3: Operation of Full Bridge Sub-Module
State T1 T2 T3 T4 vsm Isy  Capacitor

>0 Charging - via Diode D1 & D4
<0 Discharging -via IGBT T1 & T4
>0 Discharging - via IGBT T2 & T3
<0 Charging - via Diode D2 & D3
>0 Bypassed - via IGBT T2 & Diode D4
Bypassed OFF ON OFF ON 0 <0 Bypassed - v!a IGBT T4 & D!ode D2
ON OFF ON OFF 0 >0 Bypassed - via IGBT T3 & D!ode D1
<0 Bypassed - via IGBT T1 & Diode D3

+ Inserted ON OFF OFF ON ve

— Inserted OFF ON ON OFF -—v¢
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3.2. Operating Principle

This section delves into the operating principles of the MMC and an individual SM.

In the subsequent mathematical formulation following notion is followed:
e ¢ indicates the phase leg of converter and ¢ € {a, b, c}.
e + addresses the positive/upper or negative/lower arms of a phase leg.

e i refers the position of sub-module inanarm i € {1,2, ..., N}.

3.2.1. Sub-Module Operation

As discussed earlier a SM can operate in three different states:
e Inserted state

e Bypassed state

 Blocked state

In inserted and bypassed state upper and lower valve of SM allow bi-directional
flow of current, respectively as illustrated in fig. 3.5. Thereby, inserted state inserts
capacitor across SM’s terminal adding voltage in an arm and allow charging/dis-
charging of SM’s capacitor. Whereas, bypassed state shorts SMs terminal and keeps
SM’s capacitor isolated. Inserted and bypassed states are utilized in the nominal
operation of the converter and allow control of voltage across a sub-module and its
capacitor. The dynamics of an SM in inserted and bypassed states are described

as.:

Vsm; 1) () = Nsmy ) [E] Veyp) ()

ic;(p) (1) = Nsmy(p) [E] Esmyp4) (1)
t

11
veon) (D) = ¢ fo eip) (Dt

Nsm o+ [t] € {0(Bypassed), 1(Inserted)}

T, 4”:‘ % D,
(e} + _
+

+
ve () o . | =p,
. - _
(a) Sub-Module Inserted (b) Sub-Module Bypassed

Figure 3.5: SM - Nominal Operation
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ismy(p+), CUrrent in SM; = iy, current in corresponding arm,
ic,(p+) IS the current flowing through SM; capacitor,
Where, Ve, (¢+) IS the voltage across SM; capacitor,
Vsm; (o) IS the voltage inserted by a SM; .
C is the capacitance of a SM’s capacitor .

In the blocked state of sub-module both IGBTs (T;,T,) are turned off, and only
diodes (D1, D2) based on their conduction state allow the flow of current as illus-
trated in fig. 3.6. Therefore, based on conduction state of diodes (D1, D2) in this
state sub-modules can be:

Inserted, if D1 conducting
Blocked State: { Bypassed, if D2 conducting
Opened, if both D1 & D2 are not conducting

Blocked state is utilized to prevent discharge of SM capacitors in case of a DC side
fault and for charging through start-up resistance. It can be represented by mod-
eling the commutation process of diodes. However, the mathematical formulation
in this chapter does not consider the blocked state of operation.
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Figure 3.6: Sub-Module Blocked

3.2.2. Arm Operation

Independent and selective control of all SMs implies that each arm acts a variable
voltage source; this enables independent control of voltages at AC and DC terminals.

Series/cascaded configuration of all sub-modules in arm imply that MMC'’s nhominal
operation (Inserted & Blocked state only) can be expressed as:

N N

Vg (1) = Z Vsm(gp) () = Z Nsmi(@0) Ve (O (3-5)
=1 =1
N N 1 ¢

0= ) v ® = ) & | s [tlipn(©dt (36)
i=1 i=1

v is the total voltage across all capacitor in an arm.

Where {”(d)i) is the total voltage inserted in an arm.
C¢i
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Equation (3.5) shows that with an ideal voltage balancing i.e. constant v, 4+, for
all sub-modules, an arm can generate N + 1 distinct levels of voltages. Unequal dis-
tribution of voltage among sub-modules can further enhance the number of distinct
levels in arm voltages, but this conflict with the design and control of MMC.

The assumption of instantaneous voltage balancing control that yields ideal voltage
balancing among all sub-modules in an arm implies that the time-average of an
sub-modules duty-cycle (nsu,(¢+)) €quals instantaneous insertion index for the arm.
Insertion index [40, 95, 96] defines the instantaneous average value of ngy, ¢+) i-€.
the ratio of sub-modules “inserted”.

N
1
nenH® =5 Z Nsm;p+) ] (3.7)
i=1

With this average behavior of all sub-modules in an arm can be equivalently repre-
sented as:

Usm(pt) = M) Ve(dt) (3.8)

le(pt) = Mg i(gp+) (1) (3.9)
10,

Uc(qbi) = E f Lc(qﬁi)dt (310)

M € (3 1 LELAIZ 0AI <N} (3.11)

vept) IS the average voltage across SM's capacitor,
Where, {icp+) is the average current flowing through SM’s capacitor,
Vsm(p+) IS the average voltage inserted by a SM.

Similarly, the average operation of an arm can be represented as:

Vipt) = MUt Veps (3.12)

ifp) = Npnign ) (3.13)
N

Veps = 7 J it (3.14)

Where, if@i) is the average current flowing through all capacitor.
Identical environment and operation of sub-modules tend to make this average
representation reasonably accurate.

Moreover, this average representation of an arm serves as the foundation for the
development of a unified analytic model for the MMC in the following section.
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3.3. Currents and Voltages in System

To understand dynamics of the converter, develop its control system and optimally
size its components, a unified model is an essential requirement. This section aims
to develop a mathematical model for MMCs based on Kirchhoff’s circuit laws.

3.3.1. Assumptions for analytical modeling of MMC

Before we continue to determine currents and voltages in the system and subse-
quently develop the unified model for the converter, a few assumptions need to be
incorporated to simplify the analysis.

Below is the description of the assumptions, justification of their use and effect on
the system variables.

1. The model only considers the nominal operation of the converter i.e. inserted,
and bypassed states of sub-modules. Blocked state of converter only finds
application in dc fault or startup operation. This operation has little impact
on the design of control systems and component sizing. Therefore, for the
model derived in this section neglects the blocked state.

2. Here it is assumed that all sub-modules are identical with a perfect voltage
balancing across all capacitors of an arm. Therefore, an individual arm is
represented by egs. (3.12) to (3.14). Instantaneous nature of voltage bal-
ancing control that ensures voltage across all capacitors is within a defined
limit, justifies this assumption.

3. For modeling purposes, it is assumed that switching frequency is infinite, and
the voltage on AC side is purely sinusoidal i.e. there are an infinite number
of sub-modules [40]. Therefore,

Vacy (£) = Dac cOS(wt + @) (3.15)

Normally, N is in order of hundreds which is sufficiently large to consider AC
voltage as purely sinusoidal. Furthermore, this makes the insertion index as
defined in eq. (3.11) a continuous variable between in 0 and 1.

4. Itis also assumed that AC side currents are purely sinusoidal. However, three
phase currents are not necessarily balanced. Therefore,

lacy = lqc cos(wt + Dy —0) (3.16)

A near sinusoidal AC voltage and high inductance on the AC side tend to justify
this assumption.

These assumptions make insertion index a continuous variable and hence the model
derived from this is termed as the “continuous” model.
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3.3.2. Arm voltages and currents

Unlike LCC or classical VSC, in MMC all arms simultaneously generate voltage wave-
form and conduct current. This continuous conduction operation principle implies
that arm currents in MMC as illustrated in fig. 3.7 is the superposition of three

components.
I.  Current from the AC side i.e. lac,

II.  Current from DC side i.e. lac, )
III.  Current circulating between phase legs i.e. i ¢ s~ ldcy Leireg

ARM -

| =
||

Figure 3.7: Current flow in an arm

Modeling all sub-modules in an arm as a variable voltage source, fig. 3.8 depicts
currents and voltages in the converter.
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Figure 3.8: MMC - currents and voltages
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Applying Kirchhoff’s current law (KCL) at the AC side node yields:
iac¢ = l(¢+) - l(¢_) (317)

where, i, s and i_ s correspond to the current in upper and lower arm of a phase
leg respectively. Similarly KCL and algebraic manipulation yield arm currents as:

lp+ = leircy tlaifry (3.18)
lp— = leircy — laiffy (3.19)
1
fairr, = =i
where, Wi o (3.20)

icirc¢ = E(i¢>+ + i¢—)

Applying Kirchhoff’s voltage law (KVL) on the ac side gives:

dige, () . di ® v,
—Uac¢ (t) — Lgd—q; - Rl(¢+)(t) - L% - U(¢+)(t) + % + Ung = 0
(3.21)
lacgy (1) (®)
—Uac¢(t)— d—¢+Rl(¢ )(t)+L(¢:i—)+U(¢, )(t)__-l_vNG:O
(3.22)
Subtracting egs. (3.21) and (3.22) and incorporating eq. (3.20) yields:
Vac = Viegy + Zvcirc¢ (3.23)
where,
Uleg¢ = U(¢+) (t) + U(d,_) (t) (324)
a. .
vcircd, = Lalcircd, )+ Rlcirc¢ ® (325)
~ Laicirc,p (t) — R is negligible compared to L
Summing egs. (3.21) and (3.22) and incorporating eq. (3.20) yields:
Vacy = eq(t) — Vaiffy T VNG (3.26)
ep(t) =-3 (V(¢+>(f) ~ e~ ()
Udiff¢ R lac¢ + 5 Leq dtlac¢
= R aiffy + Leqgriairs,
where, ~ Leqaidiffd’ (t) — Rris negligible. (3.27)
Leg =2L,+1L
Ung = Voltage between dc side neutral (N) and ground.

Summing eq. (3.26) for all phases for a balanced
system yield vy, = 0.
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With assumption of purely sinusoidal AC voltage and currents for a balanced system,
from egs. (3.15), (3.16), (3.26) and (3.27) internal e.m.f, e, (t), is expressed as:

Leg d
eq(t) = Dgc cos(wt + dy) + %aiu cos(wt + @y — 6)
= é4 cos(wt + Py + @) (3.28)
a ~ Legsin@ 2 2 Le 6~ 2
ey _ \/(vac L@ qzsm lac) + (w qZCos lac) (3.29)

Where .
! WLeg cosBigc
tana = —A————
20gctwleq sinBige

From the eq. (3.23) it can be concluded that:

* For balanced conditions, vg. — v s should equate to zero, which results in a

constant direct circulating current. Therefore any non-dc component in circulating
current stems from imbalance in voltages i.e. Viegy # Vdc-

Sub-module capacitors in MMC serve as energy storage elements which are con-
tinuously charged and discharged. This implies that even with an instantaneous
voltage balance control (section 5.2) imbalance in dc link voltage and inserted
arm voltages in a leg is inevitable, leading to harmonics in circulating current.
These operating conditions further imply that with filters or control schemes can
suppress harmonics in the circulating current but cannot be fully eliminated [97].

e Circulating current only depends on the voltage imbalance i.e. v;. — Viegy- 1t iS
independent of the AC side voltage and current. It induces an equal voltage drop
across arm reactors of both positive and negative arms of a phase leg (vc;rc, )-

¢ This further reveals the significance of arm reactances L which serve following
purposes: [78, 98]:

— In the case of a voltage imbalance i.e. Viegy (t) # Vac, additional current flow
is expected in each leg. Arm reactance dampens these balancing currents
and enables the control system to minimize these currents. The imbalance is
attributed to ripple in capacitor voltage and can also occur due to discrepancies
in switching instances of sub-modules in the positive and negative arm.

— It significantly mitigates the effects of external or internal faults in a converter.
In the case of a fault, arm reactors limit the rate of current rise to the order
of tens of amperes per microsecond [78]. This ensures sufficient time for the
protection system to react without causing any damage to the valves.

From the eq. (3.26) it can be concluded that [40],

* AC voltage only depends on the differential component of arm current (iy;ff ¢)
and difference of voltages on positive and negative arms.

¢ AC voltage only depends on the differential component of arm current and differ-
ence of voltages on positive and negative arms. Arm and converter transformer
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inductance appear as internal impedance while the difference of inserted voltages
in arms acts as the internal alternating voltage/ back e.m.f for the AC side.

Based on egs. (3.23) and (3.26) dc (dc voltage/circulating current) and ac side
dynamics (ac voltage/current) of the converter are independently controllable and
can be separately represented as illustrated in fig. 3.9.

idc+ (t)
+ Vac, ®) (T
e Via+)(t) AC — side
ﬁi L
3 R
ll_, J,icirca (t)
Q
+ R R
L
Vdc L
z V() %\I)
idc, (t)
(a) DC side Equivalent Representation (b) AC side Equivalent Representation

Figure 3.9: MMC Representation

Moreover rearrangement of egs. (3.23) and (3.26) yields arm voltages in term of
dc and ac voltages:

V(o4 ® + D) ) = vgc — Zvcirc¢ (3.30)
17(¢+) (t) — ‘U(¢_)(f) = —26¢(t) (331)

Solution of egs. (3.30) and (3.31) yields:
1 1
Vo4 (t) = Evdc — €y (t) - Vcircd, V(¢p-) (t) = Evdc + €y (t) - vcirc¢ (332)

Incorporating eq. (3.32) in eq. (3.12) yields:

% —€p — 1]circd, n (t) _ % + €p — vcircd,
vE,, () - vZ,_(t)

Equation (3.33) gives a generic expression for insertion indices of the positive and
negative arm of phase leg that attains desired voltage on AC and dc side. Control
of these insertion indices brings about the desired waveform on ac/dc voltages
and with appropriate compensation of v,;,. » €an mitigate parasitic components in

(3.33)

ng+(t) =
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circulating current. Section 6.1 further develops and utilizes this relation for the
control of MMC.

Current to/from dc link is given by sum of arm currents on all phase legs i.e. using
Kirchhoff’s current law on eq. (3.18):

lge, = z ip+) = Z (icirey, + laiffy) (3.34)

¢$=a,b,c ¢$=a,b,c

Differential current, ig;ff 7 @S seen from eq. (3.20) corresponds to the current on
ac side and is purely sinusoidal (section 3.3.1-4). In case of an unbalanced system,
it can be represented as sum of zero, positive and negative sequence components
and this reduces eq. (3.34) to:

e, = ) leirey + 150c(0) (3.35)
¢$=ab,c

Similarly, iz, = Z beirey = 1500 (0) (3.36)
¢$=ab,c

where, i°,.(t) corresponds to zero sequence component in the unbalanced ac sys-
tem.

Therefore, asymmetric faults on the ac side lead to an imbalance in current on the
dc lines which are given by:

idc+ —lgc_ = 3i0ac(t) = iaca ®)+ iacb ®+ iacc ®) (3.37)

Nevertheless, converters are usually connected to ac grid via un-grounded Y or A
transformer with A side connected to the converter. In such configurations, infinite
impedance for zero sequence currents prevents their flow into the converter for
asymmetric conditions in the ac grid. However, asymmetric faults on the converter
side of the transformer or in the case of a transformer-less/ grounded transformer
configuration path for the flow of zero sequence currents exist which require addi-
tional control techniques for the mitigation of the imbalance [99, 100].

Circulating Current, i;;.. " corresponds to the current circulating between phase legs
and the DC side. As derived in eq. (3.20) circulating current is given by the average
of currents in positive and negative arms. They are a result of an imbalance in dc
voltage and arm voltages eq. (3.25). Close examination of voltage imbalance in a
phase leg, as detailed in chapter A, reveal the presence of harmonic components.
Therefore, i.ic » Can be expressed as:

[ee]

icirc¢ = Z id’,n COS(Tl(J)t + q)d).n) (338)

n=0
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3.3.3. Average Power Balance

With the converter operation in the steady state for an individual phase leg, average
power infout of the phase leg due to circulating current (dc-side) should balance
the average power in/out of ac terminal including compensation for losses. For a
phase leg average power on AC side, DC side, and losses are given by:

Pdc¢ = 17dcicirc¢, = Vac idc¢ (3.39)
1, .

Pac, = 584 lac cos(0 + a) (3.40)

Ploss¢ = 2i121c¢R (3.41)

The compensation of losses is either from the dc or the ac side depending on the
converter’s operation as an inverter or a rectifier. Equating egs. (3.39) to (3.41)
yields:

Inverter Operation Rectifier Operation
Pac, = Pacy + Ploss Pacy = Pacy = Ploss
Solving for iy, " yields Solving for iy, " yields
8¢ lac cos(6 + a) 8¢ lac cos(6 + a)

idcd, = idC¢ =
Vae + ngc — 4Reéy g cos(6 + a) Vae + Jvﬁc +4Reéy Iy cos(6 + a)
(3.42) (3.43)

Neglecting losses in the system this balance of average power on dc and ac side of
a phase leg yields:

bplgc cos(f + a 1 .,
lac, = ¢lac COS( ) = Zmd)iac cos(6 + a) (3.44)

Zvdc

A

N €¢
e = 2—— (3.45)
Vdc

where, 1 is voltage modulation index [8]. DC component in circulating current as
seen from eq. (3.44) is constant across all phase legs in a balanced system. Using
this and eq. (3.35) it is concluded that:

1
idC¢ = §idc (346)

where, iy, is the direct component in current to/from dc-terminals. This yield:

. . 1 X
icirey = lacy *+ army () = Slac + ) fpnCOS(AL + By ) (3.47)

n=1
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Where a balanced system implies egs. (3.35) and (3.36)

[o2)

Z ilz-:larm.(,, () = Z z L°¢_n cos(nwt + @4 ,) =0 (3.48)

¢=a,b,c ¢=a,b,cn=1

Therefore, circulating current in a phase leg is composed of a two components i.e.
dc current to/from dc terminals of MMC and the current circulating between phase
legs.

Voltage drop in arm is due to the circulating currents, from egs. (3.25) and (3.47)
is given by:

d d o
Veircy = LElm% = Lalgarm_(p ® =L Z nwi, sin(nwt + ®4,)  (3.49)

n=1

From egs. (3.16), (3.18) to (3.20) and (3.47) it is concluded that arm currents
equate to:

[e0)

1 A s
l(¢+) = §idc (1 + k¢ COS((JJt + CD¢ — 6)) + Z l.¢’n COS(Tl(J)t + (D(l’.n) (350)

n=1

1 ) o,
g = §idc ((1 — kg cos(wt + Dy — 0)) + z lpn cOS(nwt + @y ) (3.51)

n=1

. 3lge
kg =3 " (3.52)

where, kg is the current modulation index [8]. Incorporating &, in eq. (3.44) yields:

. 2
m¢k¢ = m (353)

From the above it is concluded that:

¢ Transmission of real power by the converter results in a dc offset is in the circu-
lating currents.

e DC component in circulating/arm current is constant across all phase legs in a
balanced system i.e igc, = iqc, = iqc, and equate to one-third of the dc current
to/from the DC side of MMC.

. i,%arm_ »(© is the current component of circulating current that circulates within
the three phase legs. Theses harmonic components in circulating current don't
affect the AC and DC sides. However, they are detrimental to the operation
of MMC. They enhance the r.m.s value of current flowing through phase legs,
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thereby increasing losses and present higher current rating requirement for the
converter components [40]. To improve the efficiency of MMC, mitigation of these
harmonics is necessary.

e Arm currents as seen from egs. (3.50) and (3.51) are the superposition of AC,
DC current, and harmonics generated in the system as analyzed later. This su-
perposition ensures that current changes it polarity in an arm which is essential
to ensure voltage balance across sub-modules. The current changes polarity for
around one-third of a cycle [83].

3.3.4. Equivalent Model of a MMC

Based on the continuous model all sub-modules in an arm can be represented by an
equivalent sub-module with an equivalent capacitance of < with voltage vz“(d)i)(t)
where dynamics of the equivalent capacitor are given by egs. (3.13) and (3.14).
Incorporation of egs. (3.18) and (3.19) in egs. (3.13) and (3.14) yields:

N 1

V2, = 7 [ M eires O+ Gac, )t (3.54)
N 1

v, = [ g lieirey (O = Jiacy ) (3.55)

Incorporating egs. (3.12), (3.18) and (3.19) in egs. (3.23), (3.26), (3.54) and (3.55)
and using eq. (3.35) yields a continuous equivalent state-space model for the MMC
as presented below, which is similar to the dynamic model presented in [40, 41].

This model yields internal dynamics i.e. arm voltages, circulating current and ex-
ternal dynamics i.e. ac side voltage and dc line currents, for the MMC for given dc
link voltage, ac line currents, and insertion indices.

lClTC¢ (t) _%E;L(t) _m¢2;l‘(t) lCer¢ (t)
- c(¢+)( )| = —n¢+ (t) 0 0 c(¢+) O+

Vdc
N ﬁ
ﬁn¢+(t) lac¢ (t) ‘,
Veig (®) —"¢ ©& 0 0 [lvieH®

%nzp—(t) iac¢ (t)
(3.56)

Le

€acy (D) 0 —3ng+() 2np-() fetrey (6) ~Rlacy () = 5L friac, ()
lcirc¢ (t) — 1 0 0 UCZ (t)
Vigp+) (D) 0 nge(t) 0 UCE¢+ ®) 0
U(¢_) (t) 0 0 n¢,_(t) ¢- 0
(3.57)
lgc, = Z icirc¢ +1.5%,(t) (3.58)
¢=ab,c
lge. = Z icirc¢ - 1-5i0ac(t) (359)

¢=a,b,c
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In Laplace domain this model is equivalently represented as egs. (3.60) to (3.62)
and depicted as fig. 3.10.

;  Vae = (N Ve, +Nop-Ve, ) (3.60)
cireg 2(Ls + R) '
N 1
Vci:“ = RN¢+(1circ¢ + zlac(p) (3.61)
N 1
ch:l’— = ENdJ—(]Circ(p - Zlac(l,) (3.62)

1 Icirc¢ Eac¢
2(Ls+R)

+ +

N| =

N
Viie

Figure 3.10: State Space Model

Based on this state-space representation unified model of MMC can be represented
as fig. 3.11

€ac, Leq R

eq iaca

+® Lge, o _. Lo
Vac HVDC Link gb. Fig. 3.10 fo
- lge_ O —O
([

Figure 3.11: State Space Model

This non-linear state-space model gives a lump sum model of MMC with disregard
for individual sub-modules. It is based on the assumptions stated earlier and gives
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a continuous approximation to MMC operation. The assumptions tend to become
more realistic at higher values of N. It is common to have N in order of 100’s for
HVDC application. Therefore, with higher N the model becomes more accurate and
can provide adequate representation for the analysis of the converter. This model
is useful for modeling of the steady state operation and design of the system. Since
the model does not consider blocked state of operation it is not suitable for dc fault
studies.

3.3.5. Instantaneous Power flow

The previous section defined the operation of the MMC and presented a non-linear
state-space model. Using the assumption presented earlier and assuming a lossless
converter this section derives the instantaneous power associated with the system.

Instantaneous power flow in an arm using egs. (3.32), (3.50) and (3.51) is given
as:

Py, () = d W+¢ Vip+)lty = (% = € = Veircy)(lcircy + laiffy) (3.63)
P_,(t) = wZ, = = Vp-yl-g = (% +ep = Veirey ) (lcircy = laiffy) (3.64)
Sum of instantaneous power in positive and negative arms in a leg is given by:
PE(t) = d W¢ =Py, () + P (t) = (Vac — 2Vcircy)icirc, — 28¢laiff,

= (vdc — 2eirey)(iacy + Harmy () = 2€giairs,

= P%, + Plarm, (3.65)
PSE.:S’d, = Pdcd, - Pac¢ = vdcidcd, - 26¢(t)idiff¢ (t)
= §vdcidc - % Iqc {cos(a + 6) + cosQRut + 2¢ + a — 6}

> —
Where,< Pharm¢ - (vdc - Zvcirc¢)IHarm.¢ (t) - Zvcircd,ded,

L +Vac Yoy L COS(nt + Dy )
Sum of instantaneous power in all phase legs is given by:

Pawc® = Y PR (3.66)

¢=a,b,c

= > {Pucy — Pacy) (3.67)

¢=ab,c
=Py — Py, (3.68)

From eq. (3.65) it is seen that:

1 o 2 © .
=2L (gidc + 221 lpn COS(nt + d>¢,n)> 21 lnnw sin(nwt + @y )
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¢ Average power in a leg equates to zero, and each leg transmits one-third of real
power between AC and DC sides. For the operation of the converter as an inverter,
capacitors are charged by DC and depleted by the AC current.

¢ Harmonics and parasitic elements have no influence on the average power in the
system but affect the instantaneous power in the leg.

Similarly, difference of instantaneous power in positive and negative arms is:

d . .
Pq?(t) = EngA = P+¢ ®) - P—¢ ®) = _26¢lcirc¢ + (Vac — Zvcirc¢)ldiff¢ (3.69)

= —26¢ idc¢ + Evdciac(iJ - 29¢112-:Iarm.¢ (t) - 17circ¢ iac¢ (370)
= PSAS¢ + PhAarm¢ (3.71)
P, = —2e¢i[§¢ + 3Vaclac,
PhAarm¢ = _Zed)IHarm.d, (t) - vcirc¢ iac¢

Where. 4 — 264 Yy lncos((n+ Dt + Dy, + Py + a)

— 16y Y ncos((n— Dot + Py, — Py — a)
+ 2Lwige Xpy nip sin((n + Dt + Py, + Py — 0)
— 2Lwige Xy nip sin((n — Dt + Py, — Py + 0)

From eg. (3.69) it can be seen that [40]

¢ Aslong as there is no dc component in ey, & lairf, Average value of PSAS¢ equates
to zero i.e. the average energy imbalance between arms (W¢,A) is zero.

 Fundamental component in circulating current same as in ey, can leads to a dc
component in the product e ic;yc ® Similarly presence of fundamental component
iN Vgire s aS inig. " leads to a change in energy balance between arms. Presence
of which influence the the overall energy balance between arms (W¢A). These dc
two components in P2, » are

A

1. —%ed,fl cos(Py 1 — Py —a)
2. —2Lwigcly sin(®y; — Py +6)

For these dc to be zero, @y — @y —a = 90° & Py ; — Py + 6 = 0. This is not
true as a and 9 are coupled by eq. (3.29). Therefore fundamental component in
circulating current leads to a difference in average stored energy in positive and
negative arms.
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3.3.6. Voltage Ripple and Circulating Current

Switching of submodule’s capacitor in and out of circuit and flow of fundamental
current in an arm implies deviation submodule’s capacitor voltage from the desired
constant value (i.e. “dc). This voltage ripple on a submodule’s capacitor is the
superposition of two components [101] i.e.

e Local ripple component:
Local ripple component is attributed to switching of a capacitor, such that with
bypassed sub-module capacitor voltage remain constant but with inserted state it
will increase or decrease depending on the direction of the current. This compo-
nent is dependent on the modulation technique employed and voltage balancing
algorithm. It tends to diminish as switching frequency increases.

» Average ripple component:
This ripple component is associated with the flow of fundamental current in a
capacitor sub-module. This ripple component does not depend on the switching
frequency and is the expected ripple with infinite frequency.

The capacitor ripple leads to an imbalance in eq. (3.23) which contributes to har-
monics in the circulating current. These additional harmonics, in turn, increase
the ripple in capacitor voltage. This coupling of capacitor voltage and circulating
current makes the explicit formulation of the voltage ripple complex. To develop
understanding the voltage ripple and the circulating current, average voltage ripple
across an arm is analyzed i.e. switching frequency is assumed to be infinite. For
this analyses method followed in [102] has been adopted.

For starters, it is assumed that the circulating current is purely direct as given by
eqg. (3.44), which is essential for the transmission of real power. This reduces the
expression for instantaneous power in a leg eqg. (3.65) to:

1 1,
PI(t) = 3Vaclac = 58plac {cos(@ +0) + cos(2wt +2¢ + a — 6))

1 .
= _Eédniac cosQRwt +2¢p + a —0) (3.72)

Instantaneous energy in a leg is given by:

1 C
% _ _ _ [ p
Wy = 5 CiegyViegy = 53 Viegy = fP¢ (t)dt

1 n —
= — 4 Cplac SINQWE + 20 +a = 0) + W2y (3.73)

where, ﬁd, represents the steady state energy stored in all sub-modules of a
phase leg [102].

— C
WZ¢ = mvdcz (3.74)
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This ripple in stored energy results in ripple in arm voltage i.e:

2N s
vlzeg¢ = (vge + Avleg¢)2 =7 éplac SinQ2wt +2¢ +a —6) (3.75)

2 _
" ACw

Where Av,, o $Vac this yields:

N é¢ 2 .
— g SinQRwt + 2¢p + a — 9) (3.76)
c

Mieay =~ 3Cw vy

From eq. (3.23) Avieg, correspnds to (=2Vcircy)- Using egs. (3.25) and (3.76)
yield:

. 1 1 1, »

lcmd,(t) =1 J- _EAvlegd,dt = §ldc + ip2, cOSQwt + Py, ) (3.77)
2 - _ 1 N g% _ _ 1wk Ng?

Where, {21 = TT6w2cLvgc“9'ac = "6 w? vg; C#lac (3.78)
Cb¢'21 = 2¢ +a— 9

With this additional second harmonic, the above procedure is reiterated to deter-
mine the voltage ripple. This yields the instantaneous power in a leg eq. (3.65)
as:

1 .
P¢Z(t) = _Eéd)iac cos(Rwt +2¢p + a — 0) (3.79)

3
+ Vdcf¢,21 cos(Zwt + Py, )

1 R R
+ 2L (—idc + ip2, cos(Cwt + <D¢,21)> lp2, 2w SInQwt + Dy, 5 )

Instantaneous energy in a leg is given by:

1, .
Wd)Z = 20 Colac sinRwt + g, ) (3.80)

2 .
— §Lidci¢‘21 cos(Zwt + Py 5 )

1 .
- ELié,_z1 cos(4wt + 2Py, )

1 R -
+ 5 —Vaclgz, sinQwt + @g, ) + W2y

This yields:

M 1 . 2 2
lcircy (t) = 3lac + 1g2, COSQt + Py 5.) + ig 4, COS(4wt + Py 4,) (3.81)
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2 _ 2 N Ni
ip2, = l¢,21\/(1 + o)t (ewc?fdc)z
by, =20 +a—0—arctan i)
Where, { P2, =20+« arctan - wig, (3.82)
R . 6wCv g
i =_N_j
.42 8wCvge .21

Pya, =4¢+2a—26—90°

This formulation can be reiterated to get further detail on harmonics.
Based on the results above it can be concluded that

» The fundamental current component in converter arms leads to a voltage ripple
in SM capacitors with a dominant second harmonic.

 This leads to second and higher harmonics in the circulating current.

» The second harmonic component has a negative sequence.

3.4. Conclusion

In conclusion, this chapter revealed that with independent control of submodules,
each arm of an MMC behaves as a variable voltage source, which allows for inde-
pendent control on all ac-voltages and the dc-voltage. This further enables MMC to
operate on unbalanced/distorted voltages on AC/DC side, aiding system'’s recovery
[103].

Furthermore, mathematical formulation presented in this chapter showed that op-
eration of MMC is split into AC and DC side. The AC side operation of MMC as
seen from eq. (3.26) and fig. 3.9b is defined by internal e.m.f e4(t) and inter-
nal impedance L., and R. Through appropriate selection of insertion indices and
resulting difference of arm voltages, MMC can attain desired voltage on AC side to-
gether with desired real and reactive power exchange with the grid if any. Similarly,
DC voltage as revealed by eq. (3.23) and fig. 3.9a is also controllable by insertion
indices and the resulting sum of arm voltages.

Moreover, this chapter explained the presence of parasitic harmonic components in
circulating current which lead to higher losses in the system. In addition to the un-
desirable effect of circulating current, section 3.3.5 showed that circulating current
provides control over internal energy dynamics of the converter. DC component
of circulating current regulates energy stored in a phase leg and similarly the fun-
damental component of circulating current can control energy imbalance in two
arms of a phase leg. Techniques can be employed to minimize the imbalance such
circulating current only has dc component.

The circuit analyses presented in this chapter serves as the foundation for upcoming
sections that examine control and modulations techniques for MMC and their effects
on the converter’s dynamics.







Component Selection

Optimum sizing of component ensures desired performance of MMC within
the constraints of cost and size. This chapter investigates the selection of
the number of sub-modules, sub-modules capacitance, and arm inductance.

The dynamics of converter as seen in the last chapter are influenced by:
1. Number of Sub-modules
2. Sub-module capacitance
3. Arm reactance

The number of submodules and its capacitance define the stored energy in the con-
verter and arm reactance limits the rate of change of current in case of an imbalance
in the system. To attain desired characteristics for the converter, appropriate sizing
of these components is a necessary prerequisite.

4.1. Number of Sub-modules

The number of sub-modules for an MMC is dictated by:

¢ DC link Voltage

» IGBT valve voltage rating

 Allowed total harmonic distortion for the unfiltered ac-voltage

Based on the dc link voltage and IGBT valve rating minimum number of SM in an
arm is calculated as:

N>_—Jde (4.1)

VIGBTRating
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The harmonic content of output ac-voltage among other factors is dependent on the
number of SM and the modulation technique utilized for the converter. The number
of sub-modules dictates the maximum number of levels in ac voltage waveform,
which directly influences the harmonic content.

4.2, Sub-module capacitance

The flow of fundamental current component and dc component in arm implies
charging and discharging of sub-module capacitors. This results in voltage rip-
ple, which is dependent on the value of capacitance. The higher the capacitance,
the larger is the energy stored and smaller is the ripple; however this adds to cost
and size of the sub-module. Therefore, a trade-off between size and cost of the
capacitor with allowed voltage ripple is necessary for optimum results. The higher
the allowed ripple, the smaller is the required SM capacitance.

For given system ratings and permissible ripple, instantaneous power flow from
ac side and dc side in an arm are analyzed to determine the optimal value of ca-
pacitance [8]. The analysis assumes perfect imbalance on dc side i.e. circulating
current is purely direct, and converter losses are negligible R ~ 0. Incorporation of
this assumption implies that Veircy = 0 and simplifies egs. (3.63) and (3.64) to:

P () = % (1- Ty cos(wt + Py + @) (1+ I%d, cos(wt + @y — 8) (4.2)

_ Vaclac

Equations (4.2) and (4.3) reveals that with aforementioned assumptions:

(1 + 1My cos(wt + Py + @) (1 — kg cos(wt + Dy —6))  (4.3)

e Average power in an arm over one time-period equates to zero i.e. average DC
power in equals average AC power out.

» The stationary points for energy stored in capacitor at a particular voltage mod-
ulation index 4 correspond to:

1
Y1, =7T—arccos<f( >+9
For Positive Arm: wt + 4 = 1"’ (4.9)
Y2, =m+arccos <A—> +6
kg
1
y1. =60 —arccos (l% )
For Negative Arm: wt + 4 = 1"’ (4.5)
Y,_ =0+ arccos| —
kg

Integrating egs. (4.2) and (4.3) between these limits yields the ripple in the stored
energy.

dcldc

14 ~
AE.,(t) = == [-7iy sin(wt + g + @) + kg sin(wt + Py — )
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gk i
0 sin(Qwt + 2dy4 + a — 9)]
Y24
3
~ deidC 1 2
=kp——|1— = 4.6
(1) o
1]dcidc Py . n .
AE_¢ ) = oo [m¢, sin(wt + @4 + a) — kg sin(wt + Oy — 0)
A Yi_
Mk
0 sin(2wt + 2d4 + a — 9)]
Ya_
3
~ vdcidc 1 2
=ky———(1— % 4.7
(1) 7

This corresponds to energy variation in an arm. Instantaneous voltage balance
control implies that this variation is equally split between all capacitors. Therefore,

3

kg vaci 1)\?

AEgy(t) = Wd)% (1 - k—2> (4.8)
¢

Voltage ripple in a sub-module is given as:

1 kg vy.i 1\?
2 2\ _ ¢ Vdctdc
30 Ot =00 = 5225802 (1 1 (49)

Where v¢, and v. . are defined as:

Ucmax = Ec(l + E) (4.10)
vcmin = Ec(l - E) (4.11)

Where € represents allowed variation in voltage from nominal value and v = “dc. In
addition power from dc side P;. = v,.i4. €quals P,.. Incorporating this, egs. (4.10)
and (4.11) in eq. (4.9) gives:

3

N 1\’
C=——"kyP 1-=— 4.12
6wevz, * AC3¢< ké) (+12)

Incorporating eq. (3.53) yields

3

_ NSac,, 1 (1 Tﬁ(zpcosz(9+a)>7

(4.13)

3vi, hewe 4
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From eq. (4.13) it can be seen that value of capacitance is dependent on the number
of sub-modules, power in system, dc side voltage etc. Therefore, another variable
is introduced that defines nominal stored energy in all capacitors per power rating
of system, Eyuc [80]. This is given by:

_ 1 1 Vdc 2

Incorporating eq. (4.14) in eq. (4.13) yields

3
1 M2 cos?(6 + a)\?

Equation (4.15) can determine the required energy storage per rated power of
system for given modulation index eq. (3.45), power factor, the frequency of the
system and allowed ripple in capacitor voltage.

For example for a system with modulation index m = 0.9, power-factor cos 9 =
0.75, a = 0 frequency 50 Hz and a maximum ripple of 10% i.e. € = 0.1. Eyyc
comes out to be 29.5 J/KVA. Based on this value capacitors can be appropriately
sized using eq. (4.14).

4.3. Arm reactance

Arm reactance and inserted SM capacitor forms a series resonance circuit in the path
of circulating current. However, variable nature of equivalent capacitance of arm
implies that this resonant circuit is time varying. Analyses of resonant frequencies
as presented in [104] and further analyzed in [105] yield following relation for
resonant frequencies:

N 2(n? — 1) + h?n?
2 =
Wres = IC  4n?(n? - 1) (4.16)

where, n corresponds to the order of harmonic and is an even number.

To avoid resonance of circulating current harmonics, systems operating frequency
should be higher than the maximum resonant frequency given by eq. (4.16).

As analyzed in sections A.2 and 3.3.6 harmonics are of even order where second
order harmonic is the most dominant; ignoring harmonics of the higher-order, max-
imum resonant frequency in eq. (4.16) corresponds to n = 2 & m = 1. This yields
following constraint on arm inductance and sub-module’s capacitance [104, 106].

5N



Control Scheme

Control in converters is essential for its operation and enables the system to
attain its desirable characteristics.

The control system in an MMC generates ac and dc reference waveforms that aim to
achieve desired power flow and voltage waveforms in the system; while balancing
voltage across sub-modules and minimizing unwanted harmonic components in the
arm currents. Figure 5.1 illustrates the-the control system for an MMC, which is

hierarchized as: )
Active power control

Reactive Power control
DC voltage
AC voltage

1. Upper level control —

2. Inner level control — Controls voltage distribution among sub-modules

Mitigation of circulating current
3. Auxiliary operations —{ Mitigation of zero sequence currents
Fault control

Vg, Vdcy €ref
P"ff{  Qrer fo:: LétIFI -»3‘-> %:l;)r(l -r3‘->ModuIation

" g v
—» VBC

6N

Vey(p) ] 6N Gate Signals

MMC 2
Vei(p4)

Figure 5.1: Control Schematic for a grid-connected MMC
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5.1. Upper level control

The objective of the upper-level control is to determine the reference waveforms for
the dc side voltage (v, ; ¢) and internal e.m.f (e,.f) to generate desired terminal
voltage waveforms and attain desired real/reactive power flow. The MMC with its
ability to synthesize AC voltage can operate both with and without AC grid and
subsequently the upper-level control system is split as:

e Islanded Control
With islanded mode of operation, either there is no or a weak grid on the ac side.
In such systems, the converter actively controls the frequency and voltages in
the system. For this control scheme, internal e.m.f of MMC for desired terminal
voltage and load can be calculated from the droop control [107].

¢ Grid Connected Control
With this mode of operation, MMC is connected to a strong ac grid. The control
with this setup has to ensure synchronization with the grid and attain desired real
and reactive power exchange.

Grid connected control can be realized by direct and vector control methods.

5.1.1. Direct Control

Based on the ac side equivalent representation of MMC fig. 3.9b, power flow be-
tween converter and ac system ignoring converter and line losses is given as:

Dacyp sSina
X

D5c — Daclyp COS @
X

B = Qac = (51)

1
where, X = w(Ly + EL)

From eq. (5.1) itis seen that real and reactive power flow between MMC and AC grid
can be controlled by varying magnitude and phase of e (t) with respect to v, ”
This control scheme utilizes two PI controllers which generate reference values of
eq(t) and angle « based on the error in rms ac voltage or reactive power and
real power or dc voltage receptively as illustrated in fig. 5.2. However, this control
strategy due to coupling between eq. (5.1) fails to attain independent control of
active and reactive power [108].

Pref/l/;icref Qref/vacref N
a €¢
Pl — PI —p
P/Vqc
(a) Real Power/DC voltage control (b) Reactive Power/AC voltage control

Figure 5.2: Direct control strategy
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5.1.2. Vector Control

This control strategy is based on the D-Q synchronous reference frame model of
the system and is similar to the vector control for a conventional VSC [109, 110].
The essence of D-Q reference frame’s is its ability to convert three phase AC values
to two orthogonal dc values. With appropriate transformation vector control can
achieve independent real and reactive power as explained below:

3 3 3
S = 3Vaclae = 5 (va +jvg) (ia — jig) = > (vaiq + vqiq) +is5 (vgia —vaiq) (5.2)

With d-q axis aligned with vector v,. such that v; = 9, & v, = 0, eq. (5.2) is
reduced to: S = 3v,4iy — j3v4i,. Any additional coupling in d-q components of
the system is mitigated by the use of feed-forward control loops [108]. For the
transformation and alignment of d-q axis synchronization with the grid is required.
This requires precise tracking of the phase of the grid and is accomplished through
phase locked loop [111].

MMC linear-time-invariant model

The three phase equations represented ac side of MMC (eq. (3.26)) can be trans-
formed to two phase stationary axis using Clarke’s transformation.

1 1 digg()
Vap = €ap(t) = 5 Riqp(t) — ELeq% (5.3)

where, x5 = x4 + jxg. Applying Park’s transformation i.e. xqq = xqp €’ Jodt to
transform from stationary reference frame to rotating reference frame yields:

) L1 dig® 1
Vaq ® = €dq ) — ERldq ® - ELeq dt +]E“’Leq laq ® (5.4)

va(t) =eq(t) — %Rid(t) - %Leq%id(t) - %wl‘eqiq(t)

. . . (5.5)
V() =eq(t) — 2Rig(t) = 2Leog i (t) + 2wleqia(t)
Transforming eq. (5.5) in Laplace domain yields:
1 1
Va(s) = Eq(s) — E(R + sLeg)la(s) — EwLquq(S) (5.6)
1 1
Va(s) = Eq(s) — E(R + 5Leg)q(s) + EwLqud(s) (5.7)

Equations (5.6) and (5.7) defines the relation between input currents and output
voltages and are depicted in fig. 5.3. However, d-q components are coupled be-
cause of 0.5wLeqlq & 0.5wL.ql, terms which are mitigated by the feed-forward
technique i.e.

~ 1
Ea(s) = Ea(s) = Va(s) = 50Leqlq(s) (5:8)

~ 1
Eq(s) = Eq(s) —Va(s) + EwLeqld(s) (5.9)
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Figure 5.3: D-Q Axis representation of AC side of MMC

Substitution of eq. (5.8) in eq. (5.6) and eq. (5.9) in eq. (5.7) yields independent
transfer function for direct and quadrature components:

Iq — 1
Ed(s) §+Le;qs

Hsys(s)y 1, _ % 1° (5.10)
Bq(s) — Eileag

For dc-side the phase legs behave as an equivalent capacitor, C., as illustrated
in fig. 5.4 and the system transfer function can be derived with an assumption of
instantaneous balance of power between ac and dc sides of converter i.e.

. . . . dvg
Vaclac = Evdld & lagc =1L = Ceqd_tc (5.11)
dvdc 3 Vdid
- Ceq_dt = E Vae — 1 (512)

Linearization of eq. (5.12) for small variations around equilibrium state yields [110]:

. . . 2 iL Vdc
AVdC K lge, = 11, lg. = 2 20 _9c0
A= ;l?d — where, o © 3 (5.13)
— — 0
d Sfc+i% TC_Ceq ch_ivdc()

dcg
By utilizing feed-forward terms eq. (5.13) is reduced to:

AVye 3wy, 1
Alg 24, SCeq

(5.14)

eq
_ ic{
[ 0

Figure 5.4: DC side representation of MMC
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Vector control uses proportional-integral regulators for the control. Optimal con-
troller parameter ensures fast and stable response of the system. Optimal tuning
of controllers can be accomplished through heuristic approaches such as ziegler—
nichols method [112] or analytical methods such as pole-placement, modulus, and
symmetric optimum, etc. For the analytical methods, complete knowledge of the
system is a necessary prerequisite. The transfer functions for the system compo-
nents are given by:

« PI controller - Its transfer function is given by:

1+TiS

Hpi(s) = Kp Ts
l

(5.15)

where, K, is the proportional gain, and T; is the integral time constant.

» Modulations and inner level control - It has an effect of digital controller i.e.
sample and hold on the input signal system. This is modeled as:

Hyop(s) = (5.16)

1+T,s
The hold time of modulation varies from 0 to up to one switching cycle (T, ), for
modeling, the average value of TSTW is selected.

e System - Equations (5.10) and (5.14) presents linear time invariant (LTI) model
for MMC’s ac and dc side operation respectively.

Based on these models for system components, following sub-sections provide de-
tail derivation and tuning of MMC's ac and dc side control using the vector control.

AC side control

Based on the vector-control, the power-flow control of inverter end is illustrated
in fig. 5.5. This control scheme consists of two cascaded control loops each for
the direct and quadrature components. The outer-loop based on the reference
and measured values of real power and reactive power/r.m.s AC voltage generate

Pref Pl
P
iacd, @®) -> dq ey (t)
Eean 2
abc
_’
Q/"acrms t
w
Qref /Vllcrms”f

PI

Figure 5.5: D-Q control: Inverter end
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I

d-ref Ed—ref Id
Pl ——p|Modulation—p| System
Ig-res Eyrer Iy

Figure 5.6: Inner current loop tuning

reference values of direct (I4_,.r) and quadrature (I,_,.r) currents respectively.
The inner faster current loops use these reference and measured currents from the
system to determine direct and quadrature components of internal e.m.f of MMC.
The decoupled inner loops can be represented as in fig. 5.6.

For systems having one dominant (not close to the origin) and multiple minor time
constants, optimal controller parameters can be determined through the “modulus
optimum” method. The MO method aims to maximize the bandwidth for which the
magnitude response of the closed-loop system is equal/close to unity [113]. Thisis
accomplished through pole-zero cancellation and optimal selection of the damping
constant for the closed loop system [109, 110].

Open loop transfer function of the inner loop system is calculated as:

1+ Tiacs
Gor,.(8) = Hpi($)Hpyop(S)Hsys(s) = Kp,, R L (5.17)
T, .S—5* (1 + o s) (1 +T,s)

lac WRpy

Canceling dominant system pole with zero of PI controller yields,

_ Leq _ Leru
1+Tis=(1+ Ts) = Ty, = ORn (5.18)
With this condition the closed loop transfer function of the system is given by:
2
1 Wm
Gerg (S) = T = 5 (5.19)
1+ o ® s2 + 28wpms + wh

20K, 1
Where, w,, = ﬁ & 2¢w, = T_
eqpu'e e

For modulus optimum the damping factor, ¢ is selected as% [113]. This yields:

LQ‘Ipu

Kpac - 4Tew (520)
Figure 5.7a illustrates the resulting pole and zeros in the closed loop and fig. 5.7b
shows the effect of the damping factor on the system’s step response. Based on this
controller, fig. 5.8 illustrates the response of detailed model of the converter under
a step change in I ;. The responses from detailed model corresponds to that of the
fig. 5.7b, which not only further validates the control system but also confirms the
accuracy of the LTI model of used in the design of the controller.
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Figure 5.7: Modulus optimum tuning

The outer PI controller is tuned using trial and error approach. The reference
values of E;(s) and E,(s) obtained from the controller are transformed back to the
stationary reference frame and further utilized in the modulation system.
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Figure 5.8: Repsonse of step cheange in I, in detailed model
DC voltage control

Using the linearized model for dc side operation of MMC (egs. (5.13) and (5.14)),
the dc voltage control system for the rectifier end is represented as in fig. 5.9.

The inner tuned control loop is given by eq. (5.19) and this second order transfer
function can be approximated by a first order function [110]:

Ger, (s) = where, T,, = 2T, (5.21)

1+ 5Ty,

Based on this, first order function for inner control loop, open loop transfer function

for dc voltage control system is given by:

KpchDC 1+ Tidcs
Ti,Tc S2(1+sTeq)

(5.22)

Gor,(8) =

Vdc—re f

~ i
Pl pModulationtP| AC system r Kpe = T

Figure 5.9: DC voltage control system: Rectifier end
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Figure 5.10: Bode plot

For this system with a pure integrator, “modulus-optimum” method of pole-zero
cancellation is not feasible. In such scenario, the “symmetric optimum” (SO) method
[113] can be utilized for optimal selection of controller parameters. This approach
similar to the MO aims to attain flat magnitude response for the closed loop sys-
tem for the largest possible bandwidth. However, in SO this is accomplished by
maximization of the phase margin at the crossover frequency.

Maximization of phase margin at crossover frequency yields following parameters
for the controller [109, 110]:

1+ singyrg
] —singyyg
K Lo
Pac = o
de KDCw/ TeqTidC

where, ¢4 is the desired phase margin

T, = T,qa? (5.23)

(5.24)

Where the recommended value of a is around 3 [109, 110] which yields a phase
margin of around 53°.

5.2. Voltage Balancing control

The objective of voltage balancing control (VBC) is to ensure that capacitor voltage
is more or less constant throughout all SMs. This requires instantaneous control, to
ensure charging of depleting capacitors and discharging of charged capacitors. Su-
perposition of dc and fundamental current in an arm egs. (3.50) and (3.51) implies
that current through arm changes its polarity. Therefore, within a one-time cycle,
there are instants of charging and discharging currents. A calculated approach of
insertion and bypassing of SMs can exploit these charging and discharging win-
dows ensuring near voltage balance across all SMs. Below is the description of
such techniques.
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5.2.1. Capacitor Voltages Ranking Based Approach

With this method voltages across all capacitors are measured at the beginning of
switching period and capacitors are ranked in order of their voltages. In a case when
arm current is positive, the desired voltage is generated by insertion of sub-modules
with the lowest voltage and vice versa [7]. This method ensures charging of ca-
pacitors with low voltage and discharging of capacitors with high voltage, thereby
balancing the voltage over all capacitors. Besides measurement, the direction of
arm currents can be inferred from the change in voltage of an inserted sub-module
between two measurements [7]. The increase in voltage of capacitor implies a
charging that is positive current and vice versa. This voltage balancing algorithm
can be implemented in various ways:

» Fixed sampling frequency: With this approach inserted and bypassed submodules
are toggled after a fixed time interval as dictated by the balancing algorithm. This
method with a small time interval ensures capacitor voltages are within a tight
band however it can lead to higher nhumber of switching operations.

* Fixed band approach: With this method [114] inserted and bypassed submodules
are toggled if a submodule’s voltage deviates from the pre-defined band.

 Interrupt mode: With this approach, the inserted and bypassed sub-modules are
toggled if only if the arm-level modulation dictates a change in the number of
sub-modules inserted/bypassed as illustrated in fig. 5.11. This method prevents
unnecessary switching operation and is adopted in this study.

. + 0
ngs(6) <Different Yes S _ © :t
‘ from last i Sorting 2>
value> = =
Vey(p) () ©

5 A

Figure 5.11: Interrupt mode: Capacitor voltage ranking Based VBC

5.2.2. Capacitor voltage balancing loop

This voltage balancing scheme as proposed in [115] for carrier phase shifted PWM
generates reference wave for each submodule’s using a three-tier control. Averag-
ing control controls average capacitor voltage in an arm through circulating current
while balancing control forces individual capacitor voltage to the reference value
and arm-balancing control mitigates the difference in average capacitor voltage in
positive and negative arms.

This control scheme is only implementable on PWM system and isn't investigated
here. Interested readers are directed to references [92, 115—-118] for more detail
on this control scheme.
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5.3. Circulating Current Control

Section 3.3.6 and section A.2 showed the presence of higher order harmonics in the
circulating current. Although these harmonics have no significant effect on external
characteristics of the converter; their flow tends to increase losses in the system
and increase rating requirements for system components. This presents a need for
mitigation of these harmonics.

These harmonics can be mitigated either by control of arm voltages or by use of a
tuned filters. Article ([80]) proposes the use of a parallel resonant filter in each arm
for mitigation of the dominant second harmonic. Article ([119]) presents a detailed
analytical analysis for the impact of such filters. However, high voltage reactors are
costly [120] and therefore this section is dedicated to control techniques that can
mitigate unwanted harmonics in circulating current. Circulating current dynamics
are represented by egs. (3.23) to (3.25), reiterated below for convince.

Vac(t) = Viegy ®+ Zvcirc¢ ® (5.25a)
Vieg, (1) = Vg4 (1) + Vg (1) (5.25b)
Vcircy, @® = L%icircdJ ®+ Ricirc¢ ® (5.25¢)

where, v,irc s is the voltage induced in arm reactors due to the flow of circulating
current, caused by an imbalance in dc voltage (v,;.) and leg voltage (vleg¢).

From eq. (5.25) it can be concluded that by an active compensation in arm voltages
(v () asin eq. (3.32), for the voltage drop caused by circulating current (vcir%)
can mitigate the voltage imbalance and suppress the parasitic harmonics in the
circulating current. Furthermore, Section 3.3.6 and section A.2 showed that second
order harmonic in circulating current is the most dominant and has a negative
sequence.

5.3.1. Synchronous reference frame controller

Based on the aforementioned principles, Tu et al. ([120]) proposes a control scheme
for suppression of the dominant second harmonic in the circulating current. This
method utilizes a pair of PI controllers that force direct and quadrature components
of the second order harmonic, determined via “double fundamental frequency -
negative sequence synchronous reference frame transformation”, to zero.

The three phase equations representing the circulating current of MMC (eq. (5.25c))
can be transformed to two phase stationary axis using Clarke’s transformation.

d
Veircag = LEicircaB ®+ Ricircaﬁ ® (5.26)
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where, x5 = x + jxp. Park transformation is applied to transform from stationary
reference frame to negative sequence double frequency rotating reference frame,
i.€. Xqq = Xgp e/J-20dt Incorporating this transformation yields:

Veircgy (t) = L%icircdq () + Ricircy, () + 2jwLicirc,, () (5.27)
Veire,(8) = Ldiicircd (@) + Ricirc, (1) — 2wLicire, () (5.28)
Veircg (1) = Licireg () + Ricircy () + 20Licire, ()
Transforming eq. (5.28) in Laplace domain yields:
Veircg(8) = (R + sL)Icirc, (8) = 2wLlciyc, (5) (5.29)
Veireg () = (R + L)l cire, (5) + 20L1cirey (5) (5.30)

Equations (5.29) and (5.30) defines the relation between circulating currents and
voltage imbalance and are depicted in fig. 5.12.

Veireq 1 Leirey
R+sL
2wl (¢
20l (¢
1 Iva
R+sL .

Figure 5.12: D-Q Axis representation of circulating current

However direct and quadrature components are coupled because of 2wLicire, and
2wLicirc, terms. To mitigate this cross coupling feed-forward technique is utilized.

Vcircd (s) = Vcircd (s) + ZwLicircq (s) (5.31)
Vcircq (s) = Vcircq (s)— zwLicircd (s) (5.32)

Substitution of eq. (5.31) in eq. (5.29) and eq. (5.32) in eq. (5.30) yields indepen-
dent transfer function for direct and quadrature components of second harmonic
circulating current. Based on these results separate PI controllers are implemented
to suppress these currents to zero. This control scheme is illustrated in fig. 5.13
where reference values (I.;,c drepr Leircg_rep) correspond to zero, and the output

voltage (vgirc ¢) is incorporated in insertion indices eq. (3.33).
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Figure 5.13: Circulating Current Suppression

5.4. Zero sequence current control

As seen in eq. (3.37), zero sequence currents from an unbalanced ac system can
propagate to dc side leading to an imbalance in current on positive and negative
dc lines. This current component can be eliminated by [99, 100]:

e Coupling converter to ac system un-grounded Y or A transformer
Coupling of the converter to the ac grid through un-grounded Y or A transformer
with A connected on converter side leads to infinite impedance for a flow of zero
sequence currents and consequently eliminate their flow.

e Control of arm currents

For transformer-less configuration or for an asymmetrical fault on converter side
of A transformer flow of zero sequence currents in the converter is inevitable.
These zero sequence currents subsequently lead to an imbalance in dc line cur-
rents as seen in eq. (3.37). Nevertheless, MMC with distributed storage allows
control over the zero sequence components [100]. This control can be either be
incorporated in vector control of converter as detailed in [100] or can be achieved
by regulating insertion index in each arm individually as presented in [99].

5.5. Conclusion

This chapter presents a brief review of control techniques required for a grid-
connected MMC that ensures desired terminal and internal characteristics. For the
design of controllers, a linear-time invariant model of MMC is derived. Based on
this model the chapter presents an optimal design of controller to regulate ac/dc
voltage waveforms and real/reactive power flow with the AC grid. Furthermore, an
account of various voltage balancing techniques, that ensure equal voltage across
capacitors in an arm, are presented. Lastly, methods for suppression of unwanted
harmonics in circulating current and zero-sequence currents propagating from un-
balanced ac-side are discussed.



Modulation

Modulation translates the reference values from the control system to the
gate signals for individual IGBTs. This chapter presents a brief overview of
modulation schemes for modular multilevel converters.

The modulation system for modular multilevel converters enables energy balance in
the arms of converter and voltage balancing across individual submodule capacitors.
Based on these objectives, the modulation schemes for MMCs are split into two tiers
i.e.:

e Arm Level Modulation.
This level of modulation translates reference values of upper-level and auxiliary
control to regulate an individual arm through insertion index or arm energy con-
trollers. The modulation ensures that the inserted voltage in a phase leg, v, o7

and the arm cumulative capacitor voltage, v§¢ ,» correspond to the dc link voltage.

e Module Level Modulation.
The objective of the module-level modulation is to generate gate signals for each
sub-module. These switching patterns define insertion and bypassing of sub-
modules, which not only influence the voltage the waveform on ac and dc sides
but also control the voltage of a submodule’s capacitors. Therefore, this level
of modulation needs to conform with the arm-level modulation and the voltage
balancing control.
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6.1. Arm Level Modulation

The objective of this modulation is to generate insertion indices for all arms of MMC,
to achieve desired reference values (i.. eyefg, Vac,, f) as dictated by the controller.

Insertion index is the ratio of sub-modules inserted in an arm and consequently
defines the voltage inserted by an arm. Therefore, this modulation determines the
number of sub-modules “inserted” in positive and negative arms of phase leg.

The generic expression of insertion index as derived in eq. (3.33) is reiterated below:

Vg —
Tc — Crefe vcircd,

e = (6.1)
+
Yde + €refp — Vcirc
ny_(t) = = O ¢ (6.2)

Different techniques and simplification can be incorporated to determine modu-
lation indices given by egs. (6.1) and (6.2). Following is the description of such
modulations techniques.

6.1.1. Direct modulation

Direct modulation is an “ideal open-loop modulation” [40]. It assumes cumulative
capacitor voltage of an arm constant and equal to the dc voltage i.e. ”§¢¢ = V4
[121]. This further implies that the modulation ignores any voltage imbalance in a

phase leg i.e. Veircy = 0-

Incorporation of these assumptions and using egs. (3.28) and (3.45) reduces in-
sertion indices given by egs. (6.1) and (6.2) to:

1 —1hy cos(wt + Py + a)

ngs(t) = > (6.3)
ng_(6) = 1+ 1My cos(;)t + dy + ) (6.4)

In short with this modulation approach, “inserted” sub-modules in the positive and
negative arm are varied in a sinusoidal fashion as dictated by ac voltage with a
phase difference of 180° and an offset of half of the dc voltage.

However as discussed earlier, the flow of fundamental current through the capaci-
tors implies a voltage ripple. The absence of compensation for the capacitor voltage
ripple in this modulation results in a substantial magnitude of circulating currents
harmonics; leading to higher losses and higher rating requirement for the compo-
nents.
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6.1.2. Uncompensated Modulation

Uncompensated modulation similar to the direct modulation assumes a constant
cumulative capacitor voltage, equal to the dc link voltage (v§¢ L () = vgc). How-
ever, this modulation utilizes reference values e,.rg and v, ” from their respective
control loops.

Vd
TC - erefrp - vcirc¢

N (t) = (6.5)

Vdc
Vd
TC + Crefp — Ucirc¢

ng-_(t) = (6.6)

Vdc

In short, this modulation method corrects for the imbalance in dc link voltage and leg
inserted voltage but doesn’t compensate for varying cumulative capacitor voltage
in an arm.

6.1.3. Compensated Modulations

In compensated modulation schemes ([122]), estimated or measured cumulative
capacitor voltage is utilized in the calculation of the insertion index to correct for
the varying cumulative capacitor voltage in an arm. These methods are explained
as follows:

Measured cumulative capacitor voltage

In this closed loop modulation, cumulative capacitor voltage in all arms i.e. v§¢+
are measured continuously [40]. Based on the desired internal e.m.f e,.r4 and

calculated v, » insertion indices are computed as:

VYdc _ — .
TC Crefo Uctrc¢

ner = (6.7)
e + €refp — VUcirc,
ny_(t) = - 0 ¢ (6.8)

Direct implementation of this method, leads to instability in capacitor voltages and
imbalance in stored energy of positive and negative arms [40, 121]. Nevertheless,
based on these measured cumulative capacitor voltages, the total energy controller,
that uses PI controllers to regulate total stored energy in a phase leg and imbalance
between arms has been proposed and validated in [40].

However, with hundreds of SMs, this method is plagued by delays associated with
measurement and communication of signals [95].
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Estimated cumulative capacitor voltage

In this control scheme as proposed in [95, 121], estimated cumulative capacitor
voltages in an arm are utilized for the calculation of insertion indices. .

To determine the cumulative capacitor voltages the total energy in a phase arm is
estimated. For this, it is assumed that circulating current is purely direct current.
This purely direct circulating current from eq. (3.42) is given as:

8¢ Lac cos(6 + a)

icirc¢0 = (6.9)
Vae + Jvﬁc —4Réy 1. cos(0 + a)

Veircy, = Ricirc¢,0 (6.10)

The load current lac, 1S measured at the real time, and value of i . and 6 for the

fundamental component are determined. With these results and the reference value
of e.m.f, stored energy in an arm is estimated by integrating egs. (3.63) and (3.64).

=y Vac i i
W+¢ = (T —€p — vcirc¢0)(lCiTC¢0 + ldiff(p)dt

1 Va . 2 . 1 A 2 .
=55 TC - Rlcirc¢0)lac sin(wt + @4 — 60) — Zed’ldrcd’o sin(wt + @4 + a)
1.,
~ 5o 8plac SINQwE + 20y +a = 0) + W, (6.11)
And similarly,
> 1 vy . s 1, . .
wso, = _%(T - Rlcm%)Lac sin(wt + @4 —0) + Z%lcirc% sin(wt + @4 + a)
1. .
~ 5o 8plac SINQut + 204 + @ —0) + W, (6.12)

where, W+Z¢0 and W_Z¢O are the reference values for total capacitor energies in
positive and negative arm receptively. From these estimates, cumulative capacitor
voltages are calculated as:

2N

0z, = - Weo (6.13)
The insertion indices are consequently are given by
n (t) _ % - erefqb - vcirc¢ (6 14)
¢+ (L) = 2, (D) '
Zde te — Vg
2 refo circg
_(t) = 6.15
ng_(t) ENG) (6.15)

This method provides compensation for variation in the capacitor voltage and mit-
igates parasitic harmonics in circulating current without incurring additional mea-
surement or communication requirements [95, 121].



6.2. Module Level Modulation 79

6.2. Module Level Modulation

Module level modulations for multilevel converters are an extension of the tradi-
tional modulation techniques. In general for multilevel converters, modulations can
be categorized into two groups i.e. low-frequency switching methods and high-
frequency switching methods [70]. These module level modulation schemes for
MMC are classified as follows:

Low frequency switching High frequency switching
A A
e ™~ ) -
1. Space vector PWM 2. Multi-carrier PWM
1. Nearest level control s A ~
2. Nearest level modulation a. Multi-carrier PWM b. Level shifted
3. Nearest vector control 1. Phase d/isE)sition ~
4. Selective harmonic elimination I1. Phase opposition disposition
III. Alternative phase opposition disposition

As seen in eq. (3.5) with N sub-modules in an arm, each arm of an MMC can
generate N + 1 levels. However, based on the operation of complementary arms,
N+1or 2N +1 levels can be obtained for the ac-waveform. Therefore, all modulation
techniques based for MMC can be further categorized as:

e N + 1 Level Modulation:
In this modulation scheme, the arms in a phase leg operate in a complementary
manner. The transition from one voltage level to other is accomplished by syn-
chronous commutation in both arms i.e. insertion of a sub-module in one arm
and bypassing of a sub-modules in the other arm. The converter with this oper-
ation continuously maintains the total number of submodules inserted in a leg to
N, ensuring constant voltage on the dc side (ignoring voltage ripple).

e 2N + 1 Level Modulation:
On the other hand, independent control of positive and negative arms can gen-
erate 2N + 1 levels in ac phase voltage. With this operation, arms in a phase leg
no longer operate in a complementary fashion. Rather than synchronous switch-
ing in positive and negative arms of a phase leg, the transition from one voltage
level to other is accomplished by commutation in just one arm [123]. This mod-
ulation with increased number of levels in ac-voltage significantly reduces the
total harmonic distortion in ac-voltage and current, and the EMI contributed by
%. Moreover, switching frequency remains identical to that of the N + 1 level
method. However with this approach, the total inserted sub-modules in an arm
are no longer constant which leads to variation in the dc-link voltage contributing
to additional components in the circulating currents and voltage spikes across the

arm reactors.

The ideal modulation for MMC should attain minimization of switching frequency,
capacitor voltage ripple, harmonic distortion in ac-waveform and computational
load of modulation itself. Counterpoising nature of these factors implies that all
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modulation methods have their pros and cons which will become evident from the
description of all of these modulations in the following sub-sections.

6.2.1. Nearest Level Control

Nearest level control [114, 124] is one of the simplest modulation techniques. It di-
rectly determines the switching state without any requirement for any carrier waves
or complex calculations. The essence of NLC is the approximation of a sinusoidal
waveform by an equivalent staircase quasi-sinusoidal wave as illustrated in fig. 6.1.
With this modulation, the desired number of inserted sub-modules in an arm are
computed by rounding the product of insertion indices as given by the arm level
modulator and N i.e. eq. (6.16).

N = round [Nng.(t)] (6.16)

ins.g+

A change in N, ot triggers the voltage balancing control and gate signals are
updated based on the desired number of sub-modules inserted/bypassed and the
voltage balancing control. This modulation method for MMC as discussed earlier,
based on the operation of positive and negative arms of phase leg can generate
N + 1 level or 2N + 1 level in ac voltage as detailed below:

e N+1
In this case, the product of N and insertion index eq. (6.16) is rounded-up to
the nearest integer if its fractional part is greater than 0.5 and vice-versa. This
approach with complementary operation in positive and negative arms generates
N + 1 levels with a step size of v, in ac-waveform while maintaining the total
inserted sub-modules inserted in a leg to N. The ac-waveform form with this
method deviates up to 0.5v. from the reference signal.

e 2N +1
A variant of N + 1 method as proposed in [125] rounds up in eq. (6.16) when
fractional part is greater than 0.25. This implies that commutations in positive
and negative arms are no longer synchronous. This leads to 2N + 1 levels in
the ac-waveform with half of the step size i.e. 0.5v.. However total inserted
sub-modules in a leg vary between N and N + 1. The ac-waveform form with this
method deviates up to 0.25v, from the reference signal.

Figure 6.1: Nearest Level Control - 7 Levels
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Overall, NLC with a low number of levels produces a poor quality of ac-waveform;
making this modulation only effective with a high number of levels. Nevertheless in
MMCs with N in order of 100’s, the waveform synthesized is adequate, and system
benefits from the simple carrier-less implementation.

6.2.2. Nearest Level Modulation

Nearest level modulation (NLM) as proposed in [79, 126] is based on the NLC. How-
ever, instead of approximating reference waveform to the nearest level (N;,. ¢+),
this modulation toggles between two nearest voltage levels with a fixed frequency.
The converter is switched such that the time average of the two levels over one
switching cycle corresponds to the mean value of reference wave over that period.
Figure 6.2 illustrates the implementation of NLM. This modulation is implemented
without utilizing any carrier waves and tends to become more accurate at a higher
switching frequency.

The consecutive nearest levels and duty cycle for the higher level are determined
using egs. (6.17), (6.18) and (6.20):

NL—ins.d,i (t) = Tound(floor) [Nn¢>i(t)] (617)
NH—ins.¢i (t) = NL—ins.d,i +1 (618)

The time average of the two levels in one switching cycle should correspond to the
mean value of reference wave i.e.

1
(N7 ()] rey-avg = 7~ (Nimins. g (1 = dig ) Tow + (Nimins,p, + Dy, Tow )
(6.19)
This yields the duty-cycle for the switching period as:

did)i (t) = [Nn¢i(t)]ref—avg - NL—ins.d,i (t) (620)

where, roundf,00r)(a) Operand approximates to the nearest integer less than or
equal to a. Reference [127] presents a variant of NLM that yields 2N + 1 levels in
the ac-waveform.

Figure 6.2: Nearest level modulation - 7 Levels
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6.2.3. Multi-carrier PWM techniques

Similar to two-level carrier based PWM, the essence of the multi-carrier counterpart
is the natural sampling of a single modulating (sinusoidal reference) signal through
triangular carrier wave(s). With multi-carrier PWM (C-PWM) each complementary
pair of switches in the converter is represented by its individual triangular carrier
wave and modulating signal is shared across all switches [128]. Based on the
classical technique, the crossing of the modulating signal with a carrier wave implies
a change in state for that complementary pair of switches.

C-PWM, as discussed earlier, are split into N + 1 level and 2N + 1 level methods.

e N + 1 Level Modulation:
With the complementary operation of positive and negative arms, this approach
generates N + 1 levels in the output ac-voltage and requires N triangular carrier
waves. Each carrier wave in this scheme corresponds to a sub-module in one
arm and its complementary counterpart in the other arm of the phase leg.

e 2N + 1 Level Modulation:
This variant as proposed in [129] requires 2N triangular carrier waves, for each
sub-module in a phase leg.

For all of the carrier based modulation techniques the parameters that control mod-
ulation are [130, 131]:

* Amplitude Modulation Index (mgmy.)
The ratio of the amplitude of the modulating signal and the carrier waveforms
band.

* Frequency Modulation Index (my)
The ratio of the frequency of carriers (f.) to that of the modulating signal (f;) i.e.
me=Le
=™ o
¢ Phase displacement angle (¢4;s)

The angle between the modulating signal and the first positive triangular carrier
wave.

Intuitively a M level converter requires M — 1 carrier waves. Based on the spatial
distribution of carrier waves multi-carrier PWM Techniques are categorized as [131]:

1. Level shifted carrier PWM method.
2. Phase shifted carrier PIWM method.

Level shifted carrier PWM method

This technique as introduced in [130] utilizes M — 1 carrier waves for a M-level
converter. The carrier waveforms have identical peak-to-peak amplitude A, and
frequency and are disposed in such a manner that the contiguous bands fully occupy
range between —2(M — 1)A. to 7(M — 1)A.. The iy, carrier wave is displaced
by (%(Zith — M — 1))A, from the abscissa. Since there is no restriction on the
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phase displacement between the two adjacent triangular carriers, this modulation

technique can be sub-categorized as [130]:

¢ Phase disposition (PD)
In this method, all of the carrier waves are in phase as illustrated in fig. 6.3.
This stacking approach leads to a significant harmonic component at the carrier
frequency in the phase waveform; however, these harmonics tend to cancel out
in the line-line voltages [101].
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Figure 6.3: Carrier wave-forms for phase disposition PWM - 7 levels

» Phase opposition disposition (POD)
All carrier waves in positive/negative levels are in phase in their respective groups
with a mutual phase displacement of 180° as illustrated in fig. 6.4. With this
approach, both phase and line-line voltage waveforms have significant harmonics
around the carrier frequency [101].
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Figure 6.4: Carrier wave-forms for phase opposition disposition PWM - 7 levels

» Alternative phase opposition disposition (APOD)
Adjacent carrier waves are in phase opposition to each other as illustrated in
fig. 6.5. This level and phase shifting scheme has significant harmonics in the
sidebands of the carrier frequency [101].
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Figure 6.5: Carrier wave-forms for alternative phase opposition disposition PWM - 7 levels
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Continuous comparison of the modulating signal and the carrier waveforms gener-
ate the switching sequences for the converter. Each waveform corresponds to an
active device (sub-module). If the modulating signal is greater than a particular
carrier waveform the corresponding active device (sub-module) is switched on (in-
serted) and if the modulating signal is smaller than a particular carrier waveform
the respective active device (sub-module) is switched off (bypassed) [132]. The
amplitude modulation index for this modulation is given by [131]:

Ao Ao = Amplitude of modulating signal

m =
M 0.5(M — 1)Acpp Acpp = Peak-to-peak amplitude of a carrier signal

(6.21)

With this modulation, the switching frequency of an individual active device (sub-
module) is far less than that of the carrier frequency. However, the total number of
switching events in a cycle as investigated in [132] vary with phase displacement
angle (¢4;5). The effective switching frequency can be greater than or less than
carrier frequency depending upon the phase displacement angle (¢,;5) which can
be used to optimize switching frequency for a given m,,;,, and my [132].

Phase-shifted carrier PWM

Similar to the carrier disposition method this modulation technique consists of M —1
triangular carrier waves for a M-level converter. These carrier waves are phase
360°

shifted from each other by ;= as illustrated fig. 6.6.

For the case where separate carrier waves are used for positive and negative arms

phase shift for positive arm sub-modules is given by a;,; = a; + 32~ and negative

M-1
arms is given by a;,; = a; + 3% + 12°-. Comparison of i, carrier waveform with

the reference/modulation waves gives the “firing signal” for that sub-module.

The amplitude modulation index for this modulation is given by [131]:

A = Ampli Ing sl
0 {Ao Amplitude of modulating signal (6.22)

Mamp. = Acpp Acpp = Peak-to-peak amplitude of a carrier signal

With this modulation, the switching frequency of an individual active device (sub-
module) is equal to that of the carrier frequency [131].
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Figure 6.6: Carrier wave-forms for phase-shift PWM - 7 levels
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Voltage balance with multi-carrier PWM

As discussed above, for MMC, carrier based PWM can have N or 2N carriers where
each carrier corresponds to an individual sub-module or a pair of complemen-
tary sub-modules in complementary arms. However, identical construction of sub-
modules implies that transition from one level to another can be attained from any
sub-module. Therefore, carrier waves are not explicitly associated with any sub-
module, and this can be utilized in the incorporation of voltage balancing in the
modulation.

Voltage balancing algorithm as discussed in section 5.2 can be used to translate the
commutation command from PWM to the most appropriate sub-module(s). Refer-
ence [128] presents such voltage balancing technique for cascaded H-bridge con-
verter on carrier-based modulation which has been adapted for MMC in reference
[133] with phase shift PWM. This technique, although accurate, requires continuous
monitoring of all capacitor voltages and adds complexity to the control system.

Circular transposition of carriers as presented in [134, 135] is an alternative for
voltage balancing algorithm for carrier disposed PWM method. With this approach,
triangular carriers are alternated among sub-modules after every fundamental cy-
cle. This rotation cycle is periodic with a period of N fundamental cycles and is
illustrated for phase disposed 9 level PWM (fig. 6.3) in fig. 6.7 . Identical switching
sequence implies that this rotation ensures equal charging and discharging of all
sub-modules ensuring voltage balance across all capacitors.

1St an 3rd

Fundamental Cycle

Figure 6.7: Carrier wave-form rotation for phase disposition PWM - 3 levels

Comparison of phase disposed PWM and phase shift PWM of MMC has been pre-
sented in [135, 136]. Detailed comparison with 2N + 1 modulation scheme in [135]
reveals the superiority of carrier rotated phase disposed PWM over phase shift PWM
in terms of total harmonic distortion of the output voltage.
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6.2.4. Space-vector domain

Space vector domain based modulation techniques are based on the unified control
of all phase legs of the converter. In this modulation, converter’s discrete output
voltages (for all possible switching states) and the reference waveform are rep-
resented in the form of stationary and rotating vectors in a complex plane (a -
B plane) as illustrated in fig. 6.8. Using this vectorial representation the desired
voltage is synthesized either via nearest vector control or space vector PWM.

Figure 6.8: Space Vector/ Nearest Vector - 7 levels

Nearest vector control

This modulation method approximates the reference vector with the closest state
vector and is the vector domain equivalent of NLC method [71]. Like NLC, this
modulation is only suitable for a high number of levels. However, mapping of state
vector and identification of nearest vector requires an algorithmic approach and
tends to make this modulation far more complex than NLC [70].

Space-vector modulation

In space vector modulation the converter is switched between the three (2D-SVM)
or four (3D-SVM) nearest state vectors with calculated dwell times; such that the
time average output voltage over one switching cycle corresponds to the reference
vector. Articles [5, 7] present the control of 5-level MMC with SVM. However with
high number of levels mapping of state-vectors, identification of nearest vector and
implementation of SVM tends to become complex
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6.2.5. Selective harmonic elimination

The selective harmonic elimination (SHE) method is based on Fourier analysis to
eliminate particular harmonics from the output waveform [65]. By introducing
notches in the waveform with calculated switching angles, undesired harmonics
can be mitigated from the output waveform. This technique yields the desired
waveform with minimal switching with firm control on the low order harmonics.
Reference [137, 138] present the operation of MMC under SHE-PWM.

—Notches———=
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Figure 6.9: Selective harmonic elimination - 7 levels

However, this modulation method tends to become more and more complex with
the increasing number of levels, due to the associated higher number of switching
angles and their computation. Moreover, the offline computation of switching angle
makes SHE only suitable for open-loop or low bandwidth applications [71].

6.3. Conclusion

All of the modulation discussed above are implementable on the MMC, and each
offers their advantages and shortcomings. Carrier based PWM techniques tend
to have high switching frequency which although reduces harmonic content of
ac-waveform, lead to higher losses in the system. Furthermore, this modulation
requires carrier waves equal to the number of levels with precise phase or level
displacement. This demands for an accurate carrier wave generation which tends
to become problematic with a large number of levels [126]. NLM an alternative to
PWM can produce high-quality ac-waveform without requiring carrier wave; how-
ever this modulation requires higher switching frequency to be effective. SVM and
SHE can optimize harmonic content in ac-waveform relative to the switching fre-
quency but tend to suffer from high computational burden especially with the higher
number of levels in MMC. NLC and NVC are only viable with a large number of levels
where NVC is more complex to implement as compared to NLC.

For HVDC application with a high number of levels, the desired modulation should
minimize losses and ensure low implementation complexity. With this criterion, NLC
with its simple implementation and low switching frequency emerge as the most
suitable. Therefore for this study NLC is considered for the module-level modulation
unless otherwise stated.







AC & DC Fault Ride through
Capability

Grid-connected converters have to comply with grid codes. This chapter is
dedicated to MMC’s capabilities to ride through ac and dc side
disturbances.

Increasing contribution of power in electric network via converter system implies
a need for their compliance with grid codes. Grid codes dictate the expected op-
eration of generation units under steady state and transient conditions to ensure
system stability. They define operating range for voltage and frequency, real and
reactive power control capabilities, fault ride through capabilities, etc. In an HVDC
system irrespective of the generating unit, grid-side converter defines the power
quality and is accountable for compliance with the grid codes. For grid connected
converters THD of a voltage at a point of common coupling (PCC) and fault ride
through capabilities are of prime interest [139].

Previous chapters detailed the operation of MMC under steady-state conditions to
attain desired real and reactive power exchange and its ability to synthesize near
perfect sinusoidal voltages. With a sufficient number of levels, THD with MMC is
low enough to remove the requirement of filters. Similarly, converters behavior
under grid disturbance or fault conditions is subject to stringent grid codes. This
requires that converter not only has to survive faults but ensure minimum impact
on the system and provide ancillary services to aid system’s recovery. External
faults/disturbances in a grid-connected converter can be divided into ac and dc
side disturbances.
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7.1. AC disturbances

AC side disturbances can lead to voltage sag and swell. Voltage sag (swell) refers to
decrease (increase) in fundamental frequency voltage for a short period (0.5 cycle
to 1 min). Sags are contributed to short circuit faults, an abrupt increase in the
load, etc. Whereas, voltage swells originate from an abrupt reduction in the load.
The disturbances on ac grid of converter can be broadly categorized as:

 Balanced Faults
All phases undergo same voltage drops/swell.

¢ Unbalanced Faults
Phases undergo different voltage drops/swell.

During an ac side disturbance, MMC control system through the reference current
limiters ensures that currents on ac and dc side of the converter are within their
rated limits. This allows for the converter to remain connected to the grid and
support it by injection of reactive power for short intervals of fault Moreover after
fault clearance, the converter system is expected to return to its pre-fault active
power supply in a short interval.

This capability of a system to remain operational for significant voltage drops for or-
der hundred milliseconds, and withstand a recovery period with depressed voltage
for a few seconds is termed as the low-voltage ride through (LVRT) [140]. Similarly,
an ability to operate ability at zero voltage is called zero voltage ride through (ZVRT)
[140]. Figure 7.1 illustrates typical LVRT requirements for grid-connected convert-
ers. Similarly, high voltage ride through capabilities of a convert can be defined.
LVRT is vital as it ensures active compensation for the fault, which otherwise can
lead to cascading failure in network leading to a widespread blackout. Reference
[141] summarizes and investigates Britain’s grid code for ac fault ride through of
MMC based HVDC system.
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Figure 7.1: Typical LVRT requirements
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7.2. DC disturbances

Compared to ac faults, dc faults in a VSC-converter tend to be more severe and lead
to high currents in the converter. Faults in dc cables tend to be permanent which
result in permanent interruption of power transmission capability, and such case
requires permanent shutdown of the converter. On the other side lightning or tree
strikes on overhead lines tend to be temporary and can be removed by interrupting
current for a short duration, enabling restoration of natural insulation [142]. This
temporary interruption of fault can be achieved either by ac or dc breakers. AC
circuit breaker takes from 10 to 100ms to interrupt the current; whereas HVDC
breakers which are still in the process of development allow for a faster interruption.

In conventional VSCs, discharge of dc link capacitor adds to the fault currents in
case of dc faults. MMC with its distributed capacitors, arm reactors and blocking
state offer superior fault tolerance and system recovery capabilities as compared to
conventional VSC [143, 144]. Arm reactors limit fault current, and the blocked state
of SMs inhibit discharge of distributed capacitors which not only reduces damage
by fault but enables faster recovery of the HVDC system. However, freewheeling
diodes in half-bridge SMs give way to current from the ac-grid to the fault. This
presents a need for operation of circuit breakers on the ac or dc-side.

7.3. Conclusion

In conclusion MMC with distributed capacitors, arm reactors and blocking state
has superior dc fault tolerance and system recovery capabilities as compared to
conventional VSC. Articles [143, 144] presents a detailed comparison of AC and DC
fault performance in different VSC including MMC.







EMT Modeling

Computer simulations offer a powerful tool to investigate the dynamics of a
system and provide a platform for the design of controllers. This chapter
delves into modeling techniques for MMCs.

Modeling, a mathematical representation, enables replication of characteristics of a
real world system via computer simulation. These simulations provide a platform for
the development of design, understanding of operation and postmortem analysis
of the system. Simulation is formally defined as:

“The process of designing a model of a real system and conducting
experiments with this model for the purpose either of understanding
the behavior of the system or of evaluating various strategies (within
the limits imposed by a criterion or a set of criteria) for the operation of
the system” [145].

With changing energy landscape, power electronics system such as FACTS and
HVDC are finding more frequent applications in the modern power system. New
topologies and application specific design of power electronic devices present a
need for robust simulation for integrative power electric and electronic systems.
Modeling and computer simulation enable efficient design and operational planning
for such systems. Besides steady state operation, power systems are subjected
to transients; which accompany transition of the power system from one steady
state to another due to a physical disturbance. Transients can be caused by ex-
ternal factors such as lightning or by an internal factor such as switching. These
transients can lead to over-voltages, over-currents, abnormal waveforms and other
unwanted phenomenon causing stressing of the power system and end user equip-
ment. Hence, computer simulation of transients is of paramount importance for a
power system.
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“The operation of an electrical power system involves continuous electromechanical
and electromagnetic distribution of energy among the system components” [145].
Electromechanical devices refer to generators/motors that convert mechanical and
electrical energy and electromagnetic energy refers to electric and the magnetic
fields associated with inductance and capacitance of system components. Tran-
sients affect this energy exchange; consequently, voltages and currents in the sys-
tem are subject to deviation from their equilibrium state. Based on this, operating
conditions of a power system can be classified as [146]:

e Stationary/Steady state conditions
Steady state conditions imply that system under consideration is operating under
constant load and topology. Such a system can be modeled by voltage and
current phasors in the frequency domain without explicit modeling of the energy
exchange.

o Transients
Transients accompany transitions of the power system from one steady state to
another. Based on the mode of their generation transients are sub-categorized
as electromechanical and electromagnetic transients.

— Electromechanical transients

These relatively slow transients are attributed to an imbalance in power gen-
eration and consumption in a power system and are associated with rotating
machines. For example, transient as a result of changing speed of a genera-
tor. Stability simulation is performed for analyses of such transients, with an
assumption that energy exchange in the system occurs at the power frequency
[147]. Such transients are modeled via phasor analysis with mechanical time
constants (ac sources of varying rms values) or state space modeling.

— Electromagnetic Transients
Electromagnetic transients (EMTs) are attributed to reaction of electric and
magnetic energy distribution in the system as a result of the change in system
topology. Instantaneous changes (e.g. switching, faults, lightning) in system’s
current and voltage result in this transient. Simulation of these transients re-
quires explicit modeling of the energy exchange in the system.

Although both of these transients coexist, the nature of disturbance tends to make
one dominant over another. For power electronic systems, where switching oper-
ation is integrals, EMTs dominate in the system. Therefore in this study focused
on MMCs, EMTs are of prime interest and subsequent reference to ‘transients’ is
addressed to EMTs only.
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8.1. Electromagnetic Transients

In general, electromagnetic transients are triggered by changes in the network
topology such as lightning stroke, faults, breaker operation, power electronic de-
vices [147].

Simulation of these transients find application in [148]:
« Design and validation of protective system and control
» Design of HVDC and FACTS systems

e Insulation Coordination

» Power quality studies

Electromagnetic transients decay rapidly, and their local nature implies that for pre-
cise simulation of these transients only detailed modeling of EMT sources and the
network elements is required. Therefore in the investigation of EMTs power elec-
tronic devices, transformers, transmission line, cables are modeled in detail while
power stations are simply modeled as ideal voltage sources behind transient/sub-
transient impedance [147].

8.1.1. Simulation Program

Various software packages are available for the simulation of EMTs, as reported
in [148]. Both frequency and time domain solution methods are available for nu-
merical simulation. Each method has its advantages and limitations; however time
domain methods have superior capabilities in handling system dynamics, power
electronic interface, and transients [149].

Time domain solvers include general EMT-type solver to specialized program such
as SPICE. SPICE-type tools allow elaborate models for semiconductor devices and
are suitable for detailed analysis of power electronic systems but lacks the capability
for a power system integration [148]. On the other side, EMT-type packages have
relatively simple models for semiconductor devices but provide accurate models for
transition lines, transformers, etc.

PSCAD/EMTDC (ElectroMagnetic Transients for DC), EMT-type program specifically
developed for HVDC [146], offers the best of both worlds, providing a suitable
platform for time domain simulation of integrative power electric and electronic
systems and is the choice of simulation program in this study.

Subsequent sections of this chapter provide detail on the solution method adopted
by this EMT type software and presents techniques that can be incorporated to
enhance the computational speed of MMC modeling.
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8.2. Solution Method for EMTs

Electrical components in a power system such as a transformer, transmission line,
cable are either modeled as lumped RLC element or as distributed RLC elements.
Ordinary differential equations describe lumped systems as a function of time alone.
While, distributed elements are defined by partial differential equations as a function
of time and space. With this representation, dynamics of a power system can
be accurately reproduced using the nodal analysis. Nodal analysis based on the
Kirchhoff’s current law determines the voltage at each node of the system.

Digital nature of computer solution implies that system is resolved in discrete time
space and presents a need for numerical integration techniques for the differential
equations. Therefore, EMT-type programs utilize the solution method proposed by
Dommel [9] which utilizes the trapezoidal rule of integration for the solution of
lumped parameters and Bergeron’s method for lossless distributed parameters.

8.2.1. Lumped Circuit elements

Lumped elements are described by ordinary differential equations and EMT solver
employ numerical integration techniques such as the trapezoidal rule for their solu-
tion. Implementation of this solution method on individual capacitor and inductor
is presented as follows [146]:

Inductor Capacitor
d . , dvc(t)
v (t) = Lazu ict)=C cit
t t
. . 1 1
W =i@-80+7 [ wod we®=vet—80+ 7 [ ica
t-At t—At
=iy, (t — At) + Gy (D) (8.1) ic(t) = in (t — At) + Geve(t) (8.2)
GL = % GC = i_ct:
ig, (¢t —At) =i (t—Ab) i (t —At) = —ic(t — Ab)
+GLvL(t - At) —chc(t - At)

Based on results of egs. (8.1) and (8.2), dynamics of inductor and capacitor are
approximated by a time varying current source, determined only by present and
last time step information, and a constant resistor determined by the time step of
the simulation.

Therefore, with this approach dynamics of any lumped parameter in a power system
can be approximated by a simple dc circuit as depicted in fig. 8.1, whose parameters
are solely determined by the present and historical information from the last time
step alone.
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Figure 8.1: EMT Equivalent Representation of lumped elements

8.2.2. Distributed Circuit elements

Distributed circuit elements are described by partial differential equations, as a
function of time and space. With an assumption of lossless characteristic, Dommel’s
solution method ([9]) utilizes Bergeron’s Method ([10]) for their exact solution. The
implementation of this technique on a distributed model of lossless transmission line
is described below [9]:

Voltages and current along a loss-less transmission line, fig. 8.2, are described by:

3 di(x,t) ,0v(x,t)

ax ot (8.3)
_ avg;, v _ ,61'%9: ) (8.4)
Their solution yields:
v(x,t) = vy (x —ut) + v_(x + ut) (8.5)
i(x,t) = %(14 (x —ut) —v_(x +ut)) (8.6)

{v+ (x —ut), v_(x+ut) = Wave propagating in positive and negative direction

<
Il
-
N
Il
ot

= Wave velocity and Surge impedance

i () i(x, t) i(x + 0, ) i ()
o—Pp—-----ee- YY) YN > AR SEIREEE o—e—
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© ©
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Figure 8.2: Transmission line
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Rearranging egs. (8.5) and (8.6) yields:
1
vy (x —vt) = E(v(x, t)+ Zi(x, t)) (8.7)

v_(x +vt) = %(v(x, t) —Zi(x, t)) (8.8)

The wave propagating out from one end at time equal to t — 7 corresponds to the
wave reaching the other end at time ¢, where 7 = % corresponds to the travel time
along line length d i.e.

v (0 —u(t —1)) =v_(d + ut) (8.9)
v_(d+u(t—1)) = v, (0 —ut) (8.10)
Incorporating egs. (8.9) and (8.10) in egs. (8.7) and (8.8) yields:
1
i (t) = ka(t) + iy, (t—1) (8.11)
in(t) = %Um(t) + iy, (t—1) (8.12)
i, (t=7) = =30t =) = im(t =)
g, t—1) = —%vk(t —17) — i (t—1)

Therefore, with this approach terminal dynamics of a lossless distributed element
in @ power system can be precisely determined using a simple dc circuit as depicted
in fig. 8.3. The terminal parameters are dictated by present information of the
terminal and historical data dating back to the travel time along the element at
the other terminal. For lossy distributed elements, lumped resistance is utilized
together with this lossless representation [9].

This equivalent representation of distributed elements further leads to topological
disconnections in the system [9]. Changes in the system at one end of distributed
element only appear on the other end after z time delay or £; time steps. This can
be exploited in reducing computational load associated with the solution and is fur-
ther discussed later in this chapter. In addition to Bergeron model PSCAD/EMTDC
also provides frequency dependent models that take into account frequency depen-
dence of line/cable parameters.

i ()
+

w®z3 Q-0 i, =)

Terminal k
Terminal m

Figure 8.3: Transmission line equivalent representation
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In short, with this representation lumped and distributed branches in a network are
reduced to time-varying current sources with parallel conductances and using nodal
analyses are described as [14]:

YprVer = Inp, + Iing, (8.13)
Yg, = Branch’s Nodal Admittance matrix
Vg = Branch’s node voltages

where
Iy, = Time varying Current associated with EMT represenation

I1ng, = Current into the branch

Subsequently, this representation can be extended to the entire network, and the
power system can be expressed as:

Ax(t) = b(t) (8.14)
A = System Matrix (Admittance)
where, < x = Unknown variables - Voltages at the nodes

b(t) = Known variables - History currents & independent sources

For determination of the solution, system variables are initialized at ¢t = 0 and
linear system of equations i.e. eq. (8.14) is solved to obtain the nodal values at
the first time step. This procedure in repeated step by step for every time step
with updated history elements and other sources (b(t)). The dimension of system
matrix (4) corresponds to the number of nodes in the system; hence, bigger the
system more is the computational burden in the solution of eq. (8.14).

For power system, admittance matrices are typically sparse, since very few nodes
in the network are directly connected to each other. Direct matrix inversion for
such systems is not efficient and yields a non-sparse matrix. To exploit the spar-
sity of system matrix solvers employ optimally ordered LU (lower upper) triangular
factorization [150]. This technique yield system matrix as a product of two sparse
upper (U) and lower (L) triangular matrices, which offers advantages in storage
and computational efficiency [150].

Therefore, solution of eq. (8.14) can be calculated as:

Using matrix inversion: Using “"LU decomposition”:
Decompose A into lower (L) and up-
per U triangular matrix.

x(t) = A71b(¢) (8.15) LU(®) = b(®) (8.16)
Solve for z(t): Lz(t) = b(t)
Solve for x(t): Ux(t) = z(t)

(8.17)
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8.3. Power electronics in power system

Power electronic systems are finding increasing application in the power system as
HVDC and FACTS systems. Development and design of power converters require
different types of studies; these studies can be broadly classified as:

¢ Component level studies:
These studies are focused towards electromagnetic transients associated with
semiconductor devices and hence require precise and detailed modeled of all
elements in the system. The application of these studies includes optimization of
component selection to maximize system efficiency, electromagnetic compatibility
validation, etc. For these studies, the time range of investigation is on the order
of micro to milliseconds.

o System level studies:

System level studies for HVDC systems are intended at the electromagnetic tran-
sients between the converter and the associated AC power system. These stud-
ies require in-depth modeling of the converter, control system, and associated
power system e.g. nonlinear characteristics of arresters, saturation characteris-
tics of converter transformer [13]. However for such studies, the ac network is
confined to a few generators/voltage sources as the focus of the investigation is
the converter itself [13]. The applications of these studies include design and val-
idation of control, filter, and protection schemes. For these studies, time-range
of investigation is from milliseconds to several seconds.

* Network level studies:
These studies are focused on dynamic stability studies for the HVDC system within
a large ac-network [13]. Electromechanical transients and steady state operation
of the converter system are of interest here. These studies include load-flow
analyses, design for protections relay, and stability studies for the entire network.
For these studies, time-range of investigation is from seconds to several minutes
[13].

In comparison to simulation of conventional components of power system, power
electronic systems poses various challenges which are contributed to [11, 12, 151]:

¢ Non-linear characteristics of semiconductor devices.

¢ Time-varying structure of system due to switching, implying variable system ma-
trix requiring repeated re-triangulation.

¢ Combination of analog and digital systems.
» Wide range of system time constants.

A wide range of system time constant implies that simulation time step should
be sufficiently small, to model accurately small time constants (rapidly changing
variable); with adequately large overall simulation time span, to account for large
time constants [12]. This implies that simulations are computationally intensive and
lead to long execution times.
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With the varied objectives for power electronic system studies, traditionally these
challenges have been addressed by adopting a hierarchical approach to modeling.
That is, based on the objective of study different modeling simplifications can be
incorporated into the representation of power electronic system and its components.
This hierarchical approach, in general, is split into two broad categories [152]:

e Detailed simulations:
Detailed models are based on detailed modeling of all system components, pro-
viding detailed internal dynamics of the system and are suitable for analyzing the
dynamic and transient study of the system.

» Behavior mode simulations:
They analyze the system level aspects e.g. harmonic content, resonant frequen-
cies, voltage and current distortion associated with the nominal operation of the
power electronic device. This study can be realized using a simplified represen-
tation of the system, that is based on the input-output relation of the system and
are computationally efficient.

8.3.1. Challenges with power electronic simulation

Modeling of semi-conductor devices

Semiconductor devices include diodes, thyristor, IGBTs. The operation of these
devices is dictated by external control signals (if any) and current/voltages in the
system. These devices have non-linear characteristics, and their operation modifies
the topology of the system which requires re-calculation of system matrix and its
re-triangulation.

Semiconductor devices can be precisely represented using full physics based mod-
els; however for power system studies, such detailed representation for switching
transients is of little interest. Therefore, for simulation semiconductors can be rep-
resented by simplified representations as detailed below [151, 153]:

» In most modeling methods ideal characteristics for semiconductor devices are
assumed i.e. during on-state voltage drop across the switch is zero and during
off-state current through the switch is zero. This effect can be incorporated in
the system matrix by:

— Ideal Representation
Here a semiconductor device is modeled as an ideal switch i.e. infinite resis-
tance or zero current through the device under OFF state and zero resistance or
zero voltage drop under ON conditions. This representation is realized by cre-
ating and collapsing nodes of the semiconductor device, which in turn changes
the dimensions of the system matrix [151]. EMTP utilizes this representation
for ideal modeling of semiconductor devices [153].

— Piece-wise Linear Representation
Here semiconductor devices are modeled as a bi-value (ON/OFF) resistor which’s
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value toggles between high and low resistance depending on the state of the
device. This approach maintains the dimensions of the system matrix.

— The switching operation can also be modeled by a voltage source between
the terminals with zero V or diode drop during ON operation and as a current
source with 04 during OFF operation. This method maintains the number of
nodes and hence the size of the system matrix.

Compensation Method

Compensation method as introduced in [154] is used for modeling of nonlinear
and time-varying elements e.g. circuit breakers, lightning arrester. With this
approach, nonlinear or time-varying elements are modeled as a variable current
source. Thevenin equivalence of the linear part of the network is utilized to
determine the current in nonlinear/time varying element, either by a simultaneous
solution with the piece-wise definition of the element or an iterative approach e.g.
Newton-Raphson on the nonlinear analytic relation for the element.

Semiconductor devices can be accurately modeled with their nonlinear charac-
teristic, and hence compensation method can be utilized for modeling of semi-
conductor devices.

Variable system matrix

With the operation of a semiconductor device, system matrix is no longer constant
and present a need for re-triangulation of the system matrix. This time-varying
topology of the system coupled with the frequent nature of switching in converters
makes simulation very computationally intensive. To counter the computational
load various techniques can be utilized such as [155]:

Partial LU factorization:

With partial LU factorization through optimal ordering, the portion of the system
with changing topology is repeatedly re-triangularized upon a switching opera-
tion; while the remaining system (i.e. without switches) maintains its triangular-
ized matrix [153, 156]. However, for cases where a system has a large number
of switches e.g. HVDC converter, complete re-triangulation of the system matrix
tends to be more efficient [153, 157].

Pre-calculation of inverse/LU factors:

In this technique, inverse/LU factors for system matrix for all possible network
configurations are pre-calculated. This approach, especially for power converter
systems, utilizes extensive memory.

Disconnected sub-networks:

This method of disconnection and sub-networking is proposed by \Woodford et al.
([158]) for line commutated converters. This modeling approach disconnects
power electronic converter from the system and separately models its operation.
The interface between converter’s sub-network and ac/dc side of the network
is modeled as two nonlinear elements for ac and dc sides. AC voltage and dc
current are assumed to be predictable and continuous; while the solution of the
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converter’s sub-network based on EMT equivalent representation of switches and
other components yields current injection in the ac network and voltage on the dc-
side as illustrated in fig. 8.4 [158]. However for accurate prediction, this method
requires small time step.

Mahseredjian et al. ([157]) extends the compensation method, as discussed ear-
lier for nonlinear circuit elements, to determine the two sets of nonlinear elements
using an iterative approach in this disconnected sub-network representation.

» Network partitioning and parallel computation methods:
The objective of network partitioning is to exploit computational efficiency of the
simultaneous solution of a group of relatively small matrix equation as compared
to a single large matrix.

This can be accomplished as follows:

— Lossless transmission lines lead to the decoupling of the connected system.
Therefore, they can be utilized to divide a large into subsystems that can be
solved independently.

— Diakoptics method offers a computationally efficient parallel solution for large
sparse systems. Such a method based on node splitting has been proposed in
[155].

— Nested fast and simultaneous solution method as discussed in [14], offer a
computationally efficient solution method for large systems by employing the
Thevenin or Norton equivalence to subsystems.

PSCAD/EMTDC employs partial LU factorization with optimal ordering. Network
branches with switching components are ordered at the bottom of the system matrix
and in the case of a switching event system matrix below the node corresponding
to smallest node number connected to the switched branch are re-triangularized
[146]. Moreover, PSCAD allows splitting of a network into subsystem by use of
distributed transmission line or cables [159].

AC Bus DC
5 Voltage Current <
2 4+— =
Q q Converter Q
¥e) Sub-network <
3 e— — 3
< AC DC Q

Current Voltage

Figure 8.4: Network Splitting
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Out of step switching

For semiconductor devices, the state of conduction is dependent on the voltage
across and current through them in addition to gate signals. With fixed simulation
time-step there is a possibility of out of step switching. Figure 8.5 illustrates the case
where current through a diode drops to zero between time t and ¢ + At. Without
correction for out of step switching, the solution inaccurately shows the flow of
negative current through the diode and moreover leads to spikes and numerical
oscillations of voltages and currents in the system [146].

The effects of out of step switching on the solution can be either mitigated by reduc-
ing time step or using a detailed representation for the semiconductors that capture
the gradual change of device’s resistance or can be eliminated by tracking the ex-
act instant of commutation through the use of variable time step or interpolation
algorithms.

-o-Without Correction
----- With Correction

N—"

t t+ At t 4 2At

I A I A A I A

Figure 8.5: Out of step switching (diode)

PSCAD/EMTDC uses the interpolation method to track the switching instances pre-
cisely [159]. Solver monitors the state of the switches based on switching signals,
voltages, and currents in the system. In the case of a change in a state of a switch
the solver interpolates back to the instance of switch operation. The system matrix
is updated and is resolved. Additional interpolation/extrapolation are incorporated
to re-synchronize to the original time step grids as illustrated in fig. 8.6. Compared
to other techniques this method is accurate and computationally efficient [159].

i(t)-Interpolate to  III-Interpolate to

l
switching instant  original time steps
>

. U
t et At

II-Step with
updated A(t)

Figure 8.6: Out of step switching: Interpolation method
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Numerical oscillation

Even with on-step switching, truncation error of trapezoidal rule can lead to nu-
merical oscillations in the solution. Examples include breaking of inductive currents
that lead to oscillation in inductors’ voltage or oscillation in capacitor current after
voltage connection [160].

This is explained with a case where a switch interrupts currents through an inductor
[146]. From eq. (8.1) voltage across inductor using trapezoidal rule is given as:

2L
v (t) = E(iL(t) — i, (t — At)) — v, (t — At) (8.18)
With switch operation at current zero:

v (t) = —v,(t — At) (8.19)

This leads to sustained oscillations in inductor voltage. These oscillations do not
represent electrical behavior but occur due to approximation in trapezoidal integra-
tion method.

These oscillations can be forced to decay by an addition of damping resistor or
avoided by use of “critical damping adjustment algorithm” [160] (where the solver
switches to the backward-Euler method of integration), interpolation or by use of
root-matching modeling techniques [146]. PSCAD/EMTD utilizes half time step in-
terpolation to mitigate chatter [159]. This approach upon detection of chatter in-
terpolates half time step backward followed by a normal time step and then inter-
polates back to the original time step as illustrated in fig. 8.7 [146].

Chatter detected
I-Interpolate back III-Interpolate to
half time step original time steps

t t+08At  t+At  t4/15A¢

II-Step

Figure 8.7: Chatter: Interpolation method
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8.3.2. Flow Chart of EMT solver
The simplified algorithm for the EMT solver is depicted in fig. 8.8.

Interpolate back to the instant of switching

Initialize t = 0 &
build system matrix (4)

v

Increment time step
t=t+At

If any
switching event,
update &
re-triangulize A

Update b(t)

v

Solve for nodal voltages

If any
switching event,
with in last
time step

Figure 8.8: EMT solution flow chart
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8.4. EMT Solution acceleration methods

Topological disconnections or presence of lossless lines as seen in section 8.2.2
leads to an inherent splitting of networks into subsystems. This can be exploited
to minimize dimensions of system matrix leading to higher storage efficiency and
increased computational speed. For example, memory storage of system matrix
of a system with 10,000 nodes is 100 x 10° which can be reduced to 20 x 10°
by splitting the system into five sub-systems [146] and matrix operations tends to
become more computationally efficient with this splitting.

Besides these inherent disconnections, mathematical techniques can be utilized
for faster solution of eq. (8.14). The essence of these methods is partitioning of
the system into smaller subsystems and solving for these sub-systems individually.
These methods include:

¢ Diakoptics method.
Diakoptics is a method of solution of linear equations [161]. In this approach,
the system is split into smaller subsystem and algebraic manipulations with their
independent solution yield the system solution. Large system matrix in network
solution with high sparsity and concentration of non-zero near diagonal tends to
benefit from this solution approach [161]. The steps for this solution method are
summarized as [161]:

1. Subsystems are solved independently.

2. Subsystem solutions are combined to yield exact solution of the entire unified
system

» Nested Fast and simultaneous method.
This solution method as proposed by Strunz and Carlson ([14]) splits system into
subsystems similar to diakoptics method. However, the solution method involves
“generation of electric network equivalents” for subsystems and hierarchization
of simulation as parent and child simulations. The steps for this solution method
are summarized as:

1. Parent simulation using nodal analyses and Norton’s equivalent of subsys-
tems determines the terminal voltage of child subsystems.

2. Using these terminal voltages as input, child simulation simultaneously solve
sub-systems based on desired solution method e.g. nodal or state space
method.

3. Based on the child simulation solution, sub-systems Norton’s equivalent for
the parent simulation is updated, and procedure is reiterated for the next
time step.

This approach increases the number of steps in simulation however with reduced
dimensions of matrices this simulation approach offers a computational advan-
tage for large systems.
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The computational effectiveness of these solution methods is evident with the help
of the following examples.

Consider a large system which can be partitioned into g sub-systems as illustrated
in fig. 8.9. The system can be represented as:

AX =B (8.20)

[A11] [A12] - - [[X4] [B1]
Azi) zal o | ]| (2] ©.21)

[AgglILIXg1l  L[Bg]
Ajil Admittance matrix for subsystem i
A;j1(i # j) Admittance matrix for interconnections
Xi] Vector for unknown voltage
B;] Vector for history and other current sources

Where (8.22)

— — o

i

e Direct Solution:
With this method, the solution requires triangulation of the whole system matrix
i.e. (N) x (N) order matrix.

The presence of lossless transmission line implies decoupling of the systems in
the ends of lines. That is system matrix A can be represented as:

[Aaa]  [0]
[ [0] [Abb]] (8.23)

With this case triangulation can is to be performed on two matrices with sizes
(Naa X Naa ) and (Nbb X Nbb )

This is more computationally efficient since:
NaaXNaa+NbeNbb < (Naa+Nbb)X(Naa+Nbb) (824)

Figure 8.9: System Partitioning
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 Diakoptics [161]:
With this solution method system matrix is split into two matrices i.e.

A=A+4 (8.25)
where,
[[41:]  [0]
A
A is block diagonal matrix for subsytems = [?] [ :22]
[Agg]
[ [0]  [A12]
A is matrix for interconnections = [Afl] [(:]]
[ 0]
(8.26)
Equations (8.20) and (8.25) yields:
AX+AX =B (8.27)
N N
D Gt ) Tk =b, (8.28)
k=1 k=1

Replace ajx; where aj, # 0 by a new variable y;. This yield d new set of linear
equations i.e.

C.X =DY (8.29)
C, = Zero-unit matrix of size d x n
Where {D = Diagonal matrix of of size d x d with coefficients a,%c (8.30)
Y = column matrix for d new variables
Using these results:
AX =C,Y (8.31)
Where {Cy = Zero-unit matrix of size n x d (8.32)

Therefore our system of N equation with N unknowns in eq. (8.27) is now rep-
resented by N + d equation with N + d variables:

AX +CY =B (8.33)
C.X = DY (8.34)

This apparently increases the complexity of the problem as now we have to solve
for d more variable.
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Rearranging and substituting egs. (8.33) and (8.34) yields [161]:

X=A"'B+DB (8.35)
where D = —A7'C,(D + C,A™'C,))1C,A™! (8.36)

Therefore system eq. (8.20) can be solved using egs. (8.35) and (8.36). This
method involves:

1. Computation of A~*B i.e. independent solution of g subsystem that requires
triangulation of [A;4], [A;2], . [A44]]- The smaller dimensions of these sub-
systems make matrix operations computationally efficient.

2. Computation of DB. This involves inversion of (D + Cxé‘lcy) order d.

This solution method is particular effective for large systems which can be split
into subsystems with few interconnections i.e. lower value of d.

¢ Nested fast and simultaneous solution method [14]:
With this solution method as detailed in [14]; in first step “Parent simulation”
determines voltages at terminals/interconnections of subsystem i.e.

ANXN = BN (8.37)

Using the terminal voltages from solution of eq. (8.37), each subsystem is solved
by “child simulations” as:

[A;;]1X; = B — [Ai]X{}, (8.38)

Based on the results of eq. (8.38) for all sub-systems A" is updated in case of a
change in topology of any subsystem and next time step is iterated with updated
B" from sub-systems and other sources.

Furthermore, with these methods in power electronics simulation re-triangulation of
matrices and other interpolation handling operations due to switching are performed
only on the individual subsystem’s matrix rather than the whole system, which
offers a tremendous computational advantage for frequent switching systems such
as power converters [146, 159].

PSCAD edition allows for subsystem splitting using distributed transmission line or
cable connection. However, direct implementation of “diakoptics” and “nested fast
and simulations solution methods” in PSCAD requires changes in the solver algo-
rithm, which is not accessible to the user.

Nevertheless, these partitioning schemes can be mimicked by utilizing system equiv-
alents based on these methods in the simulation environment e.g. modeling of a
subsystem with its Thevenin or Norton equivalence rather than discrete elements.
This solution with multiple smaller matrices or by linear equations rather than one
large system matrix offers higher computationally efficiency without loss of accu-
racy.
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8.5. EMT Modeling of MMC

For line commutated and classical voltage source converts, the system comprises
of a large number of semiconductor devices. However, all series-connected semi-
conductor devices in an arm operate simultaneously and for purposes of modeling
behave as a single semiconductor device. Therefore, despite the added compu-
tational burden of repetitive re-triangulation of system matrix, detailed models for
these converters are easily handled by modern computers.

On the other hand, MMC comprises of a large number of sub-modules (in order
of hundreds) that operate independently. Independent operation of these sub-
modules implies that the system has a large number of semiconductor devices and
nodes. With N half bridge sub-modules per arm, the system matrix for converter
alone is of (12N + 5) x (12N + 5) size, there are 12N IGBTs and 12N diodes. In
a case of full bridge sub-modules, the number of IGBTs and diodes increase by a
factor of two. In addition to this effective switching frequency is around 2N, for
a phase leg [80]. Therefore, simulation of MMC as compared to LCC and classical
VSC present an enormous computational burden and pose a need for intelligent
modeling techniques.

As discussed earlier studies for power electronic system have various objectives
which are accomplished by detailed and behavioral simulations. Similarly for MMCs,
although a very detailed model can perform all of the studies; huge computational
load associated with detailed modeling of MMC needs a smarter approach. This
can be achieved by optimally developing the complexity of model based on the
requirements of the study with an acceptable computational burden, without losing
any relevant information for that particular study.

Therefore, this study based on the representation of semiconductor devices, mod-
eling of sub-modules/arms and simplification of control systems, categories MMC
models into various levels. These models can be utilized for their respective studies
of converter without loss of any relevant information. This hierarchization of models
is listed as follows and details on each representation follow in the coming sections.

Full Physics based models.

* Detailed models Detailed IGBT models

Detailed ideal model
Ideal Model { Isolated submodule model
» Behavioral models Thevenin’s equivalent Model
Switching Function Model
Average value model
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8.6. Detailed Models

In these models, simulation circuit is built to mimic the topology of the original sys-
tem. Non-linear characteristics of semiconductor devices (IGBTs and diodes) and
parasitic circuit elements are accurately represented here. Based on the represen-
tation of semiconductors detailed models are categorized as:

8.6.1. T-1 Full Physics based models (CIGRE WB B4-57 Type-1 [162])
In these models semiconductor devices (IGBTs and diodes) are accurately modeled

by differential equations or equivalent circuits. This model is the only representation
that can accurately assess the switching losses. These models require integration
time step in order of nanoseconds [32] and are therefore computationally very
expensive; rendering them unsuitable for power system simulations. Based on this
representation an individual IGBT is represented as illustrated in fig. 8.10.

8.6.2. T-II Detailed IGBT models (CIGRE WB B4-57 Type-2 [162])
In this representation, non-linear characteristics of semiconductor switches are

modeled externally. IGBTs are modeled as an ideal switch together with a series,
anti-parallel non-ideal diode and a snubber circuit as illustrated in fig. 8.11 [33].
The diodes mimic the non-linear VI characteristics of a switch and are modeled
using classical diode function based on measurements on device or manufacture’s
data sheet. This model takes into account conduction losses in the system, blocked
state of sub-module and internal faults [32].

o* substrate

* - Buffer layer

"™ epitaial layer AV
=y q
Figure 8.10: IGBT full Physics model [163] Figure 8.11: Detailed IGBT model

Conclusion Detailed models are the next best thing than to prototype setups and
provide the highest accuracy among all simulation models. These models subject to
the accuracy of semiconductor representation, provide precise analyses of switching
characteristics (i.e. transients associated with switching, turn on, reverse recovery
of semiconductor devices), losses in the system and parasitic effects [152, 164].
These models find application in various component level studies e.qg.:

» Optimization of component selection to maximize system efficiency.
* Electromagnetic compatibility studies.
 Simulation of transients within switching process.

« Validation of simplified models.
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8.7. Behavioral mode simulations

Detailed model with exhaustive representation for semiconductor devices reproduce
transients within switching events with high precision. However, these models are
plagued by an excessive computational load. Furthermore, for studies at system
and network level detailed representation of semiconductor devices is of little added
value. Therefore, this presents a need for simplified behavioral models.

Behavioral modeling approach at the expense of accuracy, neglect detailed charac-
teristics of switching events and instead model them as an instantaneous transition
by utilizing idealized representations. Based on the representation of semiconductor
devices and the solution method simplified models are categorized as follows.

8.7.1. Bi-value resistor Model

This modeling approach utilizes bi-value resistor representation for semiconductor
devices i.e. small resistance during their conduction phase and as high resistance
when off. According to the manufacturer’s data sheets [165], typical values for the
on-state resistance of high voltage IGBTs is in order of mQ (= 2.5mQ [166]) and
off state resistance in the order of MQ (= 82.5MQ [166]).

Based on this bi-value resistor representation, an IGBT and its freewheeling diode
can be illustrated as fig. 8.12 and equivalent resistance is calculated as:

RIGBTON ”RDiOdeOFF IGBT ON, Diode OFF
Req =4 Rbpiodegy!|Ricsrop, 1GBT OFF, Diode ON (8.39)
RigaTopp ||Rpiodeos; 1GBT OFF, Diode OFF

Where operating states of IGBT is determined by the gate signal, voltage, and
current direction; the voltage across the diode and current direction determines its
state.

This finite resistance representation of valves keeps the voltages/currents in the
system finite, and the intermediate circuit is solvable [152]. It enables system
modeling by linear equations, which reduces computational burden and mitigate
the convergence problems [152]. Moreover, this modeling approach is suitable for
simulation of the large-signal behavior of the system and the functionality of the
faster inner control loops [164].

—I RIGBT RDiode

Figure 8.12: IGBT and Diode
Figure 8.13: Bi-value resistor model
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For MMC based on this representation of valves, models are further sub-categorized
into three types as detailed in following section, which is based on simplification
introduced on sub-modules/arm using Thevenin’s/Norton’s equivalence.

T-III Detailed Ideal Model (CIGRE WB B4-57 model Type-3 [162])
In this modeling approach similar to the “detailed models”, simulation circuit is built
to mimic the topology of the system under investigation. However, here bi-value
resistor model is utilized for representation of semiconductor device. This model is
implemented in the simulation program by constructing the entire converter topol-
ogy by discrete elements.

Following description details the construction of system matrix and solution method
for an individual arm of an MMC in an EMT solver. This mathematical detail serves
to develop the understanding of the EMT program’s solution method and is further
utilized in the development of simplified models for the converter.

Using the equivalent representation for valves (eq. (8.39)) and EMT equivalent rep-
resentation of a capacitor fig. 8.1, a half bridge sub-module fig. 3.3 can be simplified
as fig. 8.14 and subsequently to fig. 8.15 using the source transformation. Equa-
tion (8.40) gives the parameters for this equivalent representation of the SM. The
resistance of an individual valve (IGBT & freewheeling diode) is dictated by gating
signal, the voltage across and current through it. Therefore, this representation
simulates all states of SM operation i.e. inserted, bypassed and blocked.

N

Gerg =t
ic(t) = icEQ(LL —-4) + GcEQVc(t)
Regq =%
{ ) (8.40)
vc(t) = RCEQ ic(t)+ UcEQ (t- At)
Vepo(t — At) = Rcgqic(t — At) + v (t — At)
Gr1(t) & Gp4(t) Given by eq. (8.39) based on gating signal, voltage
across and current in IGBT & diode.
ic(t) ic(t)
Gr1(t) Regg
G i t— At
s S Gesg () fceq(t —4D)
Gra () Vego(t — At)
O L 2 O L 2

Figure 8.14: SM'’s Equivalent representation Figure 8.15: SM'’s Equivalent representation
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An arm comprises a series connection of N sub-modules and an arm reactor. Using
the representation of fig. 8.14 for a sub-module, the equivalent circuit of an arm is
shown in fig. 8.16.

i Arm Reactance L

: SMig1)
; +
fon(®) Gr1) (1)
1 .
. Gegg § icgon)(t — At)
Ism()(t)
Gr2(1) (1)
3
2i
SMi(p)
Gr1gy (1)
- GCEQ § icEQ(i) (t - At)
Lsmiy (0)
Graai) (1)
2i+1
SMn(g1)
Gr1ovy (1)
Geeg § icgov)(t — At)
Gra(vy (1)
| iypo (¢ — At
Giso é : lipq( )

,_._._._
T

Figure 8.16: Equivalent Representation for an arm
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The figure illustrates that an arm has 2N +2 nodes. Using nodal analysis, EMT solver
constructs system matrix for the system. Therefore, for the single arm system
equation is given as:

A)X(t) = B(t) (8.41)
where,
[ V1] K¢+
(%) —leEQ(1)
U3 lcEQ(1)
Vs —leEQ(2)
V2i-1 leEQ(i-1)
X(t) =\| Uy & B(t) = —leEQ() (842)
V2i+1 LeEQ(D)
UaN-1 leEQ(N-1)
V2N ~leEQ(N)
V2N+1 iceov) — liEQ
LV2N+2] | igg — l¢+ ]
— Ay, Ay, Q3 O 0 0 _
Q21 Qzz Q3 O Y X
A3y A3z A3z A3y Qss
0 0 a3 Qus a45
0 0 ass a54 -
R Azi- 1)(21 3) A(2i- 1)(2: 2) QAi-1)(2i-1) A(2i-1)(2i) A(2i-1)(2i+1)
A(t) = : Q2i(2i-1) Qzi2i) Azi2i+1)
‘? ? a(znn}(z: 1) a(zif1)(zi) k
6 """"" i A@N- 1)(2N 3) A(2N-1)(2N-2) A(2N-1)(2N-1) a(ZN 1)(2N) A(2N-1)(2N+1) 6
0 e 0 AeN)2N-1) A@N)2N)  A@2N)(@2N+1) 0
0 e 0 0 a(2N+1)(2N 1) @@2N+1)(2N) A@N+1)(2N+1) A(2N+1)(2N+2)
L0 e e 0 0 0 A2N+2)(2N+1) A(2N+2)(2N+2) -
(8.43)

where A(t) symmetric and indices ay; for lower triangle (k > j) are given as

Griy + Geeqa where, k = j = 2i
Gragi-1) + Grig+1) + Grag+n) + Gegou-1)  Where, k=j =2i—1
_ =G where, k =2i & j=2i—1
e = —GeeQ() where, k =2i+1&j=2i
—Gra() where, k =2i+1&j=2i—1
0 for all other indices

where, {i EZAi=>1AI<N}&k=j

11 = Gri) + Grzq)

a =Grawy + G +G

Except,{ GN*DEN+D) T2(v) t Geeovy T Gigg
aen+1)en+2) = —Gigg

A(@2N+2)(2N+2) — Gigg
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With the construction of this matrix, the solver determines historical currents and
solves for the solution step by step. The sparsity (i.e. number of zero elements) of
system matrix A from eq. (8.43) is also visible as most of the element in the matrix
are zero. Sparsity is given by:

8N + 4

With N = 100, 98% of entries in matrix A are zero. By use of LU decomposition and
proper ordering of system matrix, the sparsity of matrix is exploited by the solver.

Conclusion Detailed ideal model preserves the circuit configuration of the MMC
and simultaneously solves the entire system using nodal analysis. The only differ-
ence between this model and detailed model is the representation of semiconductor
devices. In this modeling scheme, an individual arm is mathematically represented
by a nodal admittance matrix of dimension 2N + 2 by 2N + 2.

This model finds application in various system and network level studies such as:
 Simulation of external and internal faults.

 Design and validation of arm and module modulation schemes.

 Design and validation of controls.

« Validation of simplified models.

However, despite simpler representation for semiconductor devices, frequent switch-
ing implies repetitive re-triangulation and interpolations of the entire system. This
tends to make this model computationally expensive and presents a need for com-
putationally efficient models.
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T-1V Isolated sub-module model

Isolated sub-module model (ISM), as proposed by Xu et al.([25]) is identical to the
T-III detailed Ideal model but based on the concept of “nested fast and simulta-
neous solution method” models each sub-module as a separate subsystem with its
individual system matrix.

All submodules in an arm experience the same current, while arm currents and
the state of switches determine the internal dynamics of the submodules [25].
Whereas, the operation of an arm corresponds to a variable voltage source. Based
on these principles, this modeling scheme represents individual SMs as an isolated
system, and models interconnection with arm via dependent current and voltage
sources. A dependent current source in each sub-module mimics its interconnec-
tion with arm and all SMs in an arm are replaced by a dependent voltage source,
corresponding to the cumulative voltage across all sub-modules, i.e. eq. (8.45).
Figure 8.17 further elaborates on this modeling scheme.

N

varm(d,i) (t) = z vsmi(d,i) (t)

=1

(8.45)

Gr1c1y(t)

GCEQ §

Graaiy(8)

ism(n)(t)
_I_

Vsma(gs)

i¢+

\ 4 i¢>+

iceQ(n)(t — At)

Gizg §

Figure 8.17:

varm(d,i)

ige

Grip(8)

Gero §

Groi) (1)

lcro(i)(t — At)

Vsmy (g

i¢+

Grivy ()

GCEQ §

Graovy (1)

v icgov (t — At)

L= ¢

ISM - Equivalent Representation for an arm
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With this representation, the solver instead of constructing a single large system
matrix (eq. (8.41)) constructs N+1 matrices for N submodules and the converter
overall. Thereby re-triangulation and interpolation are only applied to respective
subsystem’s matrix in case of a switching event. This isolated representation for
individual sub-module offers computational advantages of solving numerous small
matrices over one large matrix as discussed earlier. On the downside, this coupling
with dependent sources leads to one-time step delay between the sub-module sub-
system and the arm equivalent subsystem. However, continuous nature of current
in MMC and a very small step in the account of high effective switching frequency
makes the effect of this artificial delay negligible.

Conclusion The isolated submodule model utilizes dependent current and volt-
age sources to mimic the coupling of converter arm and an individual sub-module.
In this modeling scheme, an individual arm is mathematically represented by N + 1
nodal admittance matrices of dimension 2 by 2 each.

Separate system matrix for each sub-module provides higher computationally ef-
ficient. This representation leads to an artificial delay between a change in arm
current and its effect in sub-modules and similarly a change in submodule volt-
age and its impact in the converter arm. Nevertheless, continuous nature of arm
currents and a small simulation time step makes this effect negligible.

This model provide all details for converter and similar to detailed ideal model finds
application in various system and network level studies such as:

 Simulation of external and internal faults.
« Design and validation of arm and module modulation schemes.
 Design and validation of controls.

« Validation of simplified models.
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T-V Equivalent ideal model

This model as proposed by Gnanarathna et al. ([15]) is similar to T-III,IV regarding
the modeling of components. However, this modeling technique takes T-1V's ab-
straction of sub-modules as an individual subsystem to the next level, and based on
“nested fast and simultaneous solution method” employs Thevenin/Norton equiva-
lence to all sub-modules in an arm and models them as a single subsystem.

In this modeling method, for the inserted and bypassed state, the valve (IGBT and
its anti-parallel diode) as a single bi-value resistor. Furthermore, in this represen-
tation the gate signals exclusively determine the operation of the valve; unlike the
multi-value representation in eq. (8.39) where the state of the valve is also depen-
dent on the associated voltages and currents.

Roy  if IGBT is ON

R. =
®@ " |Rypr  if IGBT is OFF

(8.46)

With this simplified representation of a valve and using submodules EMT equiva-
lent representation fig. 8.15, Thevenin’s equivalent of a submodule is derived as
eqg. (8.47) which is illustrated in fig. 8.18.

Usm (t) = Rsm,, ism (t) + Vsu,, (t — At) (8.47)
_ Rp,(®)(Rr, (t) + Rcgq)
"~ Rp, () + Rr, () + Regg
Ry, (t)vceq (t —At)
- Ry, (6) + Ry, (8) + Regg

Rsmeq

vSMeq (t - At)

* Rsmp, — Thevenin impedance is dependent on the state of valves and equivalent
impedance of capacitor.

® UsMgy ~ Thevenin voltage depends on the state of valves, equivalent impedance
of capacitor and history currents in the sub-module.

ism(t)

Rsm,, (t)
Usm,, (1)

Figure 8.18: Sub-module’s Thevenin equivalent representation

This equivalence for a sub-module can be extended to all sub-modules in an arm.
“Daisy chaining” [15] of N sub-modules with their Thevenin representation gives
equivalent circuit for the arm as illustrated in fig. 8.19.
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'SMa © RSMeq(l) ®

USMeq(l) (t)

fstago (1) RsMeqn ()

USMeq(i) (t)

i t
SM(N)( RSMeq(N) (t)
USMeq(N) (t)

Figure 8.19: Cascaded Chain of N sub-modules

This yields a unified Thevenin’s equivalent model of all SM’s in an arm as:

N N

vy (8) = Z vsy,; () = Z[iSMiRSMeqi + Vomeg, | (8.48)

i=1 i=1
Series connection of sub-modules imply equal current i.e. iy, = iyy Vi

vmy (1) = invRuv,, + Vmv,, (8.49)

_ N
{RMVeq —Ei=1 RSMeqi

N
UMVeq = Zizl vSMeql.

iyy (1)

Ruv,, (t)
UMy, (6

Figure 8.20: Arm’s Thevenin equivalent representation

Equation (8.49) reduces all N sub-modules in an arm to a two node circuit as
illustrated in fig. 8.20.
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The model derived so far determines the state of valves based only gate signals
alone; therefore, it only represents inserted and bypassed states of an SM and
doesn’t model its blocked state. The Blocked state of MMC finds application during
dc side faults, and its modeling is essential for HVDC studies.

In blocked state both IGBTSs are switched off and freewheeling diodes allow the flow
of current as illustrated in fig. 8.21. Therefore in this state current flow is dictated
by freewheeling diodes and additional consideration of voltages and currents diodes
are required to determine the operation state of a valve (ON’, *OFF’). As discussed
earlier in this state SM capacitor is charged in case of positive current with diode
D1 forward biased, bypassed for negative current with diode D2 forward biased or
else SM blocks flow of the arm current.

ic(®)

D, +
ism (t)

T C —— vt

Vsy (t) D, N _

[o,

Figure 8.21: Blocked state representation of a SM

Based on these principles, existing literature proposes two different techniques for
incorporation of the blocked state in this Equivalent ideal model.

e Algorithmic Method:
In this method as proposed in article ([16, 18]), solver based on last time step
values of voltage and current reproduces the natural commutation in diodes using
an algorithm approach as detailed below: To avoid numerical oscillation during

Blocked state algorithm
1: if SM; blocked then

2 if i(44)(t) > 0 and vgy, (t — AT) > v, (t) then

3: SMl Inserted i.e. set RT1(i)(t) = RON and RTz(l')(t) = ROFF
4 else if i 44)(t) < 0and vgy(t — AT) < 0 then

5: SM; Bypassed i.e. set Ry, (;y(t) = Rorr and Rr,;(t) = Ron
6: else

7: Rr,iy(©) = Ropr @nd R,y () = Ropr

8: end if

9: end if

the commutation diode article ([18]) utilizes an iterative approach to determine
the conduction states correctly.
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 Addition of IGBT and diode:
In this method as proposed in [19], additional external IGBT and diodes are
incorporated with the arm’s Thevenin equivalent representation as illustrated in
fig. 8.22 to model the blocked state of operation.

i) (1)
[e} |
BIock4|>0—| 4 Vzi\“— Block
iy ()
RMVeq (t) § Zf;l Ron
UMy, (1)

(e,

Figure 8.22: TEM with blocked state modeling

These additional IGBTs and diodes mimic the operation of SMs as an uncontrolled
rectifier during blocked state and is explained as follows:

— Under the nominal operation, IGBT V; is kept ON and 1, is kept off i.e. Thevenin’s
equivalent model of the arm is connected directly to the converter system.

— In the case of a blocked state, IGBT V; is turned OFF and V; is turned ON. In

this mode of operation, states of valves inside the Thevenin’s equivalent model
are determined by the polarity of arm current. With positive arm current all
SMs are inserted and with negative all are bypassed.
In the case of positive arm current and forward biased diode V; all SMs are
simultaneously charged; negative arm current with the forward biased 1, by-
passes entire arm via resistance Zf’zl R, and lastly reverse biased V;, and 1,
mimic the “"Opened” state of SM.

This representation is simple and doesn’t require additional storage and is used
for the Thevenin equivalent model in this study.

Conclusion TEM drastically reduces the number of nodes in the system. Calcu-
lation within an arm no longer utilize computationally expensive matrix operation
but instead are modeled by N equations, determined solely by gate signals and last
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time step information (eqg. (8.49)). In this modeling scheme, an individual arm is
mathematically represented by a set of N algebraic equation that update capacitor
voltages and a nodal admittance matrices of dimension 3 by 3 each. References
[16—24] validate and present enhanced versions of this model. This representation
offers high computational efficiency and moreover is suitable for parallel processing
as detailed in articles ([21, 22]). With parallel computation dedicated processors
for individual Arms simultaneously determine arm Thevenin equivalents based on
gate signals and historical information which are utilized by processor modeling the
converter and rest of the system.

In short, TEM drastically improves computational performance while maintaining
accuracy. Unlike DIM and ISM, this representation does not utilize interpolation
for exact tracking of switching instances and results from this model tend to have
less accuracy as compared to DIM. Nevertheless, the small time step of simulation
implies that the effect is negligible for most of the system dynamics.

This model provides all details for the converter and can be utilized for most studies
related to external and internal parameters of MMC.

¢ Simulation of external faults.

« Design and validation of arm and module modulation schemes.
¢ Design and validation of controls.

« Validation of simplified models.

On the downside, this model does not allow end user direct access to individual
MMC components and sub-modules and can’t be directly utilized for with studies
involving modification and access to individual SMs e.g. internal fault in an SM.
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8.7.2. T-VI Switching Function Models

In Boolean algebra, switching functions refer to a function that takes value 0 and
1. Applied to power electronic these functions denote ON(1) and OFF(0) state of a
switch and are formally defined as:

"The switching function is a statement of the time instances that
both the input and output of a switch or a switch configuration are the
same; the input is reflected to the output. The switching function relates
the input to the output in a similar way that the transfer function relates
input to output in control systems [167]. "

This modeling technique aims to derive analytical relations that accurately repre-
sent voltages and currents associated with a switched system into a single unified
expression [167]. For simulation purposes based on these relations, switches are
replaced by controlled voltage and current sources. In this modeling technique, the
operation of an individual semiconductor device is represented by ideal represen-
tation using binary number i.e. 1 — ON and 0 — OFF.

Adam et al. [31] present this modeling technique for MMCs where the nominal
operation of individual sub-module is expressed in terms of its switching function.
In the proposed model, the nominal operation of SM i.e. Inserted and bypassed
states, where valves behave as bi-directional switches, are modeled by switching
function ngy;,¢+), similar to reference [31]. Moreover blocked state, where diodes
dictate whether the SM is Inserted (D1 forward biased), bypassed (D2 forward
biased) or opened (D1, D2 reverse biased), is modeled using an additional switching
function By, 4+)- Based on these functions, voltage source, vgy,p+), and series
switch, SWj ¢+, reproduce SM operation. These functions are defined as follows:

° Nsm;(p+) €QuUals 1 when SM; is inserted or blocked with either diode forward
biased, and is otherwise 0.

* Bsm;p+) €quals 1 when sub-module is inserted or bypassed or diode (D1) is
forward biased, otherwise it is 0.

© SWswm,(¢+) is normally closed unless D1, D2 are reverse-biased with SM blocked
i.e.

SWsmip) = Nsmy(o) V Psmios) (8.50)

* Voltage source, vsy,(¢+) €quals v,,4+) When capacitor is inserted and else is 0
i.e.

Usmi(p4) = (Msmi(pt) A Bsmip)) V(o) (8.51)

Table 8.1 further elaborates on these functions. Moreover, an algorithmic approach
as illustrated fig. 8.23 is utilized to determine the state of valves when SMs are first
blocked. This ensures that when MMC is first blocked all SMs are either all insert-
ed/bypassed/opened based on the current direction. This is justified by inductive
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Table 8.1: Truth table for Switching functions

Nsm,pt) BsmygnSWips) State TL T2 Usmen igt) Capacitor
1 1 1 >0 Charging - via Diode D1
1 1 1 [nserted ON OFF Vei(#s) <o Discharging - via IGBT T1
0 1 1 >0 None - bypassed via IGBT T2
0 1 1 Bypassed  OFF  ON 0 <o None - bypassed via Diode D2
1 1 1 Vepr)  Lgr) > 0 &vgy(t —At) 2 v (t - At) Charging - via Diode D1
1 0 1 Blocked OFF OFF 0 ips) <0 & vgy(t—At) <0 None - bypassed via Diode D2
0 0 0 - Else None and i(4+) = 0

nature of currents that forcefully forward bias diodes D1 or D2 when MMC first goes
into blocking state. This state for all SMs is retained until arm current drops to zero
and table 8.1 dictates the subsequent states of SMs.

First blocked
state detected

Bypass all SMs

Insert all SMs

Open all SMs

v

Subsequent SM
state from Table I

Figure 8.23: SM state after first block

Based on these switching functions, the model of an half-bridge sub-module is
defined by egs. (8.52) to (8.54) equivalently represented as in fig. 8.24.

Vsmy(p) () = (Msmyo) A Bsmyo 1)) Ver(o) () (8.52)
iciio0) () = (Msmyp) M Bsmyo)) gy (O (8.53)
1 t
Yoo (® = ¢ | fa@n(©dt (8.54)
0

NsM;(¢+)

W_ {j_‘ . ﬁSMl-((Pi)
Vel i g1 L)

S M/'SMi(qﬁi)feq- (8.50))

Figure 8.24: Sub-module’s switching function representation
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Cascaded/series configuration of all sub-modules in an arm implies that an arm
operation is defined by eqgs. (8.55) and (8.56) and equivalently represented as in
fig. 8.25.

N
Vi) = Z Vsmi(¢) (8.55)
i=1
N
SWips) = l_[ Bsuico) V Nsmi(o) (8.56)

i=1

Unlike SFM presented in literature this model incorporates blocked state operation
of sub-modules in the function itself.

Sub-modules

Figure 8.25: Arm'’s switching function representation

Conclusion In short, switching function model takes the idealized representation
of semiconductor devices as a bi-value resistor to the next level and models them
with Boolean functions.

Compared to circuit-based models this modeling scheme does not simulate indi-
vidual semiconductors; instead, model the effect of individual switchings through
boolean variables ngy,(¢+). Similar to TEM, this approach significantly reduces the
number of nodes in the system and replaces matrix operations and interpolation




128 8. EMT Modeling

associated with modeling of switches with simple integration and algebraic opera-
tions [31]. Moreover, this model retains individual sub-modules representation thus
model retains all currents and voltage in the system.

Compared to TEM, use of Boolean function instead of switched resistors makes
numerical computation more efficient and avoids ill-conditioned mathematical op-
erations i.e. due to division by very small or large values. In conclusion, SFM offers
a more computationally efficient and numerically stable model for the MMC.

This model provides all details for the converter and can be utilized for most studies
related to external and internal parameters of MMC.

e Simulation of external faults.

« Design and validation of arm and module modulation schemes.
 Design and validation of controls.

¢ Validation of simplified models.

However, this model does not allow end user direct access to individual sub-modules
and can't be directly utilized for with studies involving modification and access to
individual SMs e.g. fault in an SM.
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8.7.3. T-VII Average value model

Despite the reduced number of nodes in the system with T-V Equivalent ideal model
and T-VI switching function model, individual representation for SM’s still implies
that the models are computationally intensive for network level studies. Therefore,
to mitigate the computational burden of modeling individual sub-modules, further
simplification in modeling technique is required, and average value models are in-
troduced.

Average value modeling further simplifies converter representation by ignoring the
switching effects in individual submodule and similar to SFM models the AC and DC
dynamics of the converter as controlled current and voltage sources [152].

The assumption of identical construction of SMs and instantaneous voltage balance
control implies that the average duty cycle (nsy,(¢+)) for all SMs in an arm is more
or less equal. In the blocked state, all SMs in an arm are simultaneously blocked.
This implies that the average operation for all SMs in an arm is identical during fault
and nominal operating conditions. Based on this, the proposed AVM models an arm
by a single equivalent submodule.

To model this, the average equivalent of switching functions of the SFM are utilized.
Average duty cycle, insertion index[40, 95] defines the average instantaneous value
of Nsm,p+) i-€. the ratio of SMs “inserted or blocked".

N
1
nen () = Z Nsmy(p+)[t] (8.57)
=1

Since all SMs are simultaneously blocked in an arm, a single blocked parameter
B(44)[t] is introduced for AVM i.e.

Bsmyp+)[t] = Bp[t] Vi (8.58)

Based on these parameters an average arm operation is defined by egs. (8.59)
to (8.61) and can be equivalently represented as in fig. 8.26.

Vi) = ((p) B [LDVE,, (8.59)
% = (¢ Bon [tDip1) (®) (8.60)
Vips = %f%«l)i)dt (8.61)
SWg+) = Bps) Vg (8.62)

Where, v(g4), V2., i) are the arm voltage, and the voltage and current for equiv-
alent SM’s capacitor.

With unified representation for all sub-modules in the arm, this model does not
utilize voltage balancing control. Nevertheless, the model incorporates the effect
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Arm Equivalent Module

Figure 8.26: Arm'’s average value representation

of switching by utilizing discrete values for the insertion index, which improves
accuracy [33, 162]. However, if module level modulation is not incorporated this
formulation yields a continuous model.

Conclusion In short, average value model assuming perfect voltage balancing,
utilize a single equivalent module that models the total stored energy in N sub-
modules. This offers superior computational speed at the expense of accuracy.
Despite this, AVM provides suitable representation for terminal characteristic of
MMC and can be utilized for:

e Simulation of external faults.
« Design and validation of arm modulation schemes.
¢ Design and validation of controls.

On the downside, this model does not provide information about internal parame-
ters of converter associated with individual sub-modules.

Since this model does not take individual sub-module into consideration and does
not utilize voltage balancing control. Therefore, AVM cannot be utilized for studies
involving individual SM such as design and validation of voltage balancing control,
failure of a sub-module etc.
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8.8. Time step for simulation

For EMT type solvers, ideally simulation time step should be as small as possible for
precise calculations using the trapezoidal rule of integration. However, smaller time
step implies higher computational load. This presents a need for optimized time
step selection that ensures fast simulations without losing on accuracy. In general,
maximum expected frequency of a system is the determining factor for stepsize its
simulation. For accurate results, Nyquist frequency of EMT type solvers should be
at least five times that of the maximum frequency of the system [168] i.e.

fNyqzﬁzs*fmax = Atg%
fmax = Maximum frequency in the system
where. ] Tmin = Corresponding minimum time constant
' vyqg = Nyquist frequency of solver
At = Corresponding step size

However, the maximum frequency associated with the system is usually unknown.
As discussed earlier, for HVDC studies at system and network level switching op-
eration is modeled as an instantaneous transition. Therefore with such simulation
maximum frequency associated with the system is taken on the same scale as that
of switching events. Switching events are dictated by control and are dependent
on the modulation technique and the number of sub-modules.

For nearest level control, where a staircase modulation approximates the reference
sinusoidal wave, smallest instants between two switching events can be calculated
as follows [114]:

Assuming reference signal given by:
1
Vper(£) = Eﬁz(pvdc cos(wt) (8.63)

Based on this, minimum time interval for reference signal to change by one level
can be approximated as:

1 2 1
Tminarizzf(t) = Nvdc = Tnin = ﬁﬁhpw (8.64)
For EMT models with NLC to accurately capture system dynamics within switching
evens the time step of simulation should be at least five times less than T,,;,, i.e.

At (8.65)

S —_—
5N w
For a N = 14 this yields At < 90us.

On the other hand, for detailed models where transients within the switching pro-
cess are to be accurately modeled the time step should be far smaller than the time
scale of switching events (in order of nano-seconds).
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8.9. Conclusion

In this chapter, various equivalent models for MMC were derived. All of the models
inherently reproduce all operating modes of converter i.e. inserted, bypassed and
blocked. Tables 8.2 and 8.3 summarize these models:

Table 8.2: EMT Models for MMC: Summary

Model Semiconductor Solution Dynamics Targeted
Type Representation Method Modeling Applications
T-LII DM Full Physics or Nodal analysis using Transients within Component level studies
’ non-linear diodes  matrix operations switching event and switching losses
Bi-value Nodal analysis using Transients with System and
T-IIDIM  resistors matrix operations switching as network level
instantaneous event  studies
Bi-value Nodal analysis using Transients with System and
T-Iv ISM resistors matrix operations switching as network level
with artificial delay instantaneous event  studies
Bi-value Algebraic equations Transients with System and
T-VEIM resistors for entire all SMs switching as network level
without interpolations  instantaneous event  studies
Switching Algebraic equations Transients with System and
T-VISFM  functions for entire all SMs switching as network level
(0&1) without interpolations  instantaneous event  studies
Switches not Algebraic equations Transients with Network level
T-VILAVM  individually for entire as an equi-  switching events studies
modeled valent module averages
Table 8.3: EMT Models for MMC: Requirements
Model Time-step Over-all Computational
Type Parameters Accuracy Efficiency
T-1,II DM nanoseconds WWWWR WRARX
T-III DIM microseconds WRWWH KRR
T-IV ISM microseconds NN RRITRW
T-V EIM microseconds NN RRITTIW
T-VI SFM microseconds WRWW WRWWW
T-VII AVM  micro to milliseconds e TR

T-I — T-II are highly complex and due to the computational burden are not suitable
for analyses of complete MMC and connected systems. T-III — T-VII are of interest
in this study and are analyzed in detail using PSCAD/EMTDC simulations in the

following chapter.



Simulation

This chapter presents and compares PSCAD/EMTDC simulation results for
different arm and module level modulation schemes as discussed in
chapter 6 and equivalent models for MMCs as proposed in chapter 8.

9.1. Arm & Module Level Modulations

In this section, arm and module level modulation techniques for MMC as examined
in sections 6.1 and 6.2 are investigated via PSCAD/EMTDC simulation.

The objective here is to compare these modulation techniques based on their impact
on harmonics in circulating current, ripple in submodule’s capacitor voltage, total
harmonic distortion in line-line ac voltage and average switching frequency in the
system under stationary conditions.

These parameters are evaluated via:

 Relative magnitude of non-dc component of circulating current.
Calculated from FFT of circulating current as:

50

. 1 .
leire = 77— Z Leirc(h=k)¢ (9.1)

Iog -
non-dc circ(h=0)¢ k=1

where h is the order of harmonic.

 Total harmonic distortion in line-line ac voltage:

133
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Calculated from FFT of line-line ac voltage as:

THD =
VL-L(h=1)¢

(9.2)

where h is the order of harmonic.

 Voltage ripple in sub-module’s capacitor:
Calculated in terms of range (maximum and minimum values), mean y and stan-
dard deviation ¢ of cumulative capacitor voltage for an arm.

¢ Switching frequency:
Total switching events in positive and negative arms per cycle.

For this comparison an islanded converter system as illustrated in fig. 9.1 is utilized.
The system considers an ideal dc link and an MMC connected to an AC load. The
dc-side is modeled with two ideal dc sources grounded in a center. For the MMC a
detailed ideal model is utilized while ac load is models via constant loads.

%)
2
DC g g
s =
%)
2

Figure 9.1: PSCAD Model Schematic

The simulation mimics a 20KV HVDC link and a fourteen sub-modules per arm MMC
rated at 15MV A together with a constant three-phase ac load of 12 + 9j MV A. For
the MMC, to ensure a ripple (¢) of less than 5% in submodule’s capacitor voltage,
the required total stored energy per MVA, E for the given load was estimated to
be 51 =~ 60K]/MV A from eq. (4.15). This yields a value 10.5mF of capacitance per
module eq. (4.14). Using eq. (4.17) the desired value of arm inductance L > 2.8mH;
therefore L = 3mH was selected. Assuming an overall loss of 1.5% in the MMC, arm
resistance is calculated as 0.1Q (assuming circulating current to be purely direct).
For the converter transformer, a 1 : 1 A — Y transformer with an inductance of 3%
is selected. These parameters for the system are summarized in table 9.1.

Table 9.1: MMC,, — Parameters

MMC : N =14 C =10.5 mF
: Lgrm = 3mH (11.68%)  Rgrm = 0.1Q
AC Load: 12+9jMVA
DC Link: Vge = 20KV Srated = 15SMVA

Transformer: A -vY (1:1) Lir =3%




9.1. Arm & Module Level Modulations 135

9.1.1. Comparison of Arm Level Modulations

The objective here is to investigate different arm level modulation methods as pre-
sented in section 6.1. The control scheme utilized here is summarized in Table 9.2.

Table 9.2: Case I: Details for system

System fig. 9.1-MMC,, - Islanded

MMC Model Detailed ideal model (section 8.7.1)
Module-Modulation Nearest level control

Voltage balancing Rank method in interrupt mode(section 5.2.1)
Simulation Time 2s

Simulation time step  10us

Case I : Direct Modulation

Here direct modulation as detailed in section 6.1.1 is utilized for arm level mod-
ulation. The simulation results below present internal and terminal dynamics of
converter under stationary conditions.
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Table 9.3: Case I: Switching Details

Average Switching in Positive Arm Phase A = 364.16
Average Switching in Negative Arm Phase A = 364.08
Average switching frequency for an individual IGBT = 13Hz
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Case II : Uncompensated Modulation

Here uncompensated Modulation as detailed in section 6.1.2 is utilized using cir-
culating current suppression controller for arm level modulation. The simulation
results below present internal and terminal dynamics of converter under stationary

conditions.
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Table 9.4: Case II: Switching Details
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Figure 9.13: Capacitor Voltage

Average Switching in Positive Arm Phase A = 396.32
Average Switching in Negative Arm Phase A = 471.08
Average switching frequency for an individual IGBT = 15.5Hz
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Case III : Compensated Modulation with estimated cumulative capacitor

voltage

Here compensated Modulation as detailed in section 6.1.3 is utilized using estimated
cumulative capacitor voltage for arm level modulation. The simulation results below
present internal and terminal dynamics of converter under stationary conditions.
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Table 9.5: Case III: Switching Details
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Average Switching in Positive Arm Phase A = 364.16 = 2N(N — 1)
Average Switching in Negative Arm Phase A = 364.08
Average switching frequency for an individual IGBT = 13Hz
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Conclusion
The simulation results presented show superior characteristics of uncompensated

and compensated modulations in comparison to direct modulation. Table 9.6 sum-
marizes these findings.

Table 9.6: Arm Level Modulation: Findings

Modulation Non-dc component THD Cumulative capacitor voltage vZ, N Switching

N icireq Vi-Lge Max Min u o frequency (Hz)
Direct 1.665 2.524% 1.073 09161 0.9732 0.05044 13
Uncompensated 0.7685 1449% 1.042 0.9434 0.9801 0.03452 15.5
Compensated 0.8594 1.554% 1.058 0.9603 0.9975 0.03486 13

Uncompensated modulation, with CCSC, corrects for voltage imbalance in a phase
leg that leads to significant reduction in the dominant second order harmonic in cir-
culating current. This results in improved control of capacitor voltages and conse-
quently reduces the total harmonic content of circulating current. On the downside,
this method increases the number of switching events in a cycle. Nevertheless, as
compared to direct modulation two folds decrease in harmonic content outweighs
the 20% increase in switching frequency. Hence, this arm level modulation method
offers reduced ratings of components, reduced losses, improved voltage balancing,
and lower harmonic distortion in ac voltage.

Compensated modulation corrects for both the circulating current and varying cu-
mulative capacitor voltage in an arm. This results in improved control of capacitor
voltages and consequently reduces the total harmonic content of circulating current.
This method does not affect the number of switching events in a cycle and simulta-
neously achieves reduced ratings of components, reduced losses, improved voltage
balancing and lower harmonic distortion in ac voltage than direct modulation.

Table 9.7: Arm Level Modulation: Conclusion

Modulation Circulating THD Voltage Switching
Current Vi-Lae Balancing frequency
Direct WRRW WA WA WRWR

Uncompensated  WWWwWw® MARAQAQA g d PARASA QXS g PAQASNQAD g
Compensated NN W WRRIWY WRR I

Table 9.7 summarizes the impact of these modulation techniques. Based on these
findings, uncompensated modulation with lowest harmonic content in circulating
current is chosen as the preferred choice of arm level modulations in this study.
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9.1.2. Comparison of Module Level Modulations

The objective of this section is to investigate different module level modulation
methods as presented in section 6.2. The control scheme utilized is summarized
in Table 9.8. For a consistent comparison, carrier frequency (where applicable) is
selected such that the average switching frequency of IGBTs is of the same order
among all modulations.

Table 9.8: Case I: Details for system

System fig. 9.1 = MMC,, - Islanded

MMC Model Detailed ideal model (section 8.7.1)
Arm-Modulation Direct Modulation (section 6.1.1)

Voltage balancing Rank method in interrupt mode(section 5.2.1)
Simulation time step  10us

Simulation time 2s

As discussed in section 6.2, each module level based on the operation of the positive
and negative arm is split into N + 1 and 2N + 1 level modulation. However, only
N + 1 modulation methods are analyzed here, where positive and negative arms a
phase leg operate in a complementary fashion.

Case IV : Phase disposed PWM

Here level-shifted phase disposed pulse width modulation, as discussed in sec-
tion 6.2.3, is utilized for the module-level modulation of the converter. This modu-
lation scheme utilizes N carrier waves to determine the number of sub-modules to
be inserted in an individual positive arm of a phase leg (Nins.¢+)' While the number

of modules to be inserted in the complementary arm are determined as:

Nins.¢_ =N- Nins.¢+ (9.3)
The simulation results below present internal and terminal dynamics of converter

under steady state with m, = 33.
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Table 9.9: Case IV: Switching Details

Avg. Switching in Positive Arm Phase A = 516
Avg. Switching in Negative Arm Phase A = 516
Avg. switching freq. for an individual IGBT = 18.43Hz

Figure 9.25: Currents in MMC

Case V : Alternative phase opposition disposition PWM

Here level-shifted alternative phase opposition disposition PWM, as discussed in
section 6.2.3, is utilized for the module-level modulation of the converter. This mod-
ulation scheme utilizes N carrier waves to determine the number of sub-modules to
be inserted in an individual positive arm of a phase leg (N;,. ¢+) While the number
of modules to be inserted in the complementary arm are determined as:

Nins.¢_ =N-N;

ins.g+

(9.4)

The simulation results below present internal and terminal dynamics of converter
under steady state with m, = 33.
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Case VI : Phase-shifted carrier PWM

Here phase-shifted PWM, as discussed in section 6.2.3, is utilized for the module-
level modulation of the converter. This modulation scheme utilizes N carrier waves
to determine the number of sub-modules to be inserted in an individual positive
arm of a phase leg (Nl-ns_¢+). While the number of modules to be inserted in the
complementary arm are determined as:

Nins.d,_ =N- Nins.¢+ (9.5)
The simulation results below present internal and terminal dynamics of converter
under steady state with m; = 3.
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Conclusion

The simulation results presented show the impact of various module level mod-
ulation techniques on harmonic distortion in ac voltage, circulating currents and
switching frequency. These findings are summarized in table S.12.

Table 9.12: Module Level Modulation: Findings

Modulation fe Non-dc component THD Cumulative capacitor voltage vZ, . Switching
(Hz) inicire, Vi-Lae Max Min u o freq.(Hz)
NLC - 1.665 2.524% 1.073 0.9161 0.9732 0.05044 13
PD-PWM 1650 1.635 1.794% 1.072 09170 0.9735 0.04983 18.43
APOD-PWM 1650 1.692 2.812% 1.071 09179 0.9738 0.04911 20.72
PS-PWM 150 1.638 2.129% 1.072 09173 0.9736  0.04985 21.37

For all of the techniques capacitor voltage and harmonic content of circulating cur-
rent in more or less similar. PD-PWM yields lowest THD for line-line voltage whereas
NLC offers the lowest switching frequency. Table 9.13 summarizes the impact of
these modulation techniques. Based on these findings, NLC with its lowest switch-
ing frequency, relatively low impact on circulating current with a substantially low
harmonic distortion in ac voltage and least computational complexity NLC is selected
as the modulation of choice in this study.

Table 9.13: Module Level Modulation: Conclusion

Modulation Circulating THD Voltage Switching
Current ViLae Balancing frequency
NLC WK R WRWRW WRWRW WRWIWYY
PD-PWM JAQAS Qg% PAQAGA Sk gk ¢ WRWR WRWWH
APOD-PWM  WWRRR WR KR WRWR NN
PS-PWM WRR A WRR R WRWR WRR WY
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9.2. Comparison of EMT Models

This section presents a detailed simulation comparison of different EMT Models for
the MMC as presented in chapter 8. The comparison is essential for categoriza-
tion of models regarding relative accuracy and computational speed. Therefore,
this section compares the efficient equivalent models against the detailed model
of converter under stationary and transient conditions. The simulations for mod-
els are subjected to various set-points of real/reactive power and fault conditions.
Figure 9.41 illustrates the timeline of the simulation.

0.5s,Grid
Connection

1.0s
AP

2.58

AQ

10.0s,DC
P to G Fault

3.5s,SLG
Fault

5.0s,DLG
Fault

6.55,DLG 8.0s,DC
Fault P to P Fault

t(s)
8.25,P to P DC || 10.25,P to G DC
Fault removed Fault removed

3.0s
AP

3.78,SLG
-removed

5.2s,DLG
-removed

6.7s,3¢
Fault removed

Figure 9.41: Time-line of events in simulation

For this evaluation, a strong grid-connected converter system as shown in fig. 9.42
is considered. In this system, the ac-grid is modeled with ideal voltage source
behind reactance (SCR = 50) and the dc side is modeled via two ideal dc-sources
grounded in the center.

MMC
Grid

Pole-Pole
@ DC fault

Figure 9.42: PSCAD Model Schematic

The parameters of the system are detailed in table S.14.

Table 9.14: MMC,, — Parameters

MMC : N =14 C =10.5 mF

- Lagm = 3mH (11.68%)  Rgpm = 0.1Q
AC Grid: Ve = 11kV XgTid =2.0%
DC Link: Vge = 20kV Srated = 15MVA

Transformer: A -vY (1:1) L =3%
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9.2.1. Model Accuracy

To investigate the accuracy of the proposed models dynamics of the system before,
during and after various transient conditions are compared against a detailed model
of the converter.

Furthermore, the precision of the models is quantified against the detailed model
using normalized mean absolute error (¢).

o _ 2" Kntoger(®) = Xpm(®)] (2.6)
N(XBiT — XBi '
Xwuoae:(t) Dynamics of model under consideration
Xpmu(®) Dynamics of detailed ideal model

where { XT14¥ Maximum value of parameter for DIM
X Minimum value of parameter for DIM
N Set of datapoints

The simulations in this section are presented in three parts as follows:

1. Power reversal Operation of MMC (t =1.995 -t = 2.15s)
This simulation presents dynamics of converter undergoing a step change in
set point of P, power exchange with ac grid, from 0.75 p.u. to —1.0 p.u. at
t = 2.0s.

2. Single-line to ground fault (t=3.4-t=238s)
This simulation presents dynamics of converter under ac-fault conditions,
a 200ms single phase to ground fault at phase a of converter transformer
through a small resistance at t = 3.5s is simulated. The converter is kept
connected to the fault without any modification in its control.

3. Pole to pole DC fault (t=79-t=8.6s)
This simulation presents dynamics of converter under dc-fault conditions, a
200ms pole to pole dc fault at t = 8.0s. In this case, the sub-modules are
blocked as soon as dc voltage drop below 80% of its nominal value and un-
blocked 300ms after fault removal.

Additional simulation results for case of system under going double-line to ground
fault and pole to ground DC fault are presented in appendix (section C.1.1).
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Power reversal simulation - External Dynamics

The simulations results present the state operation of MMC during power reversal

under balanced conditions.
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Figure 9.47: Current from dc side

Figures 9.43 to 9.47 present the terminal dynamics of converter under power re-
versal. Comparison of terminal parameters i.e. voltage, current on ac-side and
dc-current for all models reveal:

» Near identical results for the detailed ideal model (DIM) and equivalent ideal
model (EIM) with normalized mean absolute error of less than 0.5%. The minus-
cule differences in DIM and EIM are due to the absence of interpolations in EIM’s
calculation of arm equivalents and the rest of converter.

¢ Switching function model reproduces dynamics with high accuracy with normal-
ized mean absolute error of less than 0.7%. Similar to EIM, absence of interpola-
tions in the calculation of arm equivalent and binary representation for switches
yields a slightly higher deviation from DIM.

¢ Average value model, despite its simplified representation, produces results with
high accuracy with normalized mean absolute error of less than 0.7%.
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Power reversal simulation - Internal Dynamics
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Figure 9.50: Positive arm Current phase-a



148

9. Simulation

—_
ot

—

<
o ot

7"((14) (pu)

.
e

t

1
[y

—DIM, € =0.00%
—--EIM, € =0.23%
SFM, e =0.37%
AVM, e =0.38%

[rrr T

2.05

Figure 9.51: Negative arm Current phase-a

oz '\\

—DIM, € =0.00%
—--EIM, € =0.40%

T SFM, ¢ =0.63%
1 % . R/ AVM, e =0.70% [
— 0.16
~ 04 ¥ r
S 1 4 r
5 14 -
- 104 s a4 e e F
029 | fo Ay A ML
3779 ) A kS
] Vg L
044 i n
b F
i r
‘ T T T T T T T T T ‘ T T T T T T T T T ‘ T T T T T T T T T
2 2.05 2.1 2.15

t(s)

Figure 9.52: Circulating current phase-a

Figures 9.48 to 9.52 present internal dynamics of converter under power reversal.

Simulation results reveal near identical results for the internal currents of MMC for
SFM, EIM, and AVM against DIM of the converter with normalized mean absolute
error of less than 0.4,0.7 & 0.8% respectively.

Similarly, cumulative capacitor voltage in an arm is modeled with reasonable ac-
curacy for SFM, EIM, and AVM against DIM of the converter with normalized mean
absolute error of less than 0.3,0.5 & 0.6% respectively.

However, as seen from fig. 9.49 for individual capacitor voltages, SFM and EIM
tend to deviate significantly from DIM with normalized mean absolute error of
around than 5.7 & 6% respectively. The reason for this deviation is attributed to
the accumulation of slight difference in the solution of EIM and SFM due to an
absence of interpolation in the calculation of arm equivalents. For most dynamics,
this delay results in a minuscule difference in solution. However, for capacitor
voltage balancing based on voltage sorting algorithm, these small differences
modify SM rank, and subsequent operations lead to a significant difference in the
individual SM capacitor voltages.

Moreover, average value model does not model individual submodules. There-
fore, individual capacitor voltages are not available from this model.
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Single phase to ground fault - External Dynamics
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Figure 9.55: Phase a ac voltages at MMC terminals
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Figure 9.57: Current from dc side

Figures 9.53 to 9.57 present the terminal dynamics of converter under the single
line to ground fault. Comparison of terminal parameters i.e. voltage, current on
ac-side and dc-current for all models reveal:

» Near identical results for the detailed ideal model (DIM) and equivalent ideal
model (EIM) with normalized mean absolute error of less than 1.5%. The minus-
cule differences in DIM and EIM are due to the absence of interpolations in EIM’s
calculation of arm equivalents and the rest of converter.

¢ Switching function model reproduces dynamics with high accuracy with normal-
ized mean absolute error of less than 2.0%. Similar to EIM, absence of interpola-
tions in the calculation of arm equivalent and binary representation for switches
yields a slightly higher deviation from DIM.

¢ Average value model, despite its simplified representation, yield simulation results
with high accuracy with normalized mean absolute error of less than 3.5%.
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Single phase to ground fault - Internal Dynamics
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Figures 9.58 to 9.62 present internal dynamics of converter under the SLG fault.

e Simulation results reveal near identical results for internal currents of MMC for
SFM, EIM, and AVM against DIM of the converter with normalized mean absolute
error of less than 1.8,2.5 & 4.3% respectively.

« Similarly, cumulative capacitor voltage in an arm is modeled with reasonable ac-
curacy for SFM, EIM, and AVM against DIM of the converter with normalized mean
absolute error of less than 0.4,0.5 & 1.0% respectively.

» However, as seen from fig. 9.59 for individual capacitor voltages, SFM and EIM
tend to deviate significantly from DIM with normalized mean absolute error of
around than 6.7 & 6.4% respectively. The reason for this deviation is attributed
to an accumulation of slight differences in the solution of EIM and SFM due to
the absence of interpolations in a calculation of arm equivalent and rest of the
converter. For most dynamics, this delay results in a minuscule difference in
solution. However, for capacitor voltage balancing based on voltage sorting al-
gorithm, these small differences modify SM rank and subsequent operation which
leads to a significant difference in capacitor voltages.

¢ Average value model does not model individual submodules. Therefore, individual
capacitor voltages are not available from this model.



9.2. Comparison of EMT Models

Pole to Pole DC fault - External Dynamics
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Figure 9.64: Reactive Power at MMC ac-side
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Figure 9.67: Current from dc side

Figures 9.63 to 9.67 present the terminal dynamics of the converter under pole to
pole dc fault. Comparison of terminal parameters i.e. voltage, current on ac-side

and dc-current for all models reveal:

» Near identical results for the detailed ideal model (DIM) and equivalent ideal
model (EIM) with normalized mean absolute error of less than 0.01%. The mi-
nuscule differences in DIM and EIM are due to the absence of interpolations in
EIM’s calculation of arm equivalents and the rest of converter. Switching function
model reproduces dynamics with high accuracy with normalized mean absolute
error of less than 0.07%. Similar to EIM, absence of interpolations in the calcu-
lation of arm equivalent and binary representation for switches yields a slightly

higher deviation from DIM.

¢ Average value model, despite its simplified representation, yield simulation results
with high accuracy with normalized mean absolute error of less than 0.07%.
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Pole to Pole DC fault - Internal Dynamics
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Figure 9.68: Cumulative capacitor voltage positive arm phase-a
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Figure 9.70: Positive arm Current phase-a
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Figure 9.72: Circulating current phase-a
Figures 9.68 to 9.72 present the internal dynamics of converter under PPDC fault.

Simulation results reveal near identical results for internal currents of MMC for
SFM, EIM, and AVM against DIM of the converter with normalized mean absolute
error of less than 0.02,0.05 & 0.06% respectively.

Similarly, cumulative capacitor voltage in an arm is modeled with reasonable ac-
curacy for SFM, EIM, and AVM against DIM of the converter with normalized mean
absolute error of less than 0.6,0.8 & 1.0% respectively.

However, as seen from fig. 9.69 for individual capacitor voltages, SFM and EIM
tend to deviate significantly from DIM with normalized mean absolute error of
around than 3 & 3.1% respectively. The reason for this deviation is attributed
to the accumulation of slight difference in the solution of EIM and SFM due to
the absence of interpolations in the calculation of arm equivalent and rest of the
converter. For most dynamics, this delay results in a minuscule difference in
solution. However for capacitor voltage balancing based on voltage sorting algo-
rithm, these small differences modify SM rank and subsequent operation which
leads to a significant difference in capacitor voltages.

Since the average value model does not model individual sub-modules, individual
capacitor voltages are not available from this model.
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9.2.2. Model Acceleration

To observe the computational efficiency of the proposed models, the 12s simulation
of the system (table 9.14 and fig. 9.42), undergoing various set-points changes of
real/reactive power and faults, was conducted with the number of SM between 2
to 200. The simulation time step was selected as of 10us and 48 core Microsoft
Windows Server 2012 running PSCAD version 4.6 using GFortan 4.2.1 was utilized.
Figure 9.73 illustrates the execution time for the T-III DIM, T-IV TEM, T-V SFM and
T-VI AVM.

e

it gl g L L

)

w
o

-

________
p— Lo

logio(Ezec. Time(s
w

T R

2‘0 4‘0 6‘0 8‘0 'l(‘)() 1‘20 M‘O 1(‘$0 1;30 200
No. of Sub-modules (N)

Figure 9.73: Computational burden of MMC models

Figure 9.73 show a superior computational efficiency of the proposed models against
a detailed model of the converter. TEM and SFM with similar representation offers a
similar computational load which offers 20 times higher computational speed than
a detailed model for N = 14. Whereas, AVM has a constant computational load
corresponding to a N = 1 SFM irrespective of the number of submodules.

9.2.3. Conclusion
The conclusion drawn from these simulation are summarized in tables 9.15 and 9.16.

Table 9.15: EMT Simulation accuracy

Model External Internal Over-all Computational
Type  Parameters Parameters Accuracy Efficiency

DIM v v PAgk ok g ko d Terokrik
EIM v v MAgkokake g PAgkakotoig
SFM v v PAgkpkaie g PAgkakooig
AVM v X PAgApka’end WO

Table 9.16: EMT Model Use

Type Models

DIM External & Internal dynamics for stationary state or internal & external faults.
Model all levels of control.

EIM External & Internal dynamics for stationary state or external faults.
Model all levels of control. Can’t model internal faults.

SEM External & Internal dynamics for stationary state or external faults.
Model all levels of control. Can’t model internal faults.

AVM External & few Internal dynamics for stationary state or external fault.
AVM don't provide information for individual sub-module.
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9.3. Application of Models
9.3.1. HVDC transmission system

This section presents a simulation comparison of simplified EMT Models as pre-
sented in section 8.5 in a symmetric monopole HVDC transmission as illustrated
in fig. 9.74. The parameters of the system are detailed in table 9.17. DC ca-
bles are modeled using PSCAD’s frequency dependent (phase) model. Table 9.18
and fig. 9.75 summarizes the parameters and dimensions of the cable [19].

DC Cable

AC Grid 1 Transformer 1 m Transformer 2 AC Grid 2
§ : -I 100 Km $ _l ' §
| DC Cable MMC-2 f

Pole-Pole DC fault

Figure 9.74: Symmetric monopole HVDC transmission - schematic ‘
Table 9.17: System Parameters

. N =140 C=105mF !
MMC-1,2: Logym =11.68% Ry = 0.1Q
AC Grid 1,2: Vae = 110KV Xgria = 2.0%
DC Link: Vge = 200kV Sratea = 150MV A
Transformer 1,2: A-Y (1:1) Ler = 3%
Conductor-
Insulator 1
Table 9.18: DC Cable parameters Ineneath
Core Conductor p=184e-8Qm pu,=1 sor 5 0.025125
Insulator 1 € =23 Uy = 0.049125
Sheath p=214e-7Om U, = 05225
Insulator 2 € =23 ur=1 0.061725
Armour p=138e-7Qm u,=10 0.09185
Insulator 3 € =23 =1

Figure 9.75: HVDC cable cross-section
The simulation in this section are presented in three parts as follows:

1. Power reversal Operation of MMC -2 (t =1.995 —t = 2.155)
This simulation presents dynamics of system with MMC -2 undergoing a step
change in set point of P, power exchange with ac grid, from 0.75 p.u. to
—1.0 pu. att = 2.0s.

2. Single-line to ground fault (t=34—-t=38s)
This simulation presents dynamics of system with MMC -2 under ac-fault con-
ditions, a 200ms single phase to ground fault at phase a of converter trans-
former through a small resistance at t = 3.5s.

3. Pole to pole DC fault (t=7.9—-t=8.6s)
This simulation presents dynamics of of system with MMC -2 under dc-fault
conditions, a 200ms pole to pole dc fault at ¢t = 8.0s. In this case both MMC-1
and MMC-2 are blocked with a delay of 1ms step and ac breakers are opened
with a delay of 2 cycles. After fault removal both ac breakers are closed and
MMC-1 unblocked with a delay of 100ms while MMC-2 is unblocked after an
additional delay of 200ms.



9.3. Application of Models

159

Power reversal simulation - External Dynamics

The simulations results present the state operation of MMC-2 undergoing power

reversal under balanced conditions.
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Figure 9.76: Real Power at MMC ac-side
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Figure 9.77: Reactive Power at MMC ac-side
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Figure 9.78: Phase a ac voltages at MMC terminals
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Figure 9.79: Phase a ac currents
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Figure 9.80: Current from dc side
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Figure 9.81: DC side voltage
Figures 9.76 to 9.81 present the terminal dynamics of the converter under power
reversal. Comparison of terminal parameters i.e. voltage, current on ac-side and
dc-current for all models reveal the accuracy of AVM and SFM against EIM.
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Power reversal simulation - Internal Dynamics
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Figure 9.82: Cumulative capacitor voltage positive arm phase-a
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Figure 9.83: First Capacitor Voltage positive arm phase-a
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Figure 9.84: Positive arm Current phase-a
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Figure 9.86: Circulating current phase-a
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Figures 9.82 to 9.86 present the internal dynamics of the converter under power
reversal. Comparison of terminal parameters i.e. voltage, current on ac-side and
dc-current for all models reveal the accuracy of AVM and SFM against EIM.
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Single phase to ground fault - External Dynamics

The simulation results present the state operation of MMC-2 under the single line
to ground fault.
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Figure 9.87: Real Power at MMC ac-side
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Figure 9.89: Phase a ac voltages at MMC terminals
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Figure 9.91: Current from dc side
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Figure 9.92: DC side voltage

Figures 9.87 to 9.92 present the terminal dynamics of the converter under single
line to ground fault. Comparison of terminal parameters i.e. voltage, current on
ac-side and dc-current for all models reveal the accuracy of AVM and SFM against
EIM.
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Single phase to ground fault - Internal Dynamics
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Figure 9.94: First Capacitor Voltage positive arm phase-a
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Figure 9.96: Negative arm Current phase-a
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Figure 9.97: Circulating current phase-a

Figures 9.93 to 9.97 present the internal dynamics of the converter under single
line to ground fault. Comparison of terminal parameters i.e. voltage, current on
ac-side and dc-current for all models reveal the accuracy of AVM and SFM against
EIM.
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Pole to Pole DC fault - External Dynamics

The simulation results present the state operation of MMC-2 under the pole to pole

dc fault.
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Figures 9.98 to 9.103 present the terminal dynamics of the converter dynamics of
converter under the pole to pole dc fault. Comparison of terminal parameters i.e.
voltage, current on ac-side and dc-current for all models reveal the accuracy of AVM

and SFM against EIM.
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Pole to Pole DC fault - Internal Dynamics
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Figure 9.104: Cumulative capacitor voltage positive arm phase-a
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Figure 9.108: Circulating current phase-a

Figures 9.104 to 9.108 present the internal dynamics of the converter under the
pole to pole dc fault. Comparison of terminal parameters i.e. voltage, current on
ac-side and dc-current for all models reveal the accuracy of AVM and SFM against
EIM.

Computational load

The relative computational load of the equivalent models is summarized in ta-
ble 9.19.

Table 9.19: Relative Computational Load

EIM SFM AVM
Relative Computational Load 4.0 3.0 1.0
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Discussion and Conclusion

Modular multilevel converters, with its numerous advantages over conventional con-
verter technologies, is gradually becoming the preferred choice for HVDC power
transmission, multi-terminal HVDC systems and renewable energy applications such
as offshore wind farms. However, modeling of MMCs with explicit representation of
each semiconductor device, using classical simulation techniques, presents enor-
mous computational burden. This makes the simulation of MMCs, especially within
a large power system, unrealizable. Therefore, this thesis focuses on the compu-
tationally efficient equivalent models for EMT simulation of MMCs.

The thesis starts with the development of a continuous mathematical model of the
converter. Even though the continuous model only captures inserted and bypassed
states of the converter, it serves to analyze the operation of individual sub-modules,
arms, and converter as a whole. Based on the continuous model a linear time
invariant model for the converter was derived. Using the LTI model a DQ domain
controller, for the independent control of real power/ dc voltage and reactive power/
ac voltage of the grid-connected converter, was developed and tuned.

Analysis of instantaneous energy in phase leg based on the continuous mathemati-
cal model revealed the presence of harmonics in circulating current between phase
legs. Subsequently, using this continuous model a circulating current suppression
controlled to suppress the dominant second order harmonic was developed. In ad-
dition to this based on results from the continuous model, modulation schemes for
control of arm and individual sub-modules were evaluated in the thesis. In short,
the continuous model provides a suitable mathematical formulation for the design
of control and modulation scheme of the converter.

The specific objective of the thesis was the development of MMC models for EMT
studies. These models are expected to reproduce internal and external dynamic of
MMC under stationary and transient conditions. Therefore, building on the existing
literature, the thesis proposed various equivalent models of MMC that inherently
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capture all operating states of the converter and allow for the natural development
of internal and external dynamics of the converter. The models investigated here
are broadly categorized as follows:

¢ Models based on classical EMT representation:
In this modeling scheme, each semiconductor device is explicitly modeled, and
solver utilizes nodal admittance method to resolve the system. Based on the
representation of semiconductor devices, from full-physics representation to a
bi-value resistor, these models are subdivided into three types, referred as T-1 —
T-IIT in the thesis. The modeling scheme solves entire system simultaneous and
offers the highest accuracy but has the highest computational load.

For simulation purposes, a detailed model for MMC for up to 14 sub-modules per
arm with bi-value resistor representation for semiconductor devices was devel-
oped in PSCAD/EMTDC, which serves as the benchmark for the simplified equiv-
alent models.

¢ Equivalent models with individual sub-module representation:
This modeling method individually considers all sub-modules and models them
in a computationally efficient representation that captures dynamics of all sub-
modules. These models are sub-categorized as:

— T-1V Isolated sub-module model

Here sub-modules are modeled as isolated sub-system where a dependent cur-
rent source mimics the arm currents and arms are modeled with a dependent
voltage source corresponding to the cumulative voltage across all sub-modules.
In this modeling approach, all of the semiconductor device in sub-modules
are explicitly modeled, and solver utilizes nodal admittance method to resolve
the each sub-module independently, achieving superior computation speed by
solving numerous small matrices instead of a single large matrix. However,
this modeling approach results in an artificial delay in the system i.e. a change
in SM is incorporated in arm with a delay of one-time step and vice-versa.

Due to the limitation of the number of nodes in the PSCAD/EMTDC's educational
version this modeling scheme is not simulated.

— T-V Equivalent ideal model
This model utilizes a Thevenin’s equivalent representation for all sub-modules in
an arm and achieves superior computational scheme by utilizing linear algebraic
operations for modeling of individual sub-modules instead of matrix operations
in nodal admittance method. This representation does not utilize interpolation
algorithms to track switching instants during nominal operation of SM. Blocked
state in this model is modeled through additional IGBTs and diode.

— T-VI Switching function model
This model is similar to T-V EIM but here switching operation is modeled with
boolean functions instead of switched resistor. Furthermore, unlike existing
switching function and average models in the literature, which utilize fictitious
diodes and switches to mimic blocked state of operation, the proposed mod-



Model Accuracy >

System level studies e.g. control & protection system design, Q
Detailed Ideal  T-III harmonics studies. And simplified model validation. 3
Simulate internal and external faults. 'g
System level studies e.g. control & protection system design, §
Isolated SM  T-1V harmonics studies. o
Simulate internal and external faults. 8
System level studies e.g. control & protection system design, ;
Equivalent ideal  T-V harmonics studies. o
Simulate external faults only. e
aQ
System level studies e.g. control & protection system design, N
— Switching function  T-VI harmonics studies. N
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els reproduce entire operation of the converter using logical functions alone,
while preserving precise representation and computational efficiency. More-
over, an algorithmic method, rather than an iterative approach, to determine
the operation of SMs after the first instance of blocked state was presented.

o Equivalent model with unified representation for all sub-modules:
This model referred as T-VII assumes identical design of all sub-module and ideal
voltage balancing control. Based on this, represents all sub-modules in an arm
by a single equivalent sub-module. This offers superior computational speed at
the expense of loss of dynamics for individual sub-modules.

These equivalent models were simulated under various transient conditions using
PSCAD/EMTDC. The simulations demonstrate the ability of proposed models to cap-
ture internal and external dynamics of the converter under stationary and transient
conditions with high accuracy and computational efficiency. Furthermore, the abil-
ity of equivalent models to simulate large systems was verified through an HVDC
transmission link.

Based on the design of models and simulation results the applications for the equiv-
alent models are summarized in table 10.1. The proposed equivalent models with
individual sub-module representation can replace detailed model for system-level
studies. While, the average value model with an equivalent module representa-
tion, scalable to any number of sub-modules without any impact on computational
speed, offers a relatively accurate representation for studies focused on terminal
characteristics of the converter.

Table 10.1: Simulation Application

Model Type Application

Component level studies e.g. switching losses, component optimization,
Detailed T-I-T-II  EMC validation. And simplified model validation.
Simulate internal and external faults.

Simulate external faults only.

Network level studies e.g. load flow analyses, design of protection
Average value  T-VII relays and stability studies.
Simulate external faults only.
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10.1. Future work

This thesis only presents equivalent models for half bridge sub-modules and vali-
dates them against a detailed model of the converter.

Suggested future works in this area are:

¢ Implementation of laboratory setup of MMC and benchmarking of proposed mod-
els against experimental results under stationary and transient conditions.

 Extension of the modeling techniques presented here to the full bridge and other
hybrid module multilevel converters.
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Harmonics in circulating
current

Internal dynamics of converter as derived by the continuous model (egs. (3.56)
and (3.57)) are determined by the choice of insertion index (ng.). This chapter is
dedicated to the analysis of internal dynamics of the converter with direct modula-
tion (section 6.1.1). Capacitor voltage, voltage imbalance in phase leg and circu-
lating current are investigated in detail in following sections. Most of the derivation
presented here follows from the approach presented in [104].

In addition to the assumptions presented earlier section 3.3.1, the following analy-
ses assume equal voltage across all capacitors in an arm. Instantaneous nature of
voltage balancing control, that ensures voltage across all capacitors is within a de-
fined limit justifies this assumption. Incorporation of this assumption in eq. (3.12)
yields arm voltages as:

Vipt) () = Nyt NVc(gpt) (A.1)

A.1. Capacitor Voltage

Using egs. (3.10), (3.50), (3.51), (6.3) and (6.4) voltage across a sub-module’s
capacitor of a phase leg is given by:

1 .
UC((Pi) = Ejn¢+1(¢i)dt (AZ)

1 -
5 f(l + 1y cos(wt + Py + a))

1. . 5
§de (1 t kg cos(wt + Oy — 9)) + z Lpn COS(nwt + Dy ) [ dt

n=1

—
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(A.3)
i A —
= === (kg sin(ot + @y — 0) F 1hg sin(wt + @y + a))
iacthgpky
-— 2 20 -
Y sin(2wt + 24 + a — 6)
1 O igm .
+ 5 Z n_ar)l sin(nwt + @4 5)
n=1
iiz fd)—'nsin((n+1)wt+¢ + o, +a)
4C L (n+ Do ¢n T T
n=
e fpm .
+ E Z m sin((n — Dwt + q)qb,n - CD¢ -a)
n=2
m
— My,
¥ El(l,,lt cos(Ppn —a) + ke, (A.4)

where k., s denotes the initial charge on capacitor.

Average value of capacitor voltage for one switching period from eq. (A.4) is given
as:

1 T
Vegt) = T fo Ve(p)dt

2

= $T¢l¢,1 cos(®yn — @) (A.5)

From egs. (A.4) and (A.5) it can be seen that:

¢ In the integral terms, the dc component in the circulating current and dc the
component yielded from the product of modulation index and differential cur-
rent/AC current add to zero. Hence the ac output current counterbalances the
charging/discharging effect of the dc component of circulating current on sub-
module’s capacitors [104].

* The average value over one period should be zero; v, 41, indicates the average
change in the value of capacitance over one time period. For the system under
stationary conditions this should equate to zero, hence from eq. (A.5) either the
fundamental component in circulating current is zero or is orthogonal to reference
signal i.e. phase difference of +90 deg.

» The voltage across a capacitor is a sum of initial capacitor voltage and a ripple
due to arm currents.
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A.2., Harmonic in circulating current

Harmonics in circulating current stem from voltage imbalance in dc side voltage and
voltage inserted in a leg as seen in eq. (3.23). Therefore to accurately determine
the harmonics components, voltage imbalance in a phase leg is determined.

Using egs. (A.1), (A.4) and (3.23) voltage inserted in a phase leg is given as:
Viegy = Vp+) T Vp-) = N(Mp+Ve(p+) + Ngp-Ve(g-))

= E[Uc(d).'.) + UC(¢_) + 'ﬁl(p (UC((P—) - VC(¢+)) cos(a)t + (D¢ + a))]
N Tk gk
= 2ok + —2-Pigesin(@ + @) = ——Lige sin(2wt + 20, +a - )

52 ® 2

™9 e Sin(2wt + 20, + 2 on i @
+aldcsm( wt + 2Py + a)+ 4 Esm(nwt+ on)

~

’.‘

ﬁl (oo}
Z (n + 1) (sin((n + 2)wt + Dy, + 2Py + 2a) + sin(nwt + Py ,))

s fon (sin(nwt + dyy) + si Dwt + By — 20y — 2))]
T m sm(nw ¢’n) sm((n - )(1) on — ¢~ (Z)
n=2
(A.6)
Further simplification of eq. (A.6) & ordering with frequency content yields:
N Mk m2 i
Viegy = gk + %idc sin(0 + ) + T“’% sin(®,, — 20, — 2a)
8+ md, e,
lp1Sin(wt + Py ) + —l¢ zsin(wt + @y 3 — 204 — 2a)
2w + 3, 3,
Tl(PZ sin(Zwt + @y 5) + 14,4 sin(Zwt + @y 4 — 2Py — 2a)
gk 13

- ;f i lge Sin(2wt + 20y + a — 0) + — o %o, —lgc sin(2wt + 294 + 2a)

lpn SIN(nwt + Dy )
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+ Z 2nw(n? —1)
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INE

M3 L
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+
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NGE
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n
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Expressing eq. (A.7) in complex form yields:

(o]
— A j D j(nwt
vleg¢ = Re Z leg¢_ne} vnel( )

A r 2 ;.\
= ﬁiRe[k —jmg’k‘p igee! @+ — j 4¢ lp2 P2 Li(@p2—20p—2a)
w W

8 52 a2
;;”q’ l¢1€1<®¢1)+%l¢ ¢/ (©43204 2 ot

2m2 +3 m2
. P ¢ Dy 4—2Dp—2
l¢ el ¢2)+Fl¢ e/ (@ a—2@¢p—2a)

A 7 a2
_ 9P e](2¢¢+a—0) + 2 e}(2d>¢+2a) e]2(ut
4o %€ 6w 94 )

b 2 _ 2,52
_jZ(Z(n 1)+n md)f i)
2no(n? —1) o

mé, lpm-2 My lpniz .
_ @ ’—€](¢¢‘"_2+2¢¢' +2a) _9® r—e](¢¢,n+2—2<l>¢—2a))en]a)t]
4 (n—Dw 4 (n+Dw
(A.8)
From eq. (A.8) following can be concluded about nt* harmonic in leg voltage (vleg¢):
e Odd and even harmonics in common mode arm voltage are decoupled.
* Deggn is dependent only on n — 2,n &n + 2 harmonics in the circulating current.

Therefore, system of eq. (A.8) can be represented as [104]:
For even harmonics -

» i r 2C o jP 1
by 2 0 0 0 0 0 -[ipae/® T legy,® " tka
; 2C 1 i
a4 b4 C4 0 0 0 0 l¢ 4€]¢,4 vlegd, e]q:'v4
2¢ i
0 ag bg ¢ 0 0 O L¢6e1q’6 _ vle%se]‘b”s
a?i bzi C2i . oes i¢'2i‘e](b2i Cvleg¢2 e] v2i
(A.9)
For odd harmonics -
R . - 20 jo
by ¢, O 0 0 0 0 Iy 16/ %1 C”leg¢ e/
az by c3 O 0 0 o0 g 3073 Degy,€ 7
0 (253 b5 Csg 0 0 0 l.¢,'5€]¢5 — Cvleg¢se] vs
, X X H . | J®oi 2C » o)
a2§—1 byi—1  C2i1 : tp,2i-1€ 2t T Veggai 1e’ v(2i-1)

(A.10)
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i in subscript of matrix elements denotes the row number.

mZ

— it jees+2a)
tn ]4w(n - 1)e
2 _ 2,52
b _ 2(n® — 1) + n"1hg
non=2 2nw(n? —1)
8+m?
by = —j[ 8w ]
2
m .
- —](2<I>¢+2a)
n ]4w(n + l)e
P 2
kl =](_ 10 ldce](2¢¢+0( 0) + aldcej(2¢¢+2(x))

The solution to system of equations represented by egs. (A.9) and (A.10) gives
the detail of harmonic content in circulating current. This solution is dependent on
circuit parameters e.g. dc-link filter, harmonics in dc current, number of phases etc
[104]. With a three phase coupled to ac grip via A-Y transformer the current on
dc side equals sum of arm currents and is considered purely direct. Furthermore,
harmonics in circulating current can be divided as:

1. Positive sequence harmonics (4", 7t", 10", ., 3i + 1t7..)
2. Negative sequence harmonics (2™, 5", 8t", .., 3i — 1¢"..)
3. Zero sequence harmonics (374, 6t",9t",  3ith.)

With the assumption of purely direct current on the dc side, it is inferred that for the
positive and negative sequence circulating current harmonics the dc side appears
as an open circuit while for zero sequence it is connected. Based on this inference,
the converter system for the harmonic components of circulating current can be
depicted as seen in fig. A.1.

Zline
ia,n
2R
Vic @

2L

vlega,n
[

(a) Positive and negative se- (b) Zero sequence harmonics

quence harmonics

Figure A.1: Circuit for circulating current
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Therefore positive and negative sequence harmonic voltages can be expressed as:

Diegy, e Trme" et = —ZL%(fnej‘Dnej"“’t) — 2Ri,e/Pnelnwt
= Dleg,, e ™m = —2(R + jnwlL)i,e/®n (A.11)
Whereas for zero sequence harmonic voltages are expressed as:
Diegyn® *m = —[2(R + jnwl) + 3Zyneline/ ™ + vy, (A.12)
Incorporating egs. (A.11) and (A.12) in egs. (A.9) and (A.10):

For even harmonics -

G2 ¢ 0 0 0 0 0 -[ip.e/® k1
a; q, ¢, 0 0 0 O Lp,ae) Pt 0
0 @ a6 ¢ 0 0 0 ffipeef®) | 0 (A.13)
G2 Cqai Cai P [p2167 P20 0
For odd harmonics -
g, ¢ O 0 0 0 0 [ Ipsel™ 0
az q3 c3 0 0 0 0 || ipze/®s 0
(3 as ‘{5 C"‘s 0 0o 0 - f¢,5?j<1>s =(:) (A14)
Azi-1 qzi-1 C2i-1 || i 2i-1€7 P21 O
0 = an + 35 (R + jnwl) if n is not a multiple of 3 (A.15)

ap + 25[2(R + jnwl) + 3Zyine — vgc]  if nis a multiple of 3

a,, is purely imaginary therefore from eq. (A.15) g,, which includes a real number is
non-zero for all n. This implies that, since in eq. (A.14) as right hand side is com-
pletely zero and all diagonal elements are non-zero, all odd-harmonics in circulating
current equate to zero.

As a result from egs. (A.13) and (A.14) magnitude of n"* harmonics is given as:

0 forn=2i+1]i€Z
A id, _ ) kl-cylel®4 =
l¢,n€] n — 224 : A . forn=2 (A.16)
— Onin=pel P2 4cning el gy oi e T A > 2
an N

From eq. (A.16) it is concluded:

e Harmonics in circulating currents are of even order only.
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o Amplitude of harmonic component in circulating current is dependent on circuit
parameter and yields a resonant behavior whose peak correspond to the minimum
value of q,,.

This corresponds to I3m(q,) = 0 which yields resonant frequency of system as:

, _ N2@*-1)+m?n?
Ores = 10T amZ(nz—1)

(A.17)

* a,, c, decrease with increasing n therefore peak amplitude for resonant frequency
(eq. (A.17)) is highest for second harmonic i.e. second harmonic is the most
dominant.



EMT Solution Method

B.1. Compensation Method

For modeling of nonlinear and time-varying circuit elements circuit elements e.g.
arresters, EMT solvers employ the compensation method [9, 154]. In this ap-
proach, Norton equivalent of the system without the nonlinear elements is utilized
to determine the current through the nonlinear elements either analytically using
it's piece-wise wise representation or iteratively through numerical methods e.g.
Newton-Raphson. Subsequently, the entire system is resolved with nonlinear ele-
ment modeled as a current source.

N%rton equivalent
without nonlinearity | ?

Nonlinear element
Nonlinear element

(a) Calculate current into non-linearity (b) Model as current source

Figure B.1: Compensation Method
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Additional Simulation Results

C.1. Comparison of EMT Models

C.1.1. Model Accuracy

Double phase to ground fault Operation
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Figure C.1: Real Power at MMC ac-side
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C. Additional Simulation Results
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Figure C.6: Cumulative capacitor voltage positive arm phase-a
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Pole to Ground DC fault Operation

The simulations results present the state operation of MMC during power reversal

under balanced conditions.
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Model Source Codes

D.1. Equivalent ideal Model

Listing D.1: Source Code Equivalent ideal model

r

1

2 | #include ”“math.h”

3 |#include ”stdio.h”

4

5 | typedef double real;

6 | typedef long int integer;

7 | typedef long int logical;

8

9 |void thevmodel (int* Uigbt, int* Ligbt, real* Iarm, int* Dim
, real* Capa,real* RP, real* RTON, real* RTOFF, real*
VsmLast, real* Vclast, real* IarmlLast, real* DELT, logical
* TIMEZERO, real* TIME, real* Vc, real* Ic, real* Veq,
real* Req, int* SW, int* LastState)

10 {

11 int 1i;

12 real R1;
13 real R2;
14 real Rc;
15 real Icc;
16 real Vcc;
17 real Rsmeq;
18 real Vsmeq;

19 real sumVeg;
20 real sumReq;
21 real IarmRounded;
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real IarmExpolated;
real IarmExpRounded;

int BlkCount;
//***An * Kk ok Kk k k kK (IHt;dllZC\) k ok ok ok ok ok ok ok kK k ko ,\Ak//
Rc = (le6) *0.5* (*DELT) / (*Capa) ;
sumVeq = 0.0;
sumReq = 0.0;
1f (*TIMEZERO == )
{
*TarmLast = 0.0;
*LastState = 0;
}
*SW = 0;
BlkCount = 0;
IarmExpolated = *Iarm + (*Iarm - *IarmlLast);
TarmRounded = roundf (*Iarm*1000000) /1000000; //
Round to nearest 1mA
k k k Kk Kk *x %k kkkhkhkkhkk khkkhkk khkkhkkhkhkkkkx/

//‘kkk*cr:m

for (i=0; i< (*Dim) ; i++)

/

{
BlkCount = BlkCount +1;
// Intialize History values
i1if (*TIMEZERO == 1)
{
*(VcLast+i) = 0.0;
*(VsmLast+i) = 0.0;
}
// Sub-module Inserted
if (*(Uigbt+i) == 1 && *(Ligbt+i) == 0)
{
R1 = *RTON;
R2 = *RTOFF;
}
// Sub-module Bypassed
if (*(Uigbt+i) == 0 && *(Ligbt+i) == 1)
{
R1 = *RTOFF;
R2 = *RTON;
}
//Sub-module Blocked
if (*(Uigbt+i) == 0 && *(Ligbt+i) == 0)
{ BlkCount = BlkCount - 1 ;
if (IarmExpolated >= 0 || IarmRounded >= 0
y //if (IarmRounded >= 0 ||

TarmExpolated >= 0)
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64 {

65 R1 = *RTON;
66 R2 = *RTOFF;
67 }

68 else

69 {

70 R1 = *RTOFF;
71 R2 = *RTON;
72 }

73 }

74 // Current in Capacitor

75 Icc = (*(Iarm) *R2-* (VcLast+1i))/ (R1+R2+Rc); // (*(

Tarm) *R2) / (R1+R2+Rc); //
76 | // Capacitor Voltage

77 Vcc = Rc*Icc + *(VcLast+i);

78 | // Thevenin Impedance

79 Rsmeq = R2* (1.0 - R2/(R1+R2+Rc));

80 | // Sub-module’s Thevenin Voltage

81 Vsmeq = (*(Iarm))*Rsmeq + R2/(R1+R2+Rc) * (* (VcLast+i

))
82 | // Update Capacitor History

83 *(VclLast+i) = Rc*Icc + Vcc;

84 | // Update SM-History

85 * (VsmLast+i) = Vsmeq;

86 | // Voltage and Current for individual capacitor]

87 *(Ic +i) = Icc;

88 * (Ve +i) = Vcc;

89 | // Cumulative for an ARM

90 sumVeq = sumVeq + Vsmeqg;

91 sumReq = sumReq + Rsmeq;

92 }

93 *Veq = sumVeqg;

94 *Req = sumReqg - *RTON;//Extra Diode/Switch in
arm.

95 *TarmLast = * (Iarm);

96 if (BlkCount==0)

97 {

98 *SW = 1; //ALL SMs Blocked//IarmExpolated;

99 }

100 |}
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D.2. Switching Function Model

Listing D.2: Source Code Switching function model

-
/***‘k*x**v\**** Euncfion *k**x******k‘k*x*/

#include “math.h”

#finclude ”stdio.h”

/*****x****k** (Fortran COLTV@HtiOD) ***x****k****xx*/
typedef double real;

typedef long int integer;

typedef long int logical;

void sfmmodel (int* Uigbt, int* Ligbt, real* Iarm, int* Dim,
real* Capa, real* VsmLast, real* Vclast, real* IarmlLast,
real* IclLast, real* DELT,logical* TIMEZERO, real* TIME,
real* Vc, real* Ic, real* Vsm,int* flag, int* SW, real*
temp, int* Eta, int* Beta)

int i;

//real Eta [*Dim];
//real Beta[*Dim];
real Icc;

real Vcc;

real Vsmi;

real IarmRounded;

real IarmExpolated;
int BlkCount;
/kk‘k\k‘kx**\k**k‘k (]mt—‘a"-'lze) *x**\k***k‘k**x*\k*/
1f (*TIMEZERO == )
{
*TarmLast = 0.0;
}
*SW = 0;
BlkCount = 0;
IarmRounded = roundf (*Iarm*1000000) /1000000;
//Round to nearest 1mA
TarmExpolated = (*Iarm + (*Iarm - *IarmLast)); //
Round to nearest 1mA
/***kkx******* kw*********kw***/
for (1=0;1<(*Dim) ; i++)
{
// Intialize History values
if (*TIMEZERO == )
{
*(VcLast+i) = 0.0;
* (VsmLast+i) = 0.0;
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*(IcLast+i) = 0.0;
*(flag+i) = 0;

// flag for inductive nature of current
if ((*(Uigbt+i) + *(Ligbt+i)) > 0)
{
*(flag+i) = 0;//Reset flag
}
else if (*Iarm >0 && IarmExpolated<=0)
{
//1f current goes from positive to negative
*(flag+i) = 1;
}
else if (*Iarm< 0 && IarmExpolated>0)
{
//1f current goes from negative to positive
*(flag+i) = 1;
}

//Sub-module Un-blocked
*(BEtat+i) = *(Uigbt+i);
* (Betat+i) = 1;
//Sub-module First Block
if (*(Uigbt+i) == 0 && *(Ligbt+i) == 0 && *(flag+ti
)==0)
{
if (*Iarm >= 0) //INSERT All

{
*(Eta+i) = 1;
* (Beta+i) =1;
}
else //Bypass All
{
* (Eta+i) = 1;
* (Betati) = 0;
}
}
//Sub-module NOT First Block
if (*(Uigbt+i) == 0 && *(Ligbt+i) == 0 && *(flag+i
)>0)
{
*(Eta+i) = 0;

* (Beta+i) = 0;
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BlkCount = BlkCount +1;
if((*Iarm > 0) && *(VsmLast+i)>=* (VcLast+i)
)
{

*(Eta+i) = 1;
* (Beta+i) = 1;
BlkCount = BlkCount -1;

}
else if (*Iarm <0 && *(VsmLast+i)<=0 )

{

*(Eta+1) = 1;
* (Beta+i) = 0;
BlkCount = BlkCount -1;
}
}
*(Ic+i) = (*Iarm)* (* (Eta+i))* (* (Beta+1)
)7
*(Ve+i) = ((*(Ic+1i) + *(IclLast+1i))
*(

*(0.5* (*DELT)
)7

le6)/ (*Capa) + * (VcLast+1i)

*(Vsm+1i) = (*(Vc+i))*(*(Eta+i)) * (* (Beta+
i));
*(IcLast+i) *(Ic+i)
* (VcLast+i) = *(Vc+i);
* (VsmLast+i)= *(Vsm+i) ;
}
*TarmLast = (*Iarm);
*temp = IarmExpolated;
if (BlkCount>=1)
{ *sw = 1;

}
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D.3. Average Value Model

Listing D.3: Source Code Average value model

r
//*xv\‘v\v\***kk‘kxx Fun(:tion **“A****kk*x*****/

#include “math.h”

#include ”stdio.h”

/*x*********xx (Fortran Conr\]ention) *********xx*****/
typedef double real;

typedef long int integer;

typedef long int logical;

void avmmodel (real* InsIndex, int* Block, real* Iarm, real*
Capa, real* VsmLast, real* Vclast, real* IarmLast,real*
IcLast, real* DELT,logical* TIMEZERO, real* TIME, real*
Vc, real* Ic, real* Vsm,int* flag, int* SW, real* n, int*
B, real* Temp)

int i;

real Icc;

real IarmRounded;
real IarmExpolated;
int BlkCount;

/*n******‘k**xn (Intlallze) *******kx*******/
// Intialize History values
if (*TIMEZERO == 1)
{
* (VcLast)

* (VsmLast) =
*(

*

o O O
~e  ~e

~.

IclLast) =
(flag) =
*TarmLast = 0.0;

o O O o

}
*SW = 0;
BlkCount = 0;
TarmRounded = roundf (*Tarm*1000000) /1000000; //Round
to nearest 1mA
IarmExpolated = (*Iarm + (*Iarm - *Iarmlast));

// flag for inductive nature of current
if (*(Block) == 0)
{
*(flag) = 0; //Reset flag

else if (*Iarm >0 && IarmExpolated<=0)
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{
//If current goes from positive to negative
*(flag) = 1;
}
else if (*Iarm< 0 && IarmExpolated>0)

{
//If current goes from negative
*(flag) = 1;

}

//Sub-module Un-blocked

*n = *(InsIndex);
*B = 1;
//Sub-module First Block
if (*(Block) == 1 && *
{
if (*Iarm >= 0)
{
*(n) = 1;
*(B) = 1;
}
else //
{
*(n) = 1;
*(B) = 07
}
}
//Sub-module NOT First Block
if (*(Block) == 1 && *
{
*(B) = 0;
BlkCount =

if ((*Iarm > 0)

to positive

(flag)==0 )

//INSERT All

(flag) > 0)

BlkCount +1;
&& * (VsmLast)>=* (VcLast))

//INSERT All

{
*(n) = 1;
*(B) = 1;
BlkCount =
}
else if (*Iarm <
{
*(n) = 1;
*(B) = 0;

BlkCount -1;

0 && *(VsmLast)<=0 )
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BlkCount = BlkCount -1;
}
}
//Capacitor Current
*(Ic) = (*Iarm)* (*n)* (*B);
//Capacitor Voltage
*(Vc) = ((*Ic + *IcLast)*0.5* (*DELT) * (1
e6)/ (*Capa) + *(VcLast));
//SM Voltage
* (Vsm) = (*Vc)* (*n) * (*B) ;
//Update History
*(IcLast) = *(Ic);
*(VcLast) = *(Vc);
*(VsmLast)= *(Vsm) ;
*TarmLast = *Iarm ;
*Temp = TarmExpolated;
if (BlkCount>=1)
{ *SW = 1;
}
1
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