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Abstract

This thesis is focused on the modular multilevel converter (MMC) for High-Voltage DC
(HVDC) systems. It is an attempt to address the issues associated with the modelling,
simulation, control, efficiency, and fault-handling capability of the MMC. Thus, to address the
modelling of the MMC, a new and more accurate steady-state harmonic model is proposed.
The proposed harmonic model is capable of predicting the amplitude of the harmonic
components of the MMC arm voltages, submodule capacitor voltages, and arm currents.
Further, based on the proposed harmonic model, a capacitor sizing method is proposed to
determine the capacitance of the submodule capacitor for a desired level of voltage variation,
without a need for numerical algorithms or graphs used by theexisting methods. In addition,
the proposed capacitor sizing method can accurately determine the required capacitance even
if circulating currents are injected to mitigate dc voltagefluctuations. The thesis also proposes
a simple equivalent-circuit-based simulation model for MMC-based HVDC systems, which
assumes ideal submodule switches to speed up the simulation, but is nonetheless capable of
capturing the transients as well as harmonic components of the voltages and currents. Further,
the thesis proposes a simple compensation strategy that calculates the magnitude of the
second harmonic component of an arm voltage, and uses the calculated value as a feedforward
signal to cancel the circulating current of the corresponding MMC leg. The proposed
feedforward compensation strategy, if combined with a closed-loop circulating current
suppression strategy, greatly mitigates the possibility of control saturation and, also, results in
better damped closed-loop dynamics. Finally, the thesis proposes two new MMC topologies
for enhanced efficiency and dc-side fault handling capability. In the first proposed topology,
that is thelattice modular multilevel converter(LMMC), the entire MMC arm is modified to
accommodatenetworksthat allow shortcuts between the arm capacitors, thus, reducing
conduction power losses of the converter. In the second topology proposed, however, only the
submodule is modified. In the proposed submodule topology, referred to aslattice submodule
(LSM), the conduction power losses are decreased, as it is the case for the LMMC, with the
difference that the voltage stress in the switches are also reduced.

Keywords: Control, lattice modular multilevel converter, lattice submodule, modelling,
modular multilevel converter, simulation model.
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Î Ac-side terminal current peak

ϕ Ac-side terminal current angle

ita Ac-side terminal current of phasea

itb Ac-side terminal current of phaseb

itc Ac-side terminal current of phasec

itd Ac-side terminal currentd component indq-frame

itq Ac-side terminal currentq component indq-frame

ir Current in the armr (r = 1 for the upper arm andr = 2 for the lower arm)

icm Circulating current

i′cm Circulating current dependent on itself

icma Circulating current phasea

icmb Circulating current phaseb

icmc Circulating current phasec

vC j Submodule capacitor voltage in capacitorj

vC Submodule capacitor average voltage (MMC resolution)

xvi



List of Symbols

vS n Ac voltage of submodulen

v1 Upper arm voltage

v2 Lower arm voltage

et Inner voltage

M Number of capacitor per arm

N Number of submodules per arm

n1 Number of capacitors inserted in the upper arm

n2 Number of capacitors inserted in the lower arm

L Arm inductance

C Submodule capacitance

R Arm resistance

Rt Terminal resistance

Lt Terminal inductance

L′ Equivalent inductance from the ac side

R′ Equivalent resistance from the ac side

m Modulating function

m̂ Modulation index

θ Modulating function angle

a MMC assymetry

Ts MMC sample time

fg Grid frequency

ω Grid angular frequency

xvii



List of Symbols

Ceqr Equivalent capacitance of armr

vir Integrated voltage in armr

vit
1 upper arm voltage created byit

vicm

1 upper arm voltage created byicm

I0
cm Circulating current dc component

(icm)2 Circulating current second harmonic

(icm)4 Circulating current fourth harmonic
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Chapter 1

Introduction

1.1 Background and Motivation

A high-voltage dc (HVDC) system for bulk transmission of electric energy over large dis-
tances is more efficient and economical than an ac counterpart, especially if undersea cables
are involved, although HVDC transmission systems are on occasions the only choice, e.g., for
interconnecting power systems of different frequencies, or for other strategic purposes. There-
fore, for most applications choice of using whether a high-voltage ac (HVAC) transmission
system or a HVDC transmission system depends primarily on the distance of the transmission,
as illustrated in Fig. 1.1. As the figure shows, the initial cost of an HVDC system is higher than
that of an HVAC counterpart. However, the overall cost of theHVAC system rises more rapidly
with the distance of transmission, mainly due to the cost of the transmission lines. Therefore,
there is a distance, marked on Figure 1.1 as the critical distance, at which HVDC transmission
becomes more attractive economically. For underground transmission, this critical distance is
in the range 500 km to 800 km [1], whereas it is in the range 700 km to 900 km for overhead
transmission [2].

The first HVDC transmission system was commissioned in 1954 and connected Gotland in
the island of Ygne, Sweden, with the main land, as Figure 1.2 illustrates. The Gotland HVDC
system was designed to process 20 MW at a dc voltage of 100 kV, through 96 km of undersea
cables. At that time, mercury-arc valves were used for the rectifier and inverter terminals of the
HVDC system. In 1970, the Gotland HVDC system became the firstto use the thyristor as the
electronic switch for its rectifier and inverter stations; this allowed the rated transmitted power
to be raised to 30 MW at 150 kV [4], [5]. Since the Gotland project, the thyristor has served as
the switch of choice in HVDC systems. Thyristor-based HVDC systems, using the so-called
line-commutated converters (LCCs), can process up to 7600 MW of power, at voltages up to
800 kV, and over distances up to 2090 km, as it is the case for the Jinping-Sunan ultra high
voltage direct current (UHVDC) system in China, commissioned in 2013 [6].

The thyristor can only be turned on at will; it turns off only if its current crosses zero.
Therefore, the LCC must be interfaced with an adequately stiff ac grid. This, in turn, means
that the LCC cannot be used to energize passive islands, not does it offer blackstart capability.
In addition, it pulsates with three times the ac grid frequency, requiring costly ac- and dc-side
filters. Further, it demands a substantial amount of reactive power, again, requiring a stiff ac
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Figure 1.1: Critical distance when HVDC transmission becomes more cost effective in relation
to HVAC.

Figure 1.2: Illustration of the location of the first HVDC transmission system, Gotland, Sweden
[3].

grid or compensation. Furthermore, due to its unidirectional dc current, it requires reversal of
its dc voltage polarity if the power flow is to be reversed [7]-[9]. For these reasons, the LCC is
being replaced by the voltage-sourced converters (VSCs) which use electronic switches with
gate turn-off capabilities such as the insolated-gate bipolar transistor (IGBT) [10]. The VSC
can pulsate at much higher frequencies and, therefore, requires smaller filters. Moreover, it
can operate at any power factor and with weak ac grids, it offers blackstart capability, and it
allows for a bidirectional power flow while the polarity of its dc voltage remains unchanged
[10]. The first VSC-based HVDC system was installed in Sweden(again in Gotland), in 1997
[11], to process 50 MW at a voltage of 80 kV, through 70 km of underground cables; Fig. 1.3

2



illustrates a schematic diagram of the transmission system.

Figure 1.3: Schematic diagram of the VSC-based HVDC transmission system in Gotland,
Sweden [11].

In the recent past, the interest in VSC-based HVDC systems has become stronger due to
the notion of multi-terminal direct current (MTDC) grids [5]. The idea is to enable mass in-
tegration of renewable energy resources scattered over large geographical spans [12], and to
offer various energy trade scenarios in a multi-country/multi-continent power system. This
would require the co-existence of overhead, underground, and undersea high-voltage trans-
mission lines. However, the conventional technologies forthe VSC are limited in terms of
voltage and power handling capabilities, relative to the LCC, and, consequently, are deemed
unsuitable for MTDCs. Therefore, a new breed of the VSC, known as the modular multilevel
converter (MMC) [13], is being seriously considered for HVDC systems. The MMC permits
the dc voltage to be divided over multiple modules hosting switches and capacitors. Therefore,
the voltage rating of each module can be small, thus allowingfor the use of fully-controllable
semiconductor switches such as the IGBT [14]-[16]. Further, the modular nature of the MMC
enhances its fault tolerance and reliability.
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Figure 1.4 shows a conceptual schematic diagram for one leg of the MMC. The MMC basic
mechanism is to connect (insert) or disconnect (bypass) voltage sources (denoted byvC j ( j =
1, 2, ...,M in the upper arm, andj = M + 1, M + 2, ..., 2M in the lower arm) in series in an
arm, through fully controllable switches, represented in Fig. 1.4 as ideal switches. The voltage
sources are inserted in the MMC arm when the switches are in the positionA, and are bypassed
when the switches are in the positionB. Further, the insertion of voltage sources in both MMC
arms generates anac-side terminal voltage, vt, that controls the power exchange with the ac
grid. Each voltage source inserted in an arm, together with another voltage source with equal
average magnitude bypassed in the opposite arm, creates a voltage step in the ac-side terminal
voltage. If the number of steps is large enough, the ac-side terminal voltage features a very low
harmonic distortion, even without the use of filters. As an example, Fig. 1.5 shows the ac-side
terminal voltage and its fundamental component of an MMC with 50 voltage sources per arm.

The voltage sources are arranged in “cells”, referred to assubmodules. Each submodule
is formed by one or more voltage sources, together with a number of semiconductor switches,
represented in Fig. 1.4 by ideal switches. The voltage sources in the MMC leg have the same
voltage, regulated to be 1/M times the dc-side voltage,vdc, whereM is the number of voltage
sources in an arm. Moreover, the submodules are arranged in such a way that the voltage across
the switches has an average value equal to 0.5, 1, or 2 times the source voltage, depending on
the topology of the submodules. In practice, a capacitor plays the role of a voltage source.
Therefore, the control of the MMC must regulate the voltage of the capacitors. A detailed
description of the MMC and its modelling, is presented in Chapter 2. Finally, the different
topologies used for the submodules are discussed in Section1.3.4, and further in Chapters 5
and 6.

Four projects are cited here as examples of MMC-based HVDC systems: the Transbay
Project, the Inelfe Project, the Ultranet Project, and the Nemo Project. The Transbay trans-
mission system connects Pittsburgh, CA to San Francisco, CA, through 88-kmundersea cables
and can transmit 400MW at a voltage of±220kV; its MMC has more than 200 SMs per arm
in each terminal [17]. Figure 1.6 illustrates the Transbay marine HVDC transmission system.
The Inelfe transmission system connects Baixas in France toSanta Llogaia in Spain, through
65 km long underground cables. The system can process 2000MW through two subsystems,
each rated 1000MW/±320kV. Each station employs a three-phase MMC with 400 SMs per
arm [18]-[22]. Figure 1.7 illustrates the location of the Inelfe HVDC transmission system.
The Nemo transmission system, scheduled to be commissionedin 2019, will transmit 1000
MW at a voltage of±400 kV, through undersea cables [23]. Figure 1.8 illustrates the Nemo
transmission system. The fourth example is the Ultranet transmission system, which is still in
the planning phase. The Ultranet transmission system is expected to process 2000MW at a
transmission voltage of±380kV, through overhead lines [25]. Transmission of energy through
overhead lines, requires a submodule technology that is robust to dc-side faults that strike
overhead lines. Therefore, in contrast to the three aforementioned projects, the full-bridge sub-
module (FBSM) is considered for the Ultranet system. Fig. 1.9 shows the future site of the
Ultranet transmission system.
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Figure 1.4: Conceptual schematic diagram for one leg of an MMC.
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Figure 1.6: Transbay HVDC transmission system, connectingPittsburgh, CA to San Francisco,
CA [17].

Figure 1.7: Location of the Inelfe HVDC transmission system, connecting Sta Llogaia, Spain
to Baixas, France [21].
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Figure 1.8: Illustration of the Nemo HVDC transmission system, connecting Richborough, UK
to Zeebrugge, Belgium [24].

1.2 Statement of Problem and Thesis Objectives

The MMC is a promising technology, but it is still in its infancy. Therefore, there are multiple
issues associated with its component sizing, effective control, efficient simulation, and fault
handling capability. Thus, this thesis is focused on the development of analytical and simu-
lation models, effective control strategies, and enhanced topologies, for the MMC. The more
specific objectives of this thesis are described below.

1. To develop an adequately general, yet, accurate model forthe purpose of component
sizing and controller design;

2. To develop a simplified and easy-to-implement simulationmodel for the MMC;

3. To develop a control strategy to efficiently suppress the circulating current in the MMC;
and

4. To propose topologies for the MMC that offer higher efficiencies and more economical
dc-side fault handling capabilities.
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Figure 1.9: Future site of the Ultranet HVDC transmission system, connecting Osterath to
Philippsburg, Germany [25].

1.3 Literature Survey Pertinent to the Thesis Objectives

1.3.1 Modelling of the MMC and component sizing

The MMC modelling represents a very important step for understanding the steady-state and
the dynamic behavior in different situations. Also, the correct control and component sizing
rely heavily in the MMC modeling. Several works have been published on the MMC modelling
[26]-[38], and component sizing [39]-[46], but still some gaps remain to be filled, as described
below.

In [26], the MMC has been modeled from the point of view of the ac side, considering
each submodule (SM) as a constant voltage source, disregarding the submodule capacitor dy-
namics in the ac-side terminal current controller, and taking into account only the fundamental
component of the MMC voltages and currents. This approach isenough for designing the
compensator responsible for controlling the power exchanged between the MMC and the ac
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grid. However, the submodule capacitor voltage variation and the harmonic components in
the arm current are not considered. In [27] the MMC has been modeled in open-loop state
and with the submodule capacitive dynamics taken into account, which yields non-linear and
time-varying differential equations. The MMC non-linear time-varying modelwas developed
further in [28] and [29]. The proposed model in [28] and [29] considers the ac-side terminal
current compensator and the circulating current suppression compensator, following the control
strategy described in [30]. Even though the model presentedin [29] is adequate, for the control
strategies employed, a steady-state model is nonetheless needed for predicting the steady-state
magnitude of the MMC quantities, and, in turn, permitting the sizing of the components of
the MMC. Thus, in [31], a parametric model for the steady-state magnitude of the circulating
current is developed. The described model presents a relative high error, in comparison to
the simulation results, and, if applied to HVDC systems, such as described in [18], [22], and
[20], the error becomes even higher. Another, more detailedsteady-state model is developed
in [32]. The presented model correctly predicts the amplitude of the circulating current and,
also, predicts the condition for arm current resonance thatcan destabilize the converter. Then,
in [33], a different steady-state model is described, using a different mechanism than [32], and
providing simpler equations. The predictions in [33], wereshown to be also accurate. How-
ever, the models presented in [32] and [33] are still incomplete, in the sense that they do not
predict the amplitudes of all harmonic components of the currents and voltages of the MMC.
Other dynamic models are described in [34], [35], [36], and another steady-state model is pre-
sented in [37], with no advantages added in comparison to thepreviously commented models,
from the point of view of the author. In [38] a new dynamic model is developed indq-frame,
facilitating the designing of the MMC compensators. However, thedq-frame model proposed
in [38], is not suitable for deriving equations for the amplitude of the harmonic components of
the voltages and currents of the MMC.

Regarding the component sizing of the MMC, the two main components addressed in the
literature are the arm inductor and the SM capacitor. A method for selecting the arm inductor,
based on the fact that its reactance limits the circulating current is proposed in [31]. Since the
model presented by [31] does not predict correctly the circulating current amplitude for high
dc voltages, as previously stated, the proposed method cannot be used for selecting the arm
inductors in HVDC systems. Another method, proposed in [39], uses three main points for
selecting the arm inductance, which are: a) circulating current limiting, b) dc-side fault current
limiting, and c) switching frequency filtering. Two other publications, [40] and [41], also use
the same points for selecting the arm inductor. However, in HVDC systems, the circulating
current increases the arm power loss. Thus, the circulatingcurrent needs to be suppressed.
If this suppression is performed solely by the inductor, this means that the inductance needs
to be high, which also increases the arm resistance, generating more power loss in the arm.
Therefore, the arm inductor cannot be selected using a). Another important feature for HVDC
systems is the dc-side fault handling, which means that the SMs themselves have the capability
to drive the fault current to zero, a short time after the fault inception. Thus, the arm inductor
do not act as a limiting device for the fault current, in case of dc-side faults. As a consequence,
the arm inductor can be selected based solely on c), taking into account the method proposed
by [39], [40], and [41]. However, there is another importantpoint for the selection of the arm
inductance, neglected by the aforementioned authors, the arm resonance.

The most widely used method for sizing the submodule capacitor has been proposed in
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[42]. The same method has been used in [30], [39]. However, the equation proposed in [42]
results in a minimum capacitance, and not the more adequate capacitance for a specific de-
sired submodule capacitor voltage variation. A more detailed and accurate method to calculate
the capacitance for each submodule capacitor is proposed in[43]. The proposed method uses
the ac-side terminal current angle to determine, graphically, the stored nominal energy of the
submodule capacitor. Then, the stored nominal energy and the modulation index are used to
size the submodule capacitor. The resultant capacitance features less error than that provided
by the method proposed in [42], but still presents an error. In [44], a numerical method for
sizing the submodule capacitor is proposed. However, the proposed method is more complex
than the one in [43]. A different approach for sizing the submodule capacitor is proposed in
[45]. The proposed method estimates the submodule capacitance analytically, without graph-
ical or numerical aid. On the other hand, for HVDC systems, where the average switching
frequency in the switches is low, the capacitor energy fluctuation, calculated in [45], becomes
inaccurate, generating, in turn, inexact capacitances. Furthermore, the equation presented in
[45] is unnecessarily complex. The submodule capacitor sizing is further addressed in [46].
The method proposed in [46] provides results closer to thosesimulated, in comparison to the
model proposed in [42], but it is not as accurate as those provided by [43]. On the other hand,
[46] equations are more tractable than in [45]. However, a completely analytical method, that
provides an accurate capacitance (with less than 6% error) for the submodule capacitor, has
not been published yet. Further, since the circulating current, in some cases, is injected in the
MMC arm to decrease the submodule capacitor voltage variation [47]-[50], the capability of
calculating the impact of the circulating current (injected or not) in the submodule capacitor
voltage variation, is an important feature of a capacitor sizing method.

1.3.2 Control of the MMC

The control of the MMC follows in two main objectives: the ac-side terminal current control
and the circulating current control. The ac-side terminal current can be controlled based on
the classical methods applied for years to the conventionaltwo-level VSC [10]. However, for
the circulating current, several control strategies have been proposed in the literature [30], and
[51]-[61].

One of the first methods for a circulating current suppressing compensator (CCSC) was
proposed in [30]. The proposed method relies on calculatingthe dq-frame components for
the second harmonic in the circulating current. Since this second harmonic is of negative se-
quence, the rotating matrix used to calculate thedq-frame components, is set to rotate twice
the angular velocity of the ac-side terminal current frequency, and in the opposite direction.
Thus, a simple PI compensator can be applied to bring the amplitude of the second harmonic
to zero. As the second harmonic has the strongest contribution for the circulating current, the
latter is, consequently, also driven to approximately zero. On the other hand, if the system is
not balanced, the method proposed in [30] becomes inadequate. Thus, a new predictive control
strategy is proposed in [51]. In [51], a discrete model of theMMC is created and the (n+ 1)th
sample predicted by a proposed strategy to suppress the circulating current. Further, two other
control strategies are proposed in [52], for an MMC featuring redundant SMs, and [53], for
unbalanced systems. In [53], the circulating current is separated in zero-sequence, positive-
sequence, and negative-sequence, and a compensator is designed to control each component.
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A simpler method than [53] is proposed in [54], where each legof the MMC has its circulating
current suppressed by a resonant compensator, tuned to eachharmonic component in the cir-
culating current. The method proved to be efficient for unbalanced and single-phase systems.
The resonant compensator is, again, addressed in [55]. In [55], the control reference for the
circulating current resonant compensator is calculated from instantaneous values of the arm
current, suitable for cases where the reference is different than zero. However, to implement a
resonant compensator for each harmonic component in the circulating current, in each leg of
the MMC, becomes computationally heavy. Therefore, another, simpler method was proposed
in [56]. The described method is formed by a PI compensator and a repetitive controller (RC),
and showed promised results for suppressing the circulating current. Studies presented in [57]
showed the interference of the PI compensator with the RC in [56]. Thus, [57] proposed the
use of only a proportional gain together with the RC, first proposed in [56]. The result, once
more, proved to be satisfactory. Further, the PI compensator working in parallel with an RC
was again addressed in [58], where the RC was modified and the overall circulating current
suppression action improved. However, the circulating current suppressing compensator is not
completely decoupled from the ac-side terminal current compensator, and the latter, may gener-
ate saturation in both control loops, causing instability.For this reason, feedforward strategies
are important for the CCSC action attenuation, avoiding saturation, without loss of control
efficiency.

The use of feedforwards to improve the action of the CCSC, or to dismiss its use com-
pletely, was addressed in [59] and [60]. The feedforward proposed in [59], uses an analytical
prediction of the circulating current magnitude to feed thecontrol loop, and no CCSC strat-
egy is applied. However, the magnitude of the arm voltage to be added to the control loop
can still be improved, as the feedforward seems not able to suppress the circulating current
completely. On the other hand, in [60], another feedforwardis designed to address the issue
of the third-harmonic component in the ac-side terminal voltage, that is present even when the
circulating current is completely suppressed. A different approach is taken in [61], where the
arm voltage is the quantity controlled. Nevertheless, the quality of the ac-side terminal current
is compromised in the process.

Therefore, the author believes that the use of feedforwardsin the control loop can enhance
the transient and steady-state response of the CCSC overall. However, the feedforward pro-
posed in [59] can still be improved. Also, the magnitude of the third-order harmonic compo-
nent in the ac-side terminal voltage, for a completely suppressed circulating current, amounts
to 1% in comparison to the fundamental harmonic, in the HVDC system presented in [18]-[22].
Moreover, this 1% in magnitude is too close to the MMC resolution, making it difficult to con-
trol without increasing the switching frequency in the SMs.For these reasons, the third-order
harmonic component in the ac-side terminal voltage is disregarded in this thesis.

1.3.3 Simulation of the MMC

Simulation of an MMC-based HVDC transmission system with hundreds of SMs per phase is
associated with a heavy computational burden if a switched (detailed) model of the MMC is
used. Thus, research efforts have been dedicated to solving this issue [62]-[66]. However, the
algorithms have been developed for the half-bridge-SM (HBSM) -based MMC and, therefore,
are not directly applicable to the full-bridge-SM (FBSM) based MMC, which has been pre-
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sented in [67]-[69] as of great importance in dc-side fault handling capability, specially in long
distance HVDC transmission systems.

Further, in [66], the simulation models are studied and classified in six types: Full Physics-
Based Model (Type 1); Detailed Nonlinear IGBT-Based Model (Type 2); Simplified IGBT-
Based Model (Type 3); Detailed Equivalent-Circuit-Based Model (Type 4); Average Value
Model Based on Switching Functions (Type 5), and Average Value Model Based on Funda-
mental Frequency (Type 6). In the aforementioned types, a gap remains between Type 4 and
Type 5 models, that is, from a SM model represented by a Thevenin equivalent with time-
dependant resistance (Type 4), the classification jumps to an average model where all SM
capacitor voltages are assumed to be perfectly balanced andthe circulating current completely
suppressed (Type 5). Considering that the losses in the SM switches are very small in the
MMC, [15], they represent a small contribution for the converter dynamics as a whole, for
power systems simulations. Therefore, a simplified equivalent-circuit-based simulation model
(SEC) that considers all switches as ideal switches, neglecting its resistances, is more suitable
for the simulation of HVDC systems applications, and it has not been developed yet. Further-
more, the SEC simulation model should also be capable of of reproducing the SM switches
non-linearity and the instantaneous voltages in every SM capacitor.

1.3.4 Topologies and their dc-side fault handling capabilities

The implementation an MMC based on half-bridge submodule (HBSM) topology, is the sim-
plest and, therefore, the most common type of submodule. TheHBSM inserts only one switch
in series with the current path, for each ac-side terminal voltage step and, therefore, the re-
sultant MMC features low power losses [15], [70]-[72]. The disadvantage of an HBSM-based
MMC, however, is that in case of dc-side faults, the switchesare disabled and the SMs be-
come short-circuits, allowing the ac grid to feed the dc fault [18]-[22], and [73]. Therefore, an
MMC-based HVDC project using the HBSM relies heavily on the ac-side breakers [72], which
do not have an operation time short enough to preclude damages to the converter during faults.
The converter and the transmission line have to be designed to uphold this fault current for the
time it takes for the ac breaker to operate, increasing the overall cost.

To address the aforementioned shortcoming, the full-bridge submodule-based (FBSM) con-
figuration [18], and the clamp-doubled submodule-based (CDSM) configuration [71], have
been proposed. An FBSM-based MMC is capable of driving the fault current down to zero,
if its switches are disabled. Therefore, it isolates the ac and dc sides of the converter faster
than an ac breaker. However, as compared to an HBSM-based MMC, a FBSM-based MMC
has twice the number of series-connected switches in its current path and, consequently, fea-
tures higher power loss. The CDSM, on the other hand, inserts, effectively, 1.5 switches per
ac-side terminal voltage step in its current path and, therefore, it features larger power loss than
the HBSM-based configuration, but lower power loss than the FBSM-based configuration. A
CDSM-based MMC is immune to dc-side faults, but the voltage that appears, effectively, under
dc-side faults and opposes the ac grid voltage is half the total arm voltage [74]. Consequently,
the fault current can flow if the grid voltage is adequately large. An in-depth analysis of faulted
as well as normal operation of the aforementioned topologies can be found in [15].

Therefore, a SM topology that features the same dc-fault handling capability as the FBSM
with lower power loss than that of the CDSM has not been proposed yet.
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1.4 Thesis Outline

In Chapter 2, this thesis proposes, a complete harmonic steady-state model of the MMC, ca-
pable of predicting the amplitudes of the harmonic components in the converter currents and
voltages. Further, the calculation of the amplitude of the harmonic components emerge natu-
rally from the application of the superposition principle in the arm currents, followed by the
analysis of the positive feedback loop generated by the circulating current. This mechanism
is, in the opinion of the author, a more insightful approach than evaluating the energy stored
in the leg. Also, from the positive feedback loop analysis, the resonance condition for the
circulating current is readily found, and can be used to evaluate the stability of the converter
regarding the circulating current, and sizing of the arm inductor. Finally, the possibility to cal-
culate the amplitude of the harmonic components of the submodule capacitor voltage, allows
the development of a more efficient method for sizing the submodule capacitor.

In Chapter 3, this thesis proposes a simulation model for theMMC. The proposed model
combines a simple circuit model, constructed in a circuit simulation software environment,
with a program code, written in a universally diffused programming language such asC and
linked to the circuit simulation software. Thus, it drastically reduces simulation runtime and
offers a flexible interface through which the number of submodules and other parameters can
readily be defined by the user. Further, the program code can be developed in an independent
platform and linked to the main circuit simulation softwarethrough a general-purpose block.
The proposed model can simulate MMCs based on both half-bridge and full-bridge submod-
ule configurations, captures start-up and other dynamic transients, and enables simulation of
faulted scenarios. Simulation study cases demonstrate thevalidity and computational efficiency
of the proposed simulation model.

Chapter 4 proposes a new feedforward strategy, based on the off-line calculation of the
initial steady-state value for the arm voltage, that corresponds to the arm voltage generated
purely by the ac-side terminal current. The initial steady-state value for the arm voltage is, in
turn, subtracted from the voltages of both arms, cancellingthe cause for the circulating current.
Thus, the proposed feedforward has a higher suppressing action than that of the feedforward
methods mentioned in Section 1.3.2. Also, since the practical value for the MMC parameters,
such as arm inductance and arm resistance for example, may vary, the proposed feedforward
action is tested by itself, and together with two different control strategies, applied to back-to-
back HVDC systems.

To achieve both dc-side fault current handling capability and higher efficiency, a new MMC
configuration is proposed in Chapter 5. The proposed MMC, referred in this thesis to as the
lattice modular multilevel converter(LMMC) is implemented by two half-bridge converters, a
cascade of networks that consist of electronic switches, and multiple capacitors, as discussed
in Section 5.1. It features lower power losses than an equivalent HBSM-based MMC, CDSM-
based MMC, and FBSM-based MMC, while it offers the same fault handling capability as
that offered by a FBSM-based MMC. The aforementioned objective is inline with the prior
research efforts. For example, to reduce the cost and switching power loss of the FBSM,
the unipolar voltage full-bridge submodulehas been proposed in [69]. On the other hand,
to enhance the dc fault handling capability of the CDSM, withthe same conduction power
loss, thefive-level cross-connected submodulehas been proposed in [76]. Further, thethree-
level cross-connected submoduleproposed in [69] is an improved version of the five-level
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cross-connected submodule where the switching power losses are reduced. Moreover, various
topologies for multilevel converters with reduced number of dc sources and switching states,
including topologies based on the packedU-cell topology, are discussed in [77]. However,
since the HBSM is the most efficient configuration (regarding power loss in the switches),the
CDSM is no less efficient than all the other aforementioned configurations thatfeature the dc
fault handling capability, and the FBSM, when subjected to adc-side short circuit and disabled,
requires the largest grid voltage before it allows the faultcurrent to flow, this thesis concentrates
only on the HBSM, FBSM, and CDSM as its baselines. For ease of analysis, it is assumed in
this thesis that an MMC consists entirely of FBSMs, HBSMs, orCDSMs.

In Chapter 6, a new submodule configuration is proposed, to achieve approximately the
same efficiency as that offered by the HBSM-based MMC, the same dc-side fault handling
capability offered by the FBSM-based MMC, and a reduced voltage stress for the switches.
The proposed submodule, referred in this thesis to as thelattice submodule(LSM), consists of
two half-bridge converters, a network of switches, and fourcapacitors.
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Chapter 2

Development of the Steady-State
Harmonic Model of the MMC

A complete analytical steady-state model of the MMC can be used for simplified simulation,
development of optimization algorithms, component sizing, and assessment of the impact of
different parameters on the MMC performance. Thus, this chapterpresents the development of
such a model.

The model described in this chapter enables one to calculatethe magnitude of the harmonic
components of the MMC arm voltage, submodule capacitor voltage, and arm current. In addi-
tion, the model allows for the calculation of the magnitude and phase angle of the modulating
function, and it also presents a criterion for resonance of the arm current.

This chapter also presents, an accurate method of capacitorsizing, based on the steady-
state harmonic model mentioned above. The proposed method provides the exact submodule
capacitance (i.e., a capacitance that, when used in the MMC,results in dc voltage fluctuation
that matches the desired range) for a given submodule capacitor voltage variation and a given
injected circulating current.

2.1 Foundation and assumptions regarding the MMC model

Figure 2.1 shows a more detailed schematic diagram of one legof a three-phase MMC, than
the one presented in Chapter 1. As Figure 2.1 shows, the leg has a total of 2N SMs which are
divided equally between the upper and lower arms and are indexed byn (n = 1, 2, 3, ...,N in
the upper arm, andn = N + 1,N + 2,N + 3, ..., 2N in the lower arm). The voltage sources
of Fig. 1.4, have been replaced by their practical correspondents, i.e., capacitors, as Fig. 2.2
shows. Moreover, Fig. 2.2 shows that, depending on the topology on which the SMs are based,
an SM may contain one capacitor (HBSM) or more capacitors (CDSM). Consequently, the
number of capacitors in the arm,M, may be different than the number of SMs per arm, i.e.,N.
Further,M is determined by the ratio dc-side voltage to average capacitor voltage desired, i.e.,
vc = vdc/M. Thus, ifvc is kept the same, the parameterM also remains the same independently
of the topology on which the SMs are based. Figure 2.1 also shows the ac voltage of an SM,
denoted byvS n.

Theupper arm current, which is also the current that flows through SMs 1 throughN, is
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denoted byi1, whereasi2 represents thelower arm current, which is the current through SMs
N + 1 through 2N. Theac-side terminal current, i.e., i1 − i2, is denoted byi t. The sum of the
ac voltages of the upper arm SMs, that is,vS1 + vS2 + ... + vS N, is denoted byv1, and the sum
of voltages of the lower arm SMs, i.e.,vS(N+1) + vS(N+2) + ... + vS(2N), is labeled asv2; hereafter,
v1 andv2 are referred to as theupper arm voltageand lower arm voltage, respectively, or to
as thearm voltages, collectively. Figure 2.1 also shows that each arm is connected in series
with a corresponding reactor of inductanceL and resistanceR. Figure 2.1 further shows the
ac-side terminal voltage, with reference to node 0, i.e., the (virtual) dc-side midpoint of the
MMC. The host ac grid, as seen by the MMC, is represented by a voltage source in series with
an inductance,Lt, and a resistance,Rt. Thegrid voltagewith reference to node 0 is signified
by vg, and thedc-side voltageof the MMC is denoted byvdc. In this paper, it is assumed that
the switches aredisabledby the control, i.e., their gating pulses are blocked, if a dc-side fault
is detected; thus, adisabledswitch may conduct in reverse, through its anti-parallel diode, if
such diode is part of the switch.

Also, in the SM topologies that Fig. 2.2 shows, the voltage ineach capacitor is referred to,
in this thesis, assubmodule capacitor voltage. Similarly, the difference between the positive
and negative peaks of the submodule capacitor voltage, is referred to assubmodule capacitor
voltage variation.

Further, it is important to point out that the arm currents, arm voltages, and submodule
capacitor voltages, exhibit harmonic components other than just the fundamental component.
More specifically, the even harmonics in the arm current are referred to ascirculating current,
and they are common to both arms.

2.2 Modelling of the MMC

2.2.1 Fundamental harmonic MMC model

The arm voltage is shared evenly between the SMs through avoltage balancing algorithm
(VBA) (more details are presented in Chapter 3), that controls the average submodule capacitor
voltage to

vc =
vdc

M
(2.1)

which is hereafter referred to as the MMC “voltage resolution”, since this is the smallest av-
erage voltage value that the converter is capable to producein the inner voltage, denoted byet

and given by

et =
v2 − v1

2
(2.2)

Thus, the fundamental component of the voltage on each arm isgiven by

v1 = n1vc (2.3)

v2 = n2vc (2.4)

wheren1, represents the number of SMinserted(on-state) in the upper arm, andn2, represents
the number of SMinsertedin the lower arm. If the arm inductances and resistances are assumed
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}
}

Figure 2.1: Schematic diagram for one leg of a three-phase MMC.

equal in both arms (symmetrical converter), the MMC arms appear connected in parallel from
the point of view of the ac grid voltage. Thus, the ac-side terminal current is divided equally
between the arms, resulting in the model shown in Figure 2.3.

Applying Kirchhoff voltage law (KVL) in the inner loop of the schematic showed inFigure
2.3, one finds

vdc = v1 + v2 (2.5)

Applying KVL in the outer loop one finds

−
vdc

2
+ v1 +

(L
2
+ Lt

) dit
dt
+

(R
2
+ Rt

)
i t + vg = 0 (2.6)

Let R′ =
(

R
2 + Rt

)
andL′ =

(
L
2 + Lt

)
, then eliminatingvdc between (2.5) and (2.6) results

v2 − v1

2
= L′

dit
dt
+ R′i t + vg (2.7)

Applying KVL in the center loop includinget yields

vdc

2
− v2 + et = 0 (2.8)
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Figure 2.2: Main MMC SM topologies currently known:(a) Half-bridge submodule - HBSM;
(b) Clamp-doubled submodule - CDSM; (c) Full-bridge submodule - FBSM.

Solving foret and eliminatingvdc between (2.5) and (2.8) results

et = L′
dit
dt
+ R′i t + vg (2.9)

Representing (2.9) in a simplified equivalent circuit, one can find the circuit illustrated by
Figure 2.4.

Eliminatingv1 andv2 between (2.3), (2.4), and (2.2) yields

et =
vc

2
(n2 − n1) (2.10)

Equation (2.10) presents the inner voltage as a function of the difference betweenn1, and
n2. Assuming, for example, a value ofM

2 − 1 for n1, and M
2 + 1 for n2 (keepingn1 + n2 = M for

submodule capacitor voltage balancing), corresponding tothe bypassing of one submodule in
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Figure 2.3: MMC equivalent circuit from the point of view of the ac grid.

Figure 2.4: Simplified MMC equivalent circuit from the pointof view of the ac grid.

the upper arm, and the insertion of one submodule in the lowerarm, the resultant inner voltage
is vc, which confirms that the minimum change in the inner voltage is, indeed,vc, as stated
previously.

Let

n2 − n1

2
= a (2.11)

then, in (2.11),a is hereafter referred to as theasymmetryof the MMC. If the asymmetry
is positive, the number of SMs inserted in the lower arm,n2, is higher than the number of SMs
inserted in the upper arm,n1, and vice-versa. If the asymmetry is zero,n1 = n2 =

M
2 , andet is

zero. In the example described above, the asymmetry is equalto one unit of resolution.

Figure 2.5 illustrates the dynamic of the asymmetry fora = 1. The maximum asymmetry is
M, when all SMs of one arm are inserted and all SMs of the other arm are bypassed, resulting
in the maximum value ofvdc

2 for the inner voltage.

The modulation technique referred to as Near Level Control (NLC) modulation [15], is
based, in this thesis, on the calculation of the asymmetry variable,a, knowing that it can only
assume integer multiples ofvc. Therefore, the asymmetry needed to generate the desirede∗t is

19



i1

i2

0

vdc/2

vdc/2

vc
vc

vc

vc
vc

vc

vc

vc

it

a=1

et=vc

v1

v2

Figure 2.5: Asymmetry dynamic example fora = 1.

calculated by

a = round

[
e∗t (kTs)

vc

]
(2.12)

whereround is a function that rounds the division to the nearest integervalue,e∗t (kTs) is the
discrete function of the referenceinner voltage, k is the integer sample pointer andTs is the
MMC sample time, calculated byTs = 1/

[
2(M + 2) fg

]
, whereM + 1 is the number of levels

of the ac-side terminal voltage, andfg is the grid frequency.
For a high number ofM, the MMC sample timeTs becomes smaller and smaller and the

following approximations can be used.

lim
Ts→0

e∗t (kTs) = e∗t (2.13)

lim
vc
vdc
→0

{
round

(
e∗t
vc

)}
=

e∗t
vc

(2.14)

The termhigh-densityMMC is hereby applied to converters to which (2.13) and (2.14) can
be safely applied. In practical terms, whenM reaches 130, the total harmonic distortion in
et is less than 1.5%, complying with the most strict limit indicated in [78], presenting a good
threshold for the use of the aforementioned terminology.

Applying the approximations described in (2.13) and (2.14), yields

a =
e∗t
vc

(2.15)
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SubstitutingM = n1 + n2 into (2.11) and solving forn1 and thenn2, one can deduce the
number of SM inserted in the upper and lower arms as

n1 =
M
2
− a (2.16)

n2 =
M
2
+ a (2.17)

The voltagee∗t is given by the maximum voltage possible to be generated by the MMC, vdc

2 ,
times the modulating function,m, as follows

e∗t =
vdc

2
m (2.18)

Substituting (2.1), (2.15), and (2.18) into (2.16), and into (2.17) yields

n1 =
M
2

(1−m) (2.19)

n2 =
M
2

(1+m) (2.20)

Eliminatingn1 andn2 between (2.19), (2.20), (2.3), and (2.4) results

v1 =
vdc

2
(1−m) (2.21)

v2 =
vdc

2
(1+m) (2.22)

wherem is given by

m= m̂cos(ωt + θ) (2.23)

, thetais themodulating function angle, andm̂ is themodulation index, estimated by

m̂=
2̂vg

vdccosϕ
(2.24)

where v̂g is the peak of the grid voltage andϕ is the angle of the ac-side terminal current.
The estimation given by (2.24) is referred to, in this thesis, asflat estimation, since it does not
change with the arm current.

At this point, neglecting the MMC current and voltage harmonic components different than
the fundamental, one can state that the arm voltages are formed by a dc level given byvdc

2 and
a fundamental component given byvdc

2 m̂cos(ωt + θ).

2.2.2 Open-loop MMC model

The average submodule capacitor voltage is controlled by the VBA, as stated previously, but
its instantaneous value change with the integral of the arm current. Since the submodule capac-
itor voltage impacts in the arm voltages and currents, the following analysis complements the
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modelling described in Section 2.2.1, and takes into account the submodule capacitor voltage
instantaneous value.

Analyzing Figure 2.1, and with the knowledge that the circulating current has the same
direction in both arms, the arm currentsi1 andi2, can be calculated by

i1 =
i t
2
+ icm (2.25)

i2 = −
i t
2
+ icm (2.26)

The infinitesimal variation of thevoltage integrated in the arm[27], vi, is given by

dvir

dt
= Ceqr

−1ir (2.27)

whereC−1
eqr

is the reciprocal of the arm equivalent time-varying capacitance, defined as the
submodule capacitance divided by the number of inserted SMs. Thus,Ceqr

−1 can be calculated
by

Ceqr
−1 =

nr

C
(2.28)

wherenr represents the number of inserted SMs in the armr (r = 1 for the upper arm, and
r = 2 for the lower arm).

Integrating (2.27) and substituting into (2.28), yields the voltage integrated in the arm by

vir =
1
C

∫
nr irdt (2.29)

The instantaneous submodule capacitor voltage for the armr is then given by

vCr =
vir

M
(2.30)

The instantaneous arm voltages can then be calculated by

vr = nrvCr (2.31)

The circulating current is produced by the even harmonic components in the arm voltages,
generated, in turn, by the integration of the arm current in the submodule capacitor, as it will
be explained in detail in Section 2.3. This voltage harmoniccomponents appear with the same
polarity and magnitude in both arms. Thus, from (2.2), one concludes that the circulating cur-
rent circulates through the MMC leg without affecting the steady-state of the ac-side terminal
voltage. Figure 2.6 presents the model for the circulating current,icm.

Applying KVL in the circuit shown in Figure 2.6 yields

dicm

dt
=

1
L

[vdc

2
−

(v1 + v2

2

)
− Ricm

]
(2.32)
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Figure 2.6: Simplified MMC equivalent circuit from the pointof view of the dc grid.

Eliminatingvr (for r = 1 andr = 2) between (2.31) and (2.32), the differential equation for
the circulating current can be derived

dicm

dt
=

1
L

[vdc

2
−

(n1vC1 + n2vC2

2

)
− Ricm

]
(2.33)

Eliminatingn1 andn2 between (2.19), (2.20), and (2.33), yields

dicm

dt
= −

M
4L

(1−m)vC1 −
M
4L

(1+m)vC2 −
R
L

icm+
vdc

2L
(2.34)

Eliminatingv1 andv2 between (2.7), (2.19), (2.20), and (2.31), and solving fordit
dt one can

derive

dit
dt
= −

M
4L′

(1−m)vC1 +
M
4L′

(1+m)vC2 −
R′

L′
i t −

1
L′

vg (2.35)

Substituting (2.30) into (2.27) yields

dvCr

dt
=

1
MC

nr ir (2.36)

Eliminatingi1 andi2 between (2.25), (2.26), and (2.36) results

dvC1

dt
=

1
4C

(1−m)i t +
1

2C
(1−m)icm (2.37)

dvC2

dt
= − 1

4C
(1+m)i t +

1
2C

(1+m)icm (2.38)
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AssumingdvC1
dt , dvC2

dt , dit
dt , anddicm

dt as state variables, the open-loop state equation of the MMC
for one phase is given by

d
dt



vC1

vC2

i t
icm


=



a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44





vC1

vC2

i t
icm


+



b11

b21

b31

b41


(2.39)

where

a11 = 0, a12 = 0, a13 =
1

4C
(1−m), a14 =

1
2C

(1−m) (2.40)

a21 = 0, a22 = 0, a23 = −
1

4C
(1+m), a24 =

1
2C

(1+m) (2.41)

a31 = −
M
4L′

(1−m), a32 =
M
4L′

(1+m), a33 = −
R′

L′
, a34 = 0 (2.42)

a41 = −
M
4L

(1−m), a32 = −
M
4L

(1+m), a33 = 0, a34 = −
R
L

(2.43)

b11 = 0 (2.44)

b21 = 0 (2.45)

b31 =
vg

L′
(2.46)

b41 =
vdc

2L
(2.47)

Equation (2.39) form the complete open-loop MMC model.
The open-loop model presented in this section can be augmented to a closed-loop model.

The MMC closed-loop model for a specific control strategy is proposed in [28] and [29].

2.3 Proposed steady-state harmonic model of the MMC

As the arm capacitance in the MMC is time-varying, (2.28), the differential equations (2.32)
and (2.35) exhibit time-varying coefficients. Therefore, the analytical solution for the arm
currents and voltages, for analysis purposes, becomes complex. The method proposed in this
thesis, is based on dividing the arm current ini t and icm, analysing the impact of each in the
arm voltages, and applyinggeometric seriesto find the convergence point. The analysis of the
series convergence, identify the stability conditions forthe arm currents.

Substituting (2.25), (2.26), (2.29), and (2.30) into (2.31) yields

vr =
nr

CM

∫
nr

( i t
2
+ icm

)
dt (2.48)
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Dividing (2.48) in two parts,vit
r andvicm

r , representing the contribution ofi t and icm in the
arm voltage vr , results

vit
r =

nr

2CM

∫
nr i tdt (2.49)

vicm
r =

nr

CM

∫
nr icmdt (2.50)

and

vr = vit
r + vicm

r (2.51)

Considering that the active and reactive power exchanged with the ac grid are controlled
by the ac-side terminal current compensator, described in [10], the magnitude and phase of the
ac-side terminal current are constant and known. Therefore, i t is expressed by

i t = Îcos(ωt + ϕ) (2.52)

whereÎ is estimated by

Î =

√
P2 + Q2

√
3
2vgLL

(2.53)

In (2.53),vgLL represents the line-to-line grid voltage (
√

3vg), P andQ are the active and
reactive powers exchanged with the ac grid, respectively.

From (2.49), the voltagevit
r , in the upper and lower arms, can be derived as

vit
1 =


MÎ

8ωC
+

Mm̂2Î
64ωC

 sin(ωt + ϕ)

−


Mm̂̂I
16ωC

+
Mm̂̂I
32ωC

 sin(2ωt + ϕ + θ)

+


Mm̂2Î
64ωC

 sin(3ωt + ϕ + 2θ)

−


Mm̂̂I
16ωC

 sin(ϕ − θ)

+


Mm̂2Î
16C

cos(ϕ − θ)cos(ωt + θ) − Mm̂̂I
16C

cos(ϕ − θ)
 t

(2.54)
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vit
2 = −


MÎ

8ωC
+

Mm̂2Î
64ωC

 sin(ωt + ϕ)

−


Mm̂̂I
16ωC

+
Mm̂̂I
32ωC

 sin(2ωt + ϕ + θ)

−

Mm̂2Î
64ωC

 sin(3ωt + ϕ + 2θ)

−


Mm̂̂I
16ωC

 sin(ϕ − θ)+
−

Mm̂2Î
16C

cos(ϕ − θ)cos(ωt + θ) − Mm̂̂I
16C

cos(ϕ − θ)
 t

(2.55)

The ac-side terminal current contribution in the leg voltage is calculated by

(v1 + v2)
it = −


3Mm̂̂I
16ωC

 sin(2ωt + ϕ + θ)

−

Mm̂̂I
8ωC

 sin(ϕ − θ)

−

Mm̂̂I
8C

cos(ϕ − θ)
 t

(2.56)

Equation (2.56) shows that the fundamental and the third harmonic components are can-
celled in theleg voltage(v1 + v2), leaving only the second harmonic component, the dc com-
ponent, and the ramp component. The predominance of the second harmonic component is
in accordance to the MMC simulations performed for this paper. The second harmonic com-
ponent of the arm voltages is the origin of the circulating current, which starts circulating in
the leg in a positive feedback, as it is integrated in the leg submodule capacitors, increasing its
own magnitude. This positive feedback has a geometric increase and its convergence can be
analyzed by applying geometric series theory. If the seriesconverges, the system is stable. On
the other hand, if the series diverges, the circulating current presents an unstable exponential
function of time. Therefore, the goal of this approach is to derive an equation that depends
only on the circulating current, and apply geometric seriestheory to it.

Moreover, for a stable system the ramp component in (2.56) should be zero. Thus, the
contribution oficm to the leg voltage must have a component that cancels the rampcomponent.

2.3.1 Circulating current amplitude calculation

In this thesis, a circulating current compensator with zeroas control reference is referred to as
circulating current suppressing control(CCSC). On the other hand, when an injected circulat-
ing current is desired, the circulating current compensator is referred to ascirculating current
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control(CCC). The equations developed in this section take into account the circulating current
effect, for a disabled CCSC. For an enabled CCSC, the amplitude of the circulating current,
Îcm, is approximately zero.

Integrating (2.32) yields

icm =
1
L

∫ [vdc

2
−

(v1 + v2

2

)
− Ricm

]
dt (2.57)

where (v1 + v2) can be divided in

(v1 + v2) = (v1 + v2)
it + (v1 + v2)

icm (2.58)

Separating the integral components results

icm =
vdc

2L
t −

1
2L

∫
(v1 + v2)dt−

R
L

∫
icmdt (2.59)

It is noted that, if (2.58) is substituted into (2.59), the result is an iterative equation, in which
icm depends on itself. Thus, if (2.59) can be converted into a geometric series, the conversion
can be readily calculated, indicating the steady-state magnitude foricm. Then, the series ratio
can provide more information regarding the system stability.

Eliminatingm andnr (for n = 1) between (2.23), (2.19), and (2.50) yields

vicm
1 =

[
M
4C
−

Mm̂
4C

cos(ωt + θ)

] ∫
icmdt

−
[
Mm̂
4C
− Mm̂2

4C
cos(ωt + θ)

] ∫
cos(ωt + θ)icmdt

(2.60)

vicm
2 =

(
M
4C
+

Mm̂
4C

cos(ωt + θ)

) ∫
icmdt

+

[
Mm̂
4C
+

Mm̂2

4C
cos(ωt + θ)

] ∫
cos(ωt + θ)icmdt

(2.61)

The circulating current contribution in the leg voltage is calculated by

(v1 + v2)
icm =

M
2C

∫
icmdt

+
Mm̂2

2C
cos(ωt + θ)

∫
cos(ωt + θ)icmdt

(2.62)
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Substituting (2.62), (2.56), and (2.58) into (2.59) yields

icm =
Vdc

2L
t −


3Mm̂̂I

64ω2LC

 cos(2ωt + ϕ + θ)

−


Mm̂̂I
16ωLC

 sin(ϕ − θ)t

+


Mm̂̂I
32LC

 cos(ϕ − θ)t2

− 1
2L

∫
(v1 + v2)

icmdt− R
L

∫
icmdt

(2.63)

Let

i′cm = −
1

2L

∫
(v1 + v2)

icmdt− R
L

∫
icmdt (2.64)

Then, eliminating (v1 + v2)icm between (2.62) and (2.64) yields

i′cm = −
M

4LC

∫ ∫
icmdt2

− Mm̂2

4LC

∫
cos(ωt + θ)

∫
cos(ωt + θ)icmdt2

− R
L

∫
icmdt

(2.65)

Assuming that the odd harmonic components inicm are either cancelled, as in the case of
(2.56), or are small, the circulating current can be expressed as

icm = Îcmcos(2ωt + ϕ2) + I0
cm (2.66)

where Îcm is the amplitude of the second harmonic component, andI0
cm is the dc component

of the circulating current. The componentI0
cm represents the current resultant from the power

needed to charge the submodule capacitors after they have been discharged to the ac grid.
Thus, the dc component is calculated taking into account theactive power delivered to the ac
grid plus the losses in the arm resistances.

Since each MMC leg delivers one third of the total active power in a three-phase system,
I0
cm can be calculated by

I0
cm =

P+ Ploss

3vdc
(2.67)

The power loss in the MMC leg is given by

Ploss= 2R(i2trms
+ i2cmrms

) (2.68)
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As Ploss is very small compared toP, and icmrms is not known a priori, for an approximate
calculation,Ploss can be calculated taking into account onlyi trms.

Eliminatingicm between (2.66) and (2.65) and solving the integrals results

i′cm =

kcm


Îcm

4m̂2
+

2RωCÎcm

Mm̂2
+

Îcm

6

 cos(2ωt + ϕ)

+ kcm

(
I0
cm

4

)
cos(2ωt + 2θ)

+ kcm


Îcm

48

 cos(4ωt + ϕ + 2θ)

− kcm


4Rω2C
Mm̂2

+
ωÎcmsin(ϕ)

4

 t

− kcm

(
ω2I0

cm

2m̂2

)
t2

(2.69)

where

kcm =
Mm̂2

4ω2LC
(2.70)

Eliminatingi′cm between (2.63), (2.64), and (2.69) yields the full equationfor icm given by

icm =

kcm


Îcm

4m̂2
+

2RωCÎcm

Mm̂2
+

Îcm

6

 cos(2ωt + ϕ)

− kcm


3̂I

16̂m

 cos(2ωt + ϕ + θ)

+ kcm

(
I0
cm

4

)
cos(2ωt + 2θ)

+ kcm


Îcm

48

 cos(4ωt + ϕ + 2θ)

− kcm

[
4Rω2C
Mm̂2

+
ωÎcmsin(ϕ)

4

+
Îωsin(ϕ − θ)

4m̂
− 2vdcCω2

Mm̂2

]
t

− kcm


I0
cmω

2

2m̂2
+

Îω2cos(ϕ − θ)
8m̂

 t2

(2.71)
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which can be expressed as the superposition of a second harmonic component (icm)2, a fourth
harmonic component (icm)4, a ramp component (icm)ramp, and a parabolic component (icm)parab:

icm = (icm)2 + (icm)4 + (icm)ramp+ (icm)parab (2.72)

where

(icm)2 =

kcm


Îcm

4m̂2
+

2RωCÎcm

Mm̂2
+

Îcm

6

 cos(2ωt + ϕ)

− kcm


3̂I

16̂m

 cos(2ωt + ϕ + θ)

+

(
Icm

0

4

)
cos(2ωt + 2θ)

(2.73)

(icm)4 = kcm


Îcm

48

 cos(4ωt + ϕ + 2θ) (2.74)

(icm)ramp =

− kcm

[
4Rω2C
Mm̂2

+
ωÎcmsinϕ

4

+
Îωsin(ϕ − θ)

4m̂
−

2vdcCω2

Mm̂2

]
t

(2.75)

(icm)parab = −kcm


ω2I0

cm

2m̂2
−

Îω2cos(ϕ − θ)
8m̂

 t2 (2.76)

For a stable system, the ramp (2.75) and parabolic (2.76) terms must be cancelled by the
ramp and parabolic terms generated by the ac-side terminal current, i t. This cancelling is
indeed observed in the simulation of stable systems. Thus, the ramp and parabolic terms are
disregarded, for now, if the system is assumed stable.

Let

(icm)2 = Îcmcos(2ωt + ϕ2) (2.77)

and

(icm)4 = Îcm4cos(4ωt + ϕ4) (2.78)
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thus

Îcmcos(2ωt + ϕ2) =

kcm


Îcm

4m̂2
+

2RωCÎcm

Mm̂2
+

Îcm

6

 cos(2ωt + ϕ)

− kcm


3̂I

16̂m

 cos(2ωt + ϕ + θ)

+

(
Icm

0

4

)
cos(2ωt + 2θ)

(2.79)

and

Îcm4cos(4ωt + ϕ4) = kcm


Îcm

48

 cos(4ωt + ϕ + 2θ) (2.80)

Equation (2.80) is used to calculateÎcm4, if Îcm is known.
Taking into account only the second harmonic component, (2.73), the respective amplitude

can be represented by the following geometric series

Îcm =

∞∑

n=0

a2z2
n = a2z

0
2 + a2z

1
2 + a2z

2
2 + ... + a2z

n
2 (2.81)

wherea2 is a constant, andz2 is the series ratio.
Since the angleθ is known to be small, the following steps where calculated assuming

θ ≈ 0, andϕ2 ≈ ϕ. Thus, (2.73) is rewritten to

(icm)2 = kcm


Îcm

4m̂2
+

Îcm

6
−

3̂I
16̂m

 cos(2ωt + ϕ)

+ kcm

(
Icm

0

4

)
cos(2ωt)

(2.82)

Let

C1 =
1

4m̂2
+

1
6

(2.83)

C2 =
3̂I

16̂m
(2.84)

C3 =
Icm

0

4
(2.85)

then

(icm)2 = kcm

(̂
IcmC1 −C2

)
cos(2ωt + ϕ)

+ kcmC3cos2ωt

(2.86)
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Grouping the terms in (2.86) in the same axis in the plane thatFig. 2.7 illustrates, results

(icm)2 =

kcm

[(
ÎcmC1 −C2

)
+ (C3cosϕ)

]
cos(2ωt + ϕ)

(2.87)

ω φ

ω

φ
}

} }φ } φ
Figure 2.7: Grouping of the terms in (2.86) in the same axis.

Separating the constant terms from the iterative terms in (2.87) yields

(icm)2 = Îcmcos(2ωt + ϕ)

= kcm[(C3cosϕ −C2) + (̂IcmC1)]cos(2ωt + ϕ)

(2.88)

Taking into account only the function magnitude,Îcm results

Îcm = kcm[(C3cosϕ −C2) + (̂IcmC1)] (2.89)

The terma2 is the initial term of the series, when the exponent is zero, as it can be observed
in (2.81). In (2.89), the first term of the series is found whenÎcm = 0, or a2 = C3cosϕ − C2.
The seriesratio, z2, is given by the term that changes in every increment ofn, or z2 = ÎcmC1.
Thus, the circulating current magnitude geometric series is given by

Îcm = kcm

∞∑

n=0

(C3cosϕ −C2)(̂IcmC1)
n

= kcm

[
(C3cosϕ −C2)(̂IcmC1)

0

+ (C3cosϕ −C2)(̂IcmC1)
1

+ ... + (C3cosϕ −C2)(̂IcmC1)
n
]

(2.90)

32



If the system is stable, the second component geometric series, represented by (2.90), con-
verges, and its convergence value is given by, [79]

Îcm = a2
1

1− z2
(2.91)

Thus, the convergence of (2.90) can be calculated by

Îcm = kcm(C3cosϕ −C2)
1

1− kcmC1
(2.92)

If the series (2.90) converges, the system is stable. Also, the ramp and parabolic terms
observed in (2.71) must be zero for the system to be stable. Thus, for a stable system the
following three conditions must be satisfied.



(icm)ramp = 0
(icm)parab = 0
|kcmC1| < 1

(2.93)

The amplitude of the fourth harmonic in the circulating current, is very small in comparison
to the second harmonic, as it can be observed in (2.80). Therefore, the fourth harmonic is
neglected in this thesis.

2.3.2 Capacitor voltage harmonic components calculation

The submodule capacitor voltage is given by the integrationof the arm current in each SM, as
(2.29) and (2.30) show. Therefore, the voltage in the submodule capacitor has a contribution
from the ac-side terminal current and from the circulating current.

Combining (2.29), (2.30), (2.19), (2.52), and (2.66), the submodule capacitor voltage in the
upper arm is calculated as follows

vC1
it + vC1

icm =

vC1 =

kc

[
(̂I + Îcmm̂)cos(ϕ) − 2m̂I0cm

]
sin(ωt)

− kc

[
(̂I + Îcmm̂)sin(ϕ)

]
cos(ωt)

− kc


Î m̂
4
+ Îcm

 sin(2ωt + ϕ)

+ kc


Îcmm̂

3

 sin(3ωt + ϕ)

− kc


Î m̂
4
+

Îcmm̂2

4

 sin(ϕ)

(2.94)
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where

kc =
1

4ωC
(2.95)

It can be concluded from (2.94) that the submodule capacitorvoltage is heavily based on
harmonic components up to the third order. After that, the other components contribute with
very little or nothing. Furthermore, the submodule capacitor voltage has the contribution of the
circulating current on the first, second, and third harmoniccomponents. This explains why the
submodule capacitor voltage variation decreases when the circulating current is driven to zero
by the CCSC.

Following the same logic used to calculate (2.94) for the upper arm, the submodule capac-
itor voltage in the lower arm is given by

vC2
it + vC2

icm =

vC2 =

−kc

[(
Î + Îcmm̂

)
cos(ϕ) + 2m̂I0cm

]
sin(ωt)

+ kc

[(̂
I + Îcmm̂

)
sin(ϕ)

]
cos(ωt)

− kc


Î m̂
4
+ Îcm

 sin(2ωt + ϕ)

− kc


Îcmm̂

3

 sin(3ωt + ϕ)

− kc


Î m̂
4
+

Îcmm̂2

4

 sin(ϕ)

(2.96)
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2.3.3 Arm voltage harmonic components calculation

Eliminatingnr (for r = 1) andvC1 between (2.19), (2.31), and (2.94) results in the upper arm
voltage

v1 =

karm

[
Î

(
1+

m̂2

8

)
+ Îcm

(
3m̂
2

)]
sin(ωt + ϕ)

− karm

(
2I0

cmm̂
)

sin(ωt)

− karm

[
Î

(
3m̂
4

)
Îcm

(
2m̂2

3
+ 1

)]
sin(2ωt + ϕ)

− karm

(
I0
cmm̂2

)
sin(2ωt)

karm

[
Î

(
m̂2

8

)
+ Îcm

(
5m̂
6

)]
sin(3ωt + ϕ)

− karm

[
Îcm

(
m̂2

6

)]
sin(4ωt + ϕ)

(2.97)

where

karm =
M

8ωC
(2.98)

Equation (2.97) must be completed with the previously derived equation for the arm voltage
fundamental component, (2.21), forv1 in Section 2.2.1. Thus, a complete set of equations
describing the arm voltages are

v1 =

karm

[
Î

(
1+

m̂2

8

)
Îcm

(
3m̂
2

)]
sin(ωt + ϕ)

− karm

(
2I0

cmm̂
)

sin(ωt)

− karm

[
Î

(
3m̂
4

)
Îcm

(
2m̂2

3
+ 1

)]
sin(2ωt + ϕ)

− karm

(
I0
cmm̂2

)
sin(2ωt)

+ karm

[
Î

(
m̂2

8

)
+ Îcm

(
5m̂
6

)]
sin(3ωt + ϕ)

− karm

[
Îcm

(
m̂2

6

)]
sin(4ωt + ϕ)

+
vdc

2
+ karm

(
m̂

vdc

2

)
cos(ωt + θ)

(2.99)
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Table 2.1: Circulating current, submodule capacitor voltage, and arm voltage harmonic com-
ponents amplitudes

Harmonic order Îcm v̂Cr v̂r

0 P+Ploss
3Vdc

vc − kc

(
Î m̂
4 +

Îcmm̂2

4

)
sinϕ vdc

2

1 0 kc

√
(C6cosϕ −C7)2 + (C6sinϕ)2

√
(karmC4sinϕ +C5)2 + [karm(C4cosϕ − 2I0

cmm̂)]2

2 kcm(C3cosϕ −C2) 1
1−kcmC1

−kc

(
Î m̂
4 + Îcm

)
−karm

√
(C8cosϕ −C9)2 + (C8sinϕ)2

3 0 kc

(
Îcmm̂

3

)
karm

[
Î
(

m̂2

8

)
+ Îcm

(
5m̂
6

)]

4 Îcm
48 0 −karm

[
Îcm

(
m̂2

6

)]

v2 =

− karm

[
Î

(
1+

m̂2

8

)
Îcm

(
3m̂
2

)]
sin(ωt + ϕ)

+ karm

(
2I0

cmm̂
)

sin(ωt)

− karm

[
Î

(
3m̂
4

)
Îcm

(
2m̂2

3
+ 1

)]
sin(2ωt + ϕ)

− karm

(
I0
cmm̂2

)
sin(2ωt)

− karm

[
Î

(
m̂2

8

)
+ Îcm

(
5m̂
6

)]
sin(3ωt + ϕ)

− karm

[
Îcm

(
m̂2

6

)]
sin(4ωt + ϕ)

+
vdc

2
− karm

(
m̂

vdc

2

)
cos(ωt + θ)

(2.100)

Table 2.1 presents a summary of the equations giving the magnitudes of the harmonic
components in the circulating current, submodule capacitor voltages, and arm voltages.

The magnitudes in Table 2.1 are calculated based on the following parameters foricm

kcm =
Mm̂2

4ω2LC

C1 =
1

4m̂2
+

1
6

C2 =
3̂I

16̂m

C3 =
Icm

0

4
(2.101)

, for vCr
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kc =
1

4ωC
C6 = Î + Îcmm̂

C7 = 2m̂I0cm

(2.102)

, and forvr

karm =
M

8ωC

C4 = Î
(
1+

m̂2

8

)
+ Îcm

(3m̂
2

)

C5 =
m̂vdc

2

C8 = Î
(3m̂

4

)
+ Îcm

(2m̂2

3
+ 1

)

C9 = I0
cmm̂2

(2.103)

2.3.4 Modulating function calculation

In this subsection, initially, the injection of circulating current is not taken into account. There-
fore, when the CCSC is enabled, the amplitude of the circulating current is assumed to be zero.
On the other hand, if the CCSC is disabled, the amplitude of the circulating current assumes its
natural magnitude given by the convergence of the geometricseries described in Section 2.3.1.

It can be observed from Table 2.1, and in (2.101) through (2.103), that the modulation
index,m̂, is a parameter that impacts all harmonic amplitudes. Thus,the more accurate its es-
timation, the closer to reality the calculated harmonic amplitudes are. In Section 2.2.1, (2.24)
was used to estimate the modulation index (flat estimation).However, a more detailed anal-
ysis showed that (2.24), in closed-loop systems, where the modulation index is given by the
combination of the ac-side terminal current control and theCCSC [30], its magnitude does not
follow the estimated trend.

A more accurate way of calculating the steady-state value ofthe modulation index, is to
assume a known ac-side terminal current, kept constant by its compensator [10], and apply
KVL as illustrated in Figure 2.8, where~i t, ~et and~vg are the phasors of the ac-side terminal
current, the inner voltage, and the grid voltage, andêt andv̂g, are the peak values of the inner
voltage and the grid voltage, respectively.

Analysing only the fundamental component of the arm voltages, the resultant~et calculated
applying KVL on the circuit presented in Figure 2.8, can be equate to (2.18), which yields

m̂
vdc

2
cos(ωt + θ) = êtcos(ωt + δ)

m̂
vdc

2
(cosθcosωt − sinθsinωt) = êt(cosδcosωt − sinδsinωt) (2.104)
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Figure 2.8: Simplified circuit representing the inner voltage phasor~et.

Solving form̂ and considering only the cosine component of (2.104) yields

m̂=
2̂etcosδ
vdccosθ

(2.105)

It can be observed that in (2.105), the modulating function angle, θ, is no longer considered
zero.

However, the modulating function calculated by (2.104) does not contemplate the contri-
bution of the circulating current in the arm voltages, and consequently, in the magnitude and
angle of the modulating function. Thus, a new method for calculating the modulation index
and the angle of the modulating function is needed.

The angle of the modulating function,θ, can be calculated using the parabolic term from
icm, (2.76). Assuming that the parabolic term must be cancelledin a stable system, yields

−kcm


ω2I0

cm

2m̂2
−

Îω2cos(ϕ − θ)
8m̂

 = 0 (2.106)

Solving forθ results

θ = acos

(
4I0

cm

m̂̂I

)
− ϕ (2.107)

In (2.107) the modulating function angle is still dependanton m̂, so another equation that
relates both parameters,m̂andθ, must be derived. In a balanced converter, with equal valuesof
L andR in both arms, the upper arm voltage and the lower arm voltage are equal in magnitude,
with the only difference being the signal of the odd harmonics, as shown in (2.94) and (2.97).
Thus,

(v1)1 = êtcosδ (2.108)

Substituting the cosine component of the magnitude of the fundamental harmonic, presented
in Table 2.1 into (2.108) yields

−MÎsinϕ
8ωC

− MÎm̂2sinϕ
64ωC

− 0.9MÎcmm̂sinϕ
8ωC

+
vdc

2
= êtcosδ

(2.109)
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Isolating the term containinĝIcm and simplifying (2.109) results

−0.9Mm̂sinϕÎcm = MÎsinϕ

+
MÎm̂2sinϕ

8
− 4ωCvdcm̂

+ 8̂etcosδωC

(2.110)

Substituting the parameters from (2.101) into (2.92) yields

Îcm =
1.5Mm̂2I0

cmcosϕ − 1.125̂IMm̂

24ω2LC − 1.5M − Mm̂2
(2.111)

Eliminating Îcm between (2.111) and (2.110), generates a polynomial function whose only
variable ism̂. Depending on the operating condition of the MMC, e.g. CCSC enabled or
disabled, and different values of active and reactive power, the polynomial function features
different degrees, as Table 2.2 presents.

Table 2.2: Modulation index calculation
Case icm = 0, CCSC activated Q = 0 Polynomial degree Polynomial

1 false false 4 (Quartic) am̂4 + bm̂3 + cm̂2 + dm̂+ e= 0

2 false true 3 (Cubic) bm̂3 + cm̂2 + dm̂+ e= 0

3 true false 2 (Square) cm̂2 + dm̂+ e= 0

4 true true 1 (Linear) m̂= 2̂etcosδ
vdccosθ

In Table 2.2,true means that the statement in the column title is true, andfalsemeans the
opposite.

In Table 2.2, thea, b, c, d, ande parameters are given by

a = −
MÎsinϕ

8
b = 4ωCvdc − 1.35MI0cmcosϕsinϕ

c = 3ω2LCÎsinϕ − 0.1875MÎsinϕ − 8̂etcosδωC
cosθ

d = 6ωCvdc −
96ω3LC2vdc

M

e=
192̂etcosδω3LC2

Mcosθ
+ 24ω2LCÎsinϕ

− 1.5MÎsinϕ −
12̂etcosδωC

cosθ
(2.112)

The parameters that differ from one case to the other are the ac-side terminal currentangle
ϕ, and the circulating current magnitudeÎcm. When there is no reactive power being exchanged
with the grid,ϕ = 0, thea term in the quartic polynomial function is cancelled, and a cubic
polynomial function is formed. If the CCSC is enabled,Îcm = 0, (2.111) is equal to zero, and
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the function becomes a quadratic polynomial function. Whenbothϕ andÎcm are equal to zero,
the reactive power is zero, and the CCSC is active, then the polynomial function becomes a
linear function and the modulation index,̂m, is given by the equation presented in row 4 of
Table 2.2.

The roots of the polynomial functions showed in Table 2.2 canbe calculated using several
methods, with varying accuracy. The method chosen in this thesis is the Newton-Raphson
algorithm (NR), described in Section 2.3.4. The algorithm showed a fast conversion (less than
3 iterations), for an error of 0.01 and a flat start of̂m= 1. The NR is executed, first, for aθ = 0,
and then, after the solution is found,θ is updated using (2.107). This process is repeated for
five times.

If the CCC is used, instead of a CCSC, there is an injected circulating current in the MMC
leg, for operating region enlarging purposes [50]. In this case, (2.24) is used to calculatêm.

Polynomial roots calculation using Newton-Raphson

Taking as example the polynomial in the first row of Table 2.2,the first step to calculate the so-
lution, is to solve the polynomial fore, that is, separate the terms with exponents different than
zero, from the constant term. Then, a functionf (m̂) is created from the terms with exponents
different than zero, such that,f (m̂) = am̂4 + bm̂3 + cm̂2 + dm̂. Thus, the solution forf (m̂), i.e.,
m̂∗, is such thatf (m̂∗) = −e.

With f (m̂) created, a starting point is established,m̂0. It must be pointed out that the starting
point is an educated “guess”, and is based on the knowledge one has about the process being
investigated. In the case of the modulation index,m̂0 = 1.

To test how far̂m0 is from m̂∗, ∆ f (m̂) is calculated as

∆ f (m̂) = f (m̂∗) − f (m̂0) (2.113)

The smaller the∆ f (m̂), the better. However, a∆ f (m̂) equal to zero may take a long time to
be reached, or it may never happen. Therefore, a threshold must be created for the acceptance
of ∆ f (m̂), and, consequently,̂m. Such threshold, or error, is represented, in this thesis, by ε.

If the value of∆ f (m̂) is higher thanε, it means that̂m0 is not an acceptable solution and
must be changed by a value of∆m̂. The value of∆m̂ is found by, first, calculating the linearized
function of f (m̂), i.e., f ′(m̂), using Taylor Series (in this case, the first two terms are enough),
aroundm̂0, and then calculating the value of∆m̂ that givesf ′(∆m̂) = f (m̂∗). Thus,

∆m̂=
f (m̂∗) − f (m̂0)

∂ f (m̂0)
∂m̂

=
∆ f (m̂)
∂ f (m̂0)
∂m̂

(2.114)

The last step consists in adding∆m̂ to m̂0 to find m̂(k + 1), wherek + 1 indicates that one
iteration is complete. If∆m̂ is smaller or equal toε, m̂(k+ 1) is accepted as the solution for the
modulation index.

Fig. 2.9 illustrates the process for the first iteration. Thefunction f (m̂) shown in Fig. 2.9
is to be understood as an example to help illustrate the NR method, and not as a function with
real parameters ofa, b, c, andd.

For an iterative algorithm, (2.113) and (2.114) are changedto the more generic form of

∆ f [m̂(k)] = f (m̂∗) − f [m̂(k)] (2.115)
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}
∆

∆

Figure 2.9: Newton-Raphson method illustration, first iteration.

and

∆m̂(k) =
∆ f [m̂(k)]
∂ f [m̂(k)]
∂m̂

(2.116)

andm(k+ 1) = m(k) + ∆m̂(k).
Fig. 2.10 illustrates the NR algorithm for two iterations. In Fig. 2.10, the solution for̂m is

given bym̂(k+ 2).
The equations presented in Table 2.1 combined with the modulating function calculation

presented in Subsection 2.3.4, provide a complete steady-state harmonic model for the MMC,
whose input parameters areM,R, L,C,Rt, Lt,P,Q, vdc, vg andω.

2.4 MMC component sizing

2.4.1 Proposed submodule capacitor sizing method

The method proposed in this section, takes into account the amplitude of the harmonic compo-
nents of the submodule capacitor voltage for calculating the required submodule capacitance
for a desired submodule capacitor voltage variation,∆vc. Therefore, one can calculate the sub-
module capacitor voltage variation with the contribution of the circulating current, or without
it, in case of an active CCSC, or CCC.

Table 2.1 shows that the even harmonic components are of negative-sequence (minus sign),
whereas the odd harmonics are of positive sequence (positive sign). This indicates that the
harmonic components, of the submodule capacitor voltage, align as Fig. 2.11 shows, assuming,
for example, the following magnitudes: (vC)1 = 0.3 kV, (vC)2 = 0.24 kV, and (vC)3 = 0.06 kV.
In Fig. 2.11, the ac-side terminal current angleϕ is set to zero.
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Figure 2.10: Newton-Raphson method illustration.
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Figure 2.11: First, second, and third harmonic components in the submodule capacitor voltage
for ϕ = 0.

The ac-side terminal current angle,ϕ, changes the position of the harmonic components in
the submodule capacitor voltage. Figure 2.12 shows the position of the submodule capacitor
voltage harmonic components forϕ = −30 degrees.

The submodule capacitor voltage variation is given by the subtraction of the submodule
capacitor voltage maximum and minimum values. However, in afunctionvC(t), given by,

vC(t) = (vC)1(t) + (vC)2(t) + (vC)3(t) (2.117)

where (vC)1(t) = v̂C1sin(ωt + δ1), (vC)2(t) = v̂C2sin(2ωt + δ2), and (vC)3(t) = v̂C1sin(3ωt + δ3),
the maximum and minimum values are troublesome to be calculated precisely, sincevC(t)
is a trigonometric function with three different frequencies. Therefore, approximate models
for each harmonic component are proposed in this section, tofacilitate the calculation of the
maximum (peak) and minimum (trough) values in the submodulecapacitor voltage. Thus,
the submodule capacitor voltage harmonic components are split into positive half-cycle and
negative half-cycle, taking as a middle point, an imaginaryaxis, e.g., att = 10msin Fig. 2.11,
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Figure 2.12: First, second, and third harmonic components in the submodule capacitor voltage
for ϕ = −30 degrees.

with each half-cycle represented by a quadratic function, as follows:

(vC)1p(t) ≈
(̃vC)1p(t) = −̂vC1a1(t − b1 − d1)

2 + v̂C1

(vC)2p(t) ≈
(̃vC)2p(t) = −̂vC2a2(t − b2 − d2)

2 + v̂C2

(vC)3p(t) ≈
(̃vC)3p(t) = −̂vC3a3(t − b3 − d3)

2 + v̂C3

(2.118)

(vC)1n(t) ≈
(̃vC)1n(t) = −̂vC1a1(t − b1 + d1)

2 + v̂C1

(vC)2n(t) ≈
(̃vC)2n(t) = −̂vC2a2(t − b2 + d2)

2 + v̂C2

(vC)3n(t) ≈
(̃vC)3n(t) = −̂vC3a3(t − b3 + d3)

2 + v̂C3

(2.119)

Equation (2.118) represents the positive half-cycle of thevoltage harmonic components,
whereas (2.119) represents the negative half-cycle. Taking as an examplẽ(vC)1p(t), the instant
when the voltage peak happens can be calculated from

d(̃vC)1p(t)

dt
= 0 (2.120)

From (2.120), it becomes known that the peak of̃(vC)1p(t) occurs atb1, assuming ad1 = 0.
Therefore, the parabola must be displaced by a quarter of a cycle, resulting inb1 = 1/(4 fg) (i.e.,
π/2 in radians), in order to align with (vC)1(t). Further, the roots of the parabola must be zero
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Figure 2.13: Approximate quadratic functions (ṽC)1p(t), (̃vC)2p(t), and (̃vC)3p(t), in contrast with
(vC)1p(t), (vC)2p(t), and (vC)3p(t), for ϕ = 0 andϕ = −30 degrees.

and fg/2 (i.e., 0 andπ in radians). Thus, solving the quadratic equation for the first root (zero),
and solve fora1, yieldsa1 = 1/b2

1. The last parameter,d1, represents the displacement in the
parabola caused byϕ. Calculating the displacement, in seconds, caused byϕr (ϕ in radians)
yieldsd1 = ϕr/(2π fg). The parametersa, b, andd for the second and third harmonics, are given,
as a function of the first harmonic parameters, that is,b2 = b1/2,b3 = b1/3, a2 = 4a1, a3 = 9a1,
d2 = d1/2, andd3 = d1/3. To facilitate the analysis, the negative half-cycle has been reflected
to the positive side. Hence, all parabolas in (2.119) feature negativea parameters. Thus, the
difference between the positive half-cycle and the negative half-cycle is only the direction of
the displacementd, as it is observed in (2.118) and (2.119).

Figure 2.13 shows the positive half-cycle for the approximate quadratic functions for each
submodule capacitor voltage harmonic component, in contrast with (vC)1p(t), (vC)2p(t), and
(vC)3p(t). In Fig. 2.13, the first column shows the functions forϕ = 0, and the second column
for ϕ = −30 degrees.

Let ṽCp(t) = (̃vC)1p(t) + (̃vC)2p(t) + (̃vC)3p(t), and̃vCn(t) = (̃vC)1n(t) + (̃vC)2n(t) + (̃vC)3n(t)

then, working oñvCn(t), for example, adding the similar terms and applying the multiplica-
tion distributive property, yields

ṽCn(t) = a1(−̂vC1 − 4̂vC2 − 9̂vC3)t
2

+ (2a1b1 − 2a1d1)(̂vC1 + 2̂vC2 + 3̂vC3)t

+ (2a1b1d1 − a1d
2
1)(̂vC1 + v̂C2 + v̂C3)

(2.121)
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Substituting the equations fora1, b1, andd1 in (2.121) results

ṽCn(t) = 16f 2
g (−̂vC1 − 4̂vC2 − 9̂vC3)t

2

+ 8 fg
(
1− ϕ

90

)
(̂vC1 + 2̂vC2 + 3̂vC3)t

+
ϕ

45

(
1−

ϕ

180

)
(̂vC1 + v̂C2 + v̂C3)

(2.122)

The instant at which̃vCn(t) reaches its peak, that is,tn, is calculated by

d̃vCn(tn)
dt

= 0 (2.123)

Since the negative half-cycle has been reflected to the positive side, as stated earlier,tn
actually indicates the instant when the trough takes place for ṽCn(t).

Solving (2.123) fortn results

tn =
1

4 fg

(
−1+

ϕ

90

) (̂vC1 + 2̂vC2 + 3̂vC3)
(−̂vC1 − 4̂vC2 − 9̂vC3)

(2.124)

A similar analysis yields the instant wheñvCp(t) reaches its peak, that is,tp, given by

tp =
1

4 fg

(
−1−

ϕ

90

) (̂vC1 + 2̂vC2 + 3̂vC3)
(−̂vC1 − 4̂vC2 − 9̂vC3)

(2.125)

The numerator and the denominator of the fraction term in (2.124) and (2.125) both depend
on kc. Thus, cancellingkc, and by extensionC, from (2.124) and (2.125) yields

tn =
1

4 fg

(
−1+

ϕ

90

) (̂v′C1 + 2̂v′C2 + 3̂v′C3)

(−̂v′C1 − 4̂v′C2 − 9̂v′C3)
(2.126)

tp =
1

4 fg

(
−1− ϕ

90

) (̂v′C1 + 2̂v′C2 + 3̂v′C3)

(−̂v′C1 − 4̂v′C2 − 9̂v′C3)
(2.127)

wherêv′C1, v̂′C2, andv̂′C3 represent the amplitude of the first, second, and third harmonic com-
ponents of the submodule capacitor voltage, calculated by Table 2.1 without multiplying bykc,
i.e., v̂′C1 =

√
(C6cosϕ −C7)2 + (C6sinϕ)2.

The equivalent in radians oftn andtp, for the first harmonic, denoted byrn1 andrp1, are

rp1 = 2π fgtp

rn1 = 2π fgtn
(2.128)

Thetn andtp equivalent in radians for the second and third harmonics aregiven as function
of rn1 andrp1. Thus,rn2 = 2rn1, rp2 = 2rp1, rn3 = 3rn1, andrp3 = 3rp1.

Figure 2.14 illustrates the submodule capacitor voltage harmonic components representa-
tion in the trigonometric plane att = tp. In Fig. 2.14θ1 = rp1 − ϕr , θ2 = rp2 − ϕr , and
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Figure 2.14: Submodule capacitor voltage harmonic components representation in the trigono-
metric plane att = tp.

θ3 = rp3 − ϕr . The maximum value in the positive half-cycle, i.e., att = tp, can be calculated
by the sine components of the submodule capacitor voltage harmonics representation in the
trigonometric plane, as follows.

∆(̃vC)p = v̂C1sin(rp1 − ϕr)

+ v̂C2sin(rp2 − ϕr) + v̂C3sin(rp3 − ϕr)

(2.129)

Similarly

∆(̃vC)n = v̂C1sin(rn1 + ϕr)

+ v̂C2sin(rn2 + ϕr) + v̂C3sin(rn3 + ϕr)

(2.130)

Thus, the submodule capacitor voltage variation is given by

∆̃vC = ∆(̃vC)p + ∆(̃vC)n (2.131)

Joining the similar terms, yields

∆̃vC =
1

4ωC
×

{
v̂′C1[cosϕ(sinrn1 + sinrp1) + sinϕ(cosrn1 − cosrp1)]+

v̂′C2[cosϕ(sin2rn1 + sin2rp1) + sinϕ(cos2rn1 − cos2rp1)]+

v̂′C3[cosϕ(sin3rn1 + sin3rp1) + sinϕ(cos3rn1 − cos3rp1)]
}

(2.132)

Solving forC

C =
1

4ω∆̃vC
(T1 + T2 + T3) (2.133)
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where

T1 = v̂′C1×[
cosϕ(sinrn1 + sinrp1) + sinϕ(cosrn1 − cosrp1)

]

(2.134)

T2 = v̂′C2×[
cosϕ(sin2rn1 + sin2rp1) + sinϕ(cos2rn1 − cos2rp1)

]

(2.135)

T3 = v̂′C3×[
cosϕ(sin3rn1 + sin3rp1) + sinϕ(cos3rn1 − cos3rp1)

]

(2.136)

Equation (2.133) allows the calculation of the submodule capacitance,C, as a function of
the desired∆̃vC, ϕ, and̂v′C1, v̂′C2, and̂v′C3. However, the calculation of̂v′C1, v̂′C2, and̂v′C3 depend
themselves onC. Therefore, the method proposed in this thesis considers, at first, the amplitude
of the circulating current,̂Icm, as being zero, i.e., an active CCSC. After the calculation of C,
then the contribution of̂Icm in ∆̃vC is calculated.

Capacitor Sizing Method for Injected Circulating Current

In the case of an injected circulating current, the control reference phase is shifted in such a
way that the submodule capacitor voltage harmonic components align differently than shown
in Fig. 2.11 and Fig. 2.12. Fig. 2.15 presents the alignment of the harmonic components of the
submodule capacitor voltage for a injected circulating current, forϕ = 0. It is noted that the
harmonic component peaks align perfectly. More specifically, the second harmonic component
have its peak added to the submodule capacitor voltage peak and subtracted from the trough.
Thus, the second harmonic, is cancelled in the calculation of the submodule capacitor voltage
variation. Then, the submodule capacitor voltage variation, for an injected circulating current,
is given by

∆̃vC =
2

4ωC
[̂v′C1 + v̂′C3]cosϕ (2.137)

solving forC yields

C =
2

4ω∆ṽC
[̂v′C1 + v̂′C3]cosϕ (2.138)

Taking as an example, the HVDC system described in [22], for adesired∆̃vC of 20% of
vc and an CCSC strategy based on [30], (2.133) yields an submodule capacitor of 8.4 mF.
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Figure 2.15: First, second, and third harmonics in the submodule capacitor voltage, forϕ = 0,
assuming an injectedicm.

However, if the CCSC is disabled, (2.132) yields a∆̃vC of 70% of vc. On the other hand, if
the desired∆̃vC is increased to 16.8% ofvc, and the CCSC is enabled, the resultant capacitor is
exactly the value selected in [22], i.e,C = 10 mF.

The proposed method, in this thesis, for sizing the submodule capacitor is summarized on
following steps.

1. Calculation of̂I , m̂, andI0
cm using (2.53), (2.24), and (2.67);

2. Calculation ofC6 andC7 using (2.102), for̂Icm = 0;

3. Calculation of̂v′C1, v̂′C2, and̂v′C3 using Table 2.1;

4. Calculation oftp, tn, rp1, andrn1 using (2.126), (2.127), and (2.128);

5. Calculation ofC for a designed∆̃vC using (2.133).

If desired, the impact of̂Icm in the submodule capacitor voltage variation can be calculated by
the extra following steps.

6. Calculation of̂m following the method described in Section 2.3.4;

7. Calculation of̂Icm for m̂ calculated in the previous step;

8. Calculation of∆̃vC using (2.132).

For an injectedicm, Îcm is known, andC can be calculated using (2.138).
Table 2.3 shows the resultant submodule selected capacitance, using the proposed method

and three other methods ([15], [43], and [46]), for a three-phase MMC inverter. The inverter
features 400 capacitors per arm, an arm reactor of 50mH and 0.338Ω, connected to an 192.3
kV (rms) ac grid (resultant from a line-to-line voltage of 333kV) through a 60mH, and 0.377
Ω, terminal reactor. The inverter is delivering to the ac gridan active power of 1000MW, and
absorbing a reactive power of 0 in the first moment, and 500MVAr in a second moment. The
dc voltage is 640kV and the submodule capacitor has a value of 10mF. The control reference
for the circulating current control was kept at zero for the first two columns. In the last column,
a circulating current of 0.613 kA was injected in the MMC arm. The submodule capacitor
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Table 2.3: Comparison between different methods for capacitor sizing assuming circulating
current controlon

Method
CalculatedC [mF] for ∆vC = 0.285 [kV] CalculatedC [mF] for ∆vC = 0.346 [kV] CalculatedC [mF] for ∆vC = 0.2 kV

andQ = 0 MVAr, Îcm = 0 andQ = 500MVAr, Îcm = 0 andQ = 0 MVAr, Îcm = 0.613kA

Proposed 10.1 10.1 9.65

Reference [46] 7.1 6.54 -

Reference [43] 9.1 7 -

Reference [15] 5.1 4.5 -

voltage variation was obtained by simulation of the aforementioned system. Therefore, the
correct result for the submodule capacitor sizing method is10 mF, and the result of each
method is compared to this value, for the purpose of judging its accuracy.

Table 2.3 shows that the proposed submodule capacitor sizing method provides results
closer to 10mF, than those provided by the aforementioned methods, with errors of 1%, 1%,
and 3.5%.

2.4.2 Arm inductor sizing based on leg current resonance

Once the submodule capacitor has been selected, the leg current resonance can be addressed
by analysing the convergence of the circulating current geometric series in (2.90). The series
convergence depends on the arm inductor, thus, assuming a maximum modulation index of 1,
and solving the convergence condition in (2.93) forL, yields

L >
2.5M

24ω2C
(2.139)

Assuming that the instability of the converter is due to resonance between the arm equiv-
alent capacitance and the arm inductance, then the condition presented in (2.139) is modified
to

Lc ,
2.5M

24ω2C
(2.140)

whereLc represents the critical value for the arm inductance where the resonance takes place.
Thus, the arm inductance value must be different thanLc. Assuming that the MMC features
a SM technology that does not allow a dc-side fault current tocirculate in the leg (CDSM or
FBSM), and that the CCSC is always active, the arm inductance, L, can be calculated only to
filtrate the arm switching frequency, respecting the limitation given by (2.140).

2.5 Validation of the harmonic steady-state model

To test the proposed steady-state harmonic model, a back-to-back system, similar to the system
presented in [18] and [20]-[22], was simulated in the PSCAD/EMTDC software environment
[80]. The schematic diagram for this system is shown in Fig. 2.16. Anequivalent-circuit-based
simulation model, described in detail in Chapter 3, was created to simulate each MMC of the
back-to-back system. Therefore, the mathematical equations that describe different variables
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Figure 2.16: Schematic diagram of the back-to-back MMC HVDCsystem simulated.

of the MMCs were developed in a program and linked to the host circuit simulation software,
i.e., PSCAD/EMTDC; the code, thus, generated the control signals for thedependent voltage
sources. The validity and accuracy of the equivalent-circuit-based simulation model were first
confirmed by comparing its dynamics with the dynamics of detailed models with different val-
ues ofM (4, 6, 8, 10, 12, and 20). For clarity purposes, the electrical quantities were identified
with the indexesi =inverter andr =rectifier. Also, the simulation model included a scheme
for circulating current suppression [30], and schemes for ac-side terminal current control and
dc-side voltage regulation [10]. The parameters for both MMCs are the same as described in
Section 2.4.1, with the difference that the submodule capacitor assumed values from 10 to 40
mF, increased in steps of 2.5 mF, and the reactive power was regulated at 0, 300, and 500
MVAr, for some of the simulation cases.

Even though the proposed steady-state harmonic model and the submodule capacitor sizing
method work for injected circulating current cases, only cases with enabled or disabled CCSC
were considered in this section, due to space limitations. The simulation results involving the
magnitude of harmonic components calculated by the proposed steady-state harmonic model,
are considered the same in all arms of both MMCs, as they sharethe same parameters.

2.5.1 Submodule capacitor voltage variation

Figure 2.17 shows the dc-side voltage, the active power, andthe ac-side terminal current in
dq-frame, for the back-to-back system illustrated in Fig. 2.16.

In the beginning of the simulation, switchesS Wi andS Wr are open and all compensators
are disabled. In this state, the submodule capacitors pre-charge with energy drawn from the
respective grid (vgr for the rectifier andvgi for the inverter). Then, att = 0.03 s, the ac-side
terminal current compensators, and the dc-side voltage regulators are enabled, and the dc-side
voltage rises to the nominal voltage in both MMCs. Att = 0.25 s, both switches,S Wi and
S Wr , are closed and the connection between the rectifier and the inverter is established. Still at
t = 0.25 s, the dc-side voltage regulator in the rectifier is disabled,whereas this same regulator
in the inverter is kept running. Thus, from this moment on, the rectifier controls the power
exchange betweenvgr andvgi, whereas the inverter controls the dc-side voltage shared by both
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Figure 2.17: Voltages and currents for the back-to-back system illustrated in Fig. 2.16 submit-
ted to different disturbances.

MMCs. Also, at this same moment, the control reference for the active power,Pr , and the
reactive power,Qr , are kept zero. Later, att = 0.3 s, the active power control reference in
the rectifier is changed to−1000 MW, generating a small transient in the dc-side voltage, a
negative change in amplitude ini tdr, and a positive change ini tdi, as expected. Then, att = 0.7
s, the reactive power control reference in the inverter is changed from zero to 500MVAr, what
makes the inverter absorb reactive power fromvgi. This change does not affect the rectifier,
as observed in Fig. 2.17. Finally, att = 1.1 s, the CCSC, in the inverter, is turnedoff and a
considerable transient is observed in its ac-side terminalcurrentdq-frame components. Again,
the rectifier is not affected.

Figure 2.19 shows the circulating current, the submodule capacitor voltage (in capacitor 3
from the upper arm), and the ac-side terminal current for phasea in the rectifier and the inverter,
for the afore mentioned disturbances. It can be observed in Fig. 2.18, that, as expected,icmar,
vC3ar, and i tar are very little affected by the change inQi and CCSC in the inverter. On the
other hand, the submodule capacitor voltage variation increased with the absorbtion of reactive
power by the inverter, and, later, by the deactivation of theCCSC. The ac-side terminal current
also increases with the increase of reactive power in the inverter, but its steady-state is not
affected by the deactivation of CCSC, as Fig. 2.18 (f) shows. Thesubmodule capacitor voltage
variation for all disturbances, Figs. 2.18 (b) and (e), agree well with the model proposed in this
chapter.

Figure 2.19 shows the calculated submodule capacitor voltage variation∆vC, using the
proposed method, and the comparison with the simulation of system illustrated in Fig. 2.16. In
fig. 2.19, the submodule capacitance is changed from 10 to 40mF, in steps of 2.5 mF, and the
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Figure 2.18: Circulating current, submodule capacitor voltage, and ac-side terminal current for
the back-to-back system illustrated in Fig. (2.16) submitted to different disturbances.

reactive power assumes values of 0, 300, and 500MVAr. Moreover, to further test the efficacy
of the proposed model, the CCSC was turnedon andoff for every change inQ. As fig. 2.19
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Figure 2.19: Comparison between the proposed steady-statemodel and the simulation re-
sults for∆vC. (a) No reactive power and CCSC off; (b) No reactive power and CCSC on;
(c) 300MVAr reactive power and CCSC off; (d) 300MVAr reactive power and CCSC on; (e)
500MVAr reactive power and CCSC off; (f) 300MVAr reactive power and CCSC on.

shows, the proposed model matches the simulation results.
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2.5.2 Modulation index

In this subsection, the modulation index, resultant from the method described in Section 2.3.4,
is compared to the flat estimation from (2.24). The simulatedsystem is still the same as in
Section 2.4.1, and Subsection 2.5.1, for the same changes inC. The reactive power assumed
the values of 0 and 500MVAr, and the CCSC was turnedon andoff for both values. As Fig.
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Figure 2.20: Comparison between̂mcalculated by the proposed model and estimated by (2.24).

2.20 shows, the flat estimation of the modulation index generates a much higher error than
in the proposed model. This error is then propagated to all harmonic component amplitudes
calculated.

2.5.3 Circulating current, submodule capacitor voltage, and Arm voltage

This subsection presents, the comparison between the proposed steady-state harmonic model
and the simulation results for the harmonic amplitudes in the circulating current, Fig. 2.21 and
Fig. 2.22, submodule capacitor voltage, Fig. 2.21, and the arm voltage, Fig. 2.23. Fig. 2.21
shows the harmonic amplitudes for the second harmonic, in the circulating current, and the
first, second and third harmonics, in the submodule capacitor voltage, for a reactive power of
0MVAr and 500MVAr. Further, Fig. 2.22 shows the comparison between the proposed steady-
state harmonic model and the simulation results only for theamplitude of the circulating current
second harmonic, for the same change in capacitance presented in Fig. 2.21, added to a change
in the reactive power absorbed by the MMC, from 0−500MVAr, in steps of 50MVAr. Finally,
Fig. 2.23 shows the comparison between the proposed steady-state harmonic model and the
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simulation results for the MMC upper arm voltage first, second ,third, and fourth harmonics,
for a reactive power of 0MVAr and 500MVAr.
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Figure 2.21: Comparison between the proposed steady-stateharmonic model and the simula-
tion results for (icm)2, (vC)1, (vC)2 and (vC)3.

All figures, 2.21, 2.22, and 2.23, confirm the accuracy of the steady-state proposed model.

2.5.4 Circulating current series convergence (resonance)

Figure 2.24 shows thed component of the ac-side terminal current, in the rectifier and inverter
(see Fig. 2.16), for different values of arm inductance (25mH, 45mH, and 50mH). The value
of C is kept constant at 10mF.

In Fig. 2.24, the active power control reference is set to−1000 MW, in the rectifier, at
t = 0.3 s, and the reactive power control reference is kept at zero. The CCSC in the inverter
is keptoff, for the purpose of resonance visualization, whereas the CCSC in the rectifier is
activated, also, att = 0.3 s. It can be observed that for an arm inductance of 25mH, the system
is stable and there is no resonance. When the system is simulated with an arm inductance
of 45 mH, which is the critical inductance calculated by (2.140), the inverter ac-side terminal
current presents an stable oscillation indq-frame, indicating that the system is resonating. In
the rectifier ac-side terminal currentd component, the oscillation is damped by the CCSC.
Further, when the system is simulated with an arm inductanceof 50 mH, the value adopted in
[18] and [20]-[22], the system is oscillation-free again.
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Figure 2.22: Comparison between the simulation, (a), and the proposed steady-state harmonic
model results, (b), for (icm)2 amplitude withQ changing from 0− 500MVAr.

2.6 Validation of the capacitor sizing method

Four references ([45], [54], [56], and [58]) containing experimental results were used, in this
thesis, to validate the submodule capacitor sizing method accuracy. The parameters needed
for the calculation of the capacitance of the submodule capacitor, such as ac-side terminal
current peak, submodule capacitor voltage variation, etc,were acquired from experimental
results published in scaled charts, whereas other parameters, such asM, L, etc, were taken
from tables in the respective papers.

Table 2.4 shows the comparison between the capacitance calculated using the proposed
method and the capacitance of the physical capacitors installed in the experimental set-ups.

Table 2.4: Comparison between the proposed capacitor sizing method and experimental set-ups
Reference Îcm, [A] CalculatedC from proposed method, [mF] Physical capacitor installed in the experimental set-up, [mF]

[45]
0 0.785 0.77

6 0.517 0.52

[54] 0 0.634 0.66

[56] 0 1.368 1.36

[58] 0 0.633 0.623

It can be noted in Table 2.4 that in the first row, reference [45] presents two values for the
capacitance of the submodule capacitors: one for a completely suppressed circulating current,
and another for an injected circulating current. References [54], [56], and [58] present only
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Figure 2.23: Comparison between the proposed steady-stateharmonic model and the simula-
tion results for (v)1, (v)2, (v)3, and (v)4.
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Figure 2.24:d component of the ac-side terminal current, in the rectifier and the inverter, for
an arm inductance of 25mH (a) and (d), 45mH (b) and (e), and 50mH (c) and (f).

experimental results with a suppressed circulating current.
One can conclude, observing Table 2.4, that the proposed method provides satisfactory

results for the sizing of the submodule capacitor, since thehighest error observed in Table 2.4
is of 4.1% in the second row.
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2.7 Summary and Conclusions

In this chapter, a complete steady-state model that allows the calculation of the steady-state
amplitude of all harmonic components of the MMC voltages andcurrents, was proposed. The
method applied resulted in simple and tractable equations that relate the MMC parameters and
their impact on the generation of each harmonic component inthe arm current, submodule
capacitor voltage, and arm voltages. Also in this chapter, it was shown that the proposed model
can be used to calculate the modulation index and the modulating function angle, without
relying on inaccurate estimations. Therefore, the proposed model is more accurate than the
previously published models. Further, the proposed model was used in the development of a
new submodule capacitor sizing method. The new submodule capacitor sizing method was
shown to be completely analytical, that is, it does not rely on charts or numerical algorithms,
but simple calculation steps. The proposed method providesthe necessary capacitance value
for a desired submodule capacitor voltage variation as a function of the MMC parameters.
Furthermore, simulation results proved the accuracy of theproposed steady-state harmonic
model, in predicting the amplitudes of the harmonic components in the submodule capacitor
voltage, the arm voltage, and the circulating current in theMMC arm. Finally, the results given
by the proposed method for sizing the submodule capacitor were compared to experimental
results published in the literature, showing a satisfactory similarity.
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Chapter 3

Development of a Simulation Model of the
MMC

Due to the large number of switches and capacitors in an MMC arm, for HVDC systems, de-
tailed nonlinear IGBT-based (Type 2) simulation models [66], and even simplified IGBT-based
simulation models (Type 3) require several hours for building the model, and the followed sim-
ulations take a long time to be completed. Thus, equivalent-circuit-based models are used to
simulate the MMC-based HVDC system. However, for an MMC witha large arm reactance,
the impact of the switch in the converter dynamics is negligible. Therefore, the simplified-
equivalent-circuit (SEC) developed in this chapter, takesinto account the dynamic of the sub-
module capacitors only, in each submodule, and considers the switches as ideal switches.

Also, the SEC simulation model assumes that the MMC has its SMs based on the FBSM
topology, Fig. 2.2c. Since the SEC simulation model is focused in the converter dynamic
behavior, it also works when the SM topology is different than the FBSM, but retains the same
dc-side fault handling capability for disable switches. Therefore, the SEC simulation model
can be applied to simulate the LMMC, described in Chapter 5, and the LSM, described in
Chapter 6.

3.1 Simplified Equivalent-Circuit Simulation Model

Fig. 3.1 shows a schematic diagram of the proposed simplifiedequivalent-circuit (SEC) sim-
ulation model of an MMC, as implemented in this thesis. As Fig. 3.1 illustrates, the model
consists of an electric circuit model and a program code, which embeds the proposed sim-
ulation model. The electric circuit is the same as that of Fig. 2.1, except that each arm is
replaced by a corresponding dependant voltage source. Thus, the control signals of the two
sources, i.e., the values of the arm voltagesv1 andv2, are generated by the proposed simulation
model in the program code. The program code is written inC programming language since it
is generally regarded as the most low-level universally diffused programming language of the
present time (asassemblyprogramming language is rarely used). Further, most circuit simu-
lation software packages have the capability of compiling aC language code. For example, if
the circuit model is to be developed in Matlab/Simulink environment, the program code can
be linked to Matlab/Simulink [81] through as-functionblock and theEngine Library. If, as
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another example, PSIM [82] is the circuit simulation software, the program code can be called
in Matlab/Simulnik by as-functionblock, which, in turn, is linked to PSIM. For the simulation
model developed for this paper, the program code was linked to PSCAD/EMTDC [80] through
aComponent Blockand theProject Settingstab.

R
×

Figure 3.1: Schematic diagram of the proposed SEC simulation model for one leg of an MMC.

As Fig. 3.1 shows, the program code requires, as its user-defined inputs, the number of
capacitors per arm,M, the submodule capacitor value,C, and theintegration time step, Ti. The
program code also requires the following variables from thehost circuit simulation software:

1. The binary signalenable, denoted byEn, which is set by the control scheme of the MMC
to one (for normal operation) or zero (in faulted conditions);

2. An auxiliary set of output signals,Aux, defined by the user to monitor or plot desired
variables internal to the program code, such as the dc voltage of particular SMs, the
number of inserted SMs in an arm, and so on;

3. The arm currentsi1 andi2;

4. The ac-side terminal voltage,vt, relative to the virtual midpoint of the dc side, and the
dc-side voltagevdc;

5. The desired inner voltage,e∗t , which, in turn, is generated by the multiplyingvdc/2 by the
desired modulating function for the leg,m;

6. Theintegration signal, which is a pulsetrain whose period, i.e., theintegration period,
Ti, should be equal to, at least, two times the simulation time step of the host circuit
simulation software;
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7. Thesampling signal, which is a pulsetrain whose period, i.e., thesampling period, Ts, is
calculated asTs = 1/

[
2(M + 2) fg

]
, and fg is the grid frequency;

8. Thevoltage balancing algorithm (VBA) signal, which is a pulsetrain whose period,TVBA,
must be larger than or equal to thesampling frequency, Ts; and

9. The common-mode current suppressing control signal,ecm.

The aforementioned parameters/variables are transferred to the program code by a set ofpoint-
erswhich are embedded in afunctioncalled by aComponent Blockof the host circuit simu-
lation software, to create the necessary link to the file where the program code resides. The
integration frequency, sampling frequency, andVBA frequencypulse trains can be readily pro-
duced by corresponding signal sources of the circuit simulation software.

3.2 Program code for the simplified equivalent-circuit simu-
lation model

The objective of the program code is to calculate the values of the arm voltages, for the circuit
part of the SEC simulation model of Fig. 2.1; each arm voltagevalue is calculated by adding
the submodule capacitor voltages of theM capacitors in the arm. To this end, the program code
uses, for each arm, the states for each capacitor, defined as:inserted, i.e.,vC j ( j = 1, ...,M in
the upper arm, andj = M + 1, ..., 2M in the lower arm) is connected in series to the arm, or
bypassed. Adisabledstate is used by the code to process the arm voltage as a whole,disregard-
ing the submodule capacitor voltages. A submodule capacitor voltage value, in turn, is updated
based on the state of the capacitor and the host arm current (in terms of both magnitude and
direction). The submodule capacitor voltages in an arm are then stored in a correspondingSM
voltage array. Also, the states of the capacitors are stored in a respectiveactivation array; each
element of the activation array is a binary variable whose value 0 corresponds to a bypassed
capacitor, and whose value 1 represents an inserted capacitor.

The program code embeds four routines:modulation routine, VBA routine, submodule
capacitor voltage calculation routine, andarm voltage calculation routine. These routines are
described in detail, next, with reference to the flowchart ofFig. 3.2.

3.2.1 Modulation routine

The modulation routine is based on the calculation ofn1 andn2, given by (2.16) and (2.17).
However, as the CCSC (or CCC) action,ecm, is taken into account, (2.16) and (2.17) must be
augmented to

n1 =
M
2
− a− acm (3.1)

n2 =
M
2
+ a− acm (3.2)

whereacm = round(ecm/vc).

60



Figure 3.2: Flowchart of the program code of the proposed simulation model.

The modulation routine also ensures thatn1 andn2 are within the interval [0,M] (satura-
tion). After the calculation ofn1 andn2, these values are sent further on to theVBA routine.
Figure 3.3 shows the flowchart of the modulation routine.

N
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n1 or n2 > M ? n1 or n2 = M

n1 or n2 < 0 ? n1 or n2 = 0

et

vc

n1 and n2

equations

Saturation

n1,n2End routine

Figure 3.3: Flowchart of the modulation routine.
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3.2.2 Voltage balancing algorithm (VBA) routine

The function of the VBA routine is to equalize the average values of the submodule capacitor
voltages at the resolution (see Section 2.2.1) value, based, for example, on thesorting algorithm
which was chosen in this paper for its simplicity [15]. The VBA routine receives the number
capacitors that need to be inserted in the arm,n1 and n2, from the modulation routine and
determines which capacitors, from each arm, will be inserted. Thus, the VBA routine inserts
a capacitor with the smallest voltage, if the host arm current is positive, hence charging the
corresponding capacitor. Similarly, it inserts a capacitor with the largest voltage if the arm
current is negative, to discharge the capacitor. Based on the inserted capacitors, theactivation
arraysof the two arms are updated and delivered to the submodule capacitor voltage calculation
routine discussed in Section 3.2.3. As Fig. 3.2 indicates, the VBA routine is started every time
a VBA signal pulse is detected, that is, once everyTVBA seconds.

Fig. 3.4 illustrates the flowchart of the VBA routine.

Figure 3.4: Flowchart of the VBA routine.

3.2.3 Submodule capacitor voltage calculation routine

The task of the submodule capacitor voltage calculation routine is to calculate, and provide
to the arm voltage calculation routine, the voltages of the inserted submodule capacitors. The
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calculation of the submodule capacitor voltage is executeddifferently for an arm withenabled
SMs and for an arm withdisabledSM, as follows.

Capacitor voltage calculation for enabled submodules

For each arm, the inserted capacitors are identified in the corresponding activation array by
the VBA routine. The capacitor voltage values of each arm arestored in a correspondingSM
voltage array. The voltage values of the inserted capacitors are updated through integration of
the host arm current values, using, for example, the trapezoidal method:

vC j[kTi]

= vC j[(k − 1)Ti] +
Ti

2C
{ir [kTi] + ir [(k − 1)Ti]} (3.3)

where integerk is the sample number (r = 1 for the upper arm, andr = 2 for the lower arm).
The capacitor voltage value is left unchanged if the respective capacitor is bypassed according
to the activation array. The submodule capacitor voltage calculation routine limitsvC j[kTi] to
zero from the low side, since the diodes of the SMs, Fig. 2.2 c,do not allow the development
of negative capacitor voltages. A bypassed capacitor, which is marked by 0 in the respective
activation array, corresponds to a zero ac voltage value.

Capacitor voltage calculation for disabled submodules

In the case where the SMs aredisabled, e.g. during capacitor pre-charge or a dc-side fault, the
activation array is overrun and all capacitors are updated in the presence of an arm current, in
the same manner as if the switches were enabled. The only difference is that the arm current
integrated in Eq. (3.3) is always positive, due to the anti-parallel diodes of the switches.

As Fig. 3.2 indicates, the submodule capacitor voltage calculation routine is started every
time an integration signal pulse is detected, that is, once everyTi seconds.

3.2.4 Arm voltage calculation routine

The objective of thearm voltage calculation routineis to determine the arm voltage values
v1 andv2, to be communicated to the circuit simulation software, forthe dependent voltage
sources which emulate the MMC arms, Fig. 3.1. As Fig. 3.2 indicates, the arm voltage
calculation routine is started every time an integration signal pulse is detected, that is, once
every Ti seconds. Similarly to the SM capacitor voltages calculation described in Section
3.2.3, the arm voltage calculation is differently computed forenabledSMs that fordisabled
SMs.

Arm voltage calculation for enabled submodules

For each arm, the aforementioned objective is achieved by adding the entries of the SM voltage
array corresponding to non-zero elements of the respectiveactivation array. In mathematical
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terms, the operation is equivalent to:

v1 =

M∑

j=1

vC j (3.4)

and

v2 =

2M∑

j=M+1

vC j (3.5)

wherevC j is the voltage in the capacitorj.

Arm voltage calculation for disabled submodules

In a disabledFBSM-based MMC, the anti-parallel diodes of the switches are on (conducting)
if the summation ofgrid voltageand the induced voltage in the MMC inductors is higher than
the arm voltage, that is, if the arm current is different than zero for disabled switches. In both
cases, the arm voltage is computed using Eq (3.4) and Eq (3.5)with the difference that all
elements of theSM voltage arrayare added together (all SMs voltages are taken into account),
and theactivation array is neglected. Also, since the current is always positive in the SM
capacitor for a disable SM, the arm voltage polarity followsthe direction of the arm current.
For instance, for a positive arm current, the arm voltage in the upper arm is given byv1, and if
the arm current is negative, the upper arm voltage is given by−v1.

In the case where the arm voltage is higher than thegrid voltageand the arm current is
zero, the anti-parallel diodes of the switches are not conducting, and the arm voltage is given
by

v1 =
vdc

2
− vg (3.6)

and

v2 =
vdc

2
+ vg (3.7)

An example of the SEC complete code, used in this thesis, is presented in Appendix A.

3.3 Validation of the simplified equivalent-circuit simulation
model

To validate the proposed simulation model, several MMC-based systems were simulated for
faulted as well as normal operating conditions, in the PSCAD/EMTDC software environ-
ment [80]. The simulated cases included back-to-back systems with schemes forac-side ter-
minal currentcontrol, circulating current suppression, anddc-side voltageregulation. For
PSCAD/EMTDC, the simulation time-step and plot-step were 0.5 µs and 1µs, respectively.
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For the program code,Ti = 1 µs (two times the simulation time-step),Ts = 1/[2(M + 1) fg],
andTVBA = Ts, for cases I, II, and III, andTVBA = Ts/10 for Case IV. All simulations were run
on a PC embedding an Intel Core i3-2120 @ 3.3GHz processor, 4 GB of RAM, and Windows
7 Professional operating system. The PSCAD version used wasv4.5.2.0.

For cases I, II and III, the corresponding simulated resultswere captured both by the Type
2 simulation model, as mentioned in Section 1.3.3, and the proposed SEC simulation models.
For Case IV, only the proposed SEC simulation model was used,as the number of SMs per
arm is too large for the Type 2 simulation model.

The simulated cases are discussed below.

3.3.1 Case I - FBSM-based single-phase MMC inverter forM = 4

In this case, a single-phase MMC inverter, Fig. 3.5, was simulated with 4 FBSMs (i.e.,M = 4)
and under open-loop control. Adc-side voltageof vdc = 8 kV was impressed by two identical
dc sources, as Fig. 3.5 shows. The connection to the common terminal of the two sources, node
0, closed the load circuit. The modulating signal for the control wasm= sin(2π fgt) where fg =
60 Hz. The other parameters of the system were:C = 3.1 mF, R = 15 mΩ, L = 2 mH, Rt =

2 Ω, Lt = 0. The grid voltage wasvg = 2 sin(2π fgt) kV. The system also included a fault
detection logics that compared the peak values of the arm currents,i1 andi2, with a threshold
of 1.5 kA. Thus, the fault detection mechanism blocked the gating pulses of the switches, for
100-ms, if either of the two peak values exceeded the threshold.

Figure 3.5: Schematic diagram of a single-phase MMC inverter system.

The Case I simulation results using the proposed SEC model, were compared to the simula-
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tion results from the same case using a Type 2 simulation model. Both models were simulated
in two scenarios: 1) SM capacitor pre-charge, and 2) dc-sidefault. These two scenarios are
described below.

Submodule capacitor pre-charge

In the SM capacitor pre-charge scenario, all switches in theSMs aredisabled, leaving only the
switches anti-parallel diodes to control the series connection of the SM capacitors to the MMC
arm. Fig. 3.6 presents the arm equivalent RLC circuit fordisableswitches, where diodes
D1 andD2 represent the behavior of the forward biased anti-paralleldiodes in the arm SMs
switchesS1 andS4 (Fig. 2.2 c). Further, in Fig. 3.6, the equivalent capacitance in the MMC
arm is given by the series connection of all SM capacitors,C/M, and the summation of the
capacitor voltages is represented byVdc0.

Figure 3.6: Equivalent circuit for the MMC arm during pre-charge.

Fig. 3.7 shows the arm voltages (a,b), the ac-side terminal current (c) and the capacitor
4 voltage,vC4 (d) waveforms for the pre-charge scenario using the proposed SEC simulation
model and the Type 2 simulation model.

In the beginning,t = 0 s, all switches weredisabled. Thus, the arm voltages and terminal
current followed the expected dynamics of the RLC circuit, Fig. 3.6. Then, the SM capacitors
charged up to the maximum voltage value allowed by the circuit (in the upper arm, the maxi-
mum voltage value for the SM capacitor is lower than the maximum voltage value in the lower
arm, due to the fact that in the upper arm,vg is subtractingvdc/2). Later, when the SM capacitor
voltage reached the maximum voltage value for the arm,D1 andD2 became reversely biased
and the ac-side terminal current assumed zero value. Furthermore, since the arm circuit is open
(diode reversely biased) the upper arm voltage was formed bythe grid voltage added to−vdc/2.
In the same manner, the lower arm voltage was formed by the grid voltage added tovdc/2. At
t = 0.03 s, the SM switches areenabledand the converter starts producing the ac-side terminal
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Figure 3.7: Case I system during pre-charge. (a) Upper arm voltage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Capacitor 4 voltage.

voltage steps, following the control referencem. The capacitor voltage remains constant after
the arm diodes become reversely biased.

Simulation of a dc-side fault situation

After the SM capacitors pre-charge, the MMC runs in normal operation untilt = 0.1 s, when a
short-circuit, featuring an impedance of 2mΩ, was placed acrossvdc, simulating a 50mslong
dc-side fault. Fig. 3.8 shows the MMC arm equivalent circuitfor a dc-side fault, where the
equivalent diodes are formed, by the anti-parallel diodes in the upper arm SM switchesS3 and
S2 and the anti-parallel diodes in the lower arm SM switchesS1 andS4.

Fig. 3.9 shows the arm voltages (a,b), the ac-side terminal current (c), and the dc-side
voltage (d) waveforms for the dc-side fault scenario using the proposed SEC simulation model
and the Type 2 simulation model.

When the dc-side fault occurred, att = 0.1 s, the dc-side voltage became approximately
zero and the fault detection mechanism blocks the pulses in the switches. Moreover, for this
scenario, all SM capacitors were charged to their rated voltagevc before the fault occurred.
Therefore,Vdc0 had a magnitude higher than the peak of the grid voltage, forcing the equivalent
diodes, to be reversely biased. Thus, the ac-side terminal current,i t, was driven to zero and the
arm voltages,v1 andv2, became equal to−vg andvg, respectively, after a small transient from
the arm reactors.

Fig. 3.10 shows the arm voltages (a,b), the ac-side terminalcurrent (c), and the capacitor 4
voltage,vC4 (d) waveforms for Case I using the proposed SEC simulation model and the Type
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Figure 3.8: Equivalent circuit for the MMC arm during a dc-side fault.
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Figure 3.9: Case I system during a dc-side fault. (a) Upper arm voltage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Dc-side voltage.

2 simulation model for the full simulated range, i.e., fromt = 0 to t = 0.31 s.

After 50ms, t = 0.15 s, the dc-side fault was cleared andvdc/2 is added to the arm voltages,
Fig. 3.10 (a) and (b). Att = 0.2 s the fault detection mechanism release the pulses in the
switches and the MMC resumed its normal operation. Fig. 3.10(d) shows that the VBA in the
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Figure 3.10: Case I system full simulated range. (a) Upper arm voltage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Capacitor 4 voltage.

SEC simulation model and in the Type 2 simulation model do notalways allow the same SMs
to beon at the same time, which causes different charging and discharging times in the SM
capacitor voltage. The dynamics in the arm and ac-side terminal quantities in both simulation
models remain very close despite the small differences in the SM capacitor voltages.

3.3.2 Case II - FBSM-based single-phase MMC rectifier forM = 4

This simulation case captures the response of a single-phase MMC rectifier, Fig. 3.11, simu-
lated with 4 FBSMs (i.e.,M = 4) and under open-loop control. The parameters used and the
disturbances applied in Case II are the same as those of Case I, with the difference that the dc
voltage sources used in Case I were substituted by two 50Ω resistors,RL1 andRL2, behaving
as a dc-side load. Also, the terminal resistance,Rt value used is 100mΩ. The fault detection
mechanism used was also the same as Case I, with the exceptionthat the current threshold was
0.05kA.

The same simulation scenarios from Case I were applied to Case II, as follows.

SM capacitor pre-charge

As it was the case for Subsection 3.3.1, all switches in the SMs weredisabledat the beginning.
For Case II, the pre-charge power flow is inverse. During the pre-charge, the load resistors are
bypassed by a temporary short-circuit to increase the SM capacitors full-charge voltage, and
the equivalent circuit approaches the one that Fig. 3.8 shows.
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Figure 3.11: Schematic diagram of a single-phase MMC rectifier system.

Fig. 3.12 shows the arm voltages (a,b), the ac-side terminalcurrent (c), and the dc-side
voltage (d) waveforms for the pre-charge scenario using theproposed SEC simulation model
and the Type 2 simulation model.

When the arm voltage reached its maximum and the arm current became zero, the switches
anti-parallel diodes became reversely biased (ifVdc0 > vg), the arm voltages became equal
to the grid voltage (v1 = −vg andv2 = vg) and the terminal current assumed zero value. At
t = 0.03 s, the pulses for the SM switches were released and the MMC rectifier started to
produce the ac-side terminal voltage steps. Also, the SM capacitor voltages added up to form
vdc.

Simulation of a dc-side fault situation

After the SM capacitors pre-charge, the MMC ran in normal operation until t = 0.1 s, when a
short-circuit, featuring an impedance of 2mΩ, was placed acrossvdc, simulating a 50mslong
dc-side fault. The equivalent circuit for this scenario is the same as the one in Subsection 3.3.2.

Fig. 3.13 presents the arm voltages (a,b), the ac-side terminal current (c), and the dc-side
voltage (d) waveforms for the dc-side fault scenario using the proposed SEC simulation model
and the Type 2 simulation model.

When the dc-side fault occurred, att = 0.1 s, a similar effect observed in Subsection 3.3.1
took place. In Case II, since the dc-side voltage is generated by the MMC when in normal
operation, after the dc-side fault was cleared, the arm voltages were not added tovdc/2, as it
happened for Case I. The arm voltages remain following the grid voltage in the same manner
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Figure 3.12: Case II system during pre-charge. (a) Upper armvoltage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Dc-side voltage.

before and after the fault clearance, as long as the switchesaredisabled.

3.3.3 Case III - FBSM-based three-phase MMC inverter forM = 8

In this case, a SEC simulation model of a three-phase 9-levelMMC, operated as an inverter in
a system such as shown in Fig. 2.1, was simulated under closed-loop control. The parameters
wereC = 6 mF, R = 0.1Ω, L = 4 mH, Rt = 0.8 Ω, andLt = 10 mH. The grid voltage had
a peak value of 2kV and its frequency was 50-Hz. The MMC was current-controlled in adq
frame synchronized to the grid voltage, [10]. The converterwas also equipped with a fault
detection mechanism that compared the peak value of the arm currents with a threshold of 1.0
kA and disabled the current controller and the gating pulses for 100ms, if any of the six arm
current peak values exceeded the threshold. The fault detection mechanism also set the setpoint
for thed-axis component of the ac-side terminal current to zero.

From the start tot = 0.03 s, the gating pulses and the current controller weredisabled. At
t = 0.03 s, the gating pulses were released and the current controllerwas activated, with the
real- and reactive-power setpoints both set to zero. Att = 0.15s, the real-power setpoint was
stepped to 2MW, thus raising the setpoint for thed-axis component of the ac-side terminal
current toi∗d = 0.66kA. At t = 0.4 s, a short link was placed across the dc-side terminals of the
MMC, and was removed after 50ms. The fault detection mechanism detected the fault, almost
immediately, blocked the gating pulses, disabled the current controller, and seti∗d to zero. At
t = 0.5s, the gating pulses were unblocked, the current controller was enabled, andi∗d was reset
to its pre-disturbance value of 0.66kA.

71



−2

0

2

v
1
[k
V
]

 

 

(a) v1 Type 2 sim. model
v1 SEC sim. model

−2

0

2

v
2
[k
V
]

 

 

(b) v2 Type 2 sim. model
v2 SEC sim. model

−0.21

−0.045
0

0.045

i t
[k
A
]

 

 

(c)

it Type 2 sim. model
it SEC sim. model

0.07 0.08 0.09 0.1 0.11 0.12

0

2

v
d
c
[k
V
]

time[s]

 

 

(d)
vdc Type 2 sim. model
vdc SEC sim. model

Figure 3.13: Case II system during a dc-side fault. (a) Upperarm voltage. (b) Lower arm
voltage. (c) Ac-side terminal current. (d) Dc-side voltage.

Fig. 3.14 shows the waveforms of the ac-side terminal current, upper arm current, and
upper arm voltage (all for phase-a) for the proposed SEC and the Type 2 simulation models.
The figure also shows the waveforms of thed- andq-axis components of the ac-side terminal
current. It is observed that, as expected, the arm current and the ac-side terminal current drop to
zero once the fault is detected. It is also observed that the ac-side terminal current is noticeably
distorted. The distortion, in turn, translates into considerable ripples in thed- andq-axis current
components. The distortion is due to the smallM for this simulation and, consequently, the low
number of levels in the ac-side terminal voltage of the MMC. The modulation strategy adopted
for this thesis, i.e., the NLC modulation strategy, produces quality ac-side voltage and current
waveforms ifM is large, as illustrated in the next case study, in Section 3.3.4.

In cases I, II and III, figs. 3.7, 3.9, 3.12, 3.13 and 3.14 show the proximity of the Type 2
and the proposed SEC simulation models.

3.3.4 Case IV - FBSM-based back-to-back three-phase MMC system for
M = 400

In this case, a back-to-back system, similar to the system presented in [18] and [22]-[20],
was simulated. The system, whose simplified schematic diagram is shown in Fig. 2.16, was
simulated using only SEC simulation model. For both MMCs of the back-to-back system, the
parameters were:M = 400,C = 10 mF, R = 338mΩ, Rt = 377mΩ, L = 50 mH, andLt =

60mH. The simulation model also included a scheme for circulating current suppression [30],
and schemes for ac-side terminal current control and dc-side voltage regulation [10]. The grid
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Figure 3.14: Waveforms of selected variables in a closed-loop controlled three-phase 9-level
MMC, to various disturbances; Case III.

voltages,vgi andvgr (i =inverter andr =rectifier), were balanced, 50-Hz, sinusoids with a peak
value of 272kV (corresponding to a line-to-line rms voltage of 333kV). Each MMC was
equipped with the same fault detection mechanism as that in the system of Case III, albeit with
a threshold of 2.0kA and a disablement period of 200ms.

Initially, switchesS Wr andS Wi were open to isolate the dc-side terminals of the two consti-
tuting MMCs, and the gating pulses and the controllers were disabled. Thus, the capacitors of
the two MMC were pre-charged by the corresponding grids, to about 875V each. Att = 0.03s,
the gating pulses were released and the controllers were enabled, while the reactive-power set-
points of both MMCs were set to zero. However, the real-powersetpoints were obtained from
two corresponding dc-side voltage control loops, which raised the dc-side terminal voltages to
640kV. At t = 0.25 s, S Wr andS Wi were closed and the real-power setpoint of therectifier
MMC was switched off from the corresponding dc-side voltage control loop, to be regarded as
the real-power setpoint for the back-to-back system. However, the real-power setpoint of the
inverter MMCwas left in possession of the respective dc-side voltage regulation loop. Thus,
the MMC was delegated the task of dc-side voltage regulation, for the back-to-back system.
At t = 0.3 s, the real-power setpoint was stepped down to−1000 MW, and stepped up to
1000MW at t = 0.55 s. At t = 0.85 s, a short link was placed across the dc-side terminals
of the MMCs, and it was removed after 100ms. Fig. 3.15 shows the system response to the
aforementioned sequence of events.

As Fig. 3.15 shows, the dc voltage of the system drops to zero due to the fault. The fault
also results in large ac-side terminal currents in both MMCs, until the fault is detected and
the gating pulses are blocked (shortly aftert = 0.85 s). The transient large ac-side terminal
currents manifest themselves as current spikes, as Fig. 3.15 shows. The transient current
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Figure 3.15: Waveforms of selected variables in the rectifier MMC (left column) and inverter
MMC (right column); Case IV.

growth is larger for the inverter MMC, since the dc-side voltage regulation loop commands a
large negatived-axis current for the inverter MMC, in a futile attempt to maintain the dc-side
voltage. Once the fault is detected, the gating pulses are blocked, the controllers are disabled,
and the ac-side terminal currents drop to zero, in both MMCs (that is, id and iq also become
zero).

Beside the validation provided by the simulation results inthis section, the SEC simulation
model was further validated by comparison to an independentdynamic model developed by
Dr. Chaudhuri in North Dakota State University, [29].

3.3.5 Simulation Runtime Evaluation

To evaluate the computational efficiency of the proposed SEC simulation model, as compared
with a Type 2 simulation model, the single-phase system of Case I was simulated with various
number of SMs,M = 4, 6, 8, 10, and 20. Therefore, the system of Case I was chosen,for
its simplicity and the fact that it features the minimum number of control schemes, auxiliary
functions, and circuit elements, in order to enable one to better observe and appreciate the
advantage of the proposed SEC simulation model over the Type2 simulation model, from the
simulation runtime standpoint. Fig. 3.16 shows the variation of the simulation runtime versus
M, for the Type 2 simulation model (Fig. 3.16(a)) and the proposed SEC simulation model
(Fig. 3.16(b)). For the Type 2 simulation model, the simulation runtime values that correspond
to M larger than 20 were estimated by extrapolation, in view of the observed linearity of the
curve for the five aforementioned values ofM.

As Fig. 3.16(a) illustrates, the simulation runtime under the Type 2 simulation model is,
approximately, 16.6s/M. By contrast, the simulation runtime under the proposed SECsimu-
lation model is only about 0.1s/M. Both the Type 2 and proposed SEC simulation models can
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Figure 3.16: Simulation runtime versus number of SMs per arm.

be run faster by increasing the simulation time-step. The computational advantage of the pro-
posed SEC simulation model over the Type 2 simulation model remains, however, independent
of the simulation time-step.

3.4 Summary and Conclusions

A simulation model was proposed for the modular multilevel converter (MMC), the SEC simu-
lation model. The proposed SEC simulation model combines a simple circuit model, which can
be constructed in a general-purpose circuit simulation software environment, with a program
code, which can be written in a universally diffused programming language such asC. The
program code is linked to the circuit simulation software. Thus, the proposed SEC simulation
model drastically reduces simulation runtime of the overall model and also offers a flexible
interface through which the number of submodules and other parameters can be defined by the
user. More importantly, the proposed SEC simulation model can simulate MMCs based on
full-bridge submodule configurations, capturing pre-charge and other dynamic transients and
showing almost imperceptible difference if compared to the Type 2 simulation model. It also
enables simulation of faulted scenarios. The proposed SEC simulation model was shown to
be significantly more efficient than the Type 2 simulation model and easier to implement than
the Type 4 simulation model, as the switches are considered ideal. For example, it was shown
in this chapter that, a 0.6-s simulation of a 800-submodule single-phase MMC system runs
about 125 times faster using the proposed SEC simulation model, as compared with the Type
2 simulation model. Simulation study cases were conducted to demonstrate the accuracy and
computational efficiency of the proposed SEC simulation model.
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Chapter 4

Development of an Enhanced Control
Strategy of the MMC

In MMC-based HVDC systems, the magnitude of the circulatingcurrent, if not suppressed, can
reach that of the ac-side terminal current magnitude, reducing the efficiency. The most com-
mon way to suppress the circulating current, mainly its second harmonic component, is through
closed-loop circulating current suppressing control strategies. The closed-loop circulating cur-
rent suppressing control strategies are based on reading the second harmonic component in the
arm current and generating a second harmonic component arm voltage to cancel it. However,
the circulating current suppressing control and the ac-side terminal current control strategies
both act in the variablesn1, in the upper arm, andn2, in the lower arm, as it is observed in (3.1)
and (3.2). Thus, saturation of both control loops may happen. Therefore, since a complete
harmonic steady-state model for the MMC was developed in Chapter 2, the calculation of the
arm voltage second harmonic component that cancels the circulating current follows naturally.

Thus, this chapter describes the development of an enhancedcontrol strategy for suppress-
ing the circulating current. The proposed control strategyuses the arm voltage second harmonic
component calculated, applying the steady-state harmonicmodel, as a feedforward signal in the
control loop to enhance the control damping action and diminish the possibility of saturation.

4.1 Ac-side terminal current compensator strategies

Using the equivalent circuit that Fig. 2.4 shows, and using (2.18), derived in Section 2.2.1,
yields

vdc

2
m= L′

dit
dt
+ R′i t + vg (4.1)
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Equation (4.1) is true for all three phases of the MMC system.Thus,

vdc

2
ma = L′

dita
dt
+ R′i ta + vga

vdc

2
mb = L′

ditb
dt
+ R′i ta + vgb

vdc

2
mc = L′

ditc
dt
+ R′i tc + vgc

(4.2)

Fig. 4.1 illustrates the block diagram corresponding to (4.1)

Xma

vdc/2

vga

ita

Xmb

vdc/2

vgb

itb

Xmc

vdc/2

vgc

itc

sL'+R'
1

sL'+R'
1

sL'+R'
1

Figure 4.1: Block diagram fori ta, i tb, andi tc.

4.1.1 PI compensator indq-frame

One of the most common control strategies, for power converters in three-phase systems, is the
proportional-integral compensator indq-frame. Figure 4.2 illustrates the schematic diagram
of the ac-side terminal current compensator indq-frame. In Figure 4.2,i∗td and i∗tq represent
the control reference currents for the compensators indq-frame, and are calculated by the
Reference signal generatorblock, which uses the following equations

i∗td =
2
3

Pre f

vgd
(4.3)

i∗tq = −
2
3

Qre f

vgd
(4.4)

wherePre f and Qre f are the active and reactive power, respectively, that are desired to be
exchanged with the grid. Furthermore, in Figure 4.2,i td andi tq represent thedqcomponents of
the ac-side terminal currents, andvgd andvgq represent thedqcomponents of the grid voltages.
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Figure 4.2: Schematic diagram of the ac-side terminal current compensator.

In (4.3) and (4.4), it is assumed thatvgq is driven to zero by aphase-locked loop(PLL), as
described in [10]. Thedq-frame transformation matrixes presented in Figure 4.2 aregiven as
follows

[
fd
fq

]
=

2
3


cos(ρ) cos

(
ρ − 2π

3

)
cos

(
ρ − 4π

3

)

−sin(ρ) −sin
(
ρ − 2π

3

)
−sin

(
ρ − 4π

3

)



fa
fb
fc

 (4.5)


fa
fb
fc

 =



cos(ρ) −sin(ρ)
cos

(
ρ − 2π

3

)
−sin

(
ρ − 2π

3

)

cos
(
ρ − 4π

3

)
−sin

(
ρ − 4π

3

)



[
fd
fq

]
(4.6)

where f is the variable to be transformed to or from thedq-frame, andρ represents the angle
provide by the PLL in order to keepvgq = 0, which guarantees the synchronism between the
MMC and the ac grid. The angleρ is given by

ρ =

∫
ω(τ)dτ + ρ0 (4.7)

whereω is the grid angular frequency andτ is the integration variable. For a system with
constant frequency,ρ = ωt.
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To design the gains of the PI compensator, the complete control loop must be analysed.
Thus, (4.1) is transformed todq-frame as follows.

Using the concept of space-phasor [10], (4.1) becomes

vdc

2
−→m = L′

d
−→
i t

dt
+ R′
−→
i t +
−→v g

(4.8)

Then, substituting
−→
i t = i tdqejρ, −→m = mdqejρ, and−→v g = vgdqejρ, separating the resultant

equation in itsdq components, and assumingρ = ωt (PLL action [10]), results

vdc

2
md = L′

ditd
dt
+ R′i td + vgd + ωL′i tq

vdc

2
mq = L′

ditq
dt
+ R′i tq + vgq − ωL′i td

(4.9)

Fig. 4.3 illustrates the block diagram corresponding to (4.9)

Xmd

vdc/2

vgd

itd

ωL'itq

Xmq

vdc/2

vgq

itq

ωL'itd

sL'+R'
1

sL'+R'
1

Figure 4.3: Block diagram fori td, andi tq.

Closing the loop in the block diagram that Fig. 4.3 illustrates, and applying feedforwards
to cancel the action ofvdc/2, vgd, vgq, ωL′i tq, andωL′i td, yields the complete block diagram of
the ac-side terminal current control indq-frame, illustrated in Fig. 4.4. In Fig. 4.4,Ktd(s) and

X
md

vdc/2

vgd

itd

ωL'itq

/

vdc/2

vgdωL'itqitd

itd*

X

mq

vdc/2

vgq

itq

ωL'itd

/

vdc/2

vgqωL'itditq

itq*

Ktd(s)

Ktq(s)

sL'+R'
1

sL'+R'
1

Figure 4.4: Complete block diagram of the ac-side terminal current control indq-frame.

Ktq(s) are the PI compensators in the frequency domain.
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If the components that have been cancelled by the aforementioned feedforwards in Fig. 4.4
are omitted, the control loop can be represented by the simplified block diagram that Fig. 4.5
illustrates.

md itd

itd

itd*

mq itq

itq

itq*

Ktd(s)

Ktq(s)

sL'+R'
1

sL'+R'
1

Figure 4.5: Simplified block diagram for the ac-side terminal current control indq-frame.

Let Ktd(s) = Ktq(s) = Kp

(
s+ Ki

Kp

)
/s, then assuming thatKi/Kp = R′/L′, the closed-loop

function becomes

i td
i∗td
=

1
L′

Kp
s+ 1

(4.10)

whereL′/Kp is the time constant of the control loop, usually set between0.5 to 2ms.

4.2 Circulating current compensator

The even harmonic components in the arm voltages feature thesame magnitude and polar-
ity on both arms, adding themselves in the MMC leg and generating the circulating current.
Such mechanism is described in detail in Section 2.3. Therefore, an arm voltage composed by
even harmonic components must be generated equally in both arms, to suppress the circulat-
ing current. For this purpose, (2.19) and (2.20) are changedto include acirculating current
modulating function, ecm, as follows

n1 =
M
2

[1 −m] −
ecm

vc
=

M
2

[
1−m−

2ecm

vdc

]
(4.11)

n2 =
M
2

[1 +m] − ecm

vc
=

M
2

[
1+m− 2ecm

vdc

]
(4.12)

whereecm = êcmsin(2ωt + ϕcm)
Assuming that the submodule capacitor voltages are controlled to approximatelyvc by the

VBA, yields vC1 ≈ vC2 ≈ vc. Thus, (2.33) can be approximated to

dicm

dt
=

1
L

[vdc

2
−

(n1 + n2

2

)
vc − Ricm

]
(4.13)

The addition ofn1 andn2 in (4.13) causesm to be cancelled, as expected, showing that
the ac-side terminal current control and the circulating current control are decoupled, for an
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approximate model where only the fundamental component is taken into account. Therefore,
substituting (4.11) and (4.12) into (4.13) yields

dicm

dt
=

1
L

(ecm− Ricm) (4.14)

Fig. 4.6 shows the block diagram for the circulating currentin phasea.

ecma icmasL+R
1

Figure 4.6: Block diagram foricm in phasea.

As the steady-state of the circulating current is known, from the model proposed in Chapter
2, a disturbance is added to the block diagram of Fig. 4.6 to represent the circulating current
steady-state. Fig. 4.7 shows the augmented block diagram for the circulating current.

ecma icma

cos( ).ψ(t)
C3cosφ-C2

kcm-C1
-1

Icm/3
0

sL+R
1

Figure 4.7: Block diagram foricm in phasea, with the circulating current steady-state added as
a disturbance.

In Fig. 4.7,ψ(t) = 2ωt + ϕcm, andϕcm ≈ ϕ. In addition, the values ofC1, C2, andC3 are
calculated based on the system parameters, such as active and reactive power exchanged with
the grid (see Table 2.1).

The circulating current can be suppressed using different strategies, as explained in 1.3.2.
In this thesis, two control strategies, based on those proposed in [30] and [54], are described in
the next two subsections.

4.2.1 Circulating current suppressing compensator indq-frame

Similarly to the control strategy described in Section 4.1.1, the CCSC strategy indq-frame is
based on a PI compensator anddqtransformation matrixes. The exception is that the circulating
current phasor “rotates” at a frequency of 2ρ, and is of negative sequence. Therefore, the
transformation matrixes have to be changed to

[
fd
fq

]
=

2
3


cos[ǫ] cos

[
ǫ − 4π

3

]
cos

[
ǫ − 2π

3

]

−sin[ǫ] −sin
[
ǫ − 4π

3

]
−sin

[
ǫ − 2π

3

]



fa
fb
fc

 (4.15)
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fa
fb
fc

 =



cos[ǫ] −sin[ǫ]
cos

[
ǫ − 4π

3

]
−sin

[
ǫ − 4π

3

]

cos
[
ǫ − 2π

3

]
−sin

[
ǫ − 2π

3

]



[
fd
fq

]
(4.16)

whereǫ is given by

ǫ =

∫
2ω(τ)dτ + ǫ0 (4.17)

Fig. 4.8 illustrates the block diagram of the circulating current control loop, whereKd(s)
andKq(s) are the PI compensators ford andq components, respectively. Fig. 4.8 also shows
the same disturbance showed in Fig. 4.7, transformed todq-frame.

ecmd icmdKd(s)

icmd

icmd*

icmq

icmq

icmq* Kq(s)
ecmq

cos(φ)

sL+R
1

sL+R
1

C3cosφ-C2
kcm-C1-1

sin(φ)

Figure 4.8: Block diagram foricm control loop.

Applying the same methodology followed in Subsection 4.1.1, and assumingKd(s) =
Kq(s) = Kcmp

(
s+ Kcmi

Kcmp

)
/s, yields the closed-loop transfer function for the CCSC, as follows

icmd

i∗cmd

=
1

L
Kcmp

s+ 1
(4.18)

whereL/Kcmp is the time constant of the control loop.
As Table 2.1 shows, the harmonic components in the arm voltages receive the contribution

of bothicm andi t. For this reason, the two control loops, ac-side terminal current and circulating
current, are only decoupled in an approximate model (used inthis subsection), but not in the
complete model presented in Chapter 2. Therefore, the time constant for the CCSC must be
close to the time constant chosen for the ac-side terminal current compensator, or the system
might become unstable as demonstrated in [29].

4.2.2 Resonant compensator

The PI compensator indq-frame was proved to be very efficient for balanced systems([10],
[30]). However, if the system is unbalanced, the PI compensator in dq-frame is no longer able
to bring the steady-state error to zero. For this reason, a compensator can be designed for each
phase of the three-phase system, as Fig. 4.9 shows.
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ecma
Ka(s)

icma

icma*

ecmb
Kb(s)

icmb

icmb*

icmc

Icm/3
0

icma

Icm/3
0

ecmc
Kc(s)

icmc

icmc*

icmb

Icm/3
0

sL+R
1

sL+R
1

sL+R
1

C3cosφ-C2

kcm-C1
-1

C3cosφ-C2

kcm-C1
-1

C3cosφ-C2

kcm-C1
-1

cos( ).

cos( ).

cos( ).ψ (t)

ψ (t)

ψ (t)

Figure 4.9: Block diagram foricm three-phase control loop.

In Fig. 4.9ψa(t) = (2ωt +ϕcm), ψb(t) = (2ωt+ ϕcm− 2π/3), andψc(t) = (2ωt +ϕcm+ 2π/3).
The circulating current is mainly composed by a second harmonic and a dc component

(2.66), thus, in order to present infinite gain at 2ω, the design of the compensator starts by
setting resonant poles, i.e., two complex poles ats= j2ω. Thus,

Ka(s) = Kb(s) = Kc(s) = K(s) =
1

s2 + 4ω2
(4.19)

If a zero is added toK(s) to cancel the low frequency pole in the MMC leg, ats = −R/L,
(4.19) is changed to

K(s) =
s+ R

L

s2 + 4ω2
(4.20)

Assuming thatG(s) is the MMC leg transfer function, illustrated in Fig. 4.6, the open-loop
transfer function,ℓ(s) = K(s)G(s), is given by

ℓ(s) =
1/L

s2 + 4ω2
(4.21)
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Figure 4.10: Bode diagram for the open-loop transfer function ℓ(s) without cancellation of the
low frequency MMC leg pole.
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Figure 4.11: Bode diagram for the open-loop transfer functionℓ(s) with cancellation of the low
frequency MMC leg pole.

Figures 4.10 and 4.11 show the bode diagram forℓ(s) with and without the pole cancel-
lation, respectively, using the same parameters as those ofthe example system described in
Section 2.4.1.

It is noted that the pole cancellation moves theℓ(s) phase to−180 for high frequencies.
This means a phase margin of zero, that is, the system is unstable.

To increase theℓ(s) phase margin for high frequencies, a zero at the origin is added. Also,
the added zero will decrease the gain for the circulating current dc component,I0

cm. Thus, a
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zero at the origin is added toK(s), changing it to

K(s) =
s
(
s+ R

L

)

s2 + 4ω2
(4.22)

Thus,ℓ(s) becomes

ℓ(s) =
s/L

s2 + 4ω2
(4.23)

and its bode diagram is shown by Fig. 4.12.
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Figure 4.12: Bode diagram for the open-loop transfer function ℓ(s) with pole cancellation and
a zero at the origin.

Adding a gainh to ℓ(s) yields

K(s) = h
s
(
s+ R

L

)

s2 + 4ω2
(4.24)

Simulations have shown that the circulating current control is not completely decoupled
from the ac-side terminal current control, since both controls act uponn1 andn2, as (4.11) and
(4.12) show. Further, the compensatorK(s) features a pair of complex poles, indicating that
an oscillatory response is expected from it. If the transient oscillation inℓ(s) drives the value
of n1 or n2 to higher thanM, the control becomes saturated and the system becomes unstable.
Therefore, the gainh is used to avoid such saturation.

Fig. 4.13 shows the bode diagram using, as an example, the system described in Section
2.4.1, assuming ah = 0.2.

4.3 Proposed feedforward control strategy for circulatingcur-
rent suppressing

As it was shown in Chapter 2, the circulating current is formed by the even harmonics in the
arm voltages, which are formed, in turn, by the integration of the arm current in the submodule
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Figure 4.13: Bode diagram for the open-loop transfer function ℓ(s) with pole cancellation and
a zero at the origin forh = 0.2.

capacitor. The arm voltage even harmonics are originated first, from the integration of the
ac-side terminal current, and then have their amplitude increased by the integration of the
circulating current in the submodule capacitor following ageometric series trend, as described
in Section 2.3.1. Thus, if a feedforward signal is designed to cancel the action of the integration
of the ac-side terminal current in the submodule capacitance, the even harmonics in the arm
voltages will not appear, and the circulating current will remain zero.

The proposed feedforward control strategy is based on the off-line calculation of the steady-
state magnitude of the leg voltage,(v1+v2)

2 , for an Îcm = 0, and its use as a circulating current
suppressing action. Thus, eliminatingicm, (v1 + v2)it , and (v1 + v2)icm between (2.56), (2.58),
(2.62), and (2.66), and assuming a suppressed circulating current,̂Icm = 0, and a stable system,
that is, ramp components cancelled, yields

(v1 + v2)
2

=

− M
4ωC

√√
3m̂̂Icosϕ

4
− I0

cmm̂2


2

+


3m̂̂Isinϕ

4


2

(4.25)

Let ecm be enhanced to

ecm = (̂ecm+ e0)sin(2ωt + ϕ0) (4.26)

wheree0 andϕ0 correspond to the proposed feedforward action in the amplitude and phase of
ecm.

The circulating current modulating function is denoted by (ecm)n f , instead ofecm, when it is
desired to represent only the CCSC action.
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The feedforward control amplitude must cancel the magnitude of (v1+v2)
2 , thus

e0 =
M

4ωC

√√
3m̂̂Icosϕ

4
− I0

cmm̂2


2

+


3m̂̂Isinϕ

4


2

(4.27)

and the phaseϕ0 is given by

ϕ0 = arctan


3m̂̂Icosϕ

4 − I0
cmm̂2

3m̂̂Isinϕ
4

 (4.28)

which is approximated by

ϕ0 = 90− ϕ (4.29)

Fig. 4.14 shows the block diagram of the control loop for phase a with the feedforward
control strategy.

ecma
Ka(s)

icma

icma* icma

Icm/3
0

e0a

(ecma)nf sL+R
1

C3cosφ-C2

kcm-C1
-1

cos( ).ψ (t)

Figure 4.14: Block diagram for theicm control loop of phasea, with feedforward control strat-
egy action.

4.4 Feedforward control strategy validation

The back-to-back system from Section 2.5, Fig. 2.16, is usedhere for the simulation of the
validation of the proposed feedforward control strategy. Except that, in this section, two back-
to-back systems, with identical parameters, are taken intoaccount. The first system, referred
to as System I, uses a CCSC strategy plus the feedforward proposed in Section 4.3, whereas
System II uses the same CCSC strategy, with the exception that the proposed feedforward is
not applied. Further, each system is divided in three cases.Case I represents the system in
which the PI compensator indq-frame, described in Section 4.2.1, is applied to suppress the
circulating current, whereas Case II represents the systemin which the resonant compensator,
described in Section 4.2.2, is used. In Case III, only the proposed feedforward is used to
suppress the circulating current, that is, there is no aid from any other control strategy. For
a better understanding, Table 4.1 shows the aforementionedclassification. All cases use the
ac-side terminal current control strategy described in Section 4.1.
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Table 4.1: Classification of cases and systems simulated

Case System CCSC strategy

I
I PI compensator indq-frame plus feedforward

II PI compensator indq-frame

II
I Resonant compensator plus feedforward

II Resonant compensator

III
I Only feedforward

II No suppressing action

4.4.1 Case I - Back-to-back HVDC system withdq-frame PI and feedfor-
ward control

Fig. 4.15 shows the circulating current, the CCSC control signal, (ecm)n f , the submodule ca-
pacitor voltage for capacitor 3 of the upper arm, and the ac-side terminal current for phasea of
the inverter station for systems I and II.

−0.85
−0.52

0

0.52

i c
m
a
[k
A
]

(a)

System I Inverter

−0.97
−0.52

0

0.52

i c
m
a
[k
A
]

(e)

System II Inverter

−20

0

20

(e
cm

a
) n

f
[k
V
]

(b)

−20

0

20

(e
cm

a
) n

f
[k
V
]

(f)

1.21

1.6

v
C
3a
[k
V
]

(c)
1.17

1.6

v
C
3a
[k
V
]

(g)

0.3 0.5 0.8

−2.45

0

2.45

i t
a
i[
k
A
]

time[s]

(d)

0.3 0.5 0.8

−2.45

0

2.45

i t
a
i[
k
A
]

time[s]

(h)

Figure 4.15: Circulating current, CCSC action, submodule capacitor voltage, and ac-side ter-
minal current for phasea of the inverter station of systems I and II for Case I.

At t = 0.3 s, the control reference for the ac-side terminal current control changes from
zero to 2.45 kA, corresponding to a power of 1000MW exchanged with the grid. At this same
moment, the CCSC is activated for both systems. Then, att = 0.5 s, the control reference for
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the ac-side terminal current is changed to−2.45 kA, corresponding to an exchanged power of
−1000MW. At t = 0.8 s, the control reference for the ac-side terminal current is modified to
allow a reactive power of 500MVAr to be absorbed from the grid.

It is noted that the addition of the proposed feedforward, i.e., System I, increases the damp-
ing action of the CCSC. This damping action is observed in thecirculating current, Fig. 4.15 a,
and submodule capacitor voltage, Fig. 4.15 c. Further, the proposed feedforward unloads the
control action, observed in Fig. 4.15 b, diminishing the chances for control saturation.

Figures 4.16 and 4.17 show the dc-side voltage, the active power, and thedq components
of the ac-side terminal current for both the rectifier and theinverter of systems I and II, for the
same aforementioned disturbances.
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Figure 4.16: dc-side voltage, active power, and thedq components of the ac-side terminal
current for both the rectifier and the inverter of System I forCase I.

One can observe that even though System I presents a higher damping action in the cir-
culating current than that of System II, the ac-side terminal current, the active power, and the
dc-side voltage waveforms exhibit, visually, the same transient behavior.

4.4.2 Case II - Back-to-back HVDC system with resonant and feedfor-
ward control

Fig. 4.18 shows the circulating current, the CCSC action, (ecm)n f , the submodule capacitor
voltage for capacitor 3, and the ac-side terminal current for phasea of the inverter station for
systems I and II.

Both systems are submitted to the same disturbances as thosefrom Case I, with the excep-
tion that the power exchanged with the grid is not reversed att = 0.5 s.
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Figure 4.17: dc-side voltage, active power, and thedq components of the ac-side terminal
current for both the rectifier and the inverter of System II for Case I.
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Figure 4.18: Circulating current, CCSC action, submodule capacitor voltage, and ac-side ter-
minal current for phasea of the inverter station of systems I and II for Case II.
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As it happens for Case I, the addition of the proposed feedforward, in System I, increases
the damping action of the CCSC and decreases the required action from (ecm)n f .

Figures 4.19 and 4.20 show the dc-side voltage, the active power, and thedq components
of the ac-side terminal current for both the rectifier and theinverter of systems I and II.
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Figure 4.19: dc-side voltage, active power, and thedq components of the ac-side terminal
current for both the rectifier and the inverter of System I forCase II.

Different than what it was observed in Case I, the high amplitude reached by the transient
period of the circulating current in System II, has a bigger impact in the transient of the ac-
side terminal current and the active power, for the same system, in comparison to the impact
generated by the circulating current transient in System I.

4.4.3 Case III - Back-to-back HVDC system with feedforward control
only

For this case, only the proposed feedforward is used to suppress the circulating current of
the inverter station in System I, whereas in System II, no suppressing action is used, and the
circulating current is allowed to assume its natural amplitude. For both systems, the CSCC of
the rectifier station is activated.

Fig. 4.21 shows the waveforms of the circulating current, the submodule capacitor voltage
for capacitor 3 of the upper arm, and the ac-side terminal current for phasea of the inverter
station of systems I and II.

It is noted that without a auxiliary control strategy, as cases I and II, the circulating current
takes much longer, in comparison to the referred cases, to decay toI0

cm value.
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Figure 4.20: dc-side voltage, active power, and thedq components of the ac-side terminal
current for both the rectifier and the inverter of System II for Case II.
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Figure 4.21: Circulating current, submodule capacitor voltage, and ac-side terminal current for
phasea of the inverter station of systems I and II for Case III.

Fig. 4.22 shows the steady-state zoomed view of the waveforms displayed in Fig. 4.21.
At t = 0.3 s, the control reference for the ac-side terminal current control changes from

zero to 2.45 kA, corresponding to a power of 1000MW exchanged with the grid. At the same
time, the feedforward is activated for System I, whilst, forSystem II, the circulating current is
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Figure 4.22: Circulating current, submodule capacitor voltage, and ac-side terminal current for
phasea of the inverter station of systems I and II for Case III, zoomed view.

allowed to run free, that is, to assume its natural amplitude.
Fig. 4.22 shows that the feedforward action alone is capableof suppressing most of the cir-

culating current (98%). The CCSC action is used to suppress the remaining circulating current,
that exists due to small errors in the off-line calculation. In the case of practical implementa-
tions, deviations of the parameters values, such as arm inductances and resistances, used in the
off-line calculation, is also corrected by the CCSC.

4.5 Summary and Conclusions

In this chapter, two strategies for suppressing the circulating current in the MMC leg were
described. In addition, a feedforward control strategy, toincrease the CCSC damping action,
was proposed. The proposed feedforward control strategy was tested, through simulation, for
both CCSC strategies described. The simulation results showed that the proposed feedforward
control strategy decreased the stabilization time (increased damping) for the circulating current
and submodule capacitor voltage, in comparison to cases where the proposed control strategy
was not used.
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Chapter 5

Lattice Modular Multilevel Converter

The need for grid integration and long-distance transmission of renewable energy resources
requires the use of overhead HVDC transmission lines. As these lines are susceptible to faults,
the MMC can no longer be based on HBSM. Thus, FBSM has been considered as the building
block of the MMC, due to its dc-side fault handling capability, given by the fact that, when the
switches have their gate pulses blocked, the IGBTs anti-parallel diodes insert the submodule
capacitor in the MMC arm, with its voltage polarity against the grid voltage. This feature
blocks the dc-side fault current from circulate through theMMC arms. However, with the
FBSM, the number of switches in series with the MMC arm current path is doubled, generating
higher power losses. This chapter proposes a new topology for the MMC, theLattice Modular
Multilevel Converter(LMMC) which aims to bring down, as much as possible, the number
of switches connected in series with the arm current path, todecrease the conduction power
losses, while maintaining the same dc-side fault handling capability as that of the FBSM. It is
shown in this chapter that the proposed topology is superiorto an HBSM-based MMC from
the power losses perspective.

5.1 Proposed MMC: The LMMC

Figure 5.1 shows a schematic diagram of the LMMC, based on theassumption thatM + 1
levels (M is assumed to be even) are to exist in the ac-side terminal voltage. As the figure
shows, the upper arm of the converter, Arm 1, hostsM − 1 identical 5-terminalnetworks, M
capacitors, and two half-bridge converters. Thus, starting from the top of an arm, Fig. 5.1
shows that, except for the first and last networks, theinput port of each network, which is
identified by respective terminalsa andb of that network, is connected in parallel with the
output portof the next network, which is identified by the correspondingterminalsc andd of
the network. However, terminalsa andb of the first network are connected to, respectively,
the positive and negative dc-side terminals of a half-bridge converter, thepositive half-bridge,
represented by switchesS1 andS2. Also, terminalsc andd of the last network are connected
to the positive and negative dc-side terminals of another half-bridge converter, thenegative
half-bridge, which is constituted by switchesS3 and S4. Figure 5.1 also shows that, with
the exception of the last two networks, terminalh of each network is connected to terminal
a of the network after the next. Therefore, terminalh of the last network in each arm is not
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required. Figure 5.1 further shows that the input port of thefirst network, the output port of the
last network, and each pair of interconnected ports are connected in parallel with a capacitor
whose voltage is represented byvC j ( j = 1, 2, ...,M). TheM capacitors are assumed to all have
the same (nominal) capacitance. The lower arm, Arm 2, has thesame structure and properties
as the upper arm. All node voltages are expressed with reference to thedc-side midpoint, 0,
which may be a physical or a virtual node.

Each network is a circuit of three fully controllable electronic switches,Sun, Sdn, andScn, as
shown in Fig. 5.2 for thenth network (n = 1, 2, ...,M−1). The electrical connection associated
with switchSun and terminalsbn andcn is referred in this paper to as apositive regular link,
whereas the connection between terminalsan anddn through switchSdn is called anegative
regular link; they may simply be referred to asregular links. In addition, the connection asso-
ciated with switchScn and terminalsbn andhn is referred to as ahigh-efficiency link. Switches
Sun andSdn must be of the reverse-conducting type, e.g., IGBTs, whereas the switch for a
high-efficiency link,Scn, must be a bidirectional reverse-blocking switch. Thus, asindicated
in Fig. 5.2, it is assumed in this paper thatScn is implemented by anti-parallel connection of
two reverse-blocking IGCTs, such as those featured in [83]-[92]. Even though the IGCT is the
preferred switch in applications with low switching frequencies, where the conduction power
losses are dominant [84], [85], it is assumed to only be adopted for the high-efficiency links of
the LMMC, due to its relatively high cost; the other switchesare assumed to be of the IGBT
type. Since terminalh is not used in the last network, switchSc(M−1) is not required.

It should be pointed out that, in each network only one switchat a time is permitted to beon.
Thus, for example, ifScn is turnedon, Sun andSdn are keptoff, and so on. Also, the switches
of each half-bridge converter are complementary, that is, only one of them is permitted to be
on at a time.

Fig. 5.3 shows a 5-level LMMC arm schematic diagram, where the black lines represent
the regular links and the blue lines the high-efficiency links. Fig. 5.3 further shows that the
LMMC arm topology can be visualized as an imaginary cube (formed by the red lines), where
each edge represents a capacitor, and the faces are formed bylattices (regular links). The high-
efficiency links can be seen connecting the faces of the cube through “shortcuts”, crossing the
cube internally. It is important to point out that only the black and blue lines, in Fig. 5.3,
represent actual electric connections, i.e., current paths.

As it is the case for a conventional MMC, the number of level that the LMMC is capable
of producing invt is correlated toM. Therefore, for a high density LMMC,M must be high,
and the LMMC arm topology becomes more and more similar to a cylinder, from a top view
stand point, as it can be observed in Fig. 5.4 for a 7-level LMMC. Fig. 5.4 also shows that the
high-efficiency links are better observed from the top view stand point.

Fig. 5.5 illustrates the top view for an LMMC arm with increasing values forM. It is noted
that the high-efficiency links increase considerably withM, which decreases the LMMC power
loss, as it is explained in detail in Section 5.5.
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}
Figure 5.1: Schematic diagram for one leg of the proposed MMC, theLMMC.

5.2 Principles of Operation of the LMMC

5.2.1 Normal operation

Essentially, synthesis of the ac-side terminal voltage,vt, and consequently the ac-side terminal
current,i t, boils down to the synthesis of arm voltages,v1 andv2 (see Fig. 5.1). In the LMMC,
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Nn

}

}

Figure 5.2: Circuit of thenetwork, the building block of the LMMC (n = 1, 2, ...,M − 1).

Figure 5.3: Schematic diagram of the upper arm circuit of a 5-level LMMC.

a particular arm voltage level is synthesized by inserting an appropriate number of capacitors
in series with the path for the corresponding arm current,i1 or i2, in the same way as that of the
conventional MMC described in Chapter 2. Therefore, the capacitors that are not required are
withdrawn, that is, they are left out of the arm current path, by diverting the current away from
them, and by redirecting the current through alternative regular links and/or high-efficiency
links. Whenever possible, high-efficiency links are preferred over the regular links, due to their
lower conduction power loss, and are turnedon based on the algorithm described in Section
5.3. Since a desired ac-side terminal voltage level can almost always be synthesized by various
combinations of a certain number of inserted capacitors, whether or not a capacitor is inserted
also depends on the voltage across the capacitor (which mustbe maintained at about a nominal
value). The LMMC assumes and requires the same nominal voltage for all capacitors.

For ease of visualization, and without loss of generality, the aforementioned principles of
operation are illustrated for a 5-level LMMC in Fig. 5.6, in which a two-dimensional view
of the LMMC upper arm is presented. In Fig. 5.6 the internal circuitry of the constituting
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three networks are shown explicitly. For easiness of analysis, the two-dimensional view of the
LMMC arm is adopted in this thesis.

Figure 5.7 illustrates a case where the maximum arm voltage is required and, therefore, the
capacitors are all inserted (the thick line indicates the arm current path). In this case, no high-
efficiency link can be tuned on and placed in series with the arm current path. By contrast, let
us consider a situation in which half of the maximum arm voltage is to be synthesized, hence
two inserted capacitors. Let us then assume that the controlhas specifically required capacitors
C3 andC4 to be inserted. Then, a high-efficiency link can be turned on, as shown in Fig. 5.8, to
withdraw capacitorsC1 andC2 out of the current path. Alternatively, if the control requiresC2

andC3 to be out of the current path, then no high-efficiency link can be used, but only regular
links are employed, as Fig. 5.9 indicates.
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Figure 5.6: Schematic diagram of the upper arm circuit of a 5-level LMMC, two-dimensional
view.

Figure 5.7: The current path for the upper arm of the 5-level LMMC of Fig. 5.6 if all capacitors
must be inserted.

Figure 5.8: The current path for the upper arm of the 5-level LMMC of Fig. 5.6 if only
capacitorsC3 andC4 must be inserted.

For the circuit of Fig. 5.8, the number of switches in series with the arm current path is
4, due to the high-efficiency link that is on. This is the same number of switches as that in a
HBSM-based MMC featuring 5 levels in its ac-side terminal voltage. By contrast, in the cases
represented by Fig. 5.7 and Fig. 5.9, the number of switches in series with the arm current
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Figure 5.9: The current path for the upper arm of the 5-level LMMC of Fig. 5.6 if only
capacitorsC1 andC4 must be inserted.

path is 5, which is higher than that in the HBSM-based MMC. However, the situation where no
high-efficiency link could be turned on is less common. Therefore, the5-level LMMC is almost
the same as the HBSM-based MMC, in terms of the number of switches in series with the arm
current path. However, for an LMMC with a largeM, which is typical in HVDC systems, the
LMMC features a lower number of switches for each ac-side terminal voltage level than an
equivalent HBSM-based MMC, due to the possibility of turning on a large number of high-
efficiency links. Therefore, the LMMC, in general, offers a higher efficiency than an equivalent
HBSM-based MMC, as Section 5.5 explains.

5.2.2 Operation under a dc-side fault

Subsequent to a dc-side fault, the switches are all turnedoff by the control. This, effec-
tively, connects the capacitors in series with the anti-parallel diodes of the reverse-conducting
switches of the negative regular links, while the high-efficiency link are open, as shown in Fig.
5.10 for the LMMC of Fig. 5.6. The LMMC in this condition can therefore be represented by
an equivalent circuit, following the same scheme presentedin Fig. 3.8. Therefore, assuming
that prior to the fault the capacitor voltages have reached the steady-state valueVdc0/M (where
Vdc0 signifies the pre-fault steady-state value ofvdc), the diodes turnoff subsequent to the fault
and the arm current drops to zero, unless the grid line-to-line voltage, added to the inductor
voltage, exceeds 2Vdc0.

5.3 Switching Scheme of the LMMC

The switching scheme of the LMMC adopts the same NLC modulation strategy described in
chapters 2 and 3, to determine the arm voltages that must be synthesized for a given ac-side
terminal voltage. The switching scheme also employs the same sorting algorithm described in
Chapter 3, in its VBA, to determine what specific capacitors must be inserted, to ensure that
the capacitors all have voltages about the valuevc. Thus, the output of the switching scheme
is an M-element vector of the formx = [x1, x2, x3, ..., x(M−1), xM], for each arm. In the vector,
referred in this thesis to as theVBA array, elementxj ( j = 1, 2, ...,M) represents the state,
inserted or withdrawn, of thejth capacitor in the host arm. Thus,xj = 1 corresponds to an
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Figure 5.10: Schematic diagram of the upper arm circuit of the 5-level LMMC of Fig. 5.6
when the switches areoff, e.g., subsequent to a dc-side fault.

inserted capacitor, whereasxj = 0 indicates a withdrawn capacitor. TheVBA array is then
used to determine what switches must be turnedon in the corresponding arm, starting from
capacitorC1 to capacitorCM. Thus, advancing the indexj (corresponding to thejth capacitor)
from 1 toM − 1, the switching scheme determines the current path and the switches that must
be turnedon. Five cases are faced, as explained below, depending upon what network a switch
belongs to:

5.3.1 Capacitor connected topositive half-bridge: j = 1 corresponding to
C1

The first capacitor,C1, is connected to the LMMC arm through the positive half-bridge. There-
fore, the switching scheme must generate the state for the switchesS1 andS2. If C1 is to be
inserted, thenS1 must be turnedon, whereasS2 is turnedoff, and vice versa.

5.3.2 First Capacitor and Intermediate Capacitors: 1 ≤ j ≤ (M − 3)
corresponding toC1,C2, ...,C(M−3)

The first capacitor is also connected to a network, as are capacitorsC2,C3, ...,C(M−1). Capaci-
torsC(M−2) andC(M−1) are subject to different rules for their insertion into the arm and, therefore,
are discussed separately in Sections 5.3.3 and 5.3.4. The rules mentioned in this section apply
only to capacitorsC1,C2, ...,C(M−3).

If the jth capacitor is to be inserted, i.e.,xj = 1, the series connection to the (j + 1)th
capacitor can be established through switchSu j (positive regular link). On the other hand,
the series connection to the (j + 2)th capacitor can be established through switchSc j (high-
efficiency link). As mentioned in Section 5.2.1, the connectionthrough switchSc j is preferred,
but it is subject to the two following constraints:

1. If capacitorC( j+1) is to be inserted (i.e., ifx( j+1) = 1 in the VBA array), then ifSc j

is activated,C j is connected directly toC( j+2). Consequently,C( j+1) is automatically
withdrawn from the arm, and the VBA array state ofx( j+1) = 1 cannot be complied with.
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2. If capacitorsC( j+2) and C( j+3) are to be withdrawn and inserted, respectively (i.e., if
x( j+2) = 0 andx( j+3) = 1), then if switchSc j is on while C( j+2) is withdrawn, the only
available path for the current is throughSd( j+2) (corresponding to a negative regular link).
On the other hand, ifSd( j+2) is on, there is no connection available toC( j+3). Thus,C( j+3)

is forced to be withdrawn from the arm, and the VBA array stateof x( j+3) = 1 cannot be
complied with.

In both aforementioned situations, the VBA array states forC( j+1) andC( j+3) cannot be
obeyed ifSc j is used. Therefore, in these two situations,Sc j must be keptoff, and, instead,
switchSu j is turnedon.

If the jth capacitor is to be withdrawn, that is, ifx( j) = 0, the only available connection to
C( j+1) is throughSd j. Hence,Sd j must be turned on.

5.3.3 Capacitor connected to the lasthigh-efficiency link: j = (M − 2)
corresponding toC(M−2)

If capacitorC(M−2) is to be inserted, then the activation of switchSc(M−2) is subject to only one
of the two constraints described in Section 5.3.2; ifC(M−1) is to be inserted, switchSc(M−2) must
be keptoff, and, instead,Su(M−2) is turnedon. If C(M−1) is to be withdrawn, thenSc(M−2) must
be turnedon.

If capacitorC(M−2) is to be withdrawn, thenSd(M−2) must be turnedon.

5.3.4 Capacitor before the last:j = (M − 1) corresponding toC(M−1)

For capacitorC(M−1), there is no switchSc(M−1) in the (M − 1)th network. Therefore, ifC(M−1)

is to be withdrawn, thenSd(M−1) must be turnedon. Otherwise,Su(M−1) must be turnedon.

5.3.5 Capacitor connected tonegative half-bridge: j = M corresponding
to CM

For capacitorCM, i.e., the last capacitor, the only switches left are the switches that form the
negative half-bridge. Thus, ifCM is to be inserted, thenS4 must be turnedon. Otherwise,S3

must be turnedon.
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The rules explained in 5.3.1 to 5.3.5 are implemented mathematically by the equations

Case1→



kS1 = x j

kS2 = 1− x j

p j = 0

Case2→



p j = p( j−1)(1− x j)
kS3 = [1 − x j]p j

kS4 = x j + [1 − x j − p j]
p j = 0
j = j + kS nu+ kS nd+ 2kS nc+ kS3 + kS4

Case3→



p j = p( j−1)[1 − x j]
kS nu= [x( j+1))(1− p j)] + (1− R1001)
kS nd= [1 − x j]p j

kS nc= [(1 − x( j+1))(1− p j)]R1001

p j = kS nu+ kS nc

j = j + kS nu+ kS nd+ 2kS nc

Case4→



p j = p( j−1)[1 − x j]
kS nu= x( j+1)(1− p j)
kS nd= [1 − x j]p j

kS nc= [1 − x( j+1)](1 − p j)
p j = kS nu+ kS nc

j = j + kS nu+ kS nd+ 2kS nc

Case5→



p j = p(n−1)[1 − x j]
kS nu= 1− p j

kS nd= p j

kS nc= 0
p j = kS nu+ kS nc

j = j + kS nu+ kS nd+ 2kS nc

(5.1)

whereR1001 is the parameter given by

R1001=(1− x j) + x( j+1) + x( j+2) + [1 − x( j+3)]

∀R1001 ∈ [0, 1]

(5.2)

, andkS1, for example, represents the state of switchS1, andkS1 = 1 indicates an activatedS1,
whereaskS1 = 0 indicates the opposite. In (5.1),p indicates the “route” being followed during
the creation of theSw, that is, the activation of the switches in a particular network depends on
the utilization of the high-efficiency and regular links by the previous networks.

The implementation of (5.1), for an LMMC arm, gives rise to aswitching matrix, which is
a 5 xM matrix containing the state of all switches in an LMMC arm.

For a better understanding of the switching matrix, the following example is analysed: a
7-level LMMC upper arm switching controller, receives the VBA array x = [0, 1, 0, 1, 1, 0],
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Figure 5.11: Arm current path andon switches in the upper arm of a 7-level LMMC, ifx =
[0, 1, 0, 1, 1, 0].

indicating that capacitorsC2, C4, andC5 must be inserted. Applying the equations given by
(5.1) the following switching matrixSw is formed

Sw =

Cap/S witch
C1

C2

C3

C4

C5

C6



kS1/S3 kS2/S4 kS un kS dn kS cn

0 1 1 0 0
0 0 0 0 1
0 0 0 0 0
0 0 1 0 0
0 0 1 0 0
1 0 0 0 0



(5.3)

where every row corresponds to a capacitor of the LMMC, and the columns represent the
switches connected to the capacitor. Analysing (5.3), it can be observed that, in the positive
half-bridge of the upper arm, the switchS2 is activated, since capacitorC1 is bypassed. Then,
still in C1, switch Su1 is activated in order to connect the bottom ofC1 with the top ofC2.
In C2, the switching controller activates the high-efficiency link, insertingSc2 and bypassing
completely capacitorC3 (represented in the switching matrix by a row filled with zeros). In
C4, the controller cannot activate the high-efficiency link, as the next capacitor is also to be
inserted, so switchSu4 is turnedon instead. InC6, switchS3 is activated, as the capacitor to be
bypassed, completing the switching configuration. Figure 5.11 shows the arm current path and
theonswitches for the aforementioned example.

The algorithm for the creation of the switching matrix can beillustrated by the fluxogram
that Fig. 5.12 shows.

5.4 Comparison with the conventional MMC

The structures of the LMMC and conventional MMC differ in two major respects, as described
below.
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Figure 5.12: Fluxogram for the LMMC switching function matrix creation.

5.4.1 Comparison between LMMC and MMC building blocks

In HVDC applications, pulse-width modulation is avoided for its associated switching power
losses. Rather, the right number of capacitors are insertedin series with the current path of the
host arm, for a desired ac-side terminal voltage. This goal is achieved in the LMMC by the
networks, whereas, as Fig. 5.13 illustrates, in the conventional MMC the submodules perform
this task. Therefore, a network, together with the capacitor connected to its terminalsa andb,
constitute a building block of the LMMC, whereas the submodules are the building blocks of
the conventional MMC.

In both the conventional MMC and the LMMC, the number of voltage levels in the pro-
duced ac-side terminal voltage,M + 1, is one more than the number of capacitors in series
with the current path of the host arm,M. The number of capacitors, in turn, determines the
number of networks or submodules. As mentioned in Section 5.1, in the LMMC the number of
networks is one less than the number of capacitors, whereas in a conventional MMC the num-
ber of submodules equals either the number of capacitors (inthe HBSM- and FBSM-based
MMCs) or half of the same (in the CDSM-based MMC). Consequently, in both the LMMC
and a conventional MMC, the operation boils down to inserting the right number of capacitors
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in the arm current part.

Another difference between a conventional MMC and the LMMC is that, as explained in
Section 5.1, in the LMMC the cascade of networks in each arm isinterfaced with the rest
of the converter through two half-bridge converters: the positive half-bridge and the negative
half-bridge, whereas, in a conventional MMC, a submodule isdirectly interfaced at its ac-side
terminals with the rests of the converter.

5.4.2 Comparison between LMMC and MMC interconnections

In the LMMC, the networks are interconnected through regular links and high-efficiency links.
Therefore, a capacitor may be inserted in the current path ofthe host arm through various
combinations of switches. This, in turn, means that the switches are switched less frequently,
in comparison with those in a conventional MMC, thus reducing the switching stresses. In
addition, as explained in Section 5.1, a network can be connected not only to the next network,
but also to the network after the next, through the shortcutsoffered by the high-efficiency links,
thus, reducing the conduction power losses.

}
}

(a)

(b)

(d)

(c)

Figure 5.13: Schematic diagrams of (a) one leg of a conventional three-phase MMC, (b) an
HBSM in the upper arm, (b) a FBSM in the upper arm, and (c) a CDSMin the upper arm.
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5.5 Analysis of power losses

5.5.1 Number of series-connected switches in an arm

In an MMC adopting the NLC modulation strategy, switching power losses are negligible, and
the overall power loss of the converter can be assumed to consist only of conduction power
losses. Calculation of conduction power losses, on the other hand, requires knowledge of the
number of switches in series with the arm current paths. In the HBSM-based MMC, CDSM-
based MMC, and FBSM-based MMC, the number of series-connected switches per arm is
fixed by the number of capacitors,M. In the LMMC, however, the number of series-connected
switches depends not only on the number of inserted capacitors (or, equivalently, the ac-side
terminal voltage at the instant), but also on what specific capacitors are inserted, due, in turn,
to the number ofon high-efficiency links that varies based on the (time-varying) VBA array.
For example, as illustrated in Section 5.2.1, the number of series-connected switches required
for an ac-side terminal voltage ofvdc/2 can be 4 (see Fig. 5.8) or 5 (see Fig. 5.9), whereas,
independent from the ac-side terminal voltage level, it is 4in an HBSM-based MMC, 6 in
a CDSM-based MMC, and 8 in an FBSM-based MMC. Therefore, conduction power losses
of the LMMC are computed based on the average number of series-connected switches and
for a given ac-side terminal voltage swing (or, equivalently, for a given amplitude modulation
index).

Figure 5.14 shows the average number of series-connected switches,Nss, versus the number
of capacitors,M, for the LMMC, assuming the maximum ac-side terminal voltage swing, i.e.,
a modulation index of unity. For the HBSM-based MMC, CDSM-based MMC, and FBSM-
based MMC,Nss is the same as the number of series-connected switches, which is independent
of the modulation index, as mentioned earlier, and equal toM, 1.5M, and 2M, respectively.
However, to determineNss in the LMMC, the switching state generation algorithm of Section
5.3 was coded in MATLAB software environment, to count the number of series-connected
switches and calculate its average forM = 4 throughM = 20, in incremental steps of 2; the
piece of of the curve that corresponds toM > 20 is then drawn based on the assumption that
Nss rises linearly withM, a trend observed over the range 4≤ M ≤ 20. Further, an inspection
of the curve indicates thatNss equals 0.75M + 1.4 in the LMMC; Table 5.1 summarizes this
conclusion. It is observed the LMMC features a smaller average number of series-connected
switches than the other topologies.

Table 5.1: Average number of series-connected switches perarm

Converter Nss

LMMC 0.75M + 1.4
HBSM-based MMC M
CDSM-based MMC 1.5M
FBSM-based MMC 2M

Figure 5.15 shows the variation ofNss versus the modulation index,̂m, for three different
values ofM in the LMMC.
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Figure 5.14: The average number of series-connected switches per arm versus the number of
capacitors, for different MMC technologies.
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Figure 5.15: Variation ofNss with the modulation index, in the LMMC.

In Fig. 5.15, it can be observed that theNss, for a specificM, is a quadratic function of ˆm,
given by

Nss(m̂) = am̂2 + bm̂+ c (5.4)

wherea, b andc are the quadratic equation coefficients. Thec coefficient is theNss value for
m̂= 0, orNss0 described by the equation

c = Nss0(M) =
(M

2
+ 1

)
+ round

(
M + 2

6

)
(5.5)

The total number of switches,Nst, used for the aforementioned topologies is calculated by
the equations shown in Table 5.2, including diodes and IGCTs, in the case of the CDSM and
the LMMC, respectively.

Fig. 5.14 shows the change inNst in relation toM. It can be observed in Fig. 5.16 that the
LMMC has the same number of switches as that of the FBSM topology.

5.5.2 Power losses

Using the corresponding average number of series-connected switches, as reported in Table
5.1, and the rms values of the arm currents, Table 5.3 reportsthe power loss expressions for the
LMMC and the three other MMC topologies for a largeM.
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Table 5.2: Total number of switches for different topologies

Topology Nst(M)
LMMC 4M − 2
HBSM 2M
FBSM 4M
CDSM 7
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Figure 5.16: Comparison of the total number of switches for the HBSM, the FBSM, the CDSM,
and the LMMC.

Table 5.3: Power loss expressions for large M

Converter Power Loss Power loss relative to LMMC

LMMC ≈ (I2
1 + I2

2)(0.75M)Ron 1

HBSM-based (I2
1 + I2

2)MRon 1.33

CDSM-based (I2
1 + I2

2)(1.5M)Ron 2

FBSM-based (I2
1 + I2

2)(2M)Ron 2.66

5.6 Analysis of Voltage Stress

The voltage stress on the switches of the LMMC can be characterized through the circuit of
one samplenetwork. The networkconsidered here, Fig. 5.17, is a subset of the upper arm
circuit of a five-level LMMC, Fig. 5.6, in which the switches are considered ideal to enable
one to concentrate on the essentials.

5.6.1 SwitchSu1

The voltage across switchSu1 must be characterized for three different cases:
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Figure 5.17: Rearranged partial circuit for the voltage stress analysis in the switches connecting
three capacitors in the LMMC arm.

1. If Su2 is on, while all other switches areoff, the voltage acrossSu1 can be found from the
mesh formed bySu1, C2, andSc1. As Fig. 5.17 illustrates, the voltage across capacitor
C2 is divided betweenSc1 andSu1, such thatvS u1 = vC2/2;

2. If Sc1 is on, while all other switches areoff, the voltage ofSu1 is governed by the the
mesh formed bySu1, Sd2, andC3, andvS u1 = vC3/2;

3. If Sd1 is on, while the other switches are alloff, the voltage acrossSu1 is governed by
the mesh constituted byC1, Su1, andC2. Thus, the sum of the voltages acrossC1 and
C2 appears acrossSu1, that is,vS u1 = vC1 + vC2. This issue exists also in thefive-level
cross-connected submodule[76].

5.6.2 SwitchSc1

The voltage across switchSc1 is inspected for four different cases:

1. If Su1 andSu2 areon, while all other switches areoff, the voltage acrossSc1 is governed
by the mesh represented byC2 andSc1. Therefore,vS c1 = −vC2;

2. If Su1 andSd2 areon, while all other switches areoff, the voltage acrossSc1 is governed
by the mesh formed byC3 andSc1. Hence,vS c1 = vC3;

3. If Sd1 andSu2 areon, while all other switches areoff, the voltage acrossSc1 is governed
by the mesh formed byC1 andSc1. Therefore,vS c1 = vC1.

4. If Su2 is on, while all other switches areoff, the voltage acrossSc1 is governed by the
mesh represented bySu1, C2, andSc1, andvS c1 = vC2/2.
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Table 5.4: Voltage across the switches in the LMMC arm

Switch Most frequent voltage Less frequent voltage

Sun ≈ vc/2 ≈ 2vc

Sdn ≈ 2vc -

Scn ≈ ±vc ≈ vc/2

5.6.3 SwitchSd1

Switch Sd1 is rarely turnedon. Whenoff, it withstands a voltage of about 2vc, based on the
same analysis conducted under item 3 in Section 5.6.1, and assuming that the VBA regulates
all capacitor voltages at aboutvc.

SwitchSc1 constitutes the high-efficiency link and, therefore, closes the arm current path for
most of the time. Thus, even though switchesSu1 andSd1 experience two capacitor voltages,
they are often bypassed bySc1 (when bothSu1 andSd1 areoff ). This reduces the voltage across
Su1 by a factor of two and, also, permitsSd1 to beon less frequently than otherwise. It should
be pointed out that the switching scheme of the LMMC (see Section 5.3) does not permit any
other combination of switching states forSu1, Sd1, Sc1, Su2, andSd2. Hence, no switch in a
network can assume a voltage different in value from 0.5vc, vc, and 2vc. Table 5.4 summarizes
the conclusions.

The conclusions made through the aforementioned analysis hold also for all the other net-
works of the LMMC.

5.7 Simulation results for the LMMC

Similar to other MMC technologies that adopt the NLC switching strategy, the LMMC pro-
duces low-distortion ac-side terminal current waveforms only if its ac-side terminal voltage
has an adequately large number of levels (e.g., corresponding to M > 100). Simulation mod-
els based on detailed models of the semiconductor switches are, however, difficult to develop
and run for such an LMMC, due to excessive simulation runtime, limited number of nodes
accommodated by the software packages, etc. Therefore, in this thesis,detailed modelswere
developed only for LMMCs withM = 4 andM = 8, for preliminary assessment of the prin-
ciples of operation, salient features, and robustness to dc-side faults. All simulations were
conducted in the PSCAD/EMTDC software environment [80].

5.7.1 Case I - Single-phase LMMC inverter forM = 4

For this case, a detailed model of a single-phase 5-level LMMC (i.e., withM = 4) was simu-
lated. The LMMC, shown in Fig. 5.18 with its associated ac anddc systems, featured a dc-side
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voltage,vdc, of 8 kV, which was impressed by two identical dc sources. The ac gridvoltage
and the modulating signal were represented byvg(t) = 2 sin(2π fgt) kV andm(t) = sin(2π fgt),
respectively, wherefg = 60 Hz. The other parameters of the system wereC = 3.1mF, R= 15
mΩ, L = 2 mH, Rt = 2 Ω, andLt = 0. The system also included a fault detection logics that
compared the peak values of the arm currents,i1 andi2, with a threshold of 1.5kA. Thus, the
fault detection mechanism blocked the gating pulses of the switches, for 100-ms, if either of
the two peak values exceeded the threshold.

Figure 5.18: Schematic diagram of the single-phase LMMC system for Case I.

Initially, the gating pulses of the switches were disabled and the capacitors pre-charged.
Then, att = 0.03 s the gating pulses were unblocked and the LMMC functioned normally until
t = 0.1 s. From t = 0.1 s to t = 0.15 s, nodes “+” and “−” were connected through a short
link, to simulate a 50-mslong dc-side fault. Almost immediately after the fault inception, the
fault detection mechanism of the LMMC detected the fault andblocked the gating pulses, until
t = 0.2 s. Thereafter, the gating pulses were unblocked to allow the LMMC to revert to its
normal operation. Figure 5.19 shows the responses of the LMMC and a detailed model of an
equivalent 5-level FBSM-based MMC.

As Fig. 5.19 shows, fromt = 0.1 s to t = 0.15 s, that is, during the fault, the arm current
is zero and, consequently, the arm voltage is equal to the negative of the grid voltage, in both
the LMMC and FBSM-based MMC. Fromt = 0.15sonwards, that is, from the fault clearance
moment onwards, the arm voltages assume a positive offset equal to half of the dc-side voltage,
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Figure 5.19: Waveforms of selected variables in an open-loop controlled single-phase 5-level
LMMC (left column) and an equivalent FBSM-based MMC (right column), to various distur-
bances; Case I.

i.e., 4kV, until the release of the gating pulses att = 0.2 s, while the arm currents remains
zero. Fromt = 0.2 s onwards, i.e., from the instant at which the gating signals are released,
the currents and voltages revert to their pre-disturbance forms and magnitudes. Figure 5.19
demonstrates the similarity of the responses of the LMMC andFBSM-based MMC. Figure
5.19 also shows that the arm currents exhibits harmonic distortion due to circulating current
components. This, in turn, is due to the fact that the simulation was run in open-loop, i.e., no
circulating current suppression control was employed.

Figure 5.20 shows the voltage and current waveforms for the switches of the secondnet-
work of the upper arm of the LMMC; the variables are labeled in accordance with the circuit
of Fig. 5.17. It can be verified through the waveforms that thevoltage magnitudes agree with
the values predicted by the analysis of Section 5.6.

Figure 5.21 depicts the gating pulses for the switches of thesecondnetworkof the upper
arm of the LMMC, as well as the gating pulses for switchS3 of the first FBSM, Fig. 5.18(c),
in the upper arm of the equivalent five-level FBSM-based MMC.The figure indicates that, as
compared to the FBSM-based MMC, the switches of the LMMC are switched less frequently.
This is due to the multiple possible switch state combinations in the LMMC, offered by the
high-efficiency links and the regular links.

5.7.2 Case II - Single-phase LMMC inverter forM = 9

In this case, a detailed model of a open-loop controlled single-phase 9-level LMMC was simu-
lated, in the same system as that of Fig. 5.18, assuming the same sequence of events as those in
Case I, and with the same parameters as those in Case I, with the exception thatC = 6 mF. The
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Figure 5.20: Voltage and current waveforms for the switchesof the second network of the
upper arm; Case I.

LMMC was also equipped with the same fault detection mechanism as that in the system of
Case I. Figure 5.22 depicts that responses of the LMMC and a detailed model of an equivalent
HBSM-based MMC.

As Fig. 5.22 shows, fromt = 0.1 s to t = 0.15 s, i.e., during the fault, in the LMMC the
arm current is zero and the arm voltage is equal to the negative of the grid voltage. However, in
the HBSM-based MMC, a large arm current develops, which cannot be interrupted and is only
impeded by the inductance of the arm inductance. The figure also shows that the arm current is
superimposed with a decaying negative dc offset. The dc offset depends on the fault inception
instant, relative to the zero crossing instant of the grid voltage. In this case, the relationship
happens to be such that the maximum possible negative offset develops subsequent to the fault
inception. Therefore, the arm current remains negative forthe entire duration of the fault, as
Fig. 5.22 shows. Consequently, the arm voltage of the HBSM-based MMC is almost zero
in this interval, due to the conduction of the anti-paralleldiode of the lower switches of the
submodules. From the fault clearance moment,t = 0.15s, the arm voltages of both the LMMC
and HBSM-based MMC move up by half of the dc-side voltage, andthe arm current of the
HBSM-based MMC also becomes zero. After the gating pulses are released, that is, fromt =
0.2 s onwards, the two converters resume their normal operations.
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Figure 5.21: Gating pulses for the switches of the second network in the upper arm of the
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Figure 5.22: Waveforms of selected variables in an open-loop controlled single-phase 9-level
LMMC (left column) and an equivalent HBSM-based MMC (right column), to various distur-
bances; Case II.
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5.7.3 Case III - Three-phase LMMC inverter for M = 8

In this case, a detailed model of a three-phase 9-level LMMC,operated as an inverter in a
system such as shown in Fig. 5.1, was simulated under closed-loop control. The parameters
wereC = 6 mF, R = 0.1Ω, L = 4 mH, Rt = 0.8 Ω, andLt = 10 mH. The grid voltage had
a peak value of 2kV and its frequency was 50-Hz. The LMMC was current-controlled in a
dq frame synchronized to the grid voltage, [10]. The converterwas also equipped with a fault
detection mechanism that compared the peak value of the arm currents with a threshold of 1.0
kA and disabled the current controller and the gating pulses for 100ms, if any of the six arm
current peak values exceeded the threshold. The fault detection mechanism also set the setpoint
for thed-axis component of the ac-side terminal current to zero.
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Figure 5.23: Waveforms of selected variables in a closed-loop controlled three-phase 9-level
LMMC, to various disturbances; Case III.

From the start tot = 0.03 s, the gating pulses and the current controller were disabled. At
t = 0.03 s, the gating pulses were released and the current controllerwas activated, with the
real- and reactive-power setpoints both set to zero. Att = 0.15s, the real-power setpoint was
stepped to 2MW, thus raising the setpoint for thed-axis component of the ac-side terminal
current toi∗d = 0.66kA. At t = 0.4 s, a short link was placed across the dc-side terminals of
the LMMC, and was removed after 50ms. The fault detection mechanism detected the fault,
almost immediately, blocked the gating pulses, disabled the current controller, and seti∗d to
zero. Att = 0.5 s, the gating pulses were unblocked, the current controller was enabled, andi∗d
was reset to its pre-disturbance value of 0.66kA.

Figure 5.23 shows the waveforms of the ac-side terminal current, upper arm current, and
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upper arm voltage (all for phase-a). The figure also shows the waveforms of thed- andq-axis
components of the ac-side terminal current. It is observed that, as expected, the arm current and
the ac-side terminal current drop to zero once the fault is detected. It is also observed that the
ac-side terminal current is noticeably distorted. The distortion, in turn, translates into consid-
erable ripples in thed- andq-axis current components. The distortion is due to the smallM for
this simulation and, consequently, the low number of levelsin the ac-side terminal voltage of
the LMMC. The modulation strategy adopted for this paper, i.e., the NLC modulation strategy,
produces quality ac-side voltage and current waveforms ifM is large.

5.7.4 Validation of the model for power losses

Cases I and II were also used to verify the predictions of Section 5.5 of the power losses
of the LMMC, with the results reported in Table 5.5; the powerlosses were computed as
Ploss = vdci1 − vti t, using the simulated variables. A closer look at the resultsof Table 5.5
reveals the fact that the predictions of Table 5.3 do not precisely hold. This is because the power
loss expressions in Table 5.3 are derived, from those in Table 5.1, based on the assumption of
adequately large values ofM. Further, the average number of series-connected switches, Nss,
in the LMMC, exhibits deviations from the values predicted by the corresponding expression
in Table 5.1 ifM is small. Thus, in Case I, whereM = 4, the value ofNss for the FBSM-based
MMC is 1.8 times that for the LMMC, whereas, as shown in Table 5.5, the power loss of the
FBSM-based MMC is 1.5 times that of the LMMC. However, for Case II, i.e., withM = 8, the
ratio of theNss values is 1.08, which agrees with what Table 5.5 reports from the simulations.

Table 5.5: Simulated power losses for Cases I and II.

Converter Case I Case II Relative to LMMC

LMMC 0.0259MW 0.026MW −

5-level FBSM-based MMC 0.038MW − 1.5

9-level HBSM-based MMC − 0.028MW 1.08

5.8 Summary and Conclusions

In this chapter, a new topology for modular multilevel converter (MMC) was proposed. The
proposed MMC, referred in this thesis to as the LMMC, offers the same fault handling capa-
bility of an equivalent full-bridge submodule (FBSM) -based MMC, while it features lower
power losses than the half-bridge submodule (HBSM) -based MMC, the clamp-double sub-
module (CDSM) -based MMC, and the FBSM-based MMC. The effectiveness of the proposed
MMC was demonstrated through time-domain simulation results, assuming various normal
and faulted operating scenarios.
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Chapter 6

Lattice Submodule

In Chapter 5, a new topology for the MMC was proposed, the LMMC. The proposed LMMC
was shown to feature the same dc-side fault handling capability as that of the FBSM, with
lower power losses as those of the HBSM. However, the LMMC positive and regular links
must be selected such that they can withstand double the submodule capacitor voltage. This
shortcoming means that the cost of the LMMC is higher than that of an FBSM-based MMC,
even though the number of switches per arm is the same. Nevertheless, the LMMC produce
much lower power losses than all other topologies known to date, at least that is the conclusion
from the analysis in Chapter 5 and the simulation results, which makes the operation less costly.
A more detailed analysis is needed, perhaps strengthened byexperimental results, to verify the
balance point where the use of LMMC topology becomes more economically feasible than the
FBSM.

Therefore, a different topology, theLattice Submodule(LSM), is proposed in this chapter.
The LSM is a modification of the LMMC in the sense that the switches of the negative regular
links are substituted by diodes, and aparallel link is added to enable all switching possibili-
ties. These modifications also guarantee that no switch experiences higher than one capacitor
voltage; the diodes of the negative regular link experiencetwo capacitor voltages, but they are
off in normal operation, hence no switching power losses. However, the topology can only be
extended to four capacitors, and not the entire converter arm. Thus, an LSM-based MMC is
not as efficient as the LMMC; its power losses are slightly larger than those of an HBSM-based
MMC. However, the stress on its switches is lower than that ofthe switches in the LMMC as
explained in this chapter.

6.1 Proposed submodule topology: The LSM

Figure 6.1 shows a schematic diagram of the proposed SM topology, i.e., the LSM, based
on the assumption thatM + 1 levels (M is assumed to be even) are to exist in the ac-side
terminal voltage. Figure 6.1 also shows that the LSM hosts four capacitors, thus, the number
of SMs in an arm is given byN = M/4. Therefore, the number of SMs in an arm is given by
N = M/4. The capacitors in an arm are identified asC1n, C2n, C3n, andC4n, wheren is the SM
number(n = 1, 2, 3, ...,N for the upper arm, andn = N + 1,N + 2, ..., 2N for the lower arm).

Figure 6.1 further shows that the positive terminal,PS, and negative terminal,NS, of the
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LSM, similarly to the LMMC, are connected to the arm by a positive half-bridge and a negative
half-bridge. Internally, the capacitors are connected between themselves by positive regular
links, formed by B-C, D-E, and F-G, and by negative regular links, formed by A-D, C-F, and
E-H. The capacitors can also connect to each other through high-efficiency links, formed by
B-E and D-G, and through aparallel link, E-G. TheM capacitors are assumed to all have the
same (nominal) capacitance, as it is the case for conventional MMCs and the LMMC.

Figure 6.1: Schematic diagram for the LSM.

Similarly to the LMMC, the positive regular links, high-efficiency links, and parallel links
embed fully controllable electronic switches,Su1n, Sc1n, Su2n, Sc2n, Su3n, andSp3n. By contrast,
the negative regular links utilize diodes,D1n, D2n, andD3n. Switches of the positive regular link,
Su1n, Su2n, andSu3n, must be of the reverse-conducting type, e.g., IGBTs, whereas switches of
the high-efficiency links, that is,Sc1n andSc2n, and the switch of the parallel link, that is,Sp3n,
must be bidirectional reverse-blocking switches, e.g., such as the IGCTs featured in [83]-[92].

6.2 Principles of Operation of the LSM

6.2.1 Normal operation

In the LSM, the capacitors can be inserted through high-efficiency links, positive regular links
or a parallel link.

Figure 6.2 shows the current path (thick line) in the first LSMof the upper arm (i.e.,n = 1),
if, for example, capacitorsC31 andC41 are to be inserted in the MMC arm. It is noted that,
in this case the number of switches in series with the arm current is 4, which is equal to the
number of switches inserted in the HBSM. This is possible dueto the use of a high-efficiency
link, i.e, Sc11. Similarly, if capacitorsC11 andC41 are to be inserted in the MMC arm, as Fig.
6.3 illustrates, the parallel link, i.e.,Sp31, is activated, in addition toSc11, to keep 4 of switches
in series. By contrast, if capacitorsC21 andC31, Fig. 6.4, are to be inserted in the MMC arm,
no high-efficiency links can be used, and the number of series-connectedswitches rises to 5.
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Figure 6.2: Current path in the LSM withC31 andC41 inserted forn = 1.

Figure 6.3: Current path in the LSM withC11 andC41 inserted forn = 1.

Figure 6.4: Current path in the LSM withC21 andC31 inserted, forn = 1.

6.2.2 Operation under a dc-side fault

The operation and the equivalent circuit of the LSM under a dc-side fault is exactly the same
as that of the LMMC. Therefore, the behavior described in Section 5.2.2 is still valid here and
will not be repeated.
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Table 6.1: Switch States in Terms of VBA Array Elements for anLSM
VBA Array Elements Switch States

Comb x1n x2n x3n x4n kS1n kS2n kS u1n kS c1n kS u2n kS c2n kS u3n kS p3n kS3n kS4n Nss

0 0 0 0 0 0 1 0 1 0 0 0 1 1 0 4
1 0 0 0 1 0 1 0 1 0 0 0 1 0 1 4
2 0 0 1 0 0 1 0 1 0 0 1 0 1 0 4
3 0 0 1 1 0 1 0 1 0 0 1 0 0 1 4
4 0 1 0 0 0 1 1 0 0 1 0 0 1 0 4
5 0 1 0 1 0 1 1 0 0 1 0 0 0 1 4
6 0 1 1 0 0 1 1 0 1 0 1 0 1 0 5
7 0 1 1 1 0 1 1 0 1 0 1 0 0 1 5
8 1 0 0 0 1 0 0 1 0 0 0 1 1 0 4
9 1 0 0 1 1 0 0 1 0 0 0 1 0 1 4
10 1 0 1 0 1 0 0 1 0 0 1 0 1 0 4
11 1 0 1 1 1 0 0 1 0 0 1 0 0 1 4
12 1 1 0 0 1 0 1 0 0 1 0 0 1 0 4
13 1 1 0 1 1 0 1 0 0 1 0 0 0 1 4
14 1 1 1 0 1 0 1 0 1 0 1 0 1 0 5
15 1 1 1 1 1 0 1 0 1 0 1 0 0 1 5

6.3 Switching Scheme of the LSM

The switching scheme of the LSM adopts the same NLC modulation strategy as that of the
LMMC. Further, the switching scheme of the LSM is also based on a VBA array. However, in
the LMMC there is no submodules, and the capacitors are indexed from 1 toM in the upper
arm, andM + 1 to 2M in the lower arm, which is not the case in the LSM. Since the LSMis a
submodule topology, its capacitors are indexed from 1 to 4 inside each submodule. Thus, the
VBA array is modified to

x =

[x11, x21, x31, x41, ..., x1n, x2n, x3n, x4n,

..., x1N, x2N, x3N, x4N]

(6.1)

In the VBA array, an element,x2n, represents the state of the second capacitor of thenth SM
in the host arm. Thus,x2n = 0 corresponds to a bypassedC2n, whereasx2n = 1 indicates an
insertedC2n. The VBA array is then used to determine what switches must beturnedon in
each SM in the corresponding arm, raging from capacitorC11 to capacitorC4N, in the upper
arm, and capacitorC1(N+1) to capacitorC42N, in the lower arm.

Table 6.1 lists the switch conduction states correspondingto each of the 16 values of the
VBA array for one LSM. Thus, the conduction state of a switch is represented by a binary
variable,k, which is 0 if the switch isoff and is 1 if the switch ison. For example,kS1n = 1
indicates that switchS1 of thenth SM is on, etc. Table 6.1 also lists the number of switches
in series with the arm current path,Nss. It is noted thatNss is equal to 4 for 12 of the VBA
array values, and it is equal to 5 for the remainder, resulting in an average number of series-
connected switches,Nss, of 4.25. This information is used in Section 6.4, for estimating the
conduction power loss of the LSM.

The switching scheme can be implemented based on Table 6.1 and through a look-up table.
However, such an implementation requires the processor to access its memory every time a new
step must be produced for the ac-side terminal voltage. A more efficient way of implementing
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Table 6.2: Boolean Logic for the Switch States in Terms of VBAArray Elements

Switch state kS1n kS2n kS c1n kS u1n kS c2n kS u2n kS p3n kS u3n kS3n kS4n

Equation x1n !x1n !x2n x2n x2n!x3n x2nx3n !x2n!x3n x3n !x4n x4n

the switching scheme is to use Boolean algebra applied directly to Table 6.1, as shown in Table
6.2. In Table 6.2, symbol! represents anegation(NOT) operation, and the product of two
VBA array elements signifies aconjunction(AND) operation. For example,x2n!x3n means a
conjunction betweenx2n and the result of the negation ofx3n.

6.4 Power loss analysis

Since MMCs with a largeM, including the LSM-based MMC, feature low average switching
frequencies, the power loss is predominantly of the conduction nature. Thus, regardless of
the SM topology, the aggregate conduction power loss of one leg of an MMC, for a normal
operating condition, is given by

Ploss = NssRon(I
2
1 + I2

2) (6.2)

whereRon is the on-state resistance of one switch in the SM which, for ease of analysis, is
assumed to be the same for all switches. It is assumed that thearm currents rms valuesI1 and
I2 include all harmonic components. This assumption is plausible in view of the fact that an
LSM-based MMC operates by inserting capacitors in its arm, as described in Section 5.2.1, in
much the same way that the other known MMCs operate. Therefore, i1 andi2 in an LSM-based
MMC are very similar to those in MMCs based on HBSM, FBSM, CDSM, or LMMC for a
given set of parameters and operating condition.

Moreover, if one decides to calculate the power loss ratio between an LSM and an HBSM,
for example, applying (6.2), the power loss ratio,H, can be simplified to

H =
NssLS M

NssHBS M

(6.3)

Thus, applying the knownNss of 4.25 (see Section 6.3), yields

H =
4.25N

M
(6.4)

The same ratio calculated by (6.4) between a LSM and a HBSM canbe derived for other
SM topologies. For simplicity, in this thesis,H is always calculated in relation to the HBSM.

Substituting into (6.4) the relation betweenM andN in the LSM, i.e.,N = M/4, results
in a constant ratio of 1.063. Thus, independently ofM or N, the power loss in an LSM is
approximately 1.063 times the power loss in an HBSM. Therefore, the LSM and theHBSM
feature, approximately, the same power loss.
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Figure 6.5: Rearranged LSM circuit, forn = 1.

6.5 Voltage stress analysis

One of the advantages of the LSM is the lower voltage stress ofits switches. This section
provides expressions for off-state switch voltage drops, for a given set of switch states.

Figure 6.5 shows a re-arranged circuit for, for example, thefirst LSM (n = 1) in an LSM-
based MMC. From an analysis of the circuit of Fig. 6.5, the following equations emerge:

−vD11 + vS u11 = −vC11 − vC21 (6.5)

−vD21 + vS u21 = −vC21 − vC31 (6.6)

[!kS u31!kS p31]vS u21 + vS p31 = [kS u31]vC31 (6.7)

[!(kS u21kS p31)!kS p31!kS u21kS u31]vD11

−[!(kS u21kS p31)kS p31!kS u21]vS u21 + vS c21 =

[!(kS u21kS p31)!kS p31!kS u21kS u31]vC11

+[!(kS u21kS p31)!kS p31kS u31]vC31

(6.8)

−[!kS c11]vD21 + vsc11 = −[!kS c11]vC31 (6.9)

vD31 − [!kS p31!kS u31]vS p31 =

[kS u31!kS p31]vC31 + vC41

(6.10)
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vD11 + [kS c11]vS u21 = vC11 + [!kS c11]vC31 (6.11)

−vD31 + vS u31 = −vC31 − vC41 (6.12)

[kS u21 + kS c21]vD21 − [!kS u21kS c21]vD31 =

[kS u21 + kS c21]vC21 + [kS u21−!kS u21kS c21]vC31

(6.13)

[!kS c21!kS c11]vD11+ [kS c21]vD31 + vS u21 =

1
5

[!kS c21!kS c11 + kS c11!kS c21]vC11

+
1
5

[!kS c21!kS c11 − 2!kS c21kS c11]vC21

−1
5

[2!kS p31!kS c21kS c11 + kS p31!kS c21kS c11]vC31

(6.14)

where the switch states,k′s, are Boolean variables, and the operations between them arealso
Boolean.

For a given set of switch states from Table 6.1, some equations, from the set (6.5) through
(6.14), become redundant, while some others render an infinite number of solutions. Therefore,
only a subset of the equations are sufficient for finding the voltages based on the following
matrix equation:



vD11

vD21

vD31

vS u11

vS c11

vS u21

vS c21

vS u31

vS p31



= A−1B



vC11

vC21

vC31

vC41


(6.15)

whereA is a i x i matrix, andi is the number of switch voltage variables, whereasB is a i
x 4 matrix. Both matrixes have, as entry values,−1, 0, and 1. In (6.5) to (6.14), a voltage
variable is said to beincludedin an equation, if a set of switch states return 1 as the coefficient
of that voltage in the equation. However, if a set of switch states return 0 as the coefficient, the
voltage variable isexcludedfrom the equation. For example, in (6.9), ifkS c11 = 1, the voltage
variablevD21 is excluded from the equation. Thus,A is the matrix formed by the switch states
that control the inclusion of the switch voltage variables,whereasB is the matrix formed by
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the switch states that control the inclusion of the capacitor voltage variables. As an example,
assuming that the capacitor voltages arevC11 = 2.05 kV, vC21 = 2.1 kV, vC31 = 2.15 kV, and
vC41 = 2.2 kV, corresponding to a maximum capacitor voltage variation of10% of vc = 2
kV, and that the set of switch states in the first LSM are as per line 4 from Table 6.1, then
(6.8), (6.11), and (6.14) are neglected, together with the voltage across switchesSu11 andSc21

(short-circuit). Therefore, (6.15) yields



vD11

vD21

vD31

vS c11

vS u21

vS u31

vS p31



= A−1B



2.05
2.1
2.15
2.2



=



4.15
3.2
3.25
1.05
−1.05
−1.1
1.05



kV

(6.16)

where

A =



−1 0 0 0 0 0 0
0 −1 0 0 1 0 0
0 0 0 0 1 0 1
0 −1 0 1 0 0 0
0 0 1 0 0 0 −1
0 0 −1 0 0 1 0
0 1 −1 0 0 0 0



(6.17)

and

B =



−1 −1 0 0
0 −1 −1 0
0 0 0 0
0 0 −1 0
0 0 0 1
0 0 −1 −1
0 1 −1 0



(6.18)

The voltage across switchesS11 and S41 can be easily determined asvS11 = vC11 and
vS41 = vC41. Thus, the voltages across the switches in the positive and negative half-bridges are
not calculated by (6.16).
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6.6 Advantages of the proposed topology

The advantages of the LSM over the previously introduced topologies are described as follows:
The high-efficiency links in the LSM, and the parallel link, connect terminalsPS andNS

with the minimum number of switches in series with the arm current. For this reason, the
conduction losses in the LSM are approximately the same as those in the HBSM, and are
lower than the other mentioned topologies featuring dc-side fault handling capability, with the
exception of the LMMC. More specifically, when compared to the HBSM, the LSM uses an
average of only 0.25 more switches to insert or bypass capacitors in the MMC arm, as described
in detail in Section 5.3. Moreover, the switching losses in the LSM are lower, as compared to
the other topologies, except the LMMC, due to the fact that the insertion of capacitors in
the arm, to generate the desired level of the ac-side terminal voltage, can be achieved by the
high-efficiency links; the LMMC has more high-efficiency links than the LSM and, therefore,
features a lower power loss. However, it experiences highervoltages across its positive regular
links, as compared to the LSM, since its negative regular links are composed by IGBTs.

The LSM experiences a reduced off-state voltage across its switches, i.e., the voltage across
the IGBTs and IGCTs in the LSM exhibits lower magnitudes, as compared to other MMC
topologies for HVDC systems. More specifically, the switches that form the positive regular
links of the LSM experience a voltage ofvc/2 in all switching combinations. Further, the
switches forming the high-efficiency links and the parallel link experience a voltage of either
vc/2 or vc, depending on the conduction states of the switches. In addition, the switches that
form the positive and negative half-bridges experience a voltage of vc. Finally, the diodes,
which constitute the negative regular links experience a voltage of 2vc. However, high-voltage
diodes are considerably more commonplace and remarkably less costly than fully-controllable
switches of similar voltage and current handling capabilities.

Taking the example of HVDC system presented in [18] and [20],if the LSM were used as
the SM, each arm would host 100 LSMs. Therefore, for a three-phase back-to-back system,
2400 IGBTs would experience the aforementioned reduced voltage in normal operation, for
all switching configurations, whereas the remaining switches (apart from the diodes) would
experience voltages of eithervc/2 orvc.

Considering power losses, voltage stress of the switches, and dc-fault handling capability,
it can be concluded that the LSM features an optimum solution.

6.7 Simulation results for the LSM

As it is the case for other MMC technologies that use the NLC switching strategy, the LSM-
based MMC produces low-distortion ac-side terminal current waveforms only if its ac-side
terminal voltage has an adequately large number of levels (high-density MMC). However, sim-
ulation models based on detailed models are difficult to create, and even more difficult to run.
Therefore, detailed models were developed for LSM-based MMCs with M = 4, M = 8, and
M = 12, for preliminary assessment of the principles of operation, dynamics, and behavior
during dc-side faults. It is important to point out that for these values ofM (4, 8, and 12),
the voltage and current waveforms in the LSM-based MMC are expected to feature visible
harmonic distortion. All simulations were conducted in thePSCAD/EMTDC software envi-
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ronment [80].

6.7.1 Case I - Single-phase LSM inverter forM = 4

In this case, the simulation of a detailed model of a single-phase 5-level LSM-based MMC (i.e.,
with M = 4) was executed. The MMC, shown in Fig. 6.6 and its ac and dc systems, featured a
dc-side voltage,vdc, of 8kV, which was impressed by two identical dc sources. The modulating
signal and the ac grid voltage were represented bym(t) = sin(2π fgt) andvg(t) = 2 sin(2π fgt) kV,
respectively, forfg = 60 Hz. The remaining parameters of the system wereC = 3.1mF, R =
15mΩ, L = 2 mH, Rt = 0.1Ω, andLt = 5 mH. The system was equipped with a fault detection
mechanism that compared the peak values of the arm currents,i1 andi2, with a threshold of 2.5
kA. Thus, the fault detection mechanism blocked the gating pulses of the switches, for 100-ms,
if either of the two peak values exceeded the threshold.

Figure 6.6: Schematic diagram of the single-phase LSM-based MMC system for Case I.

In the beginning of the simulation, the gating pulses of the switches were disabled and the
capacitors were pre-charged. After the pre-charge, att = 0.03 s the gating pulses were released
and the LSM-based MMC operated normally untilt = 0.35 s. From t = 0.35 s to t = 0.4 s,
nodes “+” and “−” were connected through a short link, to simulate a 50-mslong dc-side fault.
An instant after the dc-side fault occurrence, the fault detection mechanism of the LSM-based
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MMC detected the fault and blocked the gating pulses, untilt = 0.45s. Then, the gating pulses
were unblocked and the LSM-based MMC went back to its normal operation. Figure 6.7 shows
the waveforms of the LSM-based MMC detailed model.
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Figure 6.7: Waveforms of selected variables in an open-loopcontrolled single-phase 5-level
LSM-based MMC, to various disturbances; Case I.

Figure 6.7 shows that, fromt = 0.35 s to t = 0.45 s, i.e., during the action of the fault
detection mechanism, the arm current was driven to zero and,consequently, the arm voltage
was equal to the negative of the grid voltage. Fromt = 0.4 s onwards, i.e., from the moment
when the fault was cleared onwards, the arm voltages assumedthe expected positive offset, i.e.,
vdc/2 = 4 kV, until the enabling of the gating pulses att = 0.45s, while the arm currents re-
mains zero. Att = 0.45 sand after, the currents and voltages went back to their pre-disturbance
forms and magnitudes. Figure 6.7 also shows that the arm currents show harmonic distortion
related to circulating current components. This effect is expected, due to the fact that the sim-
ulation was run in open-loop, and no circulating current suppression control was employed.

Figures 6.8 and 6.9 show the voltage and current waveforms for the switches of the first SM
in the upper arm (n = 1) in the LSM-based MMC; the variables are labeled in accordance with
the circuit of Fig. 6.5. It can be verified through the waveforms that the voltage magnitudes
agree with the values predicted by the analysis of Section 6.5.

Figure 6.10 shows the voltage in the capacitor of the first SM in the upper arm. It can be
verified that the voltage is balanced and that it remains constant during the action of the fault
detection mechanism.

6.7.2 Case II - Three-phase LSM inverter forM = 8

For this case, the simulation of a detailed model of a three-phase 9-level LSM-based MMC,
operating as an inverter in a system such as shown in Fig. 5.13, was executed under closed-
loop control. The parameters wereC = 6 mF, R = 15 mΩ, L = 2 mH, Rt = 0.1 Ω, andLt =
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Figure 6.8: Voltage and current waveforms for the switches of the positive regular links for
n = 1; Case I.

0

1

2

v S
c1
1
[k
V
] (a)

−1.13

0

1.13

i S
c1
1
[k
A
] (b)

−1
0
1
2

v S
c2
1
[k
V
] (c)

−1

0

1

i S
c2
1
[k
A
] (d)

0

1

2

v S
p
3
1[
k
V
] (e)

0.7 0.71 0.72 0.73 0.74 0.75 0.76 0.77
−1

0

1

i S
p
3
1[
k
A
]

time[s]

(f)

Figure 6.9: Voltage and current waveforms for the switches of the high-efficiency links and
parallel link forn = 1; Case I.
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Figure 6.10: Waveforms of the capacitor voltages in the phase a of a open-loop single-phase
5-level LSM-based MMC, forn = 1, to various disturbances; Case I.

5 mH. The grid voltage presented a peak value of 2kV with frequency of 60-Hz. The LSM-
based MMC was current-controlled in adq frame synchronized to the grid voltage, [10]. The
converter was also equipped with the same fault detection mechanism as in Case I, except that
the threshold was 1.5kA. The fault detection mechanism disabled the current controller and the
gating pulses for 100ms, if any of the six arm current peak values exceeded the aforementioned
threshold. Further, the fault detection mechanism also setthe setpoint for thed-axis component
of the ac-side terminal current to zero.

From the beginning of the simulation tot = 0.03 s, the gating pulses and the current
controller were disabled. Att = 0.03 s, the gating pulses and the current controller were
activated, with the real- and reactive-power setpoints both set to zero. Att = 0.15s, the real-
power setpoint was set to 2MW, raising the setpoint for thed-axis component of the ac-side
terminal current toi∗d = 0.66kA. At t = 0.35 s, a dc-side fault was simulated, by placing a
short link across the dc-side terminals of the LSM-based MMC. The short link was removed
after 50ms. An instant after the dc-side fault occurrence, the fault detection mechanism of the
LSM-based MMC detected the fault, blocked the gating pulses, and seti∗d to zero. Att = 0.45
s, the gating pulses were unblocked, the current controller was enabled, andi∗d was reset to its
pre-disturbance value of 0.66kA.

Figure 6.11 shows the waveforms of the ac-side terminal current, upper arm current, and
upper arm voltage, for phase-a. Also, Fig. 6.11 presents the waveforms of thed- andq-axis
components of the ac-side terminal current. It can be observed that, as expected, the arm current
and the ac-side terminal current dropped to zero at the moment that the fault is detected. It can
also be observed that the ac-side terminal current is visually distorted. In turn, the harmonic
distortion, implicates in considerable ripples in thed- andq-axis current components. The
harmonic distortion is, as mentioned in the beginning if this section, due to the smallM applied
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Figure 6.11: Waveforms of selected variables in a closed-loop controlled three-phase 9-level
LSM-based MMC, to various disturbances; Case II.

in this case and, consequently, the low number of levels in the ac-side terminal voltage of the
LSM-based MMC. IfM is large, as illustrated in the back-to-back system simulated in Section
3.3.4, the NLC modulation strategy produces voltage and currents with no noticeable harmonic
distortion.

Figure 6.12 depicts the balanced voltages in the capacitorsbelonging to the first SM in the
phase a leg. As it was the case for Case I, the capacitor voltages remain constant during a fault.

6.7.3 Validation of the model for power losses

In this subsection, the detailed model presented in Case I was augmented to, first,M = 8, and
then toM = 12. Also, detailed models for HBSM-based MMC featuringM = 4, 8, and 12
were developed. Then, the power losses were simulated for both the LSM-based MMC and
HBSM-based MMC detailed models, and the power loss ratio, described in Section 6.4, was
calculated for each model. Table 6.3 shows the power loss ratio, H, for the simulated MMCs.

The power loss ratio showed in Table 6.3 agrees well with the calculated power loss ratio
presented in Section 6.4, with a maximum error of 2%.

6.8 Summary and Conclusions

This chapter proposed a new submodule topology for MMC-based HVDC system applications.
The proposed submodule topology, referred in this thesis toas theLattice Submodule(LSM),
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Figure 6.12: Waveforms of the capacitor voltages in the phase a of a closed-loop controlled
three-phase 9-level LSM-based MMC, forn = 1, to various disturbances; Case II.

Table 6.3: Simulated power losses andH.

Converter Power loss H

5-level LSM-based MMC 0.0289MW 1.086

5-level HBSM-based MMC 0.0266MW

9-level LSM-based MMC 0.03MW 1.071

9-level HBSM-based MMC 0.028MW

13-level LSM-based MMC 0.058MW 1.076

13-level HBSM-based MMC 0.054MW

was demonstrated to offer the same dc-side fault handling capability of an equivalent full-
bridge submodule (FBSM), while it features, approximately, the same power losses as those
of the half-bridge submodule (HBSM). Further, the LSM was shown to feature smaller volt-
age stress in the switches in comparison with other topologies mentioned in this thesis. The
effectiveness of the LSM was demonstrated through time-domainsimulation of single-phase
and three-phase systems, assuming various normal and faulted operating scenarios.
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Chapter 7

Conclusions, Contributions, and Future
Work

7.1 Conclusions

The conclusions of this thesis are as follows:

1. To address the issues exhibited by the current submodule capacitor sizing methods, a
new method was proposed in this thesis. The proposed method is based on a complete
steady-state model that allows for the prediction of the magnitude of the harmonic com-
ponents in the MMC submodule capacitor voltages, arm voltages, and arm currents.
Consequently, it became possible to develop approximate equations for the submodule
capacitor voltage harmonic components, that, in turn, allowed for the calculation of the
voltage crest and trough. The summation of the submodule capacitor voltage crest and
trough, gave rise to an analytical equation for the submodule capacitor calculation as a
function of the submodule capacitor voltage variation. Further, the method proposed in
this thesis can also calculate the impact of the circulatingcurrent (injected or not) in the
size of the submodule capacitor.

2. This thesis demonstrated that the MMC can be simulated through a simplified equivalent-
circuit simulation model, without losing information regarding the dynamics of the sub-
module capacitor voltage. The simplified equivalent-circuit model was proven to have
negligible error in comparison to detailed models, while exhibiting a higher simulation
speed.

3. This thesis also demonstrated that the dc-fault handlingcapability of the MMC can be
maintained while the power losses in the MMC arm are decreased, in comparison to the
topologies currently known. In addition, it was demonstrated that the voltage stress on
the switches can also be decreased, through a new arrangement of the arm capacitors,
giving rise to a new submodule topology. Fig. 7.1 illustrates the comparison between the
topologies mentioned in this thesis, regarding dc-side fault handling capability, average
number of series-connected switches, and voltage stress.
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Figure 7.1: Illustrated comparison between the half-bridge submodule, the full-bridge submod-
ule, the clamp-double submodule, the 5-level cross-connected submodule, the lattice modular
multilevel converter, and the lattice submodule, regarding dc-side fault handling capability,
average number of series-connected switches, and voltage stress.

7.2 Contributions

This thesis presents the following contributions:

1. A complete steady-state model that can be used to predict the amplitude of each har-
monic component in the MMC currents and voltages, and an accurate and completely
analytical method for sizing the submodule capacitor: The proposed harmonic model is
capable of predicting the amplitude of the harmonic components of the MMC arm volt-
ages, submodule capacitor voltages, and arm currents. Further, based on the proposed
harmonic model, a capacitor sizing method is proposed to determine the capacitance of
the submodule capacitor for a desired level of voltage variation, without a need for nu-
merical algorithms or graphs used by the existing methods. In addition, the proposed
capacitor sizing method can accurately determine the required capacitance even if circu-
lating currents are injected to mitigate dc voltage fluctuations.

2. A new equivalent-circuit simulation model that enables convenient and fast simulation of
MMC systems including those featuring dc-fault handling: The equivalent-circuit-based
simulation model assumes ideal submodule switches to speedup the simulation, but is
nonetheless capable of capturing the transients as well as harmonic components of the
voltages and currents.

3. A feedforward control strategy for canceling the arm voltage component responsible for
the formation of the circulating current: The proposed compensation strategy calculates
the magnitude of the second harmonic component of an arm voltage, and uses the calcu-
lated value as a feedforward signal to cancel the circulating current of the corresponding
MMC leg. The proposed feedforward compensation strategy, if combined with a closed-
loop circulating current suppression strategy, greatly mitigates the possibility of control
saturation and, also, results in better damped closed-loopdynamics.

4. New MMC topologies with dc-side fault current handling capability and higher effi-
ciency than that featured by the topologies reported in the literature: Finally, the thesis
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proposes two new MMC topologies for enhanced efficiency and dc-side fault handling
capability. In the first proposed topology, that is thelattice modular multilevel con-
verter (LMMC), the entire MMC arm is modified to accommodatenetworksthat allow
shortcuts between the arm capacitors, thus, reducing conduction power losses of the con-
verter. In the second topology proposed, however, only the submodule is modified. In the
proposed submodule topology, referred to aslattice submodule(LSM), the conduction
power losses are decreased, as it is the case for the LMMC, with the difference that the
voltage stress in the switches are also reduced.

7.3 Future Work

The following topics are suggested for a future work:

1. Equivalent-circuit simulation models for the LMMC and the LSM that can adequately
simulate conduction and switching losses in the switches faster than detailed models;

2. A reliability and redundancy study for the LMMC and the LSM, where the behavior of
the LMMC and the LSM are to be studied in detail. In addition, the fault conditions in
which the LMMC and LSM continue to operate normally are to be addressed. Further,
new switching schemes, that consider the possible redundant states of both topologies,
are a important part of the suggested research. Finally, possible modifications to the
topology, to increase the converter reliability, have alsoto be addressed;

3. The study of DC-DC topologies based on the LMMC and the LSM,for multiterminal
HVDC (MTDC) transmission systems; and

4. The adaptation of the steady-state model and capacitor sizing method, presented in Chap-
ter 2, for grid-connected medium-voltage systems, e.g., shipboard drives or off-shore
wind energy systems, where the footprint is a major design consideration.
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Appendix A

Example of program code for the SEC
Simulation Model

A.1 Function calling and variables initialization

void integrate(double *iup, double *idw, double *vmu, double *vmd, double *aux, double *ts,
double *c, int *m, double *clk, double *ref, double *vdc, double *aux2, double *balance, dou-
ble *enable, double *vg, double *fs, double *cm, double *li,double *lit, double *zr)

int nm= *m; // number of submodules per arm - int
int narmi= nm;
double cap= *c; // submodule capacitance
double T= *ts; // numeric calculation sampling time - informed by user
int ct = (int) *clk; // level clock
double iu= *iup;
double id= *idw;
static double iue= 0;
static double ide= 0;
static double iu1= 0; // current last sample
static double id1= 0;
static double it1= 0;
int freq= (int) *fs; // time step frequency
static double indvolt1= 0; // inductor voltage
static double indvolt2= 0; // inductor voltage
static double indvolt t= 0;
double ind= 0; // arm inductance
double ind t= 0;
double zero= *zr; // zero definition - 0.05
double narm= (double) nm;// number of modules per arm - double
double fref= *ref; // Vt voltage reference
static double r;// converter resolution
static double sh;//module shift
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double v= *vdc; // DC voltage
int bal= (int) *balance;// voltage balancing algorithm frequency
static int neg1= 0;
static int neg2= 0;
double vgrid= *vg; // grid voltage
static double iuplast[500];// upper arm last current vector
static double idwlast[500];// lower arm last current vector
static double vuplast[500];// upper arm last voltage vector
static double vdwlast[500];// lower arm last voltage vector
static double vcup[500];// upper arm module capacitor voltage vector
static double vcdown[500];// lower arm module capacitor voltage vector
static double vcupaux[500];// upper arm module capacitor voltage vector auxiliar
static double vcdownaux[500];// lower arm module capacitor voltage vector auxiliar
static double vmu[500];// upper arm module voltage vector
static double vmd[500];// lower arm module voltage vector
static double mup[500];// upper module activation vector
static double mdw[500];// lower module activation vector
static double upperarm;// total voltage in the upper arm
static double lowerarm;// total voltage in the lower arm
static int count= 0; // start-up counter - if count is 1 the start up routine is disabled and i

must be 0
static int countu= 0;
static int countd= 0;
static int count2= 0; // vector zeroing counter
static int i= 0;
static int z= 0; // voltage balancing algorithm auxiliar variable
static int faux= 0;
int j = 0;
int k = 0;
int b = 0;
static int x= 0;
static int a= 0;
int position;
static int ndown= 0; // number of modules on in the lower arm
static int nup= 0; // number of modules on in the upper arm
int sw1= 0;
int sw2= 0;
double l;
double h;
static int test= 1;
static int en;
double vcm= *cm; // common-mode control contribution
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A.2 Modulation routine - controlled by Ts

if((freq == 1)&&(faux == 0))
r = v/narm;// resolution= Vdc / number of submodules per arm
en= (int) *enable;// enable switches signal
ind = *li; // inductance in henrys
indt= *lit; // inductance in henrys

if ((ct == 1)&&(i == 0)) // level clock
sh= round(fref/r); // shift calculation
if(sh > (narm/2)) // saturation
sh= (narm/2);
if(sh < -(narm/2))
sh= -(narm/2);
if (sh >= 0) // number of modules on per arm calculation - positive voltage
ndown= (int)((narm/2) + sh - round(vcm/r));
nup= (int)((narm/2) - sh - round(vcm/r));
if (sh < 0) // number of modules on per arm calculation - negative voltage
nup= (int)((narm/2) - sh - round(vcm/r));
ndown= (int)((narm/2) + sh - round(vcm/r));
if(nup > nm)
nup= nm;
if(ndown> nm)
ndown= nm;
if(nup < 0)
nup= 0;
if(ndown< 0)
ndown= 0;
i++;

if ((ct == 0)&&(i == 1)) // the second condition allows the modules voltage start-up
i = 0;

A.3 VBA routine - controlled by TVBA

if ((bal == 1)&&(z == 0))

for(j=0;j<nm;j++) // switch off all modules in the upper and lower arm
mup[j] = 0.0; // turn off the activation signal on all upper modules
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mdw[j] = 0.0; // turn off the activation signal on all lower modules
x = 0;

if (iu > 0.0) // positive current in upper arm - charge modules
b = 0;
for(j=0;j<nm;j++)
if(b == nup)// stop condition
break;
for(k=0;k<nm;k++)
if(k == 0) // first value
l = vcupaux[k];
position= k;
if((vcupaux[k]< l)&&(vcupaux[k] != 1000))// search the lowest value
l = vcupaux[k];
position= k;
mup[position]= 1.0; // set the activation vector position
vcupaux[position]= 1000;// erase module voltage
b++;
x++;

if (iu <= 0.0) // negative current in upper arm - discharge modules
b = 0;
for(j=0;j<nm;j++)
if(b == nup)// stop condition
break;
for(k=0;k<nm;k++)
if(k == 0) // first value
h = vcupaux[k];
position= k;
if((vcupaux[k]> h)&&(vcupaux[k] != -1)) // search the lowest value
h = vcupaux[k];
position= k;
mup[position]= 1.0; // set the activation vector position
vcupaux[position]= -1; // erase module voltage
b++;
x++;

if (id > 0.0) // positive current in lower arm - charge modules
b = 0;
for(j=0;j<nm;j++)
if(b == ndown)// stop condition
break;
for(k=0;k<nm;k++)
if(k == 0) // first value
l = vcdownaux[k];
position= k;
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if((vcdownaux[k]< l)&&(vcdownaux[k] != 1000))// search the lowest value
l = vcdownaux[k];
position= k;
mdw[position]= 1.0; // set the activation vector position
vcdownaux[position]= 1000;// erase module voltage
b++;
x++;

if (id <= 0.0) // negative current in lower arm - discharge modules
b = 0;
for(j=0;j<nm;j++)
if(b == ndown)// stop condition
break;
for(k=0;k<nm;k++)
if(k == 0) // first value
h = vcdownaux[k];
position= k;
if((vcdownaux[k]> h)&&(vcdownaux[k] != -1)) // search the lowest value
h = vcdownaux[k];
position= k;
mdw[position]= 1.0; // set the activation vector position
vcdownaux[position]= -1; // erase module voltage
b++;
x++;
a= 0;

for(j=0;j<nm;j++) // confirmation of the number of modules on - it must be always thenumber
of modules per arm

if(mup[j] == 1.0)
a++;
if(mdw[j] == 1.0)
a++;
z++;

if ((bal == 0)&&(z == 1))
z = 0;

A.4 Submodule Capacitor Voltage Calculation Routine - con-
trolled by Ti

for(j=0;j<nm;j++) // sweep the whole arm

if(en == 1)
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sw1= (int) mup[j]; // create equivalent int value
switch (sw1)// test module activation signal - upper arm
case 0://module off
vcup[j] = vuplast[j];
vcupaux[j]= vuplast[j];
vmu[j] = 0;
iuplast[j]= 0;
vuplast[j]= vcup[j];
break;
case 1://module on
vcup[j] = ((T/(2*cap))*iu)+(iuplast[j]*(T/(2*cap)))+vuplast[j]; //module capacitor voltage

equation - tustin integration
if(vcup[j] < 0)
vcup[j] = 0; // saturation, the SM voltage do not become negative
vcupaux[j]= vcup[j];
vmu[j] = vcup[j];
vuplast[j]= vcup[j];
iuplast[j]= iu;
break;
sw2= (int) mdw[j]; // create equivalent int value
switch (sw2)// test module activation signal - lower arm
case 0://module off
vcdown[j]= vdwlast[j];
vcdownaux[j]= vdwlast[j];
vmd[j] = 0;
idwlast[j] = 0;
vdwlast[j]= vcdown[j];
break;
case 1://module on
vcdown[j]= ((T/(2*cap))*id)+(idwlast[j]*(T /(2*cap)))+vdwlast[j]; //module capacitor volt-

age equation - tustin integration
if(vcdown[j] < 0)
vcdown[j]= 0; // saturation, the SM voltage do not become negative
vcdownaux[j]= vcdown[j];
vmd[j] = vcdown[j];
vdwlast[j]= vcdown[j];
idwlast[j] = id;
break;

if(en == 0) // switches disabled
iue= iu;
ide= id;
if((iu >= -zero)&&(iu < zero))
iue= 0;
if((id >= -zero)&&(id < zero))
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ide= 0;
vcup[j] = (((T/(2*cap))*fabs(iue))+(iuplast[j]*(T/(2*cap)))+vuplast[j]); // module capaci-

tor voltage equation - tustin integration - current always positive due to SM topology
vcupaux[j]= vcup[j];
vmu[j] = vcup[j];
vuplast[j]= vcup[j];
iuplast[j]= fabs(iue);
vcdown[j] = (((T/(2*cap))*fabs(ide))+(idwlast[j]*(T /(2*cap)))+vdwlast[j]); // module ca-

pacitor voltage equation - tustin integration
vcdownaux[j]= vcdown[j];
vmd[j] = vcdown[j];
vdwlast[j]= vcdown[j];
idwlast[j] = fabs(ide);

A.5 Arm Voltage Calculation Routine

upperarm= 0;
lowerarm= 0;

if(fabs(iu)< zero)
iu = 0;
count= 0;

if(fabs(id)< zero)
id = 0;

if(fabs(iu)>= zero)
count= 1;

if(en == 0)
for(j=0;j<nm;j++) // sweep the whole arm
upperarm= vcup[j] + upperarm;
lowerarm= vcdown[j]+ lowerarm;
if(((upperarm)< fabs(vgrid))——(fabs(iu)> zero))
if(iu > zero)
*vmu = upperarm;
if(iu < -zero)
*vmu = -upperarm;
else
*vmu = (v/2)-vgrid;
if(((lowerarm)< fabs(vgrid))——(fabs(id)> zero))
if(id > zero)
*vmd = lowerarm;
if(id < -zero)
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*vmd = -lowerarm;
else
*vmd = (v/2)+vgrid;

if(en == 1)
for(j=0;j<nm;j++) // sweep the whole arm
upperarm= vmu[j] + upperarm;
lowerarm= vmd[j] + lowerarm;
*vmu = upperarm;
*vmd = lowerarm;
*aux = vcup[3];
*aux2= vcdown[3];
faux++;

if((freq == 0)&&(faux == 1))
faux= 0;
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