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Abstract

This thesis is focused on the modular multilevel convetéviC) for High-Voltage DC
(HVDC) systems. It is an attempt to address the issues atedavith the modelling,
simulation, control, fiiciency, and fault-handling capability of the MMC. Thus, tideess the
modelling of the MMC, a new and more accurate steady-statadr@c model is proposed.
The proposed harmonic model is capable of predicting thdiardp of the harmonic
components of the MMC arm voltages, submodule capacitéages, and arm currents.
Further, based on the proposed harmonic model, a capaiitog snethod is proposed to
determine the capacitance of the submodule capacitor fesiaedl level of voltage variation,
without a need for numerical algorithms or graphs used bexisting methods. In addition,
the proposed capacitor sizing method can accurately detertime required capacitance even
if circulating currents are injected to mitigate dc voltdlyetuations. The thesis also proposes
a simple equivalent-circuit-based simulation model for MMased HVDC systems, which
assumes ideal submodule switches to speed up the simylatibis nonetheless capable of
capturing the transients as well as harmonic componentsofditages and currents. Further,
the thesis proposes a simple compensation strategy tltalai@s the magnitude of the
second harmonic component of an arm voltage, and uses thdated value as a feedforward
signal to cancel the circulating current of the correspogdiMC leg. The proposed
feedforward compensation strategy, if combined with aeddel®op circulating current
suppression strategy, greatly mitigates the possibifigoatrol saturation and, also, results in
better damped closed-loop dynamics. Finally, the thesipgses two new MMC topologies
for enhancedféiciency and dc-side fault handling capability. In the firsigwsed topology,
that is thelattice modular multilevel convertdt MMC), the entire MMC arm is modified to
accommodateetworksthat allow shortcuts between the arm capacitors, thusciegu
conduction power losses of the converter. In the seconddgg@roposed, however, only the
submodule is modified. In the proposed submodule topoledgrned to asattice submodule
(LSM), the conduction power losses are decreased, as & isabe for the LMMC, with the
difference that the voltage stress in the switches are alsogéduc

Keywords: Control, lattice modular multilevel converter, latticéosnodule, modelling,
modular multilevel converter, simulation model.
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Chapter 1

Introduction

1.1 Background and Motivation

A high-voltage dc (HVDC) system for bulk transmission ofate energy over large dis-
tances is moref@icient and economical than an ac counterpart, especiallgydérsea cables
are involved, although HVDC transmission systems are oasions the only choice, e.g., for
interconnecting power systems offérent frequencies, or for other strategic purposes. There-
fore, for most applications choice of using whether a higtliage ac (HVAC) transmission
system or a HVDC transmission system depends primarily edistance of the transmission,
as illustrated in Fig. 1.1. As the figure shows, the initiadtaaf an HVDC system is higher than
that of an HVAC counterpart. However, the overall cost ofthé&C system rises more rapidly
with the distance of transmission, mainly due to the coshefttansmission lines. Therefore,
there is a distance, marked on Figure 1.1 as the criticamtgt, at which HVDC transmission
becomes more attractive economically. For undergroumgsitnéssion, this critical distance is
in the range 500 km to 800 km [1], whereas it is in the range #Q&k900 km for overhead
transmission [2].

The first HVDC transmission system was commissioned in 1984cannected Gotland in
the island of Ygne, Sweden, with the main land, as Figurellu&iates. The Gotland HVDC
system was designed to process 20 MW at a dc voltage of 100 idgdgh 96 km of undersea
cables. At that time, mercury-arc valves were used for tbtfier and inverter terminals of the
HVDC system. In 1970, the Gotland HVDC system became thet@ingse the thyristor as the
electronic switch for its rectifier and inverter statiortgstallowed the rated transmitted power
to be raised to 30 MW at 150 kV [4], [5]. Since the Gotland petj¢he thyristor has served as
the switch of choice in HVYDC systems. Thyristor-based HVDBGtems, using the so-called
line-commutated converters (LCCs), can process up to 7600d¥lpower, at voltages up to
800 kV, and over distances up to 2090 km, as it is the case &ditiping-Sunan ultra high
voltage direct current (UHVDC) system in China, commissiim 2013 [6].

The thyristor can only be turned on at will; it turn& @nly if its current crosses zero.
Therefore, the LCC must be interfaced with an adequateflyastigrid. This, in turn, means
that the LCC cannot be used to energize passive islandspeetitidier blackstart capability.
In addition, it pulsates with three times the ac grid fregquyemnequiring costly ac- and dc-side
filters. Further, it demands a substantial amount of reagiwver, again, requiring a ftac
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Figure 1.2: lllustration of the location of the first HYDC tremission system, Gotland, Sweden

3],

grid or compensation. Furthermore, due to its unidirectialt current, it requires reversal of
its dc voltage polarity if the power flow is to be reversed [9]- For these reasons, the LCC is
being replaced by the voltage-sourced converters (VSCg)hwise electronic switches with
gate turn-d& capabilities such as the insolated-gate bipolar trans{g8BT) [10]. The VSC
can pulsate at much higher frequencies and, thereforeiresgsmaller filters. Moreover, it
can operate at any power factor and with weak ac gridsfer® blackstart capability, and it
allows for a bidirectional power flow while the polarity ofitic voltage remains unchanged
[10]. The first VSC-based HVDC system was installed in Sweg@dgmain in Gotland), in 1997
[11], to process 50 MW at a voltage of 80 kV, through 70 km ofengdound cables; Fig. 1.3



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

In the recent past, the interest in VSC-based HVDC systerm®beome stronger due to
the notion of multi-terminal direct current (MTDC) grids][5The idea is to enable mass in-
tegration of renewable energy resources scattered owgr tgrographical spans [12], and to
offer various energy trade scenarios in a multi-coymuylti-continent power system. This
would require the co-existence of overhead, underground,endersea high-voltage trans-
mission lines. However, the conventional technologiestiier VSC are limited in terms of
voltage and power handling capabilities, relative to theCl. @nd, consequently, are deemed
unsuitable for MTDCs. Therefore, a new breed of the VSC, kmaw the modular multilevel
converter (MMC) [13], is being seriously considered for HEBystems. The MMC permits
the dc voltage to be divided over multiple modules hostingdves and capacitors. Therefore,
the voltage rating of each module can be small, thus allofonghe use of fully-controllable
semiconductor switches such as the IGBT [14]-[16]. Furttier modular nature of the MMC
enhances its fault tolerance and reliability.



Figure 1.4 shows a conceptual schematic diagram for ond tbg MMC. The MMC basic
mechanism is to connect (insert) or disconnect (bypassagelsources (denoted lay; (] =
1, 2, ...,Minthe upperarm, angl=M + 1, M + 2, ..., M in the lower arm) in series in an
arm, through fully controllable switches, representeditqn E.4 as ideal switches. The voltage
sources are inserted in the MMC arm when the switches areipdkitionA, and are bypassed
when the switches are in the positiBnFurther, the insertion of voltage sources in both MMC
arms generates arc-side terminal voltagev, that controls the power exchange with the ac
grid. Each voltage source inserted in an arm, together wititheer voltage source with equal
average magnitude bypassed in the opposite arm, creatdtmgevstep in the ac-side terminal
voltage. If the number of steps is large enough, the ac-sitihal voltage features a very low
harmonic distortion, even without the use of filters. As aaragle, Fig. 1.5 shows the ac-side
terminal voltage and its fundamental component of an MMQ\bil voltage sources per arm.

The voltage sources are arranged in “cells”, referred teudsnodules Each submodule
is formed by one or more voltage sources, together with a ramibsemiconductor switches,
represented in Fig. 1.4 by ideal switches. The voltage ssurcthe MMC leg have the same
voltage, regulated to be/l times the dc-side voltaggy., whereM is the number of voltage
sources in an arm. Moreover, the submodules are arrangadhrasvay that the voltage across
the switches has an average value equal%o 1 or 2 times the source voltage, depending on
the topology of the submodules. In practice, a capacitoyspthe role of a voltage source.
Therefore, the control of the MMC must regulate the voltafj¢ghe capacitors. A detailed
description of the MMC and its modelling, is presented in @bka?2. Finally, the dferent
topologies used for the submodules are discussed in Sekctofh, and further in Chapters 5
and 6.

Four projects are cited here as examples of MMC-based HV¥EB)s: the Transbay
Project, the Inelfe Project, the Ultranet Project, and tleend Project. The Transbay trans-
mission system connects Pittsburgh, CA to San Franciscofl@dugh 88kmundersea cables
and can transmit 40MW at a voltage of-220kV; its MMC has more than 200 SMs per arm
in each terminal [17]. Figure 1.6 illustrates the Transbayine HVDC transmission system.
The Inelfe transmission system connects Baixas in Fran8amba Llogaia in Spain, through
65 kmlong underground cables. The system can process BD@CGhrough two subsystems,
each rated 1000MMW/+320kV. Each station employs a three-phase MMC with 400 SMs per
arm [18]-[22]. Figure 1.7 illustrates the location of theelie HVYDC transmission system.
The Nemo transmission system, scheduled to be commissior@@fl9, will transmit 1000
MW at a voltage of-400KkV, through undersea cables [23]. Figure 1.8 illustrates thmdl
transmission system. The fourth example is the Ultranastrassion system, which is still in
the planning phase. The Ultranet transmission system isate@ to process 200@W at a
transmission voltage af380kV, through overhead lines [25]. Transmission of energy thou
overhead lines, requires a submodule technology that igstaio dc-side faults that strike
overhead lines. Therefore, in contrast to the three afonéioreed projects, the full-bridge sub-
module (FBSM) is considered for the Ultranet system. Fi@ shows the future site of the
Ultranet transmission system.
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Figure 1.8: lllustration of the Nemo HVDC transmission gyst 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 infeyn Therefore, there are multiple
issues associated with its component sizirfegative control, &icient simulation, and fault
handling capability. Thus, this thesis is focused on thesiggment of analytical and simu-
lation models, fective control strategies, and enhanced topologies, ®MNC. The more
specific objectives of this thesis are described below.

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

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

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

4. To propose topologies for the MMC thater higher #iciencies and more economical
dc-side fault handling capabilities.
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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 usi@deding the steady-state and
the dynamic behavior in @ferent situations. Also, the correct control and componiznc
rely heavily in the MMC modeling. Several works have beenlishlied on the MMC modelling
[26]-[38], and component sizing [39]-[46], but still somaps remain to be filled, as described
below.

In [26], the MMC has been modeled from the point of view of tlresade, considering
each submodule (SM) as a constant voltage source, disiegdhg submodule capacitor dy-
namics in the ac-side terminal current controller, andighknto account only the fundamental
component of the MMC voltages and currents. This approa@naigh for designing the
compensator responsible for controlling the power exchdrgetween the MMC and the ac



grid. However, the submodule capacitor voltage variatiod the harmonic components in
the arm current are not considered. In [27] the MMC has beedeted in open-loop state
and with the submodule capacitive dynamics taken into aggevhich yields non-linear and
time-varying diferential equations. The MMC non-linear time-varying moaabk developed
further in [28] and [29]. The proposed model in [28] and [28hsiders the ac-side terminal
current compensator and the circulating current suppressimpensator, following the control
strategy described in [30]. Even though the model present@9] is adequate, for the control
strategies employed, a steady-state model is nonethededgd for predicting the steady-state
magnitude of the MMC quantities, and, in turn, permitting gizing of the components of
the MMC. Thus, in [31], a parametric model for the steadyestaagnitude of the circulating
current is developed. The described model presents avelaigh error, in comparison to
the simulation results, and, if applied to HVDC systemshsag described in [18], [22], and
[20], the error becomes even higher. Another, more detaileddy-state model is developed
in [32]. The presented model correctly predicts the amgétof the circulating current and,
also, predicts the condition for arm current resonancediatdestabilize the converter. Then,
in [33], a different steady-state model is described, usindgtargint mechanism than [32], and
providing simpler equations. The predictions in [33], weh®wn to be also accurate. How-
ever, the models presented in [32] and [33] are still incatglin the sense that they do not
predict the amplitudes of all harmonic components of theenis and voltages of the MMC.
Other dynamic models are described in [34], [35], [36], andther steady-state model is pre-
sented in [37], with no advantages added in comparison tprngously commented models,
from the point of view of the author. In [38] a new dynamic mbidedeveloped irdg-frame,
facilitating the designing of the MMC compensators. Howetlee dg-frame model proposed
in [38], is not suitable for deriving equations for the arnyadie of the harmonic components of
the voltages and currents of the MMC.

Regarding the component sizing of the MMC, the two main comegpds addressed in the
literature are the arm inductor and the SM capacitor. A nefboselecting the arm inductor,
based on the fact that its reactance limits the circulaturgent is proposed in [31]. Since the
model presented by [31] does not predict correctly the @atowy current amplitude for high
dc voltages, as previously stated, the proposed methodtaenused for selecting the arm
inductors in HVYDC systems. Another method, proposed in,[88Es three main points for
selecting the arm inductance, which are: a) circulatingesurimiting, b) dc-side fault current
limiting, and c) switching frequency filtering. Two otherlgications, [40] and [41], also use
the same points for selecting the arm inductor. However, WDB systems, the circulating
current increases the arm power loss. Thus, the circulatimgent needs to be suppressed.
If this suppression is performed solely by the inductors timeans that the inductance needs
to be high, which also increases the arm resistance, gergrabre power loss in the arm.
Therefore, the arm inductor cannot be selected using a)thnamportant feature for HVDC
systems is the dc-side fault handling, which means thatkhetSemselves have the capability
to drive the fault current to zero, a short time after thetfendeption. Thus, the arm inductor
do not act as a limiting device for the fault current, in cakémside faults. As a consequence,
the arm inductor can be selected based solely on c), takingastount the method proposed
by [39], [40], and [41]. However, there is another importpaint for the selection of the arm
inductance, neglected by the aforementioned authorsytheesonance.

The most widely used method for sizing the submodule capabds been proposed in



[42]. The same method has been used in [30], [39]. Howeveretiuation proposed in [42]
results in a minimum capacitance, and not the more adeqagtitance for a specific de-
sired submodule capacitor voltage variation. A more dediesind accurate method to calculate
the capacitance for each submodule capacitor is propodd8JinThe proposed method uses
the ac-side terminal current angle to determine, graplgidale stored nominal energy of the
submodule capacitor. Then, the stored nominal energy amdtdulation index are used to
size the submodule capacitor. The resultant capacitaaterés less error than that provided
by the method proposed in [42], but still presents an error{44], a numerical method for
sizing the submodule capacitor is proposed. However, thpgsed method is more complex
than the one in [43]. A dierent approach for sizing the submodule capacitor is pexpos
[45]. The proposed method estimates the submodule capeeitnalytically, without graph-
ical or numerical aid. On the other hand, for HVYDC systemsemglthe average switching
frequency in the switches is low, the capacitor energy flatodm, calculated in [45], becomes
inaccurate, generating, in turn, inexact capacitancesth&umore, the equation presented in
[45] is unnecessarily complex. The submodule capacitangis further addressed in [46].
The method proposed in [46] provides results closer to tkosalated, in comparison to the
model proposed in [42], but it is not as accurate as thosegedwby [43]. On the other hand,
[46] equations are more tractable than in [45]. However,rafetely analytical method, that
provides an accurate capacitance (with less than 6% ewpthé submodule capacitor, has
not been published yet. Further, since the circulatingesuriin some cases, is injected in the
MMC arm to decrease the submodule capacitor voltage vanigi7]-[50], the capability of
calculating the impact of the circulating current (injett® not) in the submodule capacitor
voltage variation, is an important feature of a capacitoingi method.

1.3.2 Control of the MMC

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

One of the first methods for a circulating current suppressiompensator (CCSC) was
proposed in [30]. The proposed method relies on calculdtiegig-frame components for
the second harmonic in the circulating current. Since taeoad harmonic is of negative se-
guence, the rotating matrix used to calculate digdrame components, is set to rotate twice
the angular velocity of the ac-side terminal current freuuye and in the opposite direction.
Thus, a simple Pl compensator can be applied to bring theimelof the second harmonic
to zero. As the second harmonic has the strongest contibtdr the circulating current, the
latter is, consequently, also driven to approximately z&a the other hand, if the system is
not balanced, the method proposed in [30] becomes inadedliatis, a new predictive control
strategy is proposed in [51]. In [51], a discrete model of MHC is created and then(+ 1)th
sample predicted by a proposed strategy to suppress thdating current. Further, two other
control strategies are proposed in [52], for an MMC featyiniedundant SMs, and [53], for
unbalanced systems. In [53], the circulating current isaszted in zero-sequence, positive-
sequence, and negative-sequence, and a compensatomisetks control each component.
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A simpler method than [53] is proposed in [54], where eaclolee MMC has its circulating
current suppressed by a resonant compensator, tuned tdhaanbnic component in the cir-
culating current. The method proved to H&aent for unbalanced and single-phase systems.
The resonant compensator is, again, addressed in [55].5Intfe control reference for the
circulating current resonant compensator is calculateoh finstantaneous values of the arm
current, suitable for cases where the referencefisr@nt than zero. However, to implement a
resonant compensator for each harmonic component in tbelating current, in each leg of
the MMC, becomes computationally heavy. Therefore, anmpipler method was proposed
in [56]. The described method is formed by a Pl compensatbaaepetitive controller (RC),
and showed promised results for suppressing the circglatinrent. Studies presented in [57]
showed the interference of the PI compensator with the RG6ih [Thus, [57] proposed the
use of only a proportional gain together with the RC, firstgmeed in [56]. The result, once
more, proved to be satisfactory. Further, the PI compensaidking in parallel with an RC
was again addressed in [58], where the RC was modified andvéralbcirculating current
suppression action improved. However, the circulatingenirsuppressing compensator is not
completely decoupled from the ac-side terminal currentmemsator, and the latter, may gener-
ate saturation in both control loops, causing instabikiy this reason, feedforward strategies
are important for the CCSC action attenuation, avoidingrsaibn, without loss of control
efficiency.

The use of feedforwards to improve the action of the CCSCpatigmiss its use com-
pletely, was addressed in [59] and [60]. The feedforwargpsed in [59], uses an analytical
prediction of the circulating current magnitude to feed tbatrol loop, and no CCSC strat-
egy is applied. However, the magnitude of the arm voltageet@dided to the control loop
can still be improved, as the feedforward seems not ablefprsgs the circulating current
completely. On the other hand, in [60], another feedforwardesigned to address the issue
of the third-harmonic component in the ac-side terminalage, that is present even when the
circulating current is completely suppressed. Aatent approach is taken in [61], where the
arm voltage is the quantity controlled. Nevertheless, ity of the ac-side terminal current
is compromised in the process.

Therefore, the author believes that the use of feedforwiartte control loop can enhance
the transient and steady-state response of the CCSC ovEl@lever, the feedforward pro-
posed in [59] can still be improved. Also, the magnitude @f third-order harmonic compo-
nent in the ac-side terminal voltage, for a completely saggped circulating current, amounts
to 1% in comparison to the fundamental harmonic, in the HVP€&em presented in [18]-[22].
Moreover, this 1% in magnitude is too close to the MMC resolytmaking it dificult to con-
trol without increasing the switching frequency in the SMsr these reasons, the third-order
harmonic component in the ac-side terminal voltage is demeed in this thesis.

1.3.3 Simulation of the MMC

Simulation of an MMC-based HVDC transmission system withdreds of SMs per phase is
associated with a heavy computational burden if a switcdeth{led) model of the MMC is
used. Thus, researcifferts have been dedicated to solving this issue [62]-[66)weéier, the
algorithms have been developed for the half-bridge-SM (MBS$ased MMC and, therefore,
are not directly applicable to the full-bridge-SM (FBSM)sked MMC, which has been pre-
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sented in [67]-[69] as of great importance in dc-side faahdiing capability, specially in long
distance HVDC transmission systems.

Further, in [66], the simulation models are studied andstlisl in six types: Full Physics-
Based Model (Type 1); Detailed Nonlinear IGBT-Based Modsipe 2); Simplified IGBT-
Based Model (Type 3); Detailed Equivalent-Circuit-Basedddl (Type 4); Average Value
Model Based on Switching Functions (Type 5), and Averagei&dllodel Based on Funda-
mental Frequency (Type 6). In the aforementioned typespagmaains between Type 4 and
Type 5 models, that is, from a SM model represented by a Theeguivalent with time-
dependant resistance (Type 4), the classification jumps tavarage model where all SM
capacitor voltages are assumed to be perfectly balancetharmitculating current completely
suppressed (Type 5). Considering that the losses in the SMh®s are very small in the
MMC, [15], they represent a small contribution for the camee dynamics as a whole, for
power systems simulations. Therefore, a simplified eqaatircuit-based simulation model
(SEC) that considers all switches as ideal switches, negeits resistances, is more suitable
for the simulation of HYDC systems applications, and it hasbreen developed yet. Further-
more, the SEC simulation model should also be capable ofppbdeicing the SM switches
non-linearity and the instantaneous voltages in every ShAcitor.

1.3.4 Topologies and their dc-side fault handling capabilies

The implementation an MMC based on half-bridge submoduBSM) topology, is the sim-
plest and, therefore, the most common type of submoduleHB&M inserts only one switch
in series with the current path, for each ac-side termindhge step and, therefore, the re-
sultant MMC features low power losses [15], [70]-[72]. Theatlvantage of an HBSM-based
MMC, however, is that in case of dc-side faults, the switchesdisabled and the SMs be-
come short-circuits, allowing the ac grid to feed the dctffl8]-[22], and [73]. Therefore, an
MMC-based HVDC project using the HBSM relies heavily on thesale breakers [72], which
do not have an operation time short enough to preclude dasnagee converter during faults.
The converter and the transmission line have to be designggohtold this fault current for the
time it takes for the ac breaker to operate, increasing tieeathcost.

To address the aforementioned shortcoming, the full-lergigomodule-based (FBSM) con-
figuration [18], and the clamp-doubled submodule-basedSKapconfiguration [71], have
been proposed. An FBSM-based MMC is capable of driving thé faurrent down to zero,
if its switches are disabled. Therefore, it isolates therat dc sides of the converter faster
than an ac breaker. However, as compared to an HBSM-based, MMBSM-based MMC
has twice the number of series-connected switches in iteigupath and, consequently, fea-
tures higher power loss. The CDSM, on the other hand, insgfexctively, 1.5 switches per
ac-side terminal voltage step in its current path and, tbesgit features larger power loss than
the HBSM-based configuration, but lower power loss than B8W-based configuration. A
CDSM-based MMC is immune to dc-side faults, but the voltdge appears fiectively, under
dc-side faults and opposes the ac grid voltage is half tlz &t voltage [74]. Consequently,
the fault current can flow if the grid voltage is adequatelgéa An in-depth analysis of faulted
as well as normal operation of the aforementioned topotocga be found in [15].

Therefore, a SM topology that features the same dc-faulilivancapability as the FBSM
with lower power loss than that of the CDSM has not been preggst.
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1.4 Thesis Outline

In Chapter 2, this thesis proposes, a complete harmonidystgate model of the MMC, ca-
pable of predicting the amplitudes of the harmonic comptsanthe converter currents and
voltages. Further, the calculation of the amplitude of thentonic components emerge natu-
rally from the application of the superposition principtethe arm currents, followed by the
analysis of the positive feedback loop generated by theilating current. This mechanism
is, in the opinion of the author, a more insightful approdwnt evaluating the energy stored
in the leg. Also, from the positive feedback loop analydi® tesonance condition for the
circulating current is readily found, and can be used touatal the stability of the converter
regarding the circulating current, and sizing of the arrmuitdr. Finally, the possibility to cal-
culate the amplitude of the harmonic components of the sdoileaapacitor voltage, allows
the development of a mordfeient method for sizing the submodule capacitor.

In Chapter 3, this thesis proposes a simulation model foMNC. The proposed model
combines a simple circuit model, constructed in a circuttidation software environment,
with a program code, written in a universallyfitdised programming language suchGaand
linked to the circuit simulation software. Thus, it draatlg reduces simulation runtime and
offers a flexible interface through which the number of submeglahd other parameters can
readily be defined by the user. Further, the program code ealeveloped in an independent
platform and linked to the main circuit simulation softwaneough a general-purpose block.
The proposed model can simulate MMCs based on both half#rehd full-bridge submod-
ule configurations, captures start-up and other dynamisigats, and enables simulation of
faulted scenarios. Simulation study cases demonstratvaliokity and computationalféciency
of the proposed simulation model.

Chapter 4 proposes a new feedforward strategy, based orffthieeocalculation of the
initial steady-state value for the arm voltage, that cqroesls to the arm voltage generated
purely by the ac-side terminal current. The initial steathte value for the arm voltage is, in
turn, subtracted from the voltages of both arms, cancetliegause for the circulating current.
Thus, the proposed feedforward has a higher suppressiiug dlobtin that of the feedforward
methods mentioned in Section 1.3.2. Also, since the praotadue for the MMC parameters,
such as arm inductance and arm resistance for example, mgythva proposed feedforward
action is tested by itself, and together with twéfeient control strategies, applied to back-to-
back HVDC systems.

To achieve both dc-side fault current handling capabilitgt higher éiciency, a new MMC
configuration is proposed in Chapter 5. The proposed MM@rred in this thesis to as the
lattice modular multilevel convertdt MMC) is implemented by two half-bridge converters, a
cascade of networks that consist of electronic switches namltiple capacitors, as discussed
in Section 5.1. It features lower power losses than an etpriv&lBSM-based MMC, CDSM-
based MMC, and FBSM-based MMC, while iffers the same fault handling capability as
that dfered by a FBSM-based MMC. The aforementioned objective Imyxeawith the prior
research #orts. For example, to reduce the cost and switching power ¢dgshe FBSM,
the unipolar voltage full-bridge submoduleas been proposed in [69]. On the other hand,
to enhance the dc fault handling capability of the CDSM, wite same conduction power
loss, thefive-level cross-connected submodiiées been proposed in [76]. Further, these-
level cross-connected submodylmposed in [69] is an improved version of the five-level
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cross-connected submodule where the switching powerd@sseareduced. Moreover, various
topologies for multilevel converters with reduced numbledo sources and switching states,
including topologies based on the pacKdetell topology are discussed in [77]. However,
since the HBSM is the mosticient configuration (regarding power loss in the switchés,
CDSM is no less ficient than all the other aforementioned configurations fisature the dc
fault handling capability, and the FBSM, when subjecteddo-gide short circuit and disabled,
requires the largest grid voltage before it allows the fauitent to flow, this thesis concentrates
only on the HBSM, FBSM, and CDSM as its baselines. For easealfsis, it is assumed in
this thesis that an MMC consists entirely of FBSMs, HBSMsCBISMs.

In Chapter 6, a new submodule configuration is proposed, ieae approximately the
same €iciency as that fiered by the HBSM-based MMC, the same dc-side fault handling
capability dfered by the FBSM-based MMC, and a reduced voltage strestdoswitches.
The proposed submodule, referred in this thesis to akttiee submoduléLSM), consists of
two half-bridge converters, a network of switches, and frapacitors.
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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 lasldsr simplified simulation,
development of optimization algorithms, component siziugd assessment of the impact of
different parameters on the MMC performance. Thus, this chppeents the development of
such a model.

The model described in this chapter enables one to caldhat@agnitude of the harmonic
components of the MMC arm voltage, submodule capacitoageltand arm current. In addi-
tion, the model allows for the calculation of the magnitudd phase angle of the modulating
function, and it also presents a criterion for resonanceé®farm current.

This chapter also presents, an accurate method of capatitog, based on the steady-
state harmonic model mentioned above. The proposed metboitips the exact submodule
capacitance (i.e., a capacitance that, when used in the M&&Qlts in dc voltage fluctuation
that matches the desired range) for a given submodule ¢ap#&oltage 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 oneflaghree-phase MMC, than
the one presented in Chapter 1. As Figure 2.1 shows, the kg t@al of N SMs which are
divided equally between the upper and lower arms and arexaéadeyn (n = 1,2,3,...,N in
the upper arm, and = N+ 1N+ 2 N + 3,..., 2N in the lower arm). The voltage sources
of Fig. 1.4, have been replaced by their practical corredpnts, i.e., capacitors, as Fig. 2.2
shows. Moreover, Fig. 2.2 shows that, depending on the ¢gyain which the SMs are based,
an SM may contain one capacitor (HBSM) or more capacitors§&p Consequently, the
number of capacitors in the arril, may be diferent than the number of SMs per arm, il¢.,
Further,M is determined by the ratio dc-side voltage to average capamltage desired, i.e.,
Ve = V4o/M. Thus, ifv, is kept the same, the paramekéralso remains the same independently
of the topology on which the SMs are based. Figure 2.1 alswsliwe ac voltage of an SM,
denoted bys,

The upper arm currentwhich is also the current that flows through SMs 1 throtghs
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denoted byi;, whereas, represents thlower arm current which is the current through SMs
N + 1 through 2. Theac-side terminal currenti.e.,i; — iy, is denoted by;. The sum of the
ac voltages of the upper arm SMs, thatus, + Vs, + ... + Vs, IS denoted by,, and the sum
of voltages of the lower arm SMs, i.@gn.1) + Vs(n+2) + --- + Vseny, IS labeled asy,; hereafter,
v; andv, are referred to as thepper arm voltageandlower arm voltage respectively, or to
as thearm voltagescollectively. Figure 2.1 also shows that each arm is cotatem series
with a corresponding reactor of inductariceind resistanc®. Figure 2.1 further shows the
ac-side terminal voltagewith reference to node 0, i.e., the (virtual) dc-side midpof the
MMC. The host ac grid, as seen by the MMC, is represented bytagesource in series with
an inductancel, and a resistanc®,;. Thegrid voltagewith reference to node 0 is signified
by vg, and thedc-side voltagef the MMC is denoted byy.. In this paper, it is assumed that
the switches ardisabledby the control, i.e., their gating pulses are blocked, if ssiie fault
is detected; thus, disabledswitch may conduct in reverse, through its anti-parallede if
such diode is part of the switch.

Also, in the SM topologies that Fig. 2.2 shows, the voltagednh capacitor is referred to,
in this thesis, asubmodule capacitor voltageSimilarly, the diference between the positive
and negative peaks of the submodule capacitor voltagefesed to assubmodule capacitor
voltage variation

Further, it is important to point out that the arm currentsn aoltages, and submodule
capacitor voltages, exhibit harmonic components other jist the fundamental component.
More specifically, the even harmonics in the arm current eferred to agirculating 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 througbitage balancing algorithm
(VBA) (more details are presented in Chapter 3), that cdémthe average submodule capacitor
voltage to

Y/
Ve = ﬁ (2.1)
which is hereafter referred to as the MMC “voltage resohitjgince this is the smallest av-
erage voltage value that the converter is capable to pradube inner voltage denoted by
and given by
2=V

&= (2.2)

Thus, the fundamental component of the voltage on each agives by

Vi = N1V (23)
Vo = NoV; (24)

whereny, represents the number of Skkerted(on-state) in the upper arm, amg, represents
the number of SMnsertedin the lower arm. If the arm inductances and resistancessaravaed
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Figure 2.1: Schematic diagram for one leg of a three-phas€&CMM

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

Applying Kirchhdf voltage law (KVL) in the inner loop of the schematic showedFigure
2.3, one finds

Vgc= Vi + Vo (2.5)

Applying KVL in the outer loop one finds

—%+v1+(L+Lt)?jl; (R+R)|t+vg_0 (2.6)

LetR = (%* + R) andL’ = (% + Lt), then eliminating/. between (2.5) and (2.6) results

Vo — Vq di
> = =L dtt + R+ vy (2.7)
Applying KVL in the center loop including, yields
‘%’ Vv +8=0 (2.8)
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Figure 2.2: Main MMC SM topologies currently known:(a) Halidge submodule - HBSM,;
(b) Clamp-doubled submodule - CDSM; (c) Full-bridge submed FBSM.

Solving fore and eliminatingvy. between (2.5) and (2.8) results

&= L’% + Rt + vy (2.9)
dt
Representing (2.9) in a simplified equivalent circuit, oaa &nd the circuit illustrated by

Figure 2.4.
Eliminatingv, andv, between (2.3), (2.4), and (2.2) yields

V
a = 5" (N — ny) (2.10)
Equation (2.10) presents the inner voltage as a functiohefifference between,, and

n,. Assuming, for example, a value @f— 1 forny, and% + 1 for n, (keepingn; + n, = M for
submodule capacitor voltage balancing), correspondirtigedoypassing of one submodule in
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Figure 2.4: Simplified MMC equivalent circuit from the powitview of the ac grid.

the upper arm, and the insertion of one submodule in the lawey the resultant inner voltage
is V¢, which confirms that the minimum change in the inner voltagerideedy,, as stated
previously.

Let

Ny — Ny
2

= a (2.11)

then, in (2.11)a is hereafter referred to as thsymmetryof the MMC. If the asymmetry
is positive, the number of SMs inserted in the lower angnjs higher than the number of SMs
inserted in the upper army, and vice-versa. If the asymmetry is zemg,= n, = % ande is
zero. In the example described above, the asymmetry is &moak unit of resolution.

Figure 2.5 illustrates the dynamic of the asymmetryder 1. The maximum asymmetry is
M, when all SMs of one arm are inserted and all SMs of the othraraaie bypassed, resulting
in the maximum value o for the inner voltage.

The modulation technique referred to as Near Level ContdalQ) modulation [15], is
based, in this thesis, on the calculation of the asymmetigbiz, a, knowing that it can only
assume integer multiples @f. Therefore, the asymmetry needed to generate the desired
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Figure 2.5: Asymmetry dynamic example foe 1.

calculated by

(2.12)

Ve

a= round[er(kTS)l

whereroundis a function that rounds the division to the nearest integére, € (kT;) is the
discrete function of the referen@ener voltage k is the integer sample pointer aid is the
MMC sample time, calculated by = 1/ [Z(M + 2)fg], whereM + 1 is the number of levels
of the ac-side terminal voltage, arfiglis the grid frequency.

For a high number oM, the MMC sample timd& s becomes smaller and smaller and the
following approximations can be used.

lim ef(T) = & (2.13)
Jim {round(ji*)} _& (2.14)
Yo _,0 Ve Ve

Vdc

The termhigh-densityMMC is hereby applied to converters to which (2.13) and (Rckh
be safely applied. In practical terms, whibhreaches 130, the total harmonic distortion in
g is less than 5%, complying with the most strict limit indicated in [78]rgsenting a good
threshold for the use of the aforementioned terminology.

Applying the approximations described in (2.13) and (2.$#lds

a= & (2.15)



SubstitutingM = n; + n, into (2.11) and solving fon; and themn,, one can deduce the
number of SM inserted in the upper and lower arms as

M
n, = > a (2.16)
n, = % +a (2.17)

The voltageg] is given by the maximum voltage possible to be generateddyC, =&,
times the modulating functiomy, as follows

€ = ?m (2.18)
Substituting (2.1), (2.15), and (2.18) into (2.16), anai(®.17) yields

Ny = %(1 -m) (2.19)
n, = %(1 +m) (2.20)

Eliminatingn; andn, between (2.19), (2.20), (2.3), and (2.4) results

Vdc

vy = ?(1 -m) (2.21)
Vo = %(1 +m) (2.22)

wheremis given by
m = mcogwt + 6) (2.23)

, thetais themodulating function angleandm is themodulation indexestimated by

2V
© VgcCOSp

—_

m

(2.24)

whereVy is the peak of the grid voltage andis the angle of the ac-side terminal current.
The estimation given by (2.24) is referred to, in this theasdlat estimationsince it does not
change with the arm current.

At this point, neglecting the MMC current and voltage haris@omponents dierent than
the fundamental, one can state that the arm voltages arefoomna dc level given by@ﬁ and
a fundamental component given Bsmcogwt + 6).

2.2.2 Open-loop MMC model

The average submodule capacitor voltage is controlled eyWBA, as stated previously, but
its instantaneous value change with the integral of the amment. Since the submodule capac-
itor voltage impacts in the arm voltages and currents, tHevitng analysis complements the
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modelling described in Section 2.2.1, and takes into adctvensubmodule capacitor voltage
instantaneous value.
Analyzing Figure 2.1, and with the knowledge that the ciatinlg current has the same
direction in both arms, the arm currem{sandi,, can be calculated by
A P
i, = §t_+ iem (2.25)
PR —'Et +iem (2.26)

The infinitesimal variation of theoltage integrated in the arf@a7], v;, is given by

dv, 1
d—: = Ceq tir (2.27)
wherngé is the reciprocal of the arm equivalent time-varying cafzange, defined as the
submodule capacitance divided by the number of inserted $hss,C,, * can be calculated
by
n
Ceqg * = = 2.28
0= E (2.28)
wheren, represents the number of inserted SMs in the affm = 1 for the upper arm, and
r = 2 for the lower arm).

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

1 :
\/ir = Efnrlrdt (2.29)

The instantaneous submodule capacitor voltage for the asrthen given by

Vi
Ver = ﬁ (2.30)

The instantaneous arm voltages can then be calculated by
Vr = anCr (2.31)

The circulating current is produced by the even harmonicpmments in the arm voltages,
generated, in turn, by the integration of the arm currenheéndubmodule capacitor, as it will
be explained in detail in Section 2.3. This voltage harmanimponents appear with the same
polarity and magnitude in both arms. Thus, from (2.2), onectales that the circulating cur-
rent circulates through the MMC leg withoufecting the steady-state of the ac-side terminal
voltage. Figure 2.6 presents the model for the circulatumgent,in.

Applying KVL in the circuit shown in Figure 2.6 yields

dicm  1[Vae (Vi+Ve ,
il el R (232
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Figure 2.6: Simplified MMC equivalent circuit from the poiitview of the dc grid.

Eliminatingv; (forr = 1 andr = 2) between (2.31) and (2.32), thdfdrential equation for
the circulating current can be derived

dicm  1[Vdac (NiVer + MaVeo ,
e e (2:39)
Eliminatingn,; andn, between (2.19), (2.20), and (2.33), yields
i _I(l — M)Vey — 1(1 + M)Vco — [lem* 5 (2.34)

Eliminatingv; andv, between (2.7), (2.19), (2.20), and (2.31), and solving%'foone can
derive

di M M R. 1

G (A —mver + I(l + M)Vcp — Plt - Evg (2.35)
Substituting (2.30) into (2.27) yields
dVCr _ 1 .
dt - M_Cnrlr (2.36)
Eliminatingi; andi, between (2.25), (2.26), and (2.36) results
dVCl _ 1 . 1 .
ot E(l —m)i¢ + z(l — M)igm (2.37)
dVCz _ 1 . 1 .
- = _K(l + m)ie + f(l + M)igm (2.38)
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dV01 chz dit

Assumingder, ez &t andZer a5 state variables, the open-loop state equation of the MMC
for one phase is given by

Vel i1 A2 13 Qg Vel b11
E V_cz _ dp1 QA Apz Qg V_cz + P21 (2.39)
dt _lt 831 Az az3 azs _lt 31
lem dq1 42 43 Ay lem b41
where
a;;=0a,=0a —i(l—m)a —i(l—m) (2.40)
1= 0,812 = U, 813 = = 814 = 5= .
1 1
ap1 = 0,82 =0,a3 = —E(l + M), 8y = z(l +m) (2.41)
M M R
1=~ (1-m),as = I(l +m), a3z = — %= 0 (2.42)
M M R
a1 = _I(l —m),ag; = _I(l +m),ag3 = 0,834 = T (2.43)
bi1=0 (2.44)
by =0 (2.45)
V,
bay = rg (2.46)
Vdc
= — 2.47
by = (2.47)

Equation (2.39) form the complete open-loop MMC model.
The open-loop model presented in this section can be augehémta closed-loop model.
The MMC closed-loop model for a specific control strategyrigpgmsed 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¢ differential equations (2.32)
and (2.35) exhibit time-varying cflecients. Therefore, the analytical solution for the arm
currents and voltages, for analysis purposes, becomeslexmihe method proposed in this
thesis, is based on dividing the arm current;iandi.,, analysing the impact of each in the
arm voltages, and applyirgeometric serieso find the convergence point. The analysis of the
series convergence, identify the stability conditionstfa arm currents.

Substituting (2.25), (2.26), (2.29), and (2.30) into (3.8ields

n e .
Vv = Clr\/lfnr (é+|cm)dt (2.48)



Dividing (2.48) in two partsy}' andv", representing the contribution @fandicy in the
arm voltage y, results

Vi = 2cn:—|v| f nigdt (2.49)
Viem = cn|v| f Nriendt (2.50)

and
Vp = V4 vem (2.51)

Considering that the active and reactive power exchang#dthwe ac grid are controlled
by the ac-side terminal current compensator, describetDfs fhe magnitude and phase of the
ac-side terminal current are constant and known. Thergtdseexpressed by

i = lcoqwt + ¢) (2.52)

wherel is estimated by

G

S LS, (2.53)

3
\ngLL

In (2.53), vy represents the line-to-line grid voltage}/fevg), P andQ are the active and
reactive powers exchanged with the ac grid, respectively.

From (2.49), the voltage!, in the upper and lower arms, can be derived as

Vi = M—T+ M| sin(wt + ¢)
17180C " 64wC ¢

_ l'\g‘g N 3'\22':) sin(2wt + ¢ + 6)

N 2"4222] Sin(3wt + o + 26)

- 16(TCT3) sin(¢ — 6)

+ :'\;l-zzrcos(go — f)coqwt + 6) — %008(90 - 0)|t

(2.54)
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V= — 'V'—'A+'V'Fﬁzl sin(wt + )
2~ 7| 8uC T 64wC ¢

MRl Ml
- 2wt

el 32wc)sm( wt + ¢ + 6)

MYl .
e sin(3wt + ¢ + 26)
- Ml sin(p — 0)+

16wC )~

MRl Ml
l— 160 coqy — f)coqwt + 0) — Rcos(go -0)|t

(2.55)
The ac-side terminal current contribution in the leg voitégcalculated by
- 3Mml
It - _ H
(V1 + Vo) (1&03 sin2wt + ¢ + 0)
Mml ) .
— (80)—;] sin(e — 6)
MMl
—|—=—coq¢—-0)|t
l T4 )l
(2.56)

Equation (2.56) shows that the fundamental and the thirchbaic components are can-
celled in theleg voltage(v; + V,), leaving only the second harmonic component, the dc com-
ponent, and the ramp component. The predominance of th@dd@ymonic component is
in accordance to the MMC simulations performed for this papée second harmonic com-
ponent of the arm voltages is the origin of the circulatingent, which starts circulating in
the leg in a positive feedback, as it is integrated in the ldgrsodule capacitors, increasing its
own magnitude. This positive feedback has a geometric aserand its convergence can be
analyzed by applying geometric series theory. If the s@wewerges, the system is stable. On
the other hand, if the series diverges, the circulatingeurpresents an unstable exponential
function of time. Therefore, the goal of this approach is ¢éoivk an equation that depends
only on the circulating current, and apply geometric sethiesry to it.

Moreover, for a stable system the ramp component in (2.56)ldhbe zero. Thus, the
contribution ofi., to the leg voltage must have a component that cancels thegamponent.

2.3.1 Circulating current amplitude calculation

In this thesis, a circulating current compensator with zer@ontrol reference is referred to as
circulating current suppressing contr@CCSC). On the other hand, when an injected circulat-
ing current is desired, the circulating current compensateeferred to asirculating current
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control (CCC). The equations developed in this section take intowaaithe circulating current
effect, for a disabled CCSC. For an enabled CCSC, the amplitutteeairculating current,
Tem, IS @pproximately zero.

Integrating (2.32) yields

. 1 V, Vi + V .
'C’":Ef[%:_( — 2)—R|cm]dt (2.57)

where {; + V,) can be divided in
(V1 + Vo) = (V1 + Vo) + (Vg + Vp)'om (2.58)

Separating the integral components results

: v 1 R (.
|Cm:£ —Zf(V1+V2)dt—Ef|cmdt (259)

Itis noted that, if (2.58) is substituted into (2.59), theuktis an iterative equation, in which
icm depends on itself. Thus, if (2.59) can be converted into angioc series, the conversion
can be readily calculated, indicating the steady-statenmadg foric,. Then, the series ratio
can provide more information regarding the system stgbilit

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

: M Mm .
vem = [E - Ecos(wt + 6) flcmd'[
Mm  MAY .
- [E - Tcos(wt + 6) fcos(wt + 0)ipdt
(2.60)
: M Mm .
vm = (E + Ecos(wt + 9))flcmdt
Mm  MAY :
+ [E + Tcos(wt + 6) fcos(wt + 0)ipdt
(2.61)
The circulating current contribution in the leg voltage aoulated by
, M (.
(V1 + V2)Icm = z j\|cmdt
m .
+ Tcos(a)t +6) | coquwt + O)indt
(2.62)
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Substituting (2.62), (2.56), and (2.58) into (2.59) yields

. Vg, [ 3MmI
lem = I (m)COizwtﬁ'(pﬁ‘e)
Ml sin(y — o)t
16wlC)

M )
+ (SZLC,:) coqyp — Ot
1 - R .
~ o0 f(v1+v2)'cmdt— Eflcmdt

(2.63)
Let
., 1 : R (.
i = ~50 f(vl + Vp)'emdt — T flcmdt (2.64)
Then, eliminating\y + V»)'=» between (2.62) and (2.64) yields
., M .
lem = _m \f‘»[|cmdt2
MY Lo
~ac cos(wt+9)fcos(wt+9)|cmdt
B [
(2.65)

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

iom = lemCOS2wt + @2) + 19 (2.66)

where s is the amplitude of the second harmonic component, I§nds the dc component
of the circulating current. The compondft, represents the current resultant from the power
needed to charge the submodule capacitors after they have discharged to the ac grid.
Thus, the dc component is calculated taking into accounattige power delivered to the ac
grid plus the losses in the arm resistances.

Since each MMC leg delivers one third of the total active powwea three-phase system,
9 can be calculated by

ICI"I"I

P+ I:)Ioss
12, = 2.67
cm 3Vdc ( )
The power loss in the MMC leg is given by
PIOSS = 2R(Itzrms + igmms) (268)
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As Pyoss is very small compared t&, andicy,,. is not known a priori, for an approximate
calculation,Pi,ss can be calculated taking into account ony.
Eliminatingicy, between (2.66) and (2.65) and solving the integrals results

Iem =

Tem 2RwCEm Tem
kcm( i + f)cos(Zchp)

IO
+ Kem %) coq2wt + 26)

|
+ ke Cm) co4wt + ¢ + 26)

48
4Rw?’C wlcmsm(cp)
“ken| VmE t T 2
2|8m 2
(2.69)
where
\Ving
Kem = 152LC (2.70)

Eliminatingil,, between (2.63), (2.64), and (2.69) yields the full equattn.y, given by

lem =

« lcm 2ch:|2m Tem
m MAR 6

) coq2wt + )

3T
— kem )COS(Zwt +¢+06)

l6m
B
+ Kem vy coq2wt + 20)

|
+ Kem Cm) cog4wt + ¢ + 20)

48
ARWC  wlgpsin
B ka[ Mme 4 2
I wsinlp —6) vy Cw? lt
am Mn?
kcml 0 w? |w200§tp - 9)] 2
2n¢ 8m

(2.71)
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which can be expressed as the superposition of a second hiaraommponentif,),, a fourth
harmonic componentg)s, a ramp component,)ramp, and a parabolic componeri) parab:

icm = (icm)z + (icm)4 + (icm)ramp + (icm) parab (2-72)
where

(icm)2 =

lem  2RwClem  Tem
kcm(4fﬁz+ Ve +€)cos(2wt+<p)

3
- kcm(ﬁ) COiZ(JJt +@+ 9)

[ 0
+ ( °4m )cos(Zwt + 26)

(2.73)
(iem)a = kcm(ld‘:—g) coq4wt + ¢ + 20) (2.74)
(icm)ramp =
ARWC  wlgmsSing
B k”"[ MrE | 4
. lwsin(g —6)  2vgCw? ,
am Mg
(2.75)
: 219 Tw?coqp -6
(icm) parab = _kcmlgﬁ}:zm - SE/I’(I\:O )l t? (2.76)

For a stable system, the ramp (2.75) and parabolic (2.78)stenust be cancelled by the
ramp and parabolic terms generated by the ac-side termimegrd, i;. This cancelling is
indeed observed in the simulation of stable systems. Thes;amp and parabolic terms are
disregarded, for now, if the system is assumed stable.

Let

(iem)2 = EmCOS(ZQ)t +¢2) (2.77)
and

—

(icm)a = leruCOg4wt + ¢4) (2.78)
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thus
TemCOL2wt + ¢3) =

lom  2RwClom  Tem
kcm(4’rr|2+ Ve +€)Cos(2wt+g0)

3l
- kcm(ﬁfﬁ) COiZ(JJt + ¢+ 9)
I 0
+ ( °4m )cos(Zwt + 26)
(2.79)
and
TemaCO4wt + ¢4) = kcm(ld‘:—g) coq4wt + ¢ + 20) (2.80)

Equation (2.80) is used to calculdtgy, if 1em is known.
Taking into account only the second harmonic componerit3j2the respective amplitude
can be represented by the following geometric series

Em = Z a222” = azzg + 322% + azzg + ...+ azz’z‘ (281)
n=0

wherea, is a constant, ang is the series ratio.
Since the angl® is known to be small, the following steps where calculatesliasng
0 ~ 0, andy, ~ ¢. Thus, (2.73) is rewritten to
(icm)2 = Ko Lo +IACm 3 coq2wt + @)
ewz=Yemgme T 6 16m wrre

0

+ kcm(ICArm )COE(Za)t)

(2.82)
Let
1 1

C,= ﬁ + 6 (283)

3l
C, = 16w (2.84)

| 0
Cs= 4 (2.85)

then
(icm)2 = kem (Emcl - CZ) coq2wt + )

+ kemCsco 2wt

(2.86)



Grouping the terms in (2.86) in the same axis in the planeRimat2.7 illustrates, results

(icm)z =
Kem [(TemCy = C2) + (CaCo%p)| co2wt + )
(2.87)

kcm jcm CI— 02) +kcm 03003([’

»cos(20+¢)

cos2m
Figure 2.7: Grouping of the terms in (2.86) in the same axis.

Separating the constant terms from the iterative terms.8vj%/ields

(icm)Z = EmCOS(ZQ)t + ‘P)

= keml(C3c08p — C) + (IenC1)]coq 20t + ¢)
(2.88)

Taking into account only the function magnituﬂil%, results
Tom = Keml(C3€08p = C2) + (TenC)] (2.89)

The terma; is the initial term of the series, when the exponent is zesat, @an be observed
in (2.81). In (2.89), the first term of the series is found whgn= 0, ora, = Cscosp — Ca.
The seriesatio, z, is given by the term that changes in every incremem, afr z, = 1.,C1.
Thus, the circulating current magnitude geometric sesegvien by

(o)

:m = kcm Z(C3COSP - CZ)(IT:mC]-)n

n=0
— 0
= kcm[(C3COSP - C2)(1enC1)
— 1
+ (Cscosp - Cy)(IcmC1)
+ ... + (C3c08p — Cp)(IenC1)"

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

Tom= 7 (2.91)
Thus, the convergence of (2.90) can be calculated by
Tem = Kem(C3CO —C); (2.92)
cm = Kem(L3C03p 21_kcmC1 .

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

(?cm)ramp =0
(icm)parab =0 (2.93)
lkemCal < 1

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

2.3.2 Capacitor voltage harmonic components calculation

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

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

Vo1 + Vel =
Vei =
ke | (1+ TenM)cogp) — 21| sin(wt)
~ ke[ (T + Tenm)sin(e) | cogwt)
[
— ke %n + Icm) sin(2wt + ¢)
[
Cgm) sin(3wt + ¢)
[ P
2 "2

+ ke

— ke

) sin(y)
(2.94)
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where

ke = —— (2.95)

It can be concluded from (2.94) that the submodule capacibage is heavily based on
harmonic components up to the third order. After that, theeotomponents contribute with
very little or nothing. Furthermore, the submodule capaaibltage has the contribution of the
circulating current on the first, second, and third harmaoimponents. This explains why the

submodule capacitor voltage variation decreases wherirthdating current is driven to zero
by the CCSC.

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

Vet + Vgg'om =
Ve2 =
—ke | (T+ TewM) cogg) + 215, | sin(wt)
+ ke [(I+ Tem) sin(e) | cogwt)

m — ).
— ke vy + Icm) sin(2wt + ¢)

—
—

lemim

k|3 )sin(Swt+gp)

— kc : +
(2.96)
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2.3.3 Arm voltage harmonic components calculation

Eliminatingn, (for r = 1) andvc;
voltage

where

Equation (2.97) must be completed with the previously detrmquation for the arm voltage
fundamental component, (2.21), fey in Section 2.2.1. Thus, a complete set of equations

describing the arm voltages are
vy =

Karm

_ karm(

— Karm

- karm

+ Karm

- karm

2

r(l +
Is

T
| s

2 (’rﬁ‘%")cos(wt 1 6)

between (2.19), (2.31), and (2.94) results in the upper arm

sin(2wt + ¢)

1e (5?)] sin(3wt + ¢)

%)] sin(4wt + ¢)
(2.97)

M

karm—8 C

(2.98)

E)Em(?’?ﬁ")] sin(wt + ¢)

8
) sin(wt)

Icm(— + 1) sin(2wt + ¢)
(16wfT7)
5)

12 S|n(2wt)

sin(3wt + ¢)

sin(4wt + ¢)

(2.99)
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Table 2.1: Circulating current, submodule capacitor \g#taand arm voltage harmonic com-

ponents amplitudes

Harmonic order Tem

Ver \

: 7y (B oy ¥
1 0 ke V(CoC0% — C72 + (CosinZ | (karmCasing + Cs)? + [Karm(Cac0Sp — 2182
2 kem(Cacosp — C2) ey —ke ('}’m + Tcm) —Karm v/(Cgc08p — Cg)? + (Cgsing)?
3 o < (52) 1% )+ Tor )
4 Lo 0 ~Karm [ Tor % )|
Vo =
I m\—~ (3m)\] .
8 2
+ Karm (2I0 ) sin(wt)
m .
— Karm |1 ( ) Icm(— + 1) sin(2wt + ¢)
- karm(l0 rr12) sin(2wt)
113
— Karm |1 ( ) + Icm( ) sin(3wt + ¢)
n12 .
v A

(2.100)

Table 2.1 presents a summary of the equations giving the muags of the harmonic
components in the circulating current, submodule capaedliages, and arm voltages.
The magnitudes in Table 2.1 are calculated based on thevioljopparameters foig,

, for v,

MY
kcm‘4w2|_c

1 1
“=a s

3]
C,= —
27 16m
C_Icm0
3774

(2.101)
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1

K= ZaC
C; =2mld,
(2.102)
, and forv,
M
karm - 8(1)C
M\ — (3m
Ce=T1+ ) +Tenl )
my
CS — 2dc
3m\ — (27
Co=T(F ) +Tenl 5+ 1)
Co = 107
(2.103)

2.3.4 Modulating function calculation

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

It can be observed from Table 2.1, and in (2.101) throughO@.1that the modulation
index,m, is a parameter that impacts all harmonic amplitudes. Timesmore accurate its es-
timation, the closer to reality the calculated harmonic ktuges are. In Section 2.2.1, (2.24)
was used to estimate the modulation index (flat estimatiblopever, a more detailed anal-
ysis showed that (2.24), in closed-loop systems, where thautation index is given by the
combination of the ac-side terminal current control and@ESC [30], its magnitude does not
follow the estimated trend.

A more accurate way of calculating the steady-state valubeMmodulation index, is to
assume a known ac-side terminal current, kept constantshgoinpensator [10], and apply
KVL as illustrated in Figure 2.8, wherig, & andVy are the phasors of the ac-side terminal
current, the inner voltage, and the grid voltage, @nandvy, are the peak values of the inner
voltage and the grid voltage, respectively.

Analysing only the fundamental component of the arm vokatfee resultang calculated

applying KVL on the circuit presented in Figure 2.8, can beatq to (2.18), which yields
m%cos(wt +6) = Bcogwt + )

_V o — o
m%(cos%o&)t — singsinwt) = g(cocoswt — singsinwt) (2.104)
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Figure 2.8: Simplified circuit representing the inner vgligphasog.

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

= 2608
" VgcCOY

(2.105)

It can be observed that in (2.105), the modulating functiogle, 6, is no longer considered
zero.

However, the modulating function calculated by (2.104)sdpet contemplate the contri-
bution of the circulating current in the arm voltages, andssmjuently, in the magnitude and
angle of the modulating function. Thus, a new method forwaling the modulation index
and the angle of the modulating function is needed.

The angle of the modulating functiof, can be calculated using the parabolic term from
iem (2.76). Assuming that the parabolic term must be cancéatledstable system, yields

w212 Tw?cody - 6)
_ - =0 2.106
k‘””( 2me 8m ( )
Solving for6 results
410
6 =acoy—=|-¢ (2.107)
ml

In (2.107) the modulating function angle is still dependamin, so another equation that
relates both parameters,andd, must be derived. In a balanced converter, with equal valties
L andRin both arms, the upper arm voltage and the lower arm voltegjegual in magnitude,
with the only diference being the signal of the odd harmonics, as shown id)(@rtd (2.97).
Thus,

(V1)1 = &COS (2.108)

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

Mlsing MITmsing
 8uC _ 64uC (2.109)
_ 0.9MImsinp N Ve
8wC 2

=§Cco®
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Isolating the term containinﬁm and simplifying (2.109) results

—0.9MMsinglem = MIsing

+ I\/Hmz% — 40CVym (2.110)
+ 86coswC
Substituting the parameters from (2.101) into (2.92) ygeld
—  15MmAPI%,cosp — 1.125Mm
- cmCO% (2.111)

| =
em 24w2LC — 1.5M — MA®

Eliminating em between (2.111) and (2.110), generates a polynomial fumethose only
variable ism. Depending on the operating condition of the MMC, e.g. CC®@béd or
disabled, and dierent values of active and reactive power, the polynomiattion 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) ant* + b + cii¥ + dM+e=0
2 false true 3 (Cubic) b + ¢ + dM+e=0
3 true false 2 (Square) ci? +dm+e=0
4 true true 1 (Linear) M= ﬁig:

In Table 2.2 true means that the statement in the column title is true,fatsgmeans the

opposite.
In Table 2.2, they, b, ¢, d, ande parameters are given by
Mi'sing
B 8
b = 4wCvy. — 1.35MI°cmcogsing
¢ = 302LCfsing — 0.187Mising — c2c0PWC
co9y
96w3LC?
d - BuCrg, - L
1928,co0Sw’LC? oy s
e= Ncod + 24w LClsing
_ 1.5|\/|TSiﬂgo _ M
coy

(2.112)

The parameters thatftier from one case to the other are the ac-side terminal cuareyié
¢, and the circulating current magnitutig. When there is no reactive power being exchanged
with the grid,¢ = 0, thea term in the quartic polynomial function is cancelled, anduic
polynomial function is formed. If the CCSC is enablég, = 0, (2.111) is equal to zero, and
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the function becomes a quadratic polynomial function. \Mbeith ¢ andlc, are equal to zero,
the reactive power is zero, and the CCSC is active, then thagamial function becomes a
linear function and the modulation index, is given by the equation presented in row 4 of
Table 2.2.

The roots of the polynomial functions showed in Table 2.2 lvarcalculated using several
methods, with varying accuracy. The method chosen in tlasishis the Newton-Raphson
algorithm (NR), described in Section 2.3.4. The algorithovged a fast conversion (less than
3 iterations), for an error of.01 and a flat start ah = 1. The NR is executed, first, forda= 0,
and then, after the solution is foungljs updated using (2.107). This process is repeated for
five times.

If the CCC is used, instead of a CCSC, there is an injectedlaitiog current in the MMC
leg, for operating region enlarging purposes [50]. In thise; (2.24) is used to calculate

Polynomial roots calculation using Newton-Raphson

Taking as example the polynomial in the first row of Table th2,first step to calculate the so-
lution, is to solve the polynomial fag, that is, separate the terms with exponentfedént than
zero, from the constant term. Then, a functidim) is created from the terms with exponents
different than zero, such thdt{m) = ant* + b + ci¥ + dm. Thus, the solution fof (M), i.e.,
m", is such thaf (M) = —e.

With f(m) created, a starting point is establishgd, It must be pointed out that the starting
point is an educated “guess”, and is based on the knowledg&as about the process being
investigated. In the case of the modulation index= 1.

To test how faim, is fromm*, Af(m) is calculated as

AF() = f([@) - f (o) (2.113)

The smaller the\ f (M), the better. However, Af (M) equal to zero may take a long time to
be reached, or it may never happen. Therefore, a threshadtibeicreated for the acceptance
of Af(m), and, consequently. Such threshold, or error, is represented, in this thegis, b

If the value ofAf(m) is higher thare, it means thafn, is not an acceptable solution and
must be changed by a valueari. The value ofAmis found by, first, calculating the linearized
function of f(m), i.e., f’(m), using Taylor Series (in this case, the first two terms acgh),
aroundmy, and then calculating the value A that givesf’(Am) = f(nT). Thus,

_ () - 1(Fy) _ Af()

At (Mg) df (o)
om om

Am

(2.114)

The last step consists in addifgn to m, to find m(k + 1), wherek + 1 indicates that one
iteration is complete. IAmis smaller or equal te, m(k + 1) is accepted as the solution for the
modulation index.

Fig. 2.9 illustrates the process for the first iteration. Tumection f(m) shown in Fig. 2.9
is to be understood as an example to help illustrate the NRadetind not as a function with
real parameters &, b, ¢, andd.

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

Af[m(k)] = f(m) — f[M(k)] (2.115)
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Figure 2.9: Newton-Raphson method illustration, firstatem.

and

Af[m(k)]
STk
om

AM(K) = (2.116)

andm(k + 1) = m(k) + AM(K).

Fig. 2.10 illustrates the NR algorithm for two iterations.Hig. 2.10, the solution fam is
given bym(k + 2).

The equations presented in Table 2.1 combined with the matidglfunction calculation
presented in Subsection 2.3.4, provide a complete steatly+sarmonic model for the MMC,
whose input parameters aié R, L, C, R, L, P, Q, Vgc, Vg andw.

2.4 MMC component sizing

2.4.1 Proposed submodule capacitor sizing method

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

Table 2.1 shows that the even harmonic components are diiveegaquence (minus sign),
whereas the odd harmonics are of positive sequence (positwm). This indicates that the
harmonic components, of the submodule capacitor voltdige, as Fig. 2.11 shows, assuming,
for example, the following magnitudesic); = 0.3 kV, (vc)2 = 0.24kV, and {/c); = 0.06 kV.

In Fig. 2.11, the ac-side terminal current angles set to zero.
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Figure 2.10: Newton-Raphson method illustration.
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time[ms]

Figure 2.11: First, second, and third harmonic componerntsa submodule capacitor voltage
for ¢ = 0.

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

The submodule capacitor voltage variation is given by tH#raction of the submodule
capacitor voltage maximum and minimum values. However funationvc(t), given by,

Ve(t) = (ve)a(t) + (Ve)2(t) + (Ve)a(t) (2.117)

where (’C)l(t) = Vc1sin(wt + 51), (Vc)z(t) = chsin(Za)t + 52), and (/c)g(t) = Vc1sin(3wt + 53),

the maximum and minimum values are troublesome to be caétlilprecisely, sincec(t)

is a trigonometric function with three fiierent frequencies. Therefore, approximate models
for each harmonic component are proposed in this sectidiacttitate the calculation of the
maximum (peak) and minimum (trough) values in the submodafgacitor voltage. Thus,
the submodule capacitor voltage harmonic components dtdrgp positive half-cycle and
negative half-cycle, taking as a middle point, an imagireaag, e.g., at = 10 msin Fig. 2.11,
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Figure 2.12: First, second, and third harmonic componerntsa submodule capacitor voltage
for ¢ = —30 degrees.

with each half-cycle represented by a quadratic functisripbows:

(Ve)1p(t) ~
(Ve)1p() = “Verau(t — by — dy)? + Ve
(Vc)2p(t) ~
(Ve)2p(t) = —Veo@a(t — by — 02)? + Ve
(Vc)sp(t) ~
(Ve)3p(t) = —Veaa(t — bs — d3)? + Vs
(2.118)
(Ve)n(t) ~
(VC)an(t) = ~Ver@u(t — by + di)? +Ves
(Vc)an(t) ~
(VC)an(t) = Vool = by + )2 + Vo
(Vc)an(t) ~
(VC)an(t) = —Vea@a(t — bs + ds)? + Vs
(2.119)

Equation (2.118) represents the positive half-cycle ofwbléage harmonic components,
whereas (2.119) represents the negative half-cycle. gadsran examplé/c),,(t), the instant
when the voltage peak happens can be calculated from

de)i® _ (2.120)
dt

From (2.120), it becomes known that the pea@lp(t) occurs ab,, assuming &, = 0.
Therefore, the parabola must be displaced by a quarter afle,agsulting irb; = 1/(4fy) (i.e.,
n/2 in radians), in order to align withv€),(t). Further, the roots of the parabola must be zero
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Figure 2.13: Approximate quadratic functiowgs )i, (t), (Vc)2p(t), and {c)sp(t), in contrast with
(Ve)1p(t), (Vc)2p(t), and (ic)sp(t), for ¢ = 0 andy = —30 degrees.

andfy/2 (i.e., 0 andr in radians). Thus, solving the quadratic equation for ttst fwot (zero),
and solve fora,, yieldsa; = l/bf. The last parameted,, represents the displacement in the
parabola caused by. Calculating the displacement, in seconds, causeg; lfy in radians)
yieldsd;, = ¢, /(27 fy). The parameters, b, andd for the second and third harmonics, are given,
as a function of the first harmonic parameters, thdbis; b,/2,bs = b, /3, a, = 4a;, a3 = 9a,

d, = d;/2, andds = d;/3. To facilitate the analysis, the negative half-cycle hesrbreflected
to the positive side. Hence, all parabolas in (2.119) feah@gativea parameters. Thus, the
difference between the positive half-cycle and the negativeckiele is only the direction of
the displacemerd, as it is observed in (2.118) and (2.119).

Figure 2.13 shows the positive half-cycle for the approxempadratic functions for each
submodule capacitor voltage harmonic component, in cenwith (vc)ip(t), (Vc)2p(t), and
(Vc)sp(t). In Fig. 2.13, the first column shows the functions go& 0, and the second column

for ¢ = =30 degrees.
LetVep(t) = (Ve)1p(t) + (Ve)2p(t) + (Ve)sp(t), andven(t) = (Ve)1n(t) + (Ve)an(t) + (Ve)an(t)
then, working on/c(t), for example, adding the similar terms and applying thetiplita-
tion distributive property, yields

Ven(t) = ay(—Ver — HNeo — Wes)t?
+ (2a4b; — 2a,01)(Vcy + 2V + 3Vcs)t

+ (2a1b10; — &102)(Veq + Ve +Vies)
(2.121)
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Substituting the equations fag, b;, andd, in (2.121) results
Ven(t) = 16f7(—Ve1 — Ve — Nea)t?
+ 8fg (1 - %) (Vc]_ + Z\icz + ﬁ/\cg)t

+ A% (1 - %)) (Ve1 +Viez +Vea)
(2.122)
The instant at whicRc,(t) reaches its peak, that ig, is calculated by
dvij”t(t“) _0 (2.123)

Since the negative half-cycle has been reflected to theiypwsiide, as stated earligy,
actually indicates the instant when the trough takes placef(t).
Solving (2.123) foit, results

1 (_1+ 90) (Ve1 + 2Ve2 + 3Vcs)

th= —— L
"4, 90/ (V1 — HVcz — Nes)

(2.124)
A similar analysis yields the instant wheg,(t) reaches its peak, that i, given by

tp

1 ( ¥ ) (Ve1 + 2Ve2 + 3Vcs) (2.125)

~ af, "7 90/ (Ve - Mz — M)

The numerator and the denominator of the fraction term it22) and (2.125) both depend
onk.. Thus, cancellinds, and by extensiog, from (2.124) and (2.125) yields

_ 1 ¢\ (Voo + D, + 3V)

b= 21, ( 1 90) T (2.126)
_ 1 ¢\ (Vo + D, + 3V,)

te = 4fq ( 90) (Vi — AV, — V) (2.127)

wherev,, Vi.,, andV,, represent the amplitude of the first, second, and third haierepm-
ponents of the submodule capacitor voltage, calculatedable2.1 without multiplying b,
i.e.,V; = /(CsC0Sp — C7)? + (CeSing)?2.

The equivalent in radians &f andty, for the first harmonic, denoted by, andr,, are

2.128
M1 = Zﬂfgtn ( )

Thet, andt, equivalent in radians for the second and third harmonicgias as function
of rpp andrp. Thus,rng = 2rpg, Fpp = 2rpg, g = 3z, andrpg = 3rp;.

Figure 2.14 illustrates the submodule capacitor voltagenbaic components representa-
tion in the trigonometric plane dt= t,. In Fig. 2.146; = rp1 — ¢, 62 = I'px — ¢, and
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Figure 2.14: Submodule capacitor voltage harmonic compisime presentation in the trigono-
metric plane at = tp,.

03 = rgzs — ¢ The maximum value in the positive half-cycle, i.e.t at t,, can be calculated
by the sine components of the submodule capacitor voltagadracs representation in the
trigonometric plane, as follows.

Similarly

Thus, the submodule capacitor voltage variation is given by

A@p :vC1Sin(rp1 — ¢r)

+VC2$in(rp2 - (,Dr) +VC3Sin(rp3 - <Pr)

A@n =Ve1Sin(rng + ¢r)

+Ve2Sin(rn + ¢r) + VesSin(rng + ¢r)

Joining the similar terms, yields

Solving forC

— 1
AVe = ——X
€~ 20C

{V’Cl[COSp(sinrnl + SiNry) + Sing(CoSky — COSIy )]+
Vi,[COSp(SiN2ry + SiN2ry;) + Sinp(CoLry; — CO2r )]+
Vi3[€08p(SiN3ryy + SiN3rp1) + Sinp(CoOBryy — 00$3rp1)]}

C

1
 AwAVe

A’\70 = A@p + A@n

(T1+ T2+ Ts)
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(2.130)

(2.131)

(2.132)

(2.133)



where

| cosp(sinty + sinry) + Sip(COSky — COSIy) |
(2.134)
|cosp(Sin2r oy + SiN2r ) + SiNp(CO2roy — COLA py) |
(2.135)
[COSp(SiI’Brnl + Sindrp) + Sing(cos3ry,; — coBr pl)]
(2.136)

Equation (2.133) allows the calculation of the submodufgacaanceC, as a function of
the desired\vc, ¢, andv,, V.,, andv.;. However, the calculation of.,, V.,, andv;,; depend
themselves of. Therefore, the method proposed in this thesis considisstathe amplitude
of the circulating currentl,, as being zero, i.e., an active CCSC. After the calculatio@,o
then the contribution off,, in AV is calculated.

Capacitor Sizing Method for Injected Circulating Current

In the case of an injected circulating current, the contefémrence phase is shifted in such a
way that the submodule capacitor voltage harmonic compsraign diferently than shown
in Fig. 2.11 and Fig. 2.12. Fig. 2.15 presents the alignmgtiiteoharmonic components of the
submodule capacitor voltage for a injected circulatingenir, fore = 0. It is noted that the
harmonic component peaks align perfectly. More specifictle second harmonic component
have its peak added to the submodule capacitor voltage peb&ubtracted from the trough.
Thus, the second harmonic, is cancelled in the calculatidineosubmodule capacitor voltage
variation. Then, the submodule capacitor voltage vamatior an injected circulating current,
is given by

_ 2
AVC = R[VC]' +VC3]CO$0 (2137)
solving forC yields
2

Taking as an example, the HVDC system described in [22], fdesiredAvc of 20% of
V. and an CCSC strategy based on [30], (2.133) yields an subdmaedpacitor of 8 mF.
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’ ’ t’im:ims] b ?
Figure 2.15: First, second, and third harmonics in the suhgocapacitor voltage, fas = 0,
assuming an injecteig,.

However, if the CCSC is disabled, (2.132) yielddwa of 70% ofv.. On the other hand, if
the desired\\¢ is increased to 18% ofV,, and the CCSC is enabled, the resultant capacitor is
exactly the value selected in [22], i@,= 10 mF.

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

1. Calculation of, m, andl?_ using (2.53), (2.24), and (2.67);

2. Calculation ofCs andC; using (2.102), foltem = O;

3. Calculation o#,, Vi.,, andvi,, using Table 2.1;

4. Calculation ot, t,, ry, andry using (2.126), (2.127), and (2.128);
5. Calculation ofC for a designed\v¢ using (2.133).

If desired, the impact of., in the submodule capacitor voltage variation can be caiedlay
the extra following steps.

6. Calculation ofm following the method described in Section 2.3.4;
7. Calculation ofl., for i calculated in the previous step;

8. Calculation ofAvc using (2.132).

For an injected., 1em is known, andC can be calculated using (2.138).

Table 2.3 shows the resultant submodule selected capeejtasing the proposed method
and three other methods ([15], [43], and [46]), for a threage MMC inverter. The inverter
features 400 capacitors per arm, an arm reactor ehBGand 0338(2, connected to an 192
kV (rms) ac grid (resultant from a line-to-line voltage of 333) through a 6mH, and 0377
Q, terminal reactor. The inverter is delivering to the ac gndactive power of 200MW, and
absorbing a reactive power of 0 in the first moment, and [80Ar in a second moment. The
dc voltage is 64KV and the submodule capacitor has a value ofiiFO The control reference
for the circulating current control was kept at zero for thstfiwo columns. In the last column,
a circulating current of 813 kA was injected in the MMC arm. The submodule capacitor
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Table 2.3: Comparison betweenffdrent methods for capacitor sizing assuming circulating
current controbn

Method

CalculatedC [mF] for Avc = 0.285 [kV]
andQ = 0 MVAr, Tem =0

CalculatedC [mF] for Avc = 0.346 [kV]
andQ = 500MVAT, Tem= 0

CalculatedC [mF] for Avc = 0.2kV
andQ = 0 MVAr, Tem = 0.613KA

Proposed
Reference [46]
Reference [43]
Reference [15]

10.1
7.1
9.1
5.1

10.1
6.54
7
4.5

9.65

voltage variation was obtained by simulation of the aforetiomed system. Therefore, the
correct result for the submodule capacitor sizing metho#lOisnF, and the result of each
method is compared to this value, for the purpose of judgmgadcuracy.

Table 2.3 shows that the proposed submodule capacitorgsmethod provides results
closer to 10mF, than those provided by the aforementioned methods, withrseof 1%, 1%,

and 35%.

2.4.2 Arm inductor sizing based on leg current resonance

Once the submodule capacitor has been selected, the lemtwsonance can be addressed
by analysing the convergence of the circulating currentggac series in (2.90). The series
convergence depends on the arm inductor, thus, assumingienoma modulation index of 1,
and solving the convergence condition in (2.93)lfoyields

2.5M

> _
240w°C

(2.139)

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

to

2.5M

24w°C

(2.140)

whereL. represents the critical value for the arm inductance wheredsonance takes place.
Thus, the arm inductance value must bffadent tharL.. Assuming that the MMC features
a SM technology that does not allow a dc-side fault curremirulate in the leg (CDSM or
FBSM), and that the CCSC is always active, the arm inductdnagan be calculated only to
filtrate the arm switching frequency, respecting the litntagiven by (2.140).

2.5 Validation of the harmonic steady-state model

To test the proposed steady-state harmonic model, a bagielosystem, similar to the system
presented in [18] and [20]-[22], was simulated in the PSZBAWTDC software environment
[80]. The schematic diagram for this system is shown in Fifj6 2Anequivalent-circuit-based
simulation modeldescribed in detail in Chapter 3, was created to simulatke ®MC of the
back-to-back system. Therefore, the mathematical equatiwat describe ffierent variables
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Figure 2.16: Schematic diagram of the back-to-back MMC H\W y8tem simulated.

of the MMCs were developed in a program and linked to the hiostiit simulation software,
i.e., PSCADEMTDC,; the code, thus, generated the control signals foddpendent voltage
sources. The validity and accuracy of the equivalent-ditcased simulation model were first
confirmed by comparing its dynamics with the dynamics of itkddanodels with diferent val-
ues ofM (4,6,8,10,12, and 20). For clarity purposes, the electrical quastitiere identified
with the indexes =inverter andr =rectifier. Also, the simulation model included a scheme
for circulating current suppression [30], and schemes ¢eside terminal current control and
dc-side voltage regulation [10]. The parameters for both G&veire the same as described in
Section 2.4.1, with the ffierence that the submodule capacitor assumed values from4(D t
mF, increased in steps of2mF, and the reactive power was regulated at 0, 300, and 500
MV Ar, for some of the simulation cases.

Even though the proposed steady-state harmonic model arsdiimodule capacitor sizing
method work for injected circulating current cases, onlyesawith enabled or disabled CCSC
were considered in this section, due to space limitatiol® simulation results involving the
magnitude of harmonic components calculated by the prapssady-state harmonic model,
are considered the same in all arms of both MMCs, as they shasame parameters.

2.5.1 Submodule capacitor voltage variation

Figure 2.17 shows the dc-side voltage, the active power tla@cc-side terminal current in
dg-frame, for the back-to-back system illustrated in Fig.62.1

In the beginning of the simulation, switch83N andS W are open and all compensators
are disabled. In this state, the submodule capacitorstmege with energy drawn from the
respective grid\( for the rectifier andyy for the inverter). Then, at = 0.03 s, the ac-side
terminal current compensators, and the dc-side voltagdatgs are enabled, and the dc-side
voltage rises to the nominal voltage in both MMCs. tAt 0.25 s, both switchesS W and
S W, are closed and the connection between the rectifier andibeeér is established. Still at
t = 0.25 s, the dc-side voltage regulator in the rectifier is disablduereas this same regulator
in the inverter is kept running. Thus, from this moment org tactifier controls the power
exchange between, andvg;, whereas the inverter controls the dc-side voltage shardubth
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Figure 2.17: Voltages and currents for the back-to-bactesydlustrated in Fig. 2.16 submit-
ted to diferent disturbances.

MMCs. Also, at this same moment, the control reference ferattive powerp,, and the
reactive powerQ,, are kept zero. Later, at= 0.3 s, the active power control reference in
the rectifier is changed te1000 MW, generating a small transient in the dc-side voltage, a
negative change in amplitudeiig,, and a positive change ip;, as expected. Then, &t 0.7

s, the reactive power control reference in the inverter isigleal from zero to 50MV Ar, what
makes the inverter absorb reactive power frgyn This change does noftact the rectifier,

as observed in Fig. 2.17. Finally, at 1.1 s, the CCSC, in the inverter, is turneg and a
considerable transient is observed in its ac-side ternsimaéntdg-frame components. Again,
the rectifier is not fiected.

Figure 2.19 shows the circulating current, the submodypaci¢or voltage (in capacitor 3
from the upper arm), and the ac-side terminal current fospaan the rectifier and the inverter,
for the afore mentioned disturbances. It can be observe®inZz18, that, as expectedmar,
Vcsar, @ndi, are very little dfected by the change iQ; and CCSC in the inverter. On the
other hand, the submodule capacitor voltage variatioreas®d with the absorbtion of reactive
power by the inverter, and, later, by the deactivation of@ESC. The ac-side terminal current
also increases with the increase of reactive power in theriek but its steady-state is not
affected by the deactivation of CCSC, as Fig. 2.18 (f) shows.sUbenodule capacitor voltage
variation for all disturbances, Figs. 2.18 (b) and (e), agvell with the model proposed in this
chapter.

Figure 2.19 shows the calculated submodule capacitorgeitariationAvc, using the
proposed method, and the comparison with the simulatiopsiém illustrated in Fig. 2.16. In
fig. 2.19, the submodule capacitance is changed from 10 toHE0n steps of 5 mF, and the
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Figure 2.18: Circulating current, submodule capacitotage, and ac-side terminal current for
the back-to-back system illustrated in Fig. (2.16) suleditp diferent disturbances.

reactive power assumes values of 0, 300, andM®WAr. Moreover, to further test thefecacy
of the proposed model, the CCSC was turnadndoff for every change iQ. As fig. 2.19

Q =0MV Ar CCSC off Q =0MV Ar CCSC on

— Ave simulated — Ave simulated
- - - Avg calculated . - --Ave calculated

Q = 300MV Ar CCSC off
1 (C) — Awvc simulated ' (d) — Ave simulated
N - --Ave calculated 503 - --Ave calculated |
= 08 =
~ 0. : : —0‘0.2 : 4
S
<] 01 —
0

Q = 500MV Ar CCSC on

0.4 T

Q = 500MV Ar CCSC off

' (f) ‘—A'Ug; simulated
N w03 - --Avg calculated |
=00 =
o 0.6 o 02 |
0.4

< 0.2 o1 7

0 : : : : : 0 : : : : :

10 15 20 25 30 35 40 10 15 20 25 30 35 40

CmF] C|mF]

— AU( simulated

- - - Av¢ calculated

Figure 2.19: Comparison between the proposed steady+stadiel and the simulation re-
sults forAvc. (a) No reactive power and CCSGro(b) No reactive power and CCSC on;
(c) 300MV Ar reactive power and CCSGip(d) 300MV Ar reactive power and CCSC on; (e)
500MV Ar reactive power and CCS@Gfp(f) 300MV Ar 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 fromrttethod described in Section 2.3.4,
is compared to the flat estimation from (2.24). The simulatgstem is still the same as in
Section 2.4.1, and Subsection 2.5.1, for the same chandggsTime reactive power assumed
the values of 0 and 500V Ar, and the CCSC was turnexh andoff for both values. As Fig.

CCSC off - Prop. Model CCSC off - Flat Estimation
—
0.95 0.95
0.9
(€
0.85
= = = Simulated QQ =0 = = = Simulated Q =0
== =Calculated Q =0 - = = Estimated QQ =0
0.8 m— Simulated Q = 500MV Ar 0.8 — Simulated () = 500MV Ar
—— Calculated QQ = 500MV Ar —— Estimated Q = 500MV Ar
CCSC on - Prop. Model CCSC on - Flat Estimation
0.95 /ﬁ 0.95 /
0.9 0.9
<E SsEmm=m=== e=smgm===223 <E ----------------------
0.85 0.85f == ====mmemm e
= = = Simulated () =0 = = = Simulated Q =0
= ==Calculated Q =0 - = = Estimated QQ =0
0.8 — Simulated Q) = 500MV Ar 0.8 — Simulated () = 500MV Ar
—— Calculated @ = 500MV Ar —— Estimated Q = 500MV Ar
10 20 30 40 10 20 30 40
C[mF] C[mF]

Figure 2.20: Comparison betwegtcalculated by the proposed model and estimated by (2.24).

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

2.5.3 Circulating current, submodule capacitor voltage, ad Arm voltage

This subsection presents, the comparison between the ggdmbeady-state harmonic model
and the simulation results for the harmonic amplitudeséndirculating current, Fig. 2.21 and
Fig. 2.22, submodule capacitor voltage, Fig. 2.21, and thewltage, Fig. 2.23. Fig. 2.21
shows the harmonic amplitudes for the second harmonic,drcitttulating current, and the
first, second and third harmonics, in the submodule capaaiitage, for a reactive power of
OMV Arand 500V Ar. Further, Fig. 2.22 shows the comparison between the peojsisady-
state harmonic model and the simulation results only foathplitude of the circulating current
second harmonic, for the same change in capacitance pedsariig. 2.21, added to a change
in the reactive power absorbed by the MMC, from3D0MYV Ar, in steps of 50MV Ar. Finally,
Fig. 2.23 shows the comparison between the proposed sgtattyharmonic model and the
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simulation results for the MMC upper arm voltage first, setghird, and fourth harmonics,
for a reactive power of BIV Ar and 50MV Ar.

Q = 0MV Ar Q = 500MV Ar

—— (iem)2 simulated —— (iem)2 simulated
= = = (icm)2 calculated = = = (iem)2 calculated

—— (ve)1 simulated — (ve); simulated
- - =(ve): calculated || T ] - - - (ve)1 calculated ||

—— (ve)2 simulated — (v¢)2 simulated
- - -(v¢)s calculated - = = (v¢)2 calculated

— (ve)3 simulated — (ve)s simulated
- - =(v¢)s calculated - - - (ve); calculated

10 15 20 30 35 40 10 15 20 30 35 40

0[;2,1:] 0[72757,F}
Figure 2.21: Comparison between the proposed steadykstateonic model and the simula-
tion results for (tm)2, (Vc)1, (V)2 and ic)s.

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

2.5.4 Circulating current series convergence (resonance)

Figure 2.24 shows theé component of the ac-side terminal current, in the rectifiet iaverter
(see Fig. 2.16), for diierent values of arm inductance (84, 45mH, and 50mH). The value
of C is kept constant at 1GF.

In Fig. 2.24, the active power control reference is set1®00 MW, in the rectifier, at
t = 0.3 s, and the reactive power control reference is kept at zer@ GGSC in the inverter
is keptoff, for the purpose of resonance visualization, whereas th8CQCiD the rectifier is
activated, also, at= 0.3 s. It can be observed that for an arm inductance afri2f the system
is stable and there is no resonance. When the system is sadwdth an arm inductance
of 45 mH, which is the critical inductance calculated by (2.140 ifverter ac-side terminal
current presents an stable oscillatiordmgframe, indicating that the system is resonating. In
the rectifier ac-side terminal curredtcomponent, the oscillation is damped by the CCSC.
Further, when the system is simulated with an arm inductah&@ 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), aagtbposed steady-state harmonic
model results, (b), fori{.), amplitude withQ changing from G- 500MV Ar.

2.6 Validation of the capacitor sizing method

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

Table 2.4 shows the comparison between the capacitancelatelt using the proposed
method and the capacitance of the physical capacitordletia the experimental set-ups.

Table 2.4: Comparison between the proposed capacitogsizathod and experimental set-ups

Reference| Tem [A] | CalculatedC from proposed methodiiF] | Physical capacitor installed in the experimental set-o|[
0 0.785 0.77
[45]
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, referencé ptésents two values for the
capacitance of the submodule capacitors: one for a conipkippressed circulating current,
and another for an injected circulating current. Refersribd], [56], and [58] present only
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Figure 2.23: Comparison between the proposed steadykstatgonic model and the simula-
tion results for ¢)1, (V),, (V)3, and ¢)s.
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Figure 2.24:d component of the ac-side terminal current, in the rectiffet the inverter, for
an arm inductance of 2mH (a) and (d), 45mH (b) and (e), and 5énH (c) and (f).

experimental results with a suppressed circulating ctirren

One can conclude, observing Table 2.4, that the proposedochgirovides satisfactory
results for the sizing of the submodule capacitor, sincéhthbest error observed in Table 2.4
is of 4.1% in the second row.

56



2.7 Summary and Conclusions

In this chapter, a complete steady-state model that alloescélculation of the steady-state
amplitude of all harmonic components of the MMC voltages eamaents, was proposed. The
method applied resulted in simple and tractable equatloats ¢late the MMC parameters and
their impact on the generation of each harmonic componetitararm current, submodule
capacitor voltage, and arm voltages. Also in this chapteras shown that the proposed model
can be used to calculate the modulation index and the mawlglainction angle, without
relying on inaccurate estimations. Therefore, the propasedel is more accurate than the
previously published models. Further, the proposed modslwsed in the development of a
new submodule capacitor sizing method. The new submodiplacdar sizing method was
shown to be completely analytical, that is, it does not relycbarts or numerical algorithms,
but simple calculation steps. The proposed method protltesecessary capacitance value
for a desired submodule capacitor voltage variation as atifum of the MMC parameters.
Furthermore, simulation results proved the accuracy ofptioposed steady-state harmonic
model, in predicting the amplitudes of the harmonic compdsién the submodule capacitor
voltage, the arm voltage, and the circulating current inMihC arm. Finally, the results given
by the proposed method for sizing the submodule capacitoe wempared to experimental
results published in the literature, showing a satisfacsamilarity.
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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 MM tor HVDC systems, de-
tailed nonlinear IGBT-based (Type 2) simulation modeld,[&6d even simplified IGBT-based
simulation models (Type 3) require several hours for bogdhe model, and the followed sim-
ulations take a long time to be completed. Thus, equivatentsit-based models are used to
simulate the MMC-based HVDC system. However, for an MMC vaittarge arm reactance,
the impact of the switch in the converter dynamics is neglegi Therefore, the simplified-
equivalent-circuit (SEC) developed in this chapter, takés account the dynamic of the sub-
module capacitors only, in each submodule, and considers#titches as ideal switches.

Also, the SEC simulation model assumes that the MMC has its Bded on the FBSM
topology, Fig. 2.2c. Since the SEC simulation model is fecus the converter dynamic
behavior, it also works when the SM topology isfdrent than the FBSM, but retains the same
dc-side fault handling capability for disable switches.efidfore, the SEC simulation model
can be applied to simulate the LMMC, described in Chaptem8, the LSM, described in
Chapter 6.

3.1 Simplified Equivalent-Circuit Simulation Model

Fig. 3.1 shows a schematic diagram of the proposed simpé&figdvalent-circuit (SEC) sim-
ulation model of an MMC, as implemented in this thesis. As. BdL illustrates, the model
consists of an electric circuit model and a program codeckvieimbeds the proposed sim-
ulation model. The electric circuit is the same as that of Radl, except that each arm is
replaced by a corresponding dependant voltage source., Tisontrol signals of the two
sources, i.e., the values of the arm voltageasndv,, are generated by the proposed simulation
model in the program code. The program code is writte@ programming language since it
is generally regarded as the most low-level universalifuded programming language of the
present time (aassemblyprogramming language is rarely used). Further, most d¢igtoiu-
lation software packages have the capability of compili@language code. For example, if
the circuit model is to be developed in Matl&mulink environment, the program code can
be linked to MatlafSimulink [81] through as-functionblock and theEngine Library If, as
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another example, PSIM [82] is the circuit simulation softeydhe program code can be called
in MatlalySimulnik by as-functionblock, which, in turn, is linked to PSIM. For the simulation
model developed for this paper, the program code was lInk&SCADEMTDC [80] through
aComponent Blocknd theProject Settingsab.

MMC leg
electric circuit

Program code embedding
the computational algorithm

11 19 Vdc Vs
¢ En

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

As Fig. 3.1 shows, the program code requires, as its usaretkinputs, the number of
capacitors per arnM, the submodule capacitor valu&,and thantegration time steprl;. The
program code also requires the following variables fromhibst circuit simulation software:

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

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

3. The arm currents andis;

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

5. The desired inner voltage,, which, in turn, is generated by the multiplying,/2 by the
desired modulating function for the leq;

6. Theintegration signal which is a pulsetrain whose period, i.e., fh&egration period
T;, should be equal to, at least, two times the simulation titep sf the host circuit
simulation software;
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7. Thesampling signglwhich is a pulsetrain whose period, i.e., ga@npling periodTs, is
calculated a3s =1/ [Z(M + 2)fg], andfgy is the grid frequency;

8. Thevoltage balancing algorithm (VBA) signathich is a pulsetrain whose periot;ga,
must be larger than or equal to te@mpling frequencyl's; and

9. The common-mode current suppressing control siggal,

The aforementioned paramet@eriables are transferred to the program code by a qstiot-
erswhich are embedded infanctioncalled by aComponent Blockf the host circuit simu-
lation software, to create the necessary link to the file whibe program code resides. The
integration frequencysampling frequengyandVBA frequencyulse trains can be readily pro-
duced by corresponding signal sources of the circuit sittariaoftware.

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

The objective of the program code is to calculate the valfissoarm voltages, for the circuit
part of the SEC simulation model of Fig. 2.1; each arm volteaee is calculated by adding
the submodule capacitor voltages of tecapacitors in the arm. To this end, the program code
uses, for each arm, the states for each capacitor, definedsasted, i.e.yc; (j = 1,...,Min
the upper arm, angl= M + 1, ..., 2M in the lower arm) is connected in series to the arm, or
bypassed. Alisabledstate is used by the code to process the arm voltage as a \dlsoégard-
ing the submodule capacitor voltages. A submodule capamttage value, in turn, is updated
based on the state of the capacitor and the host arm curretgr(ns of both magnitude and
direction). The submodule capacitor voltages in an armfae $tored in a correspondi&dvi
voltage array Also, the states of the capacitors are stored in a resgeativation array each
element of the activation array is a binary variable whodae/@ corresponds to a bypassed
capacitor, and whose value 1 represents an inserted capacit

The program code embeds four routingapdulation routing VBA routing submodule
capacitor voltage calculation routin@ndarm voltage calculation routineThese routines are
described in detail, next, with reference to the flowchafigt 3.2.

3.2.1 Modulation routine

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

M

N == —a-am (3.1)
M
n, = E+a—aCm (3.2)

whereag,, = round(e;,/Ve).
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Figure 3.2: Flowchart of the program code of the proposediksition model.

The modulation routine also ensures thatindn, are within the interval [DM] (satura-
tion). After the calculation oh; andn,, these values are sent further on to YH&2A routine

Figure 3.3 shows the flowchart of the modulation routine.

Start Ef
routine Ve

n; and ng

equations

Ny, M2

n;orng =M

Saturation

ng or ng = 0

<
«

A 4

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

The function of the VBA routine is to equalize the averagaigalof the submodule capacitor
voltages at the resolution (see Section 2.2.1) value, h&seskample, on theorting algorithm
which was chosen in this paper for its simplicity [15]. The ABoutine receives the number
capacitors that need to be inserted in the anmand n,, from the modulation routine and
determines which capacitors, from each arm, will be inseréhus, the VBA routine inserts
a capacitor with the smallest voltage, if the host arm curiepositive, hence charging the
corresponding capacitor. Similarly, it inserts a capaodh the largest voltage if the arm
current is negative, to discharge the capacitor. Basedems#erted capacitors, tlaetivation
arraysof the two arms are updated and delivered to the submodudeitapvoltage calculation
routine discussed in Section 3.2.3. As Fig. 3.2 indicatesMBA routine is started every time
a VBA signal pulse is detected, that is, once evBfya seconds.

Fig. 3.4 illustrates the flowchart of the VBA routine.

5]
Start .
ll' ~— 9 2
routine

Charge SM

Choose “n” Set activation
lowest n=n-+ array >
Y voltage SM SM, = 1

N

Discharge SM

!!

< — (o )
Charge SM Choose “n” Set activation
lowest n=n+1 array >
Y voltage SM SM, = 1

N

Discharge SM

()
Choose “n” Set activation

highest n=n-+1 array >

SM, =1

voltage SM

I Y
N
Choose “n” Set activation
highest P n=n-+ array >
voltage SM SM, =1 Y
PN N
I Y
N
I Y
N

# Activation array
positions = M ?

Figure 3.4: Flowchart of the VBA routine.

3.2.3 Submodule capacitor voltage calculation routine

The task of the submodule capacitor voltage calculatiotimeus to calculate, and provide
to the arm voltage calculation routine, the voltages of tiseited submodule capacitors. The
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calculation of the submodule capacitor voltage is execdigdrently for an arm witlenabled
SMs and for an arm witkdisabledSM, as follows.

Capacitor voltage calculation for enabled submodules

For each arm, the inserted capacitors are identified in theggonding activation array by
the VBA routine. The capacitor voltage values of each armstoeed in a correspondirgM
voltage array The voltage values of the inserted capacitors are updatedgdh integration of
the host arm current values, using, for example, the tragakmethod:

Vei[KTi]
=il = )T + ot (KT + il(k— 1)T;) (33)

where integek is the sample number & 1 for the upper arm, and= 2 for the lower arm).
The capacitor voltage value is left unchanged if the respecapacitor is bypassed according
to the activation array. The submodule capacitor voltadgeutation routine limitsvc;[KT;] to
zero from the low side, since the diodes of the SMs, Fig. 2dbaot allow the development
of negative capacitor voltages. A bypassed capacitor, wisienarked by O in the respective
activation array, corresponds to a zero ac voltage value.

Capacitor voltage calculation for disabled submodules

In the case where the SMs atisabled e.g. during capacitor pre-charge or a dc-side fault, the
activation array is overrun and all capacitors are updatete presence of an arm current, in
the same manner as if the switches were enabled. The dfidyatice is that the arm current
integrated in Eqg. (3.3) is always positive, due to the aatafie! diodes of the switches.

As Fig. 3.2 indicates, the submodule capacitor voltageutation routine is started every
time an integration signal pulse is detected, that is, omeeyd; seconds.

3.2.4 Arm voltage calculation routine

The objective of thearm voltage calculation routinés to determine the arm voltage values
v; andv,, to be communicated to the circuit simulation software, ther dependent voltage
sources which emulate the MMC arms, Fig. 3.1. As Fig. 3.2daidis, the arm voltage
calculation routine is started every time an integratignal pulse is detected, that is, once
every T; seconds. Similarly to the SM capacitor voltages calcutatiescribed in Section
3.2.3, the arm voltage calculation isflgrently computed foenabledSMs that fordisabled
SMs.

Arm voltage calculation for enabled submodules

For each arm, the aforementioned objective is achieved tygdhe entries of the SM voltage
array corresponding to non-zero elements of the respeatitreation array. In mathematical

63



terms, the operation is equivalent to:

M
Vi = ZVCJ' (34)
j=1
and
2M
Vo = Z Vcij (35)

whereyvc;j is the voltage in the capacitgr

Arm voltage calculation for disabled submodules

In adisabledFBSM-based MMC, the anti-parallel diodes of the switchesar (conducting)
if the summation ofyrid voltageand the induced voltage in the MMC inductors is higher than
the arm voltage, that is, if the arm current isfeient than zero for disabled switches. In both
cases, the arm voltage is computed using Eq (3.4) and Eq\{8t5)he diference that all
elements of th&M voltage arrayare added together (all SMs voltages are taken into acgount)
and theactivation arrayis neglected. Also, since the current is always positivene $M
capacitor for a disable SM, the arm voltage polarity follaws direction of the arm current.
For instance, for a positive arm current, the arm voltag@enupper arm is given by, and if
the arm current is negative, the upper arm voltage is giveahy

In the case where the arm voltage is higher thangte voltageand the arm current is
zero, the anti-parallel diodes of the switches are not cotag, and the arm voltage is given

by

A
Vi = 7‘: —Vy (3.6)
and
V, = \%: + Vg (3.7)

An example of the SEC complete code, used in this thesiseisepted in Appendix A.

3.3 Validation of the simplified equivalent-circuit simulation
model

To validate the proposed simulation model, several MMGCetasystems were simulated for
faulted as well as normal operating conditions, in the PSEADIDC software environ-
ment [80]. The simulated cases included back-to-back systeith schemes foac-side ter-
minal currentcontrol, circulating current suppression, atictside voltageegulation. For
PSCADEMTDC, the simulation time-step and plot-step werg ©s and 1us, respectively.
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For the program codd; = 1 us (two times the simulation time-step)s = 1/[2(M + 1)fg],
andTyga = Ts, for cases |, I, and Ill, andyga = Ts/10 for Case IV. All simulations were run
on a PC embedding an Intel Core i3-2120 @ 3.3GHz processdd d¢f RAM, and Windows
7 Professional operating system. The PSCAD version used4va<.0.

For cases I, Il and lll, the corresponding simulated resuéise captured both by the Type
2 simulation model, as mentioned in Section 1.3.3, and tbpgeed SEC simulation models.
For Case |V, only the proposed SEC simulation model was usethe number of SMs per
arm is too large for the Type 2 simulation model.

The simulated cases are discussed below.

3.3.1 Case |- FBSM-based single-phase MMC inverter foM = 4

In this case, a single-phase MMC inverter, Fig. 3.5, was ktad with 4 FBSMs (i.e.M = 4)
and under open-loop control. dc-side voltagef vy, = 8 kV was impressed by two identical
dc sources, as Fig. 3.5 shows. The connection to the commumtd of the two sources, node
0, closed the load circuit. The modulating signal for thetomrwasm = sin(2r fst) wherefy =
60 Hz. The other parameters of the system weEe= 3.1mF, R=15mQ, L =2mH, R, =
2Q, Ly =0. The grid voltage wasy = 2sin(2rfgt) kV. The system also included a fault
detection logics that compared the peak values of the arnemisti,; andi,, with a threshold
of 1.5kA Thus, the fault detection mechanism blocked the gatinggsubf the switches, for
100-ms if either of the two peak values exceeded the threshold.

7:CI 7;1
¥ ¥ +
C = Vo1 SM1 Vsy
1
iom E U : Ui
Vic / 2 C) T —~—
C = vem SMy | Usu

0b— — — -
1o(M+1)
e
C RVom+1)| SMa41| Vsar1)
- —
,Udc/g C) i . | 'Ug
tc(2m) : 29 |
-+ —4—o
¥ ¥
C = vogem) | SMay | Usiem)
]

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

The Case | simulation results using the proposed SEC moedet, @ompared to the simula-
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tion results from the same case using a Type 2 simulation mBdéh models were simulated
in two scenarios: 1) SM capacitor pre-charge, and 2) dc{fsidk. These two scenarios are
described below.

Submodule capacitor pre-charge

In the SM capacitor pre-charge scenario, all switches irsifis aredisabled leaving only the
switches anti-parallel diodes to control the series cotioeof the SM capacitors to the MMC
arm. Fig. 3.6 presents the arm equivalent RLC circuitdmable switches, where diodes
D, and D, represent the behavior of the forward biased anti-parditales in the arm SMs
switchesS; andS, (Fig. 2.2 c). Further, in Fig. 3.6, the equivalent capaaé&im the MMC
arm is given by the series connection of all SM capacit@iyl, and the summation of the
capacitor voltages is represented\p.

'Udc/g ()

'Udc/g ()

Figure 3.6: Equivalent circuit for the MMC arm during preacge.

Fig. 3.7 shows the arm voltages (a,b), the ac-side termunaént (c) and the capacitor
4 voltage,vc4 (d) waveforms for the pre-charge scenario using the prap8&C simulation
model and the Type 2 simulation model.

In the beginningt = 0 s, all switches weralisabled Thus, the arm voltages and terminal
current followed the expected dynamics of the RLC circuiy, B.6. Then, the SM capacitors
charged up to the maximum voltage value allowed by the di{ouithe upper arm, the maxi-
mum voltage value for the SM capacitor is lower than the maxmvoltage value in the lower
arm, due to the fact that in the upper angis subtracting/yc/2). Later, when the SM capacitor
voltage reached the maximum voltage value for the @mandD, became reversely biased
and the ac-side terminal current assumed zero value. Fartine, since the arm circuit is open
(diode reversely biased) the upper arm voltage was formekdeogrid voltage added tevy/2.

In the same manner, the lower arm voltage was formed by tllevgttage added tgy./2. At
t = 0.03 s, the SM switches arenabledand the converter starts producing the ac-side terminal

66



. 6
=
™ 2r
S 0 - --vy Type 2 sim. model
(b) —wvy SEC sim. model
L L
T
0
B \j
—— —0.58
i ---i; Type 2 sim. model
(C) —1; SEC sim. model
L
1.75 A
o
3z
S - --vey Type 2 sim. model

- --v; Type 2 sim. model
—wv; SEC sim. model
L

(d)

| e SEC sim. model

|
0 0.005

|
0.01

0.015 0.02 0.025

0.03

|
0.035

time|s]

Figure 3.7: Case | system during pre-charge. (a) Upper attage (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Capacitor 4 voltage.

voltage steps, following the control referenoe 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 normarapon untilt = 0.1 s, when a
short-circuit, featuring an impedance ofr2, was placed acrosg., simulating a 50nslong
dc-side fault. Fig. 3.8 shows the MMC arm equivalent ciréaita dc-side fault, where the
equivalent diodes are formed, by the anti-parallel diodd¢ké upper arm SM switch&s and
S, and the anti-parallel diodes in the lower arm SM switcBeandS,.

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

When the dc-side fault occurred, tat 0.1 s, the dc-side voltage became approximately
zero and the fault detection mechanism blocks the pulsdsiswitches. Moreover, for this
scenario, all SM capacitors were charged to their ratechgeli. before the fault occurred.
Therefore Vyg had a magnitude higher than the peak of the grid voltageinfgtbe equivalent
diodes, to be reversely biased. Thus, the ac-side termimidrt,i;, was driven to zero and the
arm voltagesy; andv,, became equal tevy andyy, respectively, after a small transient from
the arm reactors.

Fig. 3.10 shows the arm voltages (a,b), the ac-side terrauratnt (c), and the capacitor 4
voltage,vq4 (d) waveforms for Case | using the proposed SEC simulatioteiand the Type
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Figure 3.8: Equivalent circuit for the MMC arm during a ddesifault.
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Figure 3.9: Case | system during a dc-side fault. (a) Uppenaitage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Dc-side voltage.

2 simulation model for the full simulated range, i.e., from 0 tot = 0.31s.

After 50mst = 0.15s, the dc-side fault was cleared and/2 is added to the arm voltages,
Fig. 3.10 (a) and (b). At = 0.2 sthe fault detection mechanism release the pulses in the
switches and the MMC resumed its normal operation. Fig. @)18hows that the VBA in the
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Figure 3.10: Case | system full simulated range. (a) Uppenaitage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Capacitor 4 voltage.

SEC simulation model and in the Type 2 simulation model doahways allow the same SMs
to beon at the same time, which causegteient charging and discharging times in the SM
capacitor voltage. The dynamics in the arm and ac-side tedmguantities in both simulation
models remain very close despite the smalleitences in the SM capacitor voltages.

3.3.2 Case ll - FBSM-based single-phase MMC rectifier foM = 4

This simulation case captures the response of a singleegMBAC 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 Il are the same as those of Gagk the diference that the dc
voltage sources used in Case | were substituted by twa &ksistorsR ; andR,,, behaving
as a dc-side load. Also, the terminal resistai®esalue used is 10nQ. The fault detection
mechanism used was also the same as Case |, with the exciyatidhe current threshold was
0.05kA

The same simulation scenarios from Case | were applied te [Cass follows.

SM capacitor pre-charge

As it was the case for Subsection 3.3.1, all switches in the @kredisabledat the beginning.
For Case Il, the pre-charge power flow is inverse. During tlieegharge, the load resistors are
bypassed by a temporary short-circuit to increase the SMaits full-charge voltage, and
the equivalent circuit approaches the one that Fig. 3.8 show
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Figure 3.11: Schematic diagram of a single-phase MMC recsfystem.

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

When the arm voltage reached its maximum and the arm curesaibe zero, the switches
anti-parallel diodes became reversely biased/{i, > vg), the arm voltages became equal
to the grid voltage\; = —vy andv, = v;) and the terminal current assumed zero value. At
t = 0.03 s, the pulses for the SM switches were released and the MM@ieecttarted to
produce the ac-side terminal voltage steps. Also, the SMaty voltages added up to form
Vdc-

Simulation of a dc-side fault situation

After the SM capacitors pre-charge, the MMC ran in normalrapen untilt = 0.1 s, when a
short-circuit, featuring an impedance ofr®), was placed acrosg,, simulating a 50nslong
dc-side fault. The equivalent circuit for this scenarichis same as the one in Subsection 3.3.2.

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

When the dc-side fault occurred,tat 0.1 s, a similar éfect observed in Subsection 3.3.1
took place. In Case ll, since the dc-side voltage is gengrdayethe MMC when in normal
operation, after the dc-side fault was cleared, the armagek were not added tQ./2, as it
happened for Case |. The arm voltages remain following tige\gritage in the same manner
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Figure 3.12: Case Il system during pre-charge. (a) Uppenaitage. (b) Lower arm voltage.
(c) Ac-side terminal current. (d) Dc-side voltage.

before and after the fault clearance, as long as the switnieesabled

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

In this case, a SEC simulation model of a three-phase 9-MMI, operated as an inverter in
a system such as shown in Fig. 2.1, was simulated under elospctontrol. The parameters
wereC =6mF, R=0.1Q,L =4mH, R =0.8Q, andL; = 10 mH. The grid voltage had
a peak value of XV and its frequency was 58z. The MMC was current-controlled indqg
frame synchronized to the grid voltage, [10]. The convewnas also equipped with a fault
detection mechanism that compared the peak value of thewaments with a threshold of 1.0
kA and disabled the current controller and the gating pulse$G0 ms if any of the six arm
current peak values exceeded the threshold. The faulttdetenechanism also set the setpoint
for thed-axis component of the ac-side terminal current to zero.

From the start ta@ = 0.03 s, the gating pulses and the current controller wadisabled At
t = 0.03 s, the gating pulses were released and the current contméleractivated, with the
real- and reactive-power setpoints both set to zera. /AD.15s, the real-power setpoint was
stepped to 2MW, thus raising the setpoint for thleaxis component of the ac-side terminal
current toi; = 0.66kA. Att = 0.4 s, a short link was placed across the dc-side terminals of the
MMC, and was removed after 58s The fault detection mechanism detected the fault, almost
immediately, blocked the gating pulses, disabled the aticentroller, and seit; to zero. At
t = 0.5, the gating pulses were unblocked, the current controléer enabled, anf was reset
to its pre-disturbance value of 0.&&.
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Figure 3.13: Case Il system during a dc-side fault. (a) U@per 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 ctirngoper arm current, and
upper arm voltage (all for phas®-for the proposed SEC and the Type 2 simulation models.
The figure also shows the waveforms of theandg-axis components of the ac-side terminal
current. Itis observed that, as expected, the arm curreitheac-side terminal current drop to
zero once the fault is detected. It is also observed thatdiside terminal current is noticeably
distorted. The distortion, in turn, translates into coasatble ripples in thd- andg-axis current
components. The distortion is due to the snhalfior this simulation and, consequently, the low
number of levels in the ac-side terminal voltage of the MM@e ™odulation strategy adopted
for this thesis, i.e., the NLC modulation strategy, produgeality ac-side voltage and current
waveforms ifM is large, as illustrated in the next case study, in SectiBri3.

In cases I, Il and Ill, figs. 3.7, 3.9, 3.12, 3.13 and 3.14 shosvgdroximity of the Type 2
and the proposed SEC simulation models.

3.3.4 Case |V - FBSM-based back-to-back three-phase MMC sigm for
M = 400

In this case, a back-to-back system, similar to the systessemted in [18] and [22]-[20],
was simulated. The system, whose simplified schematic aags shown in Fig. 2.16, was
simulated using only SEC simulation model. For both MMCshaf back-to-back system, the
parameters wereM = 400,C = 10mF, R =338mQ, R, = 377mQ, L = 50 mH, andL; =
60 mH. The simulation model also included a scheme for circugpturrent suppression [30],
and schemes for ac-side terminal current control and dzasittage regulation [10]. The grid
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Figure 3.14: Waveforms of selected variables in a close@-lmntrolled three-phase 9-level
MMC, to various disturbances; Case lll.

voltagesyy andvy (i =inverter and =rectifier), were balanced, 98z, sinusoids with a peak
value of 272kV (corresponding to a line-to-line rms voltage of 383). Each MMC was
equipped with the same fault detection mechanism as thaeisytstem of Case lll, albeit with
a threshold of 2.&A and a disablement period of 2@fs

Initially, switchesS W andS W were open to isolate the dc-side terminals of the two consti-
tuting MMCs, and the gating pulses and the controllers wesalded. Thus, the capacitors of
the two MMC were pre-charged by the corresponding gridshtwa875V each. Att = 0.03s,
the gating pulses were released and the controllers weldeshavhile the reactive-power set-
points of both MMCs were set to zero. However, the real-pasegpoints were obtained from
two corresponding dc-side voltage control loops, whichedithe dc-side terminal voltages to
640kV. Att = 0.25s, SW andS W were closed and the real-power setpoint of tbetifier
MMC was switched fi from the corresponding dc-side voltage control loop, todgarded as
the real-power setpoint for the back-to-back system. Hewehe real-power setpoint of the
inverter MMCwas left in possession of the respective dc-side voltagalaggn loop. Thus,
the MMC was delegated the task of dc-side voltage regulafmmthe back-to-back system.
At t = 0.3 s, the real-power setpoint was stepped down-i®00 MW, and stepped up to
1000MW att = 0.55s. Att = 0.85s, a short link was placed across the dc-side terminals
of the MMCs, and it was removed after 16 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 zeedalthe fault. The fault
also results in large ac-side terminal currents in both MM@#til the fault is detected and
the gating pulses are blocked (shortly after 0.855s). The transient large ac-side terminal
currents manifest themselves as current spikes, as Figp shdws. The transient current
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Figure 3.15: Waveforms of selected variables in the rectfiMC (left column) and inverter
MMC (right column); Case IV.

growth is larger for the inverter MMC, since the dc-side agk regulation loop commands a
large negativel-axis current for the inverter MMC, in a futile attempt to m&in the dc-side
voltage. Once the fault is detected, the gating pulses akétl, the controllers are disabled,
and the ac-side terminal currents drop to zero, in both MM@at (s, iy andiq also become
zero).

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

3.3.5 Simulation Runtime Evaluation

To evaluate the computationdkieiency of the proposed SEC simulation model, as compared
with a Type 2 simulation model, the single-phase system seCavas simulated with various
number of SMsM = 4, 6, 8, 10, and 20. Therefore, the system of Case | was chémen,
its simplicity and the fact that it features the minimum nwenbf control schemes, auxiliary
functions, and circuit elements, in order to enable one tteb®bserve and appreciate the
advantage of the proposed SEC simulation model over the Zygp@ulation model, from the
simulation runtime standpoint. Fig. 3.16 shows the vasiatf the simulation runtime versus
M, for the Type 2 simulation model (Fig. 3.16(a)) and the psgagbSEC simulation model
(Fig. 3.16(b)). For the Type 2 simulation model, the simolatuntime values that correspond
to M larger than 20 were estimated by extrapolation, in view efdbserved linearity of the
curve for the five aforementioned valuesi\f

As Fig. 3.16(a) illustrates, the simulation runtime undex Type 2 simulation model is,
approximately, 16.6/M. By contrast, the simulation runtime under the proposed SET-
lation model is only about 0.4/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. Thepdational advantage of the pro-
posed SEC simulation model over the Type 2 simulation madehins, however, independent
of the simulation time-step.

3.4 Summary and Conclusions

A simulation model was proposed for the modular multileweierter (MMC), the SEC simu-
lation model. The proposed SEC simulation model combinésgls circuit model, which can
be constructed in a general-purpose circuit simulatiotwsot environment, with a program
code, which can be written in a universallyffdsed programming language suchGsThe
program code is linked to the circuit simulation softwaréus, the proposed SEC simulation
model drastically reduces simulation runtime of the ovaraldel and also fbers a flexible
interface through which the number of submodules and othkarpeters can be defined by the
user. More importantly, the proposed SEC simulation model simulate MMCs based on
full-bridge submodule configurations, capturing pre-geaand other dynamic transients and
showing almost imperceptibleftierence if compared to the Type 2 simulation model. It also
enables simulation of faulted scenarios. The proposed $fdlation model was shown to
be significantly more feicient than the Type 2 simulation model and easier to implertinem

the Type 4 simulation model, as the switches are considdesl.iFor example, it was shown
in this chapter that, a 0.6ssimulation of a 800-submodule single-phase MMC system runs
about 125 times faster using the proposed SEC simulatioremasl compared with the Type
2 simulation model. Simulation study cases were conductetkinonstrate the accuracy and
computational fiiciency 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 circulatimgent, if not suppressed, can
reach that of the ac-side terminal current magnitude, riedube dficiency. The most com-
mon way to suppress the circulating current, mainly its sdd@mrmonic component, is through
closed-loop circulating current suppressing controltegi@s. The closed-loop circulating cur-
rent suppressing control strategies are based on readirsgtiond harmonic component in the
arm current and generating a second harmonic componentatage to cancel it. However,
the circulating current suppressing control and the ae-tadminal current control strategies
both act in the variables,, in the upper arm, anab, in the lower arm, as it is observed in (3.1)
and (3.2). Thus, saturation of both control loops may happererefore, since a complete
harmonic steady-state model for the MMC was developed irpt&h&, the calculation of the
arm voltage second harmonic component that cancels thdatirey current follows naturally.

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

4.1 Ac-side terminal current compensator strategies

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

\! ,dit .
7°m: La+lf\”|t+vg (4.1)
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Equation (4.1) is true for all three phases of the MMC systéhus,

V, di .
%’ma = L’d—tta + Rl + Vga
V, ,di .
%:mb: Ld—ttb+R|ta+vgb
V, ,di .
%’mcz Ld—ttc+F¥|tC+ng

(4.2)

Fig. 4.1 illustrates the block diagram corresponding ta)4.

'Udc/ 2
' 7 |
Mo ==\ ST R | e
Vga
'Udc/ 2
' 7 |
S SR T
Vg
Udc/ 2
. 7 |
Me 0 SR
Vge

Figure 4.1: Block diagram fai,, iy, andiy.

4.1.1 Pl compensator indg-frame

One of the most common control strategies, for power coaveimh three-phase systems, is the
proportional-integral compensator dg-frame. Figure 4.2 illustrates the schematic diagram
of the ac-side terminal current compensatodenframe. In Figure 4.2i;; andig, represent
the control reference currents for the compensatordgiframe, and are calculated by the
Reference signal generatbtock, which uses the following equations

. 2 I:)ref

f =2 4.3
Itd 3 ng ( )
. 2Qref

R 4.4
Itq 3 ng ( )

where P,es and Qs are the active and reactive power, respectively, that asgateto be
exchanged with the grid. Furthermore, in Figure 4¢2andi, represent thelg components of
the ac-side terminal currents, ang andvy, represent thelgcomponents of the grid voltages.
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Figure 4.2: Schematic diagram of the ac-side terminal atigempensator.

In (4.3) and (4.4), it is assumed thay, is driven to zero by gphase-locked loogPLL), as
described in [10]. Thelg-frame transformation matrixes presented in Figure 4.Zyaren as

follows
fa
HEE
fe

f
]

wheref is the variable to be transformed to or from tthg@frame, anc represents the angle
provide by the PLL in order to keepg = 0, which guarantees the synchronism between the
MMC and the ac grid. The angjeis given by

6] -] o cosb-g) ende-g

—sin(p) -sin(p-%) -sin(p - %)

= | cos(p-%) -sin(p - %)

l f, } cos(p) —sin(p)
cos(p 3) —sin(p— 4—3’")

—
3]

o= fw(‘r)dr + 0o 4.7)

wherew is the grid angular frequency andis the integration variable. For a system with
constant frequency, = wt.
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To design the gains of the Pl compensator, the completealdotyp must be analysed.
Thus, (4.1) is transformed tix-frame as follows.
Using the concept of space-phasor [10], (4.1) becomes

d|t+R’|t+T/’ (4.8)

Vdcﬁﬁ ,
Yde _ L
2 dt

Then, substituting_i> ¢ = i€, M = myel, andVy = vye”, separating the resultant
eqguation in itslg components, and assuming wt (PLL action [10]), results

di
%md L’ dlttd + Rlitg + Vga + wl'iyg
V, dl .

(4.9)
Fig. 4.3 illustrates the block diagram corresponding te)4.

’Udc/g

| |

Vyd ol ,’I:tq
Vde / 2

m O O #
q - sL'+R'

Y9a L'y
Figure 4.3: Block diagram faiy, andi.

Closing the loop in the block diagram that Fig. 4.3 illustsgtand applying feedforwards
to cancel the action ofyc/2, Vyg, Vgq, wL'ltg, @andwL’iy, Yields the complete block diagram of
the ac-side terminal current controldlo-frame, illustrated in Fig. 4.4. In Fig. 4.&K4(s) and

vdc/Q vdc/,?

0)L

’th Ygd Vgd ol ,’Lt
Vde / 2 Vde / 2

ety

big ol /th Ygq Vgq ol ,Zfd
Figure 4.4: Complete block diagram of the ac-side terminalent control indg-frame.

Ki(s) are the PI compensators in the frequency domain.
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If the components that have been cancelled by the aforeamsdtifeedforwards in Fig. 4.4
are omitted, the control loop can be represented by the Biegpblock diagram that Fig. 4.5
illustrates.

. m .
g™ o)

Utd

Figure 4.5: Simplified block diagram for the ac-side terrhowarent control indg-frame.

Let Kig(s) = Kig(s) = Kp(s+ Kﬁp)/s, then assuming thag;/K, = R/L’, the closed-loop
function becomes
Itd 1

i~ L

L (4.10)

whereL’/K, is the time constant of the control loop, usually set betw@Biio 2ms

4.2 Circulating current compensator

The even harmonic components in the arm voltages featursaime magnitude and polar-
ity on both arms, adding themselves in the MMC leg and geimgyahe circulating current.
Such mechanism is described in detail in Section 2.3. Thexe&in arm voltage composed by
even harmonic components must be generated equally in botby g0 suppress the circulat-
ing current. For this purpose, (2.19) and (2.20) are changeaclude acirculating current
modulating functione;, as follows

M &m M 2em
_ 1—ml - =—|1-m- 411
n =5 [L-m - 2[ m Vdc] (4.12)
M &m M 2€cm
nh=—[1l+m-—=—[1+m- 4.12
o= 5 [Lrm-2F = 1em- T2 (4.12)

wheree;y, = €mSin2wt + ¢cm)
Assuming that the submodule capacitor voltages are céedrtd approximately, by the
VBA, yieldsvc; = Ve, ~ V. Thus, (2.33) can be approximated to

diem 1 [vdC (n1+n2

d ~Ll2 \ 2

The addition ofn; andn, in (4.13) causes to be cancelled, as expected, showing that
the ac-side terminal current control and the circulatingent control are decoupled, for an

)vc - Ricm] (4.13)

80



approximate model where only the fundamental componemakestinto account. Therefore,
substituting (4.11) and (4.12) into (4.13) yields

dign 1 .
gt = L (€em~ Ricm) (4.14)

Fig. 4.6 shows the block diagram for the circulating curiarghasea.

1 .

Figure 4.6: Block diagram fag, in phasea.

As the steady-state of the circulating current is knownyiftbe model proposed in Chapter
2, a disturbance is added to the block diagram of Fig. 4.6poesent the circulating current
steady-state. Fig. 4.7 shows the augmented block diagnathdairculating current.

€cma ﬁ O_’icma

Iem/3

)

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

In Fig. 4.7,4(t) = 2wt + ¢cm, andycm ~ ¢. In addition, the values doE,, C,, andC; are
calculated based on the system parameters, such as adiveaative power exchanged with
the grid (see Table 2.1).

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

4.2.1 Circulating current suppressing compensator irdg-frame

Similarly to the control strategy described in Section #4.1the CCSC strategy idg-frame is
based on a Pl compensator atgtransformation matrixes. The exception is that the cirtga
current phasor “rotates” at a frequency gf, &and is of negative sequence. Therefore, the
transformation matrixes have to be changed to

€ e-% -5 f
[]]:2]22 cos[e] cos[l 3] COS[E 3]”]:4 (4.15)

. . 4 . 2ﬂ'
—sin[e] -sin|e — g] —sinfe — 3]
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4r 4n

l f, } cosle] —sin[e]

f, | =| cosle—%| -sinle-% ]]:d ] (4.16)
fc cos{e — Z| -sinje-Z |
wheree is given by
€= f2a)(‘r)d7' + € (4.17)

Fig. 4.8 illustrates the block diagram of the circulatingreat control loop, wher&(s)
andKy(s) are the Pl compensators fdrandg components, respectively. Fig. 4.8 also shows
the same disturbance showed in Fig. 4.7, transformeldfoame.

- ok €cmd .
Lemd—= Kd(s) > SL‘ZFR i_’ Lemd

’l:cmd COS((P
k:i-C ‘

S sin(o)

.k Eem 1 .
bemg—™ Kq(S) Ce SL+R }" >lemg

temg

Figure 4.8: Block diagram fak, control loop.

Applying the same methodology followed in Subsection 4.hdd assumindy(s) =
Kq(s) = Kcmp(S-l- K°m‘) /s, yields the closed-loop transfer function for the CCSC ddigWs

Kemp

icmd 1
- = — 4.18
i L s+1 (4.18)

cmd Fmp
whereL/K¢mp is the time constant of the control loop.

As Table 2.1 shows, the harmonic components in the arm \e@dtegrceive the contribution
of bothiy,andi;. For this reason, the two control loops, ac-side terminakru and circulating
current, are only decoupled in an approximate model (usékisnsubsection), but not in the
complete model presented in Chapter 2. Therefore, the tonstant for the CCSC must be
close to the time constant chosen for the ac-side termima¢icucompensator, or the system
might become unstable as demonstrated in [29].

4.2.2 Resonant compensator

The Pl compensator idg-frame was proved to be venffeient for balanced systems([10],
[30]). However, if the system is unbalanced, the PI compensadg-frame is no longer able
to bring the steady-state error to zero. For this reasongrgpeasator can be designed for each
phase of the three-phase system, as Fig. 4.9 shows.
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Figure 4.9: Block diagram fag,, three-phase control loop.

In Fig. 4.9¢/4(t) = 2wt + ¢em), Yp(t) = (20t + @em— 27/3), andyq(t) = (2wt + @em+ 27/ 3).

The circulating current is mainly composed by a second hartmand a dc component
(2.66), thus, in order to present infinite gain ai, 2he design of the compensator starts by
setting resonant poles, i.e., two complex polesatj2w. Thus,

1

F (4.19)

Ka(s) = Kp(s) = Ke(s) = K(s) =

If a zero is added t&(s) to cancel the low frequency pole in the MMC leg,sat —R/L,
(4.19) is changed to

(4.20)

Assuming that(s) is the MMC leg transfer function, illustrated in Fig. 4.6etopen-loop
transfer function{(s) = K(s)G(s), is given by

1/L

83



100 T T T

-100

Magnitude [dB]

-200

-300

Phase [deg.]
8

Pl Pl Pl Pl il Pl Pl P
10° 10 10 10 10° 10°* 10° 10°

w [rad/sl
Figure 4.10: Bode diagram for the open-loop transfer fumet(s) without cancellation of the
low frequency MMC leg pole.
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Figure 4.11: Bode diagram for the open-loop transfer fumat(s) with cancellation of the low
frequency MMC leg pole.

Figures 4.10 and 4.11 show the bode diagram/{sy with and without the pole cancel-
lation, respectively, using the same parameters as thoge axample system described in
Section 2.4.1.

It is noted that the pole cancellation moves #is) phase to-180 for high frequencies.
This means a phase margin of zero, that is, the system ishlasta

To increase thé(s) phase margin for high frequencies, a zero at the originaeddAlso,
the added zero will decrease the gain for the circulatingesuirdc component2 . Thus, a
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zero at the origin is added #(s), changing it to

s(s+ E)
K(s) = 2 A (4.22)
Thus,£(s) becomes
s/L
O gz (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 fuimcA{s) with pole cancellation and
a zero at the origin.

Adding a gairh to £(s) yields

s(s+ Ef)
S + 4w?

Simulations have shown that the circulating current cangramot completely decoupled
from the ac-side terminal current control, since both aaatact upom; andn,, as (4.11) and
(4.12) show. Further, the compensakqs) features a pair of complex poles, indicating that
an oscillatory response is expected from it. If the transoscillation in¢(s) drives the value
of n; or n, to higher tharM, the control becomes saturated and the system becomeslensta
Therefore, the gaih is used to avoid such saturation.

Fig. 4.13 shows the bode diagram using, as an example, thEnsyescribed in Section
2.4.1, assumingh = 0.2.

K(s) = h

(4.24)

4.3 Proposed feedforward control strategy for circulatingcur-
rent suppressing

As it was shown in Chapter 2, the circulating current is fodrbg the even harmonics in the
arm voltages, which are formed, in turn, by the integratibthe arm current in the submodule
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Figure 4.13: Bode diagram for the open-loop transfer fuumcA{'s) with pole cancellation and
a zero at the origin fon = 0.2.

capacitor. The arm voltage even harmonics are originate] from the integration of the
ac-side terminal current, and then have their amplitudeeased by the integration of the
circulating current in the submodule capacitor followingemetric series trend, as described
in Section 2.3.1. Thus, if a feedforward signal is desigiezhincel the action of the integration
of the ac-side terminal current in the submodule capacd#tatice even harmonics in the arm
voltages will not appear, and the circulating current welimain zero.

The proposed feedforward control strategy is based onftHane calculation of the steady-
state magnitude of the leg voltag@,;—VZ), for anlem = 0, and its use as a circulating current
suppressing action. Thus, eliminating, (v1 + v,)", and {1 + vp)'" between (2.56), (2.58),
(2.62), and (2.66), and assuming a suppressed circulaimgrt, |, = 0, and a stable system,
that is, ramp components cancelled, yields

(Va+va) _
2
M |(3mico ° (3mising)’
_ ¥ _jome| + 14
40C 4 4

(4.25)
Let e, be enhanced to

€em = (€cm + €0)SIN(2wt + o) (4.26)

wheregy andgg correspond to the proposed feedforward action in the ang@iand phase of
€m-

The circulating current modulating function is denoted &y.).¢, instead ok, when it is
desired to represent only the CCSC action.
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The feedforward control amplitude must cancel the mageitfd2*2, thus

M J(zfﬁﬂ:oap o W)2+(3’rﬁrsingp)2
cm
4

%= 2uC 4
(4.27)
and the phasey is given by
3micosp 10 7P
Yo = arctar(—“ — ] (4.28)
3milsing
4
which is approximated by

9o=90-¢ (4.29)

Fig. 4.14 shows the block diagram of the control loop for gheasvith the feedforward
control strategy.

€0a
-k . €cma 1 .
s b i
]

ema Iem/3

Wa(t)—~

Figure 4.14: Block diagram for thg, control loop of phase, 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 tmezd for the simulation of the
validation of the proposed feedforward control strategicdpt that, in this section, two back-
to-back systems, with identical parameters, are takenaotount. The first system, referred
to as System |, uses a CCSC strategy plus the feedforwardgedpn Section 4.3, whereas
System Il uses the same CCSC strategy, with the exceptionhthgroposed feedforward is
not applied. Further, each system is divided in three ca€ase | represents the system in
which the PI compensator iig-frame, described in Section 4.2.1, is applied to suppitess t
circulating current, whereas Case Il represents the syistevhich the resonant compensator,
described in Section 4.2.2, is used. In Case lll, only theopsed feedforward is used to
suppress the circulating current, that is, there is no achfany other control strategy. For
a better understanding, Table 4.1 shows the aforementidasdification. All cases use the
ac-side terminal current control strategy described irtiGed.1.

87



Table 4.1: Classification of cases and systems simulated
Case| System CCSC strategy
I Pl compensator idg-frame plus feedforward

Il Pl compensator idg-frame

I Resonant compensator plus feedforward

[l Resonant compensator

" I Only feedforward

Il No suppressing action

4.4.1 Case |- Back-to-back HVDC system withdg-frame Pl and feedfor-
ward control

Fig. 4.15 shows the circulating current, the CCSC contrghai, €:)n¢, the submodule ca-
pacitor voltage for capacitor 3 of the upper arm, and thedeterminal current for phasseof

the inverter station for systems | and II.

System I Inverter System II Inverter

_ (a) - (e)
< 052 < 052
= 9 = o
£ IS
.£-052 .5-052
- 085 -0.97
> b N f
= L O = . ® |
= =
= 0 £ 0
s s
5 -20 5 -20
2 2
N N
= 16 = 16
121 (© S 117 (&)
(d) (h)
= 245 ‘ = 245 |
=, =,
R R
3 3
-2.45 -2.45
03 05 0.8 03 05 0.8
times] timels]

Figure 4.15: Circulating current, CCSC action, submodalgacitor voltage, and ac-side ter-
minal current for phasa of the inverter station of systems | and Il for Case I.

At t = 0.3 s, the control reference for the ac-side terminal currentrobrthanges from

zero to 245KkA, corresponding to a power of 1000W exchanged with the grid. At this same
moment, the CCSC is activated for both systems. Thenz=ad.5 s, the control reference for
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the ac-side terminal current is changed-@45 kA, corresponding to an exchanged power of
—-1000MW. At t = 0.8 s, the control reference for the ac-side terminal currentaslifired to
allow a reactive power of 50MV Ar to be absorbed from the grid.

It is noted that the addition of the proposed feedforwaged, Bystem I, increases the damp-
ing action of the CCSC. This damping action is observed ircitoallating current, Fig. 4.15 a,
and submodule capacitor voltage, Fig. 4.15 c. Further, tbpgsed feedforward unloads the
control action, observed in Fig. 4.15 b, diminishing therddes for control saturation.

Figures 4.16 and 4.17 show the dc-side voltage, the actmepa@nd thedq components
of the ac-side terminal current for both the rectifier anditiverter of systems | and Il, for the
same aforementioned disturbances.

System I Rectifier System I Inverter

§640 e Ve §640
3501 (a) | =350/ () |
S s
0 0
. 1000} (b) 1000 (f)
= OW = OWJ\/_A_
= -1000 ~ = -1000
Sy o
~2800
- 2.43 (c) - 2.43%
=245 = -2.45
s E
-7
2.8 2.8
= | = |mw
=, =,
T 122 , )
0 03 05 0.8 0 03 05 0.8
timels] timels]

Figure 4.16: dc-side voltage, active power, and digegcomponents of the ac-side terminal
current for both the rectifier and the inverter of System IGasse I.

One can observe that even though System | presents a higmgirdpaction in the cir-
culating current than that of System II, the ac-side terintnarent, the active power, and the
dc-side voltage waveforms exhibit, visually, the samediemt behavior.

4.4.2 Case Il - Back-to-back HVDC system with resonant and fedfor-
ward control

Fig. 4.18 shows the circulating current, the CCSC actien,){:, the submodule capacitor
voltage for capacitor 3, and the ac-side terminal currenpfasea of the inverter station for
systems | and Il.

Both systems are submitted to the same disturbances asftbos€ase |, with the excep-
tion that the power exchanged with the grid is not reversed-a2.5 s.
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Figure 4.17: dc-side voltage, active power, and dlagecomponents of the ac-side terminal
current for both the rectifier and the inverter of System tl@ase I.
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Figure 4.18: Circulating current, CCSC action, submodalgacitor voltage, and ac-side ter-
minal current for phasa of the inverter station of systems | and Il for Case II.
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As it happens for Case |, the addition of the proposed feeg@fat, in System [, increases
the damping action of the CCSC and decreases the requitied &om (e)n+.

Figures 4.19 and 4.20 show the dc-side voltage, the actmepa@nd thedq components
of the ac-side terminal current for both the rectifier anditiverter of systems | and II.

System I Rectifier System I Inverter
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Figure 4.19: dc-side voltage, active power, and digegcomponents of the ac-side terminal
current for both the rectifier and the inverter of System IGaise 1.

Different than what it was observed in Case |, the high amplitedetred by the transient
period of the circulating current in System I, has a biggepact in the transient of the ac-
side terminal current and the active power, for the sameeBy,sin comparison to the impact
generated by the circulating current transient in System I.

4.4.3 Case lll - Back-to-back HVDC system with feedforward ontrol
only

For this case, only the proposed feedforward is used to sgpghe circulating current of
the inverter station in System |, whereas in System Il, n@segsing action is used, and the
circulating current is allowed to assume its natural aragkt For both systems, the CSCC of
the rectifier station is activated.

Fig. 4.21 shows the waveforms of the circulating currerdg,sbmodule capacitor voltage
for capacitor 3 of the upper arm, and the ac-side terminakotifor phase of the inverter
station of systems | and II.

It is noted that without a auxiliary control strategy, asesakand Il, the circulating current
takes much longer, in comparison to the referred casesgctydel?,, value.
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Figure 4.20: dc-side voltage, active power, and dlaecomponents of the ac-side terminal
current for both the rectifier and the inverter of System ti@ase II.
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Figure 4.21: Circulating current, submodule capacitotage, and ac-side terminal current for
phasea of the inverter station of systems | and Il for Case lll.

Fig. 4.22 shows the steady-state zoomed view of the wavafdisplayed in Fig. 4.21.

At t = 0.3 s, the control reference for the ac-side terminal currentrobrchanges from
zero to 245 kA, corresponding to a power of 1000W exchanged with the grid. At the same
time, the feedforward is activated for System I, whilst, &ystem I, the circulating current is
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Figure 4.22: Circulating current, submodule capacitotage, and ac-side terminal current for
phasea of the inverter station of systems | and Il for Case Ill, zoome&w.

allowed to run free, that is, to assume its natural amplitude

Fig. 4.22 shows that the feedforward action alone is cap#idappressing most of the cir-
culating current (98%). The CCSC action is used to supphessemaining circulating current,
that exists due to small errors in th&-tine calculation. In the case of practical implementa-
tions, deviations of the parameters values, such as arnctiawices 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 citmgeacurrent in the MMC leg were
described. In addition, a feedforward control strategyntvease the CCSC damping action,
was proposed. The proposed feedforward control strategytegted, through simulation, for
both CCSC strategies described. The simulation resuliseththat the proposed feedforward
control strategy decreased the stabilization time (irsedaamping) for the circulating current
and submodule capacitor voltage, in comparison to casesevihe proposed control strategy
was not used.
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Chapter 5

Lattice Modular Multilevel Converter

The need for grid integration and long-distance transmissif renewable energy resources
requires the use of overhead HVDC transmission lines. Asethines are susceptible to faults,
the MMC can no longer be based on HBSM. Thus, FBSM has beemndaved as the building
block of the MMC, due to its dc-side fault handling capapjldgiven by the fact that, when the
switches have their gate pulses blocked, the IGBTs antHeadiodes insert the submodule
capacitor in the MMC arm, with its voltage polarity againisé tgrid voltage. This feature
blocks the dc-side fault current from circulate through Bi&IC arms. However, with the
FBSM, the number of switches in series with the MMC arm curpath is doubled, generating
higher power losses. This chapter proposes a new topologlgddMMC, theLattice Modular
Multilevel Converter(LMMC) which aims to bring down, as much as possible, the neimb
of switches connected in series with the arm current patdetwease the conduction power
losses, while maintaining the same dc-side fault handlapgability as that of the FBSM. It is
shown in this chapter that the proposed topology is sup&sian 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 orassamption thaM + 1
levels M is assumed to be even) are to exist in the ac-side termintdgeal As the figure
shows, the upper arm of the converter, Arm 1, hddts 1 identical 5-terminahetworks M
capacitors, and two half-bridge converters. Thus, stufiom the top of an arm, Fig. 5.1
shows that, except for the first and last networks, itipait port of each network, which is
identified by respective terminatsandb of that network, is connected in parallel with the
output portof the next network, which is identified by the correspondergninalsc andd of
the network. However, terminasandb of the first network are connected to, respectively,
the positive and negative dc-side terminals of a half-teidgnverter, th@ositive half-bridge
represented by switch&; andS,. Also, terminalsc andd of the last network are connected
to the positive and negative dc-side terminals of anothérldnelge converter, thaegative
half-bridge which is constituted by switcheS; and S,. Figure 5.1 also shows that, with
the exception of the last two networks, termihabf each network is connected to terminal
a of the network after the next. Therefore, termihadf the last network in each arm is not
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required. Figure 5.1 further shows that the input port offits¢ network, the output port of the
last network, and each pair of interconnected ports areaxird in parallel with a capacitor
whose voltage is representedWgy (j = 1, 2,..., M). TheM capacitors are assumed to all have
the same (nominal) capacitance. The lower arm, Arm 2, hasaime structure and properties
as the upper arm. All node voltages are expressed with refer® thedc-side midpointO,
which may be a physical or a virtual node.

Each network is a circuit of three fully controllable elextic switchesS,,, Sqn, andS.,, as
shown in Fig. 5.2 for theth network = 1,2, ..., M—1). The electrical connection associated
with switch Sy, and terminalsy, andc, is referred in this paper to aspmsitive regular link
whereas the connection between termirsglaindd, through switchSy, is called anegative
regular link; they may simply be referred to asgular links In addition, the connection asso-
ciated with switchS., and terminald, andh, is referred to as high-gficiency link Switches
Sun and Sy, must be of the reverse-conducting type, e.g., IGBTs, wisetiea switch for a
high-dficiency link, S¢,, must be a bidirectional reverse-blocking switch. Thusndgated
in Fig. 5.2, it is assumed in this paper tl&yt, is implemented by anti-parallel connection of
two reverse-blocking IGCTs, such as those featured in [83]- Even though the IGCT is the
preferred switch in applications with low switching frequees, where the conduction power
losses are dominant [84], [85], it is assumed to only be atbfutr the high-ficiency links of
the LMMC, due to its relatively high cost; the other switcla@e assumed to be of the IGBT
type. Since termindt is not used in the last network, swit€w_1) is not required.

It should be pointed out that, in each network only one swatchtime is permitted to ben.
Thus, for example, B¢, is turnedon, S, and Sy, are keptoff, and so on. Also, the switches
of each half-bridge converter are complementary, thatn; one of them is permitted to be
onat a time.

Fig. 5.3 shows a 5-level LMMC arm schematic diagram, wheeeltlack lines represent
the regular links and the blue lines the highi@ency links. Fig. 5.3 further shows that the
LMMC arm topology can be visualized as an imaginary cubenttxt by the red lines), where
each edge represents a capacitor, and the faces are forretid®s (regular links). The high-
efficiency links can be seen connecting the faces of the cubaghrshortcuts”, crossing the
cube internally. It is important to point out that only theatk and blue lines, in Fig. 5.3,
represent actual electric connections, i.e., currentspath

As it is the case for a conventional MMC, the number of levek tthe LMMC is capable
of producing inv; is correlated taVl. Therefore, for a high density LMMQW must be high,
and the LMMC arm topology becomes more and more similar toliadsr, from a top view
stand point, as it can be observed in Fig. 5.4 for a 7-level LMMig. 5.4 also shows that the
high-dficiency links are better observed from the top view standtpoin

Fig. 5.5 illustrates the top view for an LMMC arm with incr@agvalues forM. Itis noted
that the high-#iciency links increase considerably with, 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 Mi€LMMC.

5.2 Principles of Operation of the LMMC

5.2.1 Normal operation

Essentially, synthesis of the ac-side termirg8 voltagegnd consequently the ac-side terminal
current,iy, boils down to the synthesis of arm voltagesandv, (see Fig. 5.1). In the LMMC,
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Figure 5.3: Schematic diagram of the upper arm circuit oflev® LMMC.

a particular arm voltage level is synthesized by insertimgppropriate number of capacitors
in series with the path for the corresponding arm curriem; i,, in the same way as that of the
conventional MMC described in Chapter 2. Therefore, theacaprs that are not required are
withdrawn that is, they are left out of the arm current path, by diverthe current away from
them, and by redirecting the current through alternatiilia links angor high-dficiency
links. Whenever possible, highfeiency links are preferred over the regular links, due tarthe
lower conduction power loss, and are turre@dbased on the algorithm described in Section
5.3. Since a desired ac-side terminal voltage level canstlalways be synthesized by various
combinations of a certain number of inserted capacitorgtidr or not a capacitor is inserted
also depends on the voltage across the capacitor (whichbaustintained at about a nominal
value). The LMMC assumes and requires the same nominaleofta all capacitors.

For ease of visualization, and without loss of generalitg, aforementioned principles of
operation are illustrated for a 5-level LMMC in Fig. 5.6, irhigh a two-dimensional view
of the LMMC upper arm is presented. In Fig. 5.6 the internatwgtry of the constituting
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Figure 5.4: Schematic diagram of the upper arm circuit oflevél LMMC and its top view.
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Figure 5.5: Top view of an LMMC arm for dierent values oM.

three networks are shown explicitly. For easiness of amglifse two-dimensional view of the
LMMC arm is adopted in this thesis.

Figure 5.7 illustrates a case where the maximum arm voltggguired and, therefore, the
capacitors are all inserted (the thick line indicates time anrrent path). In this case, no high-
efficiency link can be tuned on and placed in series with the ametpath. By contrast, let
us consider a situation in which half of the maximum arm \g#tés to be synthesized, hence
two inserted capacitors. Let us then assume that the cdrasdpecifically required capacitors
C; andC, to be inserted. Then, a higttheiency link can be turned on, as shown in Fig. 5.8, to
withdraw capacitor€; andC, out of the current path. Alternatively, if the control recpsC,
andC; to be out of the current path, then no higffi@ency 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 oflev® LMMC, two-dimensional
view.

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

Figure 5.8: The current path for the upper arm of the 5-lewdMC of Fig. 5.6 if only
capacitorsC; andC,4 must be inserted.

For the circuit of Fig. 5.8, the number of switches in seriethwhe arm current path is
4, due to the high{&iciency link that is on. This is the same number of switchedasih a
HBSM-based MMC featuring 5 levels in its ac-side termindtage. By contrast, in the cases
represented by Fig. 5.7 and Fig. 5.9, the number of switahegiies with the arm current
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Figure 5.9: The current path for the upper arm of the 5-lewdMC of Fig. 5.6 if only
capacitorsC,; andC4 must be inserted.

path is 5, which is higher than that in the HBSM-based MMC. ldeer, the situation where no
high-dficiency link could be turned on is less common. Therefore5tleel LMMC is almost
the same as the HBSM-based MMC, in terms of the number of Besti series with the arm
current path. However, for an LMMC with a lardé, which is typical in HVDC systems, the
LMMC features a lower number of switches for each ac-sidmitgal voltage level than an
equivalent HBSM-based MMC, due to the possibility of tugiion a large number of high-
efficiency links. Therefore, the LMMC, in generalfers a higher#iciency 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 tuggédby the control. This, fec-
tively, connects the capacitors in series with the antalp@rdiodes of the reverse-conducting
switches of the negative regular links, while the highegency link are open, as shown in Fig.
5.10 for the LMMC of Fig. 5.6. The LMMC in this condition candtefore be represented by
an equivalent circuit, following the same scheme presemtédg. 3.8. Therefore, assuming
that prior to the fault the capacitor voltages have reachedteady-state valug /M (where
V4o Signifies the pre-fault steady-state value/g), the diodes turmff subsequent to the fault
and the arm current drops to zero, unless the grid lineAm-ioltage, added to the inductor
voltage, exceeds\2 .

5.3 Switching Scheme of the LMMC

The switching scheme of the LMMC adopts the same NLC modiatirategy described in
chapters 2 and 3, to determine the arm voltages that mustritkesjzed for a given ac-side
terminal voltage. The switching scheme also employs theessaorting algorithm described in
Chapter 3, in its VBA, to determine what specific capacitotsitibe inserted, to ensure that
the capacitors all have voltages about the vajuerhus, the output of the switching scheme
is an M-element vector of the form = [Xy, X2, X3, ..., Xm-1), Xm], for each arm. In the vector,
referred in this thesis to as théBA array, elementx; (j = 1,2,..., M) represents the state,
inserted or withdrawn, of th¢th capacitor in the host arm. Thus, = 1 corresponds to an
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Figure 5.10: Schematic diagram of the upper arm circuit ef3Hevel LMMC of Fig. 5.6
when the switches agf, e.g., subsequent to a dc-side fault.

inserted capacitor, whereas = 0 indicates a withdrawn capacitor. TMBA arrayis then
used to determine what switches must be turaedh the corresponding arm, starting from
capacitoiC; to capacitolCy. Thus, advancing the indgxcorresponding to thgh capacitor)
from 1 toM — 1, the switching scheme determines the current path andvitehes that must
be turnedn. Five cases are faced, as explained below, depending upatmetwork a switch
belongs to:

5.3.1 Capacitor connected tgositive half-bridge: j = 1 corresponding to
Cy

The first capacitoiCy, is connected to the LMMC arm through the positive half-gaedThere-
fore, the switching scheme must generate the state for thel®sS,; andS,. If C; is to be
inserted, thers; must be turnedn, whereasS, is turnedoff, and vice versa.

5.3.2 First Capacitor and Intermediate Capacitors: 1 < j < (M - 3)
corresponding toCy, Co, ..., Cu-3)

The first capacitor is also connected to a network, as arectapeC,, Cs, ..., Cim-1). Capaci-
torsCu-2) andCu_1) are subject to dierent rules for their insertion into the arm and, therefore,
are discussed separately in Sections 5.3.3 and 5.3.4. Teementioned in this section apply
only to capacitor&;, C, ..., Ciu-3).

If the jth capacitor is to be inserted, i.&; = 1, the series connection to thg £ 1)th
capacitor can be established through swih (positive regular link). On the other hand,
the series connection to th¢ £ 2)th capacitor can be established through swigh(high-
efficiency link). As mentioned in Section 5.2.1, the connectionugh switclS,; is preferred,
but it is subject to the two following constraints:

1. If capacitorCj.y) is to be inserted (i.e., ikj.1) = 1 in the VBA array), then ifS;

is activated,C; is connected directly t&€j.». ConsequentlyC .1 is automatically
withdrawn from the arm, and the VBA array statexgf,) = 1 cannot be complied with.
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2. If capacitorsC(j.») and Cj,3) are to be withdrawn and inserted, respectively (i.e., if
Xj+2) = 0 andXj.3 = 1), then if switchS; is on while C.») is withdrawn, the only
available path for the current is throu8k ., (corresponding to a negative regular link).
On the other hand, B(j.2) is on, there is no connection available@.s). Thus,Cj.3)
is forced to be withdrawn from the arm, and the VBA array stdtgj,3 = 1 cannot be
complied with.

In both aforementioned situations, the VBA array statesdgr;y and Cj.s cannot be
obeyed ifS¢; is used. Therefore, in these two situatioBs; must be kepbff, and, instead,
switchS; is turnedon.

If the jth capacitor is to be withdrawn, that is,f; = 0, the only available connection to
Cij+1) Is throughSy;. Hence Sy must be turned on.

5.3.3 Capacitor connected to the lashigh-efficiency link: | = (M — 2)
corresponding toCu-2)

If capacitorCy_p) is to be inserted, then the activation of switsky_») is subject to only one
of the two constraints described in Section 5.3.Zif_1) is to be inserted, switc8m_2 must
be keptoff, and, insteadS -2 is turnedon. If Cy_1) is to be withdrawn, the®gw-2) must
be turnedn.

If capacitorC_y) is to be withdrawn, the®qwm-2) must be turnean.

5.3.4 Capacitor before the last:j = (M - 1) corresponding toCv_1)

For capacitolCy-1), there is no switclbem-1y in the (M — 1)th network. Therefore, €u_1)
is to be withdrawn, the®qu-1) must be turnedn. Otherwise Syv-1) must be turnedn.

5.3.5 Capacitor connected tanegative half-bridge: j = M corresponding
to Cy

For capacitoCy,, i.e., the last capacitor, the only switches left are thedwas that form the
negative half-bridge. Thus, &, is to be inserted, the§, must be turnedn. Otherwise S;
must be turnedn.
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The rules explained in 5.3.1 to 5.3.5 are implemented madiieally by the equations

kSl = Xj
Casd — ¢ ksp = 1 -X,;
pj=0
Pj = P(-1)(1 —X;)
k53 = [1 - Xj] pj
Case — kg4:Xj +[1—Xj - pJ]
pi=0
] = ]+ Ksnut Ksna+ 2Ksnc+ Ksz + ksa
P = P-nll — Xl
Ksnu= [X(j+1)) (1 = pj)] + (1 — Rigoa)
ksna= [1 = X;]p;

Cass
ase - Ksne= [(1 = X(j+1))(1 — Pj)]Rwo01

Pj :_kSnu"‘ kSnc
j = ]+ Ksnut Ksna+ 2Ksnc

P; = Pg-nll — Xj]
kSnu = X(j+1)(1 - p])
Ksna= [1 = X;]p;

Casel
7 Ksne= [1 —X+n](X = pj)

p; = kSnu+ kSnc
j = J + kSnu+ kSnd+ 2kSnc

Pj = Ppn-y[1 — X{]
kSnu: 1- Pj
Ksnd= P
Casé — Keno= 0 (5.1)

pj :‘kSnu"‘ kSnc
=1+ kSnu+ kSnd+ 2kSnc

whereRyq; is the parameter given by

Rioo1 =(1 — Xj) + X(j+1) + X(j+2) + [1 — X(j+3)]
¥YRyoo01 € [0, 1]
(5.2)

, andksy, for example, represents the state of swikghandks; = 1 indicates an activates,
whereass; = 0 indicates the opposite. In (5.1 ndicates the “route” being followed during
the creation of th&,,, that is, the activation of the switches in a particular regtndepends on
the utilization of the high-iciency and regular links by the previous networks.

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

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

indicating that capacitor€,, C4, andCs must be inserted. Applying the equations given by
(5.1) the following switching matris,, is formed

Cap/Switch [ ksys3 Kszjsa Ksun Ksan Ksen |
C 0 1 1 0 0
G, 0 0 0 0 1
Sw=  Cs O 0 0 0 0 (5.3)
Cy 0 0 1 0 0
Cs 0 0 1 0 0
Cs 1 0 0 0 0

where every row corresponds to a capacitor of the LMMC, arddablumns represent the
switches connected to the capacitor. Analysing (5.3), rit loa observed that, in the positive
half-bridge of the upper arm, the swit& is activated, since capacit@y is bypassed. Then,
still in Cq, switch Sy, is activated in order to connect the bottom®@f with the top ofC,.
In C,, the switching controller activates the higfitgiency link, insertingS., and bypassing
completely capacito€; (represented in the switching matrix by a row filled with zroln
C4, the controller cannot activate the highiig@ency link, as the next capacitor is also to be
inserted, so switcB, is turnedoninstead. INCg, switchS; is activated, as the capacitor to be
bypassed, completing the switching configuration. Figuid Shows the arm current path and
theon switches for the aforementioned example.

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

5.4 Comparison with the conventional MMC

The structures of the LMMC and conventional MMGfdr in two major respects, as described
below.
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Figure 5.12: Fluxogram for the LMMC switching function matcreation.

5.4.1 Comparison between LMMC and MMC building blocks

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

In both the conventional MMC and the LMMC, the number of vgidevels in the pro-
duced ac-side terminal voltag® + 1, is one more than the number of capacitors in series
with the current path of the host arrv]. The number of capacitors, in turn, determines the
number of networks or submodules. As mentioned in Sectibnbthe LMMC the number of
networks is one less than the number of capacitors, wheneasonventional MMC the num-
ber of submodules equals either the number of capacitorthéirHBSM- and FBSM-based
MMCs) or half of the same (in the CDSM-based MMC). Consedyeit both the LMMC
and a conventional MMC, the operation boils down to insgrthre right number of capacitors
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in the arm current part.

Another diference between a conventional MMC and the LMMC is that, ataéex in
Section 5.1, in the LMMC the cascade of networks in each armtesfaced with the rest
of the converter through two half-bridge converters: thsifpee half-bridge and the negative
half-bridge, whereas, in a conventional MMC, a submoduthrisctly 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 reginéis and high-éiciency links.
Therefore, a capacitor may be inserted in the current patheohost arm through various
combinations of switches. This, in turn, means that thechei are switched less frequently,
in comparison with those in a conventional MMC, thus redgdine switching stresses. In
addition, as explained in Section 5.1, a network can be aadaot only to the next network,
but also to the network after the next, through the shortaftiésed by the high4&ciency links,
thus, reducing the conduction power losses.
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Figure 5.13: Schematic diagrams of (a) one leg of a convealithree-phase MMC, (b) an
HBSM in the upper arm, (b) a FBSM in the upper arm, and (c) a Cx$i¥ie 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, switchingyeo losses are negligible, and
the overall power loss of the converter can be assumed tastardy of conduction power
losses. Calculation of conduction power losses, on ther didwed, requires knowledge of the
number of switches in series with the arm current paths. énrHBSM-based MMC, CDSM-
based MMC, and FBSM-based MMC, the number of series-coadestitches per arm is
fixed by the number of capacitorsl. In the LMMC, however, the number of series-connected
switches depends not only on the number of inserted capadito equivalently, the ac-side
terminal voltage at the instant), but also on what specifacdors are inserted, due, in turn,
to the number obn high-eficiency links that varies based on the (time-varying) VBAagur
For example, as illustrated in Section 5.2.1, the numbeewés-connected switches required
for an ac-side terminal voltage of./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 4n HBSM-based MMC, 6 in
a CDSM-based MMC, and 8 in an FBSM-based MMC. Therefore, gotmoh power losses
of the LMMC are computed based on the average number of saviesected switches and
for a given ac-side terminal voltage swing (or, equivalgritir a given amplitude modulation
index).

Figure 5.14 shows the average number of series-connecitthesNss, versus the number
of capacitorsM, for the LMMC, assuming the maximum ac-side terminal vadtawing, i.e.,
a modulation index of unity. For the HBSM-based MMC, CDSMsé&a& MMC, and FBSM-
based MMCNg;is the same as the number of series-connected switched istiidependent
of the modulation index, as mentioned earlier, and equalitd.5M, and 2V, respectively.
However, to determindls in the LMMC, the switching state generation algorithm of t8&c
5.3 was coded in MATLAB software environment, to count theniver of series-connected
switches and calculate its average Mr= 4 throughM = 20, in incremental steps of 2; the
piece of of the curve that correspondsMo> 20 is then drawn based on the assumption that
Nss rises linearly withM, a trend observed over the range M < 20. Further, an inspection
of the curve indicates thalss equals 075M + 1.4 in the LMMC; Table 5.1 summarizes this
conclusion. It is observed the LMMC features a smaller ayeraumber of series-connected
switches than the other topologies.

Table 5.1: Average number of series-connected switchearper

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

Figure 5.15 shows the variation bk versus the modulation indewj, for three diferent
values ofM in the LMMC.
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Figure 5.14: The average number of series-connected ssifolr arm versus the number of
capacitors, for dferent MMC technologies.
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Figure 5.15: Variation oNgs with the modulation index, in the LMMC.

In Fig. 5.15, it can be observed that tNg, for a specificM, is a quadratic function ah,”
given by

Ned(h) = at? + b+ ¢ (5.4)

wherea, b_andc are the quadratic equation dheients. Thec codficient is theN value for
m = 0, orNsg described by the equation

¢ = Ngo(M) = (% + 1) + round(%) (5.5)

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

Fig. 5.14 shows the change My 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 tgpolo

5.5.2 Power losses

Using the corresponding average number of series-cortheetgches, as reported in Table
5.1, and the rms values of the arm currents, Table 5.3 refia{sower loss expressions for the
LMMC and the three other MMC topologies for a larlye
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Table 5.2: Total number of switches foifidirent topologies

Topology | Ns(M)
LMMC | 4M -2
HBSM 2M
FBSM 4M
CDSM | IM
1600} r—7anrc
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Figure 5.16: Comparison of the total number of switchestifeiBSM, 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 ~ (12 + 12)(0.75M)Ron 1
HBSM-based (12 + 1)MR,, 1.33
CDSM-based (12 + 13)(1.5M)Ron 2
FBSM-based (12 + 13)(2M)Ro, 2.66

5.6 Analysis of Voltage Stress

The voltage stress on the switches of the LMMC can be charaetethrough 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 switcheseaconsidered ideal to enable
one to concentrate on the essentials.

5.6.1 SwitchS,;

The voltage across swit@®); must be characterized for thredfdrent cases:
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Figure 5.17: Rearranged partial circuit for the voltagestranalysis in the switches connecting
three capacitors in the LMMC arm.

1. If Sy, ison, while all other switches argf, the voltage acrosS,; can be found from the
mesh formed bys,;, C,, andS,;. As Fig. 5.17 illustrates, the voltage across capacitor

C, is divided betwees.; andS,;, such thatis g = Vco/2;

2. If S is on, while all other switches areff, the voltage ofS,; is governed by the the
mesh formed bys,1, Sqp, andCs, andvs g = Vc3/2;

3. If Sq; is on, while the other switches are alff, the voltage acrosS,; is governed by
the mesh constituted b9,, Sy;, andC,. Thus, the sum of the voltages acr@ssand
C, appears acrosS,,, that is,vsy = Vc1 + Vcp. This issue exists also in tHere-level

cross-connected submod(ir].

5.6.2 SwitchSg

The voltage across swity, is inspected for four dierent cases:

1. If Sy; andS,, areon, while all other switches areff, the voltage acrosS,; is governed
by the mesh represented 8y andS.,. Thereforeysyq = —Vco;

2. If Sy; andSgy, areon, while all other switches areff, the voltage acrosS,, is governed
by the mesh formed b§; andS.;. Henceysg = Vcs;

3. If Sg; andS,, areon, while all other switches argff, the voltage acrosS; is governed
by the mesh formed b§, andS.;. Thereforeysq = Vc1.

4. If Sy, is on, while all other switches areff, the voltage acrosS.,; is governed by the
mesh represented I8, C,, andS.;, andvsy = Vco/2.
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Table 5.4: \oltage across the switches in the LMMC arm

Switch | Most frequent voltage Less frequent voltage

Sun ~ Ve/2 ~ 2V,
Sdn ~ Ve -
Sen ~ +Ve ~ Ve/2

5.6.3 SwitchSy;

Switch Sq; is rarely turnedon. Whenoff, it withstands a voltage of aboutg based on the
same analysis conducted under item 3 in Section 5.6.1, anoiasg that the VBA regulates
all capacitor voltages at abowut

SwitchS,; constitutes the highfgciency link and, therefore, closes the arm current path for
most of the time. Thus, even though switcl&s andSy; experience two capacitor voltages,
they are often bypassed By, (when bothS; andSy; areoff). This reduces the voltage across
Su1 by a factor of two and, also, permi&; to beonless frequently than otherwise. It should
be pointed out that the switching scheme of the LMMC (seei@eé&t.3) does not permit any
other combination of switching states 851, Sqg1, Sc1, Sw, andSy,. Hence, no switch in a
network can assume a voltagéfdrent in value from &v,, V., and .. Table 5.4 summarizes
the conclusions.

The conclusions made through the aforementioned analgkisafso 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 switchstrategy, the LMMC pro-
duces low-distortion ac-side terminal current waveformly of its ac-side terminal voltage
has an adequately large number of levels (e.g., correspgidiM > 100). Simulation mod-
els based on detailed models of the semiconductor switakes@wever, diicult to develop
and run for such an LMMC, due to excessive simulation runtilimeited number of nodes
accommodated by the software packages, etc. Thereforeisithesisdetailed modelsvere
developed only for LMMCs witiM = 4 andM = 8, for preliminary assessment of the prin-
ciples of operation, salient features, and robustness #iddcfaults. All simulations were
conducted in the PSCABMTDC software environment [80].

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

For this case, a detailed model of a single-phase 5-level MMe., withM = 4) was simu-
lated. The LMMC, shown in Fig. 5.18 with its associated ac éndystems, featured a dc-side
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voltage, vy, of 8 kV, which was impressed by two identical dc sources. The ac\vgiidge
and the modulating signal were representedif) = 2 sin(2rfyt) kV andm(t) = sin(2rfyt),
respectively, wherd; = 60 Hz. The other parameters of the system were3.1mF, R =15

mQ, L =2mH, R =2Q, andL; = 0. The system also included a fault detection logics that
compared the peak values of the arm currentandi,, with a threshold of 1..%A. Thus, the
fault detection mechanism blocked the gating pulses of whtelses, for 100ms if either of

the two peak values exceeded the threshold.

+

Z.1V ——————— +

’Udc/»? ()

Udc/2 ()

Arm 2
S

Ly

Figure 5.18: Schematic diagram of the single-phase LMM@esggor Case |I.

Initially, the gating pulses of the switches were disablad the capacitors pre-charged.
Then, at = 0.03 sthe gating pulses were unblocked and the LMMC functionednadly until
t =0.1s. Fromt =0.1stot =0.15s, nodes %” and “~” were connected through a short
link, to simulate a 50nslong dc-side fault. AlImost immediately after the fault iptien, the
fault detection mechanism of the LMMC detected the faultbllodked the gating pulses, until
t = 0.2 s. Thereafter, the gating pulses were unblocked to allow tR@/IC to revert to its
normal operation. Figure 5.19 shows the responses of the CNAWd a detailed model of an
equivalent 5-level FBSM-based MMC.

As Fig. 5.19 shows, fromh= 0.1 stot = 0.15 s, that is, during the fault, the arm current
is zero and, consequently, the arm voltage is equal to thatwegf the grid voltage, in both
the LMMC and FBSM-based MMC. Froin= 0.15sonwards, that is, from the fault clearance
moment onwards, the arm voltages assume a posifisetaequal to half of the dc-side voltage,
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Figure 5.19: Waveforms of selected variables in an opep-tmmtrolled single-phase 5-level

LMMC (left column) and an equivalent FBSM-based MMC (riglalumn), to various distur-

bances; Case I.

i.e., 4kV, until the release of the gating pulsestat 0.2 s, while the arm currents remains
zero. Fromt = 0.2 sonwards, i.e., from the instant at which the gating signedsraleased,
the currents and voltages revert to their pre-disturbaooad and magnitudes. Figure 5.19
demonstrates the similarity of the responses of the LMMC BB8M-based MMC. Figure
5.19 also shows that the arm currents exhibits harmoniortish due to circulating current
components. This, in turn, is due to the fact that the sinardawas run in open-loop, i.e., no
circulating current suppression control was employed.

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

Figure 5.21 depicts the gating pulses for the switches osdwendnetworkof the upper
arm of the LMMC, as well as the gating pulses for swighof the first FBSM, Fig. 5.18(c),
in the upper arm of the equivalent five-level FBSM-based MNIe figure indicates that, as
compared to the FBSM-based MMC, the switches of the LMMC wi&ched less frequently.
This is due to the multiple possible switch state combimegim the LMMC, dfered by the
high-dficiency links and the regular links.

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

In this case, a detailed model of a open-loop controlledisiphase 9-level LMMC was simu-
lated, in the same system as that of Fig. 5.18, assuming the saguence of events as those in
Case I, and with the same parameters as those in Case |, wighxtleption thaC = 6 mF. The
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Figure 5.20: \Voltage and current waveforms for the switobiethe second network of the
upper arm; Case I.

LMMC was also equipped with the same fault detection medmaras that in the system of
Case I. Figure 5.22 depicts that responses of the LMMC andedlel: model of an equivalent
HBSM-based MMC.

As Fig. 5.22 shows, fromh= 0.1 stot = 0.15 5, i.e., during the fault, in the LMMC the
arm current is zero and the arm voltage is equal to the negatithe grid voltage. However, in
the HBSM-based MMC, a large arm current develops, which ctipa interrupted and is only
impeded by the inductance of the arm inductance. The figgmesilows that the arm current is
superimposed with a decaying negative fiset. The dc fiset depends on the fault inception
instant, relative to the zero crossing instant of the grilage. In this case, the relationship
happens to be such that the maximum possible negdfisetalevelops subsequent to the fault
inception. Therefore, the arm current remains negativéhierentire duration of the fault, as
Fig. 5.22 shows. Consequently, the arm voltage of the HB&kstd MMC is almost zero
in this interval, due to the conduction of the anti-paratlelde of the lower switches of the
submodules. From the fault clearance momegst(.15s, the arm voltages of both the LMMC
and HBSM-based MMC move up by half of the dc-side voltage, thiedarm current of the
HBSM-based MMC also becomes zero. After the gating pulsesedeased, that is, fron=
0.2 sonwards, the two converters resume their normal operations
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Figure 5.21: Gating pulses for the switches of the secondark&tin the upper arm of the
LMMC, and for S3 of the first submodule in the upper arm of the FBSM-based MM&s&].
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Figure 5.22: Waveforms of selected variables in an opep-tmmtrolled single-phase 9-level
LMMC (left column) and an equivalent HBSM-based MMC (riglalemn), to various distur-

bances; Case Il.
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5.7.3 Case lll - Three-phase LMMC inverter for M = 8

In this case, a detailed model of a three-phase 9-level LMbfigrated as an inverter in a
system such as shown in Fig. 5.1, was simulated under closgdeontrol. The parameters
wereC =6mF, R=0.1Q,L =4mH, R =0.8Q, andL; = 10 mH. The grid voltage had
a peak value of XV and its frequency was 50-Hz. The LMMC was current-contoblle a
dqframe synchronized to the grid voltage, [10]. The convertas also equipped with a fault
detection mechanism that compared the peak value of thewaments with a threshold of 1.0
kA and disabled the current controller and the gating pulse$G0 ms if any of the six arm
current peak values exceeded the threshold. The faulttdetenechanism also set the setpoint
for thed-axis component of the ac-side terminal current to zero.

0 011 012 013 014 015 O‘.G

timels]
Figure 5.23: Waveforms of selected variables in a close@-mntrolled three-phase 9-level
LMMC, to various disturbances; Case lll.

From the start ta = 0.03 s, the gating pulses and the current controller were disal#éed
t = 0.03 s, the gating pulses were released and the current contmdleractivated, with the
real- and reactive-power setpoints both set to zera. /AD.15s, the real-power setpoint was
stepped to 2MW, thus raising the setpoint for theaxis component of the ac-side terminal
current toi; = 0.66kA. Att = 0.4 s, a short link was placed across the dc-side terminals of
the LMMC, and was removed after $0s The fault detection mechanism detected the fault,
almost immediately, blocked the gating pulses, disabledctirrent controller, and s€f to
zero. Att = 0.5, the gating pulses were unblocked, the current controlés @nabled, anij
was reset to its pre-disturbance value of k@6

Figure 5.23 shows the waveforms of the ac-side terminakotirupper arm current, and

116



upper arm voltage (all for phasg: The figure also shows the waveforms of theandg-axis
components of the ac-side terminal current. Itis obsenvat] &s expected, the arm current and
the ac-side terminal current drop to zero once the faultisaled. It is also observed that the
ac-side terminal current is noticeably distorted. Theatgin, in turn, translates into consid-
erable ripples in thd- andg-axis current components. The distortion is due to the smMddr
this simulation and, consequently, the low number of lerelhie ac-side terminal voltage of
the LMMC. The modulation strategy adopted for this paper, the NLC modulation strategy,
produces quality ac-side voltage and current waveforms i large.

5.7.4 Validation of the model for power losses

Cases | and Il were also used to verify the predictions of iSed.5 of the power losses
of the LMMC, with the results reported in Table 5.5; the pokesses were computed as
Pioss = Vacd1 — My, using the simulated variables. A closer look at the resafif§able 5.5
reveals the fact that the predictions of Table 5.3 do notipegchold. This is because the power
loss expressions in Table 5.3 are derived, from those ineTaldl, based on the assumption of
adequately large values M. Further, the average number of series-connected swijtbhes
in the LMMC, exhibits deviations from the values predictgdthe corresponding expression
in Table 5.1 ifM is small. Thus, in Case |, wheM = 4, the value o for the FBSM-based
MMC is 1.8 times that for the LMMC, whereas, as shown in Tabk the power loss of the
FBSM-based MMC is 1.5 times that of the LMMC. However, for Edisi.e., withM = 8, the
ratio of theNgs values is 108, which agrees with what Table 5.5 reports from the sinmriat

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

Converter Case | Case Il | Relative to LMMC
LMMC 0.0259MW | 0.026MW —
5-level FBSM-based MMC 0.038MW - 15
9-level HBSM-based MMQC - 0.028MW 1.08

5.8 Summary and Conclusions

In this chapter, a new topology for modular multilevel conge (MMC) was proposed. The
proposed MMC, referred in this thesis to as the LMM@gos the same fault handling capa-
bility of an equivalent full-bridge submodule (FBSM) -bdskIMC, while it features lower
power losses than the half-bridge submodule (HBSM) -bas#tCiMthe clamp-double sub-
module (CDSM) -based MMC, and the FBSM-based MMC. Thieativeness of the proposed
MMC was demonstrated through time-domain simulation tes@ssuming 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 LMNIKe proposed LMMC
was shown to feature the same dc-side fault handling capahd that of the FBSM, with
lower power losses as those of the HBSM. However, the LMMdtpesand regular links
must be selected such that they can withstand double theaglibencapacitor voltage. This
shortcoming means that the cost of the LMMC is higher thahdhan FBSM-based MMC,
even though the number of switches per arm is the same. Meless, the LMMC produce
much lower power losses than all other topologies known te, @ least that is the conclusion
from the analysis in Chapter 5 and the simulation results;hvwmakes the operation less costly.
A more detailed analysis is needed, perhaps strengthenexpleyimental results, to verify the
balance point where the use of LMMC topology becomes mora@uoacally feasible than the
FBSM.

Therefore, a dferent topology, théattice Submodul@_SM), is proposed in this chapter.
The LSM is a modification of the LMMC in the sense that the sheatcof the negative regular
links are substituted by diodes, angbarallel link is added to enable all switching possibili-
ties. These modifications also guarantee that no switchrexymes higher than one capacitor
voltage; the diodes of the negative regular link experidn@ecapacitor voltages, but they are
off in normal operation, hence no switching power losses. Hewglre topology can only be
extended to four capacitors, and not the entire convertar dihus, an LSM-based MMC is
not as dicient as the LMMC,; its power losses are slightly larger thase of an HBSM-based
MMC. However, the stress on its switches is lower than thahefswitches 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 SMdgpol.e., the LSM, based
on the assumption tha¥l + 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 hoais éapacitors, thus, the number
of SMs in an arm is given bl = M/4. Therefore, the number of SMs in an arm is given by
N = M/4. The capacitors in an arm are identifiedas, C,n, Csn, andCy,, wherenis the SM
numberf=1,2,3,...,N for the upper arm, and= N + 1, N + 2, ..., 2N for the lower arm).
Figure 6.1 further shows that the positive termirfad, and negative terminalNs, of the
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LSM, similarly to the LMMC, are connected to the arm by a pwsihalf-bridge and a negative
half-bridge. Internally, the capacitors are connectedvbeh themselves by positive regular
links, formed by B-C, D-E, and F-G, and by negative regulakdi formed by A-D, C-F, and
E-H. The capacitors can also connect to each other througifrdficiency links, formed by
B-E and D-G, and through garallel link, E-G. TheM capacitors are assumed to all have the
same (nominal) capacitance, as it is the case for convaitMkiCs and the LMMC.

Z

oty

Sc.?n
Figure 6.1: Schematic diagram for the LSM.

Similarly to the LMMC, the positive regular links, highfeiency links, and parallel links
embed fully controllable electronic switch&an, Scin, Suzn, Sczn, Susn, @aNdSpg,. By contrast,
the negative regular links utilize diodé3,,, D,, andDs,. Switches of the positive regular link,
Suins Swzn, @aNdSy3,, Must be of the reverse-conducting type, e.g., IGBTSs, vasesvitches of
the high-éficiency links, that isS¢;, andScn, and the switch of the parallel link, that Sy,
must be bidirectional reverse-blocking switches, e.gchsas 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 higjlstency links, positive regular links
or a parallel link.

Figure 6.2 shows the current path (thick line) in the first L8Mhe upper arm (i.en = 1),
if, for example, capacitor€s; andC,; are to be inserted in the MMC arm. It is noted that,
in this case the number of switches in series with the armeatiis 4, which is equal to the
number of switches inserted in the HBSM. This is possibletdube use of a highficiency
link, i.e, Sc11. Similarly, if capacitorsCy; andCy; are to be inserted in the MMC arm, as Fig.
6.3 illustrates, the parallel link, i.65p31, is activated, in addition t8.1,, to keep 4 of switches
in series. By contrast, if capacito@; andCs,, Fig. 6.4, are to be inserted in the MMC arm,
no high-dficiency links can be used, and the number of series-connsaiiéches rises to 5.
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6.2.2 Operation under a dc-side fault

The operation and the equivalent circuit of the LSM under side fault is exactly the same
as that of the LMMC. Therefore, the behavior described irti6e&.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 folL&M

VBA Array Elements Switch States
Comb | Xin | Xen | Xan | Xan | ksin | Kson | Ksun | Ksan | kswen | Ksen | kswen | Ksn | Ksan | Ksan | 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 modulati@ategy as that of the
LMMC. Further, the switching scheme of the LSM is also based &BA array. However, in
the LMMC there is no submodules, and the capacitors are adléom 1 toM in the upper
arm, andM + 1 to 2M in the lower arm, which is not the case in the LSM. Since the LSkl
submodule topology, its capacitors are indexed from 1 ts#lemeach submodule. Thus, the
VBA array is modified to

X =
[X11, X21, X31, Xa1, ---» X1n, X2n, Xan, Xan, (6.1)
ces XINs X2N> XN, Xan]

In the VBA array, an elemenk;,, represents the state of the second capacitor oftth&M
in the host arm. Thusy, = 0 corresponds to a bypass€g,, whereasx,, = 1 indicates an
insertedC,,. The VBA array is then used to determine what switches mustiredon in
each SM in the corresponding arm, raging from capactqrto capacitorC,y, in the upper
arm, and capacitdZ;n.1) to capacitorCsyy, in the lower arm.

Table 6.1 lists the switch conduction states corresponttireach of the 16 values of the
VBA array for one LSM. Thus, the conduction state of a switsh@presented by a binary
variable,k, which is 0 if the switch igff and is 1 if the switch i®on. For exampleksi, = 1
indicates that switcls; of the nth SM ison, etc. Table 6.1 also lists the number of switches
in series with the arm current patNgs. It is noted thatNgs is equal to 4 for 12 of the VBA
array values, and it is equal to 5 for the remainder, resyitinan average number of series-
connected switched\,s, of 4.25. This information is used in Section 6.4, for estimating t
conduction power loss of the LSM.

The switching scheme can be implemented based on Tableéthrmugh a look-up table.
However, such an implementation requires the processactsa its memory every time a new
step must be produced for the ac-side terminal voltage. Aergticient way of implementing
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Table 6.2: Boolean Logic for the Switch States in Terms of VlBhay Elements

Switch state Ksin | kson | Ksan | Ksun | Ksen | Ksen Ksgn | Ksen | Ksan | Ksan
Equat|0n X1in !Xln !X2n Xon X2n!X3n XonX3n !X2n!x3n X3n !X4n Xan

the switching scheme is to use Boolean algebra appliedtijitectable 6.1, as shown in Table
6.2. In Table 6.2, symbdl represents aegation(NOT) operation, and the product of two
VBA array elements signifies @njunction(AND) operation. For exampleg,! X3, means a
conjunction betweeRr,, and the result of the negation ;.

6.4 Power loss analysis

Since MMCs with a largeéM, including the LSM-based MMC, feature low average switghin
frequencies, the power loss is predominantly of the condugatature. Thus, regardless of
the SM topology, the aggregate conduction power loss of egeot an MMC, for a normal
operating condition, is given by

Ploss = NssRon(I;|2_ + |§) (6.2)

whereR,, is the on-state resistance of one switch in the SM which, &seeof analysis, is
assumed to be the same for all switches. It is assumed thatrtheurrents rms valuds and
I, include all harmonic components. This assumption is pkdeisn view of the fact that an
LSM-based MMC operates by inserting capacitors in its asescribed in Section 5.2.1, in
much the same way that the other known MMCs operate. Theref@andi, in an LSM-based
MMC are very similar to those in MMCs based on HBSM, FBSM, CDSWLMMC for a
given set of parameters and operating condition.

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

H = Nsson (6.3)

NSSHBSM
Thus, applying the knowN s of 4.25 (see Section 6.3), yields

4.25N
H=—0 (6.4)
The same ratio calculated by (6.4) between a LSM and a HBSMbeaterived for other
SM topologies. For simplicity, in this thesid, is always calculated in relation to the HBSM.
Substituting into (6.4) the relation betwedhandN in the LSM, i.e.,N = M/4, results
in a constant ratio of .063. Thus, independently &l or N, the power loss in an LSM is
approximately 1063 times the power loss in an HBSM. Therefore, the LSM ancHBEM
feature, approximately, the same power loss.
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Figure 6.5: Rearranged LSM circuit, far= 1.

6.5 Voltage stress analysis

One of the advantages of the LSM is the lower voltage strests @fwitches. This section

provides expressions foffestate switch voltage drops, for a given set of switch states
Figure 6.5 shows a re-arranged circuit for, for examplefiiseLSM (n = 1) in an LSM-

based MMC. From an analysis of the circuit of Fig. 6.5, théolwing equations emerge:

—Vp11 + Vsu1 = —Vci11 — Ve21 (6.5)
—Vp21 + Vsw1 = —Vc21 — Va1 (6.6)
['kswe1!Ks 1] Vs w1 + Vs 81 = [Ks 1] Vear (6.7)

['(Ks wiks 81)'Ks 81'Ks 101Ks 81] VD11
—['(ks w1Ks 81)Ks 81'Ks 1] Vs 101 + Vs @1 =

['(Ks w1Ks 81)!Ks 1! Ks w1Ks 8] Ve11
+[!(Ks e1Ks 181)'Ks 81Ks 181] Vean

6.8)
—['ksa1]Vo21 + Vsa1 = —['ksa1]Ves1 (6.9)
Vpa1 — ['Ks 81! Ks e1] Vs 1 =
[Ks e1'Ks g1]Vear + Vear
(6.10)

123



Vp11 + [Ksa1]Vse1 = Ve11 + ['Ksa1] Ve (6.11)

—Vp31 + Vs1 = —Vc31 — Veal (6.12)

[Ks w1 + Ks@1]Vp21 — [ Ks w1Ks @1] Va1 =

[Ks w1 + Ks@1]Veo1 + [Ksw1—!Ks wikKs @1]Vean

(6.13)
['ks@1!ksa1]Vb11 + [Ks@1]Vpa1 + Vs p1 =
:_é[! ks1!'Ksa1 + Ksa1!Ks @] Ve11
+:—5L[! kse1'ksa1 — 2'ks e1ks a1]Vear
—é[Z!ks s1'Ks @1Ks a1 + Ks 1'Ks @1Ks a1]Vea1
(6.14)

where the switch statek’,s, are Boolean variables, and the operations between thealsare
Boolean.

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

[ Vb11 |
Vp21
Vpa1

Vsu1

Vsq1 | = A_lB Vea1 (615)
Vet

Va1

Vei11

Vs 1
Vse1
Vs g1
| Vs81 |

whereA is ai x i matrix, andi is the number of switch voltage variables, wher&as ai

X 4 matrix. Both matrixes have, as entry valueg, 0, and 1. In (6.5) to (6.14), a voltage
variable is said to bacludedin an equation, if a set of switch states return 1 as théicoent

of that voltage in the equation. However, if a set of switctes return 0 as the ciheient, the
voltage variable i€xcludedrom the equation. For example, in (6.9)kifq1 = 1, the voltage
variablevp;; is excluded from the equation. Thusjs the matrix formed by the switch states
that control the inclusion of the switch voltage variablebereasB is the matrix formed by
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the switch states that control the inclusion of the capaeibitage variables. As an example,
assuming that the capacitor voltagesag = 2.05kV, vco; = 2.1 kV, vezp = 2.15kV, and
Vear = 2.2 kV, corresponding to a maximum capacitor voltage variatiod@¥o of v, = 2
kV, and that the set of switch states in the first LSM are as perdifrom Table 6.1, then
(6.8), (6.11), and (6.14) are neglected, together with tiage across switch&,;; andSq,;
(short-circuit). Therefore, (6.15) yields

[ Vp11 |
zDZl 205
D31
2.1
_ a1
xs‘“ =A"B| 515
Sl 2.2
Vs 81
V.
e , (6.16)
4.15
3.2
3.25
=] 1.05 |kV
-1.05
-1.1
| 1.05 |
where
-1 0 0 0 00 O]
0O -1 0 010 O
O 0O O 010 1
A= 0 -1 0 100 O (6.17)
O 0 1 0O0O0-1
0O 0 -1 001 O
| 0 1 -1 000 O]
and
-1 -1 0 0]
0 -1 -1 O
0O 0O O O
B=| 0 0 -1 0 (6.18)
0O 0 0 1
0O 0 -1 -1
0 1 -1 0 |

The voltage across switch&s; and S4; can be easily determined &s,; = V11 and
Vs41 = Va1 Thus, the voltages across the switches in the positive egdtive 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 introducedltapes are described as follows:
The high-dficiency links in the LSM, and the parallel link, connect temals Ps and Ns
with the minimum number of switches in series with the arnrent. For this reason, the
conduction losses in the LSM are approximately the same @setin the HBSM, and are
lower than the other mentioned topologies featuring de-&adilt handling capability, with the
exception of the LMMC. More specifically, when compared te tHHBSM, the LSM uses an
average of only @25 more switches to insert or bypass capacitors in the MMG asrdescribed
in detail in Section 5.3. Moreover, the switching lossedhmtSM are lower, as compared to
the other topologies, except the LMMC, due to the fact thatitisertion of capacitors in
the arm, to generate the desired level of the ac-side telwaltage, can be achieved by the
high-dficiency links; the LMMC has more highfeciency links than the LSM and, therefore,
features a lower power loss. However, it experiences higblégiges across its positive regular

links, as compared to the LSM, since its negative regul&slare composed by IGBTSs.

The LSM experiences a reducefi-state voltage across its switches, i.e., the voltage acros
the IGBTs and IGCTs in the LSM exhibits lower magnitudes, asgared to other MMC
topologies for HVDC systems. More specifically, the swithigat form the positive regular
links of the LSM experience a voltage @f/2 in all switching combinations. Further, the
switches forming the highfciency links and the parallel link experience a voltage tiesi
V./2 orV,, depending on the conduction states of the switches. Irtiaddihe switches that
form the positive and negative half-bridges experience leage ofv.. Finally, the diodes,
which constitute the negative regular links experiencelage of Zi,. However, high-voltage
diodes are considerably more commonplace and remarkadyctestly than fully-controllable
switches of similar voltage and current handling capaésit

Taking the example of HVDC system presented in [18] and [R®he LSM were used as
the SM, each arm would host 100 LSMs. Therefore, for a thtesese back-to-back system,
2400 IGBTs would experience the aforementioned reduce@g®elin normal operation, for
all switching configurations, whereas the remaining svagcfapart from the diodes) would
experience voltages of eithey/2 orV..

Considering power losses, voltage stress of the switcimelsde-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 NL@ching strategy, the LSM-
based MMC produces low-distortion ac-side terminal curseaveforms only if its ac-side
terminal voltage has an adequately large number of levah{tiensity MMC). However, sim-
ulation models based on detailed models afgadilt to create, and even mordiitult to run.
Therefore, detailed models were developed for LSM-basedddMithM = 4, M = 8, and
M = 12, for preliminary assessment of the principles of operatdynamics, and behavior
during dc-side faults. It is important to point out that fbese values oM (4, 8, and 12),
the voltage and current waveforms in the LSM-based MMC apeeted to feature visible
harmonic distortion. All simulations were conducted in #@CADEMTDC software envi-
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ronment [80].

6.7.1 Case | - Single-phase LSM inverter foM = 4

In this case, the simulation of a detailed model of a singjlase 5-level LSM-based MMC (i.e.,
with M = 4) was executed. The MMC, shown in Fig. 6.6 and its ac and des\s featured a
dc-side voltagevyy,, of 8kV, which was impressed by two identical dc sources. The mdtidgla
signal and the ac grid voltage were representeahpy = sin(2r fyt) andvy(t) = 2 sin(2r fyt) kV,
respectively, forf; = 60 Hz. The remaining parameters of the system vizee 3.1 mF, R =
15mQ, L =2mH, R =0.1Q, andL; = 5mH. The system was equipped with a fault detection
mechanism that compared the peak values of the arm currgats]i,, with a threshold of 2.5
kA Thus, the fault detection mechanism blocked the gatinggsubf the switches, for 105

if either of the two peak values exceeded the threshold.

SM,
vdc/2 ()
SMy
O — — — ———.
SMpy 1
'Udc/g C)

SMpy..»

SMyy

Figure 6.6: Schematic diagram of the single-phase LSM@&biEC system for Case I.

In the beginning of the simulation, the gating pulses of thgches were disabled and the
capacitors were pre-charged. After the pre-charges=d.03 sthe gating pulses were released
and the LSM-based MMC operated normally unti# 0.35s. Fromt = 0.35stot = 0.4 s,
nodes %" and “~” were connected through a short link, to simulate a'®§long dc-side fault.
An instant after the dc-side fault occurrence, the fauledgbn mechanism of the LSM-based
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MMC detected the fault and blocked the gating pulses, tigti0.45s. Then, the gating pulses
were unblocked and the LSM-based MMC went back to its noripetation. Figure 6.7 shows
the waveforms of the LSM-based MMC detailed model.

— 113 (b) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
:5 0 —\J‘p‘\/\l\l‘”“ﬂ\/\rj H\A’J‘HWW\'JW\ 1 W {‘ [\’J‘ )\ I‘”IWW\H\H‘H\H\[J\H‘H\{M
E—l.ll*

= "Wl

6.5(d) PR S— ‘ ‘ g
— 0
>
-4.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 0.1 0.2 0.35 0.4 0.45 0.6 0.7 0.8

timel[s]

Figure 6.7: Waveforms of selected variables in an open-tmyrolled single-phase 5-level
LSM-based MMC, to various disturbances; Case I.

Figure 6.7 shows that, fromm= 0.35stot = 0.45 s, i.e., during the action of the fault
detection mechanism, the arm current was driven to zero @rsequently, the arm voltage
was equal to the negative of the grid voltage. Friom0.4 s onwards, i.e., from the moment
when the fault was cleared onwards, the arm voltages asstimedpected positivefiset, i.e.,
Vge/2 = 4 kV, until the enabling of the gating pulsestat 0.45s, while the arm currents re-
mains zero. At = 0.45 sand after, the currents and voltages went back to their jgterdance
forms and magnitudes. Figure 6.7 also shows that the armertgrshow harmonic distortion
related to circulating current components. THi®et is expected, due to the fact that the sim-
ulation was run in open-loop, and no circulating currentgsapsion control was employed.

Figures 6.8 and 6.9 show the voltage and current waveformedswitches of the first SM
in the upper armr( = 1) in the LSM-based MMC,; the variables are labeled in acawcdavith
the circuit of Fig. 6.5. It can be verified through the waveisrthat the voltage magnitudes
agree with the values predicted by the analysis of Section 6.

Figure 6.10 shows the voltage in the capacitor of the first Bi¥he upper arm. It can be
verified that the voltage is balanced and that it remainstamhsiuring the action of the fault
detection mechanism.

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

For this case, the simulation of a detailed model of a thieese 9-level LSM-based MMC,
operating as an inverter in a system such as shown in Fig., w48 executed under closed-
loop control. The parameters wee= 6 mF, R=15mQ, L =2mH, R, = 0.1 Q, andL; =
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Figure 6.10: Waveforms of the capacitor voltages in the plzasf a open-loop single-phase
5-level LSM-based MMC, fon = 1, to various disturbances; Case I.

5 mH. The grid voltage presented a peak value &\2with frequency of 60-Hz. The LSM-
based MMC was current-controlled indg frame synchronized to the grid voltage, [10]. The
converter was also equipped with the same fault detectiarharm@sm as in Case |, except that
the threshold was 1I6A. The fault detection mechanism disabled the current chetr@nd the
gating pulses for 10fns if any of the six arm current peak values exceeded the ateméoned
threshold. Further, the fault detection mechanism alstheetetpoint for the-axis component
of the ac-side terminal current to zero.

From the beginning of the simulation to= 0.03 s, the gating pulses and the current
controller were disabled. At = 0.03 s, the gating pulses and the current controller were
activated, with the real- and reactive-power setpoints Iset to zero. At = 0.15s, the real-
power setpoint was set toldW, raising the setpoint for thé-axis component of the ac-side
terminal current tay; = 0.66kA. Att = 0.35 s, a dc-side fault was simulated, by placing a
short link across the dc-side terminals of the LSM-based MNI@ short link was removed
after 50ms An instant after the dc-side fault occurrence, the faulédigon mechanism of the
LSM-based MMC detected the fault, blocked the gating pulaed set} to zero. Att = 0.45
s, the gating pulses were unblocked, the current controlés @nabled, anid was reset to its
pre-disturbance value of 0.GG\

Figure 6.11 shows the waveforms of the ac-side terminakotirupper arm current, and
upper arm voltage, for phase-Also, Fig. 6.11 presents the waveforms of theand g-axis
components of the ac-side terminal current. It can be obsithat, as expected, the arm current
and the ac-side terminal current dropped to zero at the motinaithe fault is detected. It can
also be observed that the ac-side terminal current is \Wsdadtorted. In turn, the harmonic
distortion, implicates in considerable ripples in ttteand g-axis current components. The
harmonic distortion is, as mentioned in the beginning & 8ection, due to the small applied
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Figure 6.11: Waveforms of selected variables in a closeg@-mntrolled three-phase 9-level
LSM-based MMC, to various disturbances; Case II.

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

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

6.7.3 Validation of the model for power losses

In this subsection, the detailed model presented in Case lwgmented to, firgf] = 8, and
then toM = 12. Also, detailed models for HBSM-based MMC featurikig= 4, 8, and 12
were developed. Then, the power losses were simulated tortbe LSM-based MMC and
HBSM-based MMC detailed models, and the power loss ratiscriteed in Section 6.4, was
calculated for each model. Table 6.3 shows the power logs ki for the simulated MMCs.

The power loss ratio showed in Table 6.3 agrees well with #ieutated 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-th&BEDC system applications.
The proposed submodule topology, referred in this thesas tinel attice Submoduld.SM),
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Table 6.3: Simulated power losses dthd

Converter Powerloss| 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 MMQ 0.054MW

was demonstrated toffer the same dc-side fault handling capability of an equivatell-
bridge submodule (FBSM), while it features, approximatétg same power losses as those
of the half-bridge submodule (HBSM). Further, the LSM waewh to feature smaller volt-
age stress in the switches in comparison with other topetogientioned in this thesis. The
effectiveness of the LSM was demonstrated through time-dosiainlation of single-phase
and three-phase systems, assuming various normal aneldayderating 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 submodplkcitor sizing methods, a
new method was proposed in this thesis. The proposed metHmsed on a complete
steady-state model that allows for the prediction of themtade of the harmonic com-
ponents in the MMC submodule capacitor voltages, arm veiagnd arm currents.
Consequently, it became possible to develop approximatatems for the submodule
capacitor voltage harmonic components, that, in turnyadtbfor the calculation of the
voltage crest and trough. The summation of the submodulac@iap voltage crest and
trough, gave rise to an analytical equation for the subn®dapacitor calculation as a
function of the submodule capacitor voltage variation.tlker, the method proposed in
this thesis can also calculate the impact of the circulatungent (injected or not) in the
size of the submodule capacitor.

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

3. This thesis also demonstrated that the dc-fault handiapability of the MMC can be
maintained while the power losses in the MMC arm are decteaseomparison to the
topologies currently known. In addition, it was demon&tdathat the voltage stress on
the switches can also be decreased, through a new arrangehtba arm capacitors,
giving rise to a new submodule topology. Fig. 7.1 illustsatee comparison between the
topologies mentioned in this thesis, regarding dc-sidé feandling capability, average
number of series-connected switches, and voltage stress.
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Figure 7.1: lllustrated comparison between the half-teisigomodule, the full-bridge submod-
ule, the clamp-double submodule, the 5-level cross-cdedestibmodule, the lattice modular
multilevel converter, and the lattice submodule, regaydin-side fault handling capability,
average number of series-connected switches, and voltieggs s

7.2 Contributions

This thesis presents the following contributions:

1. A complete steady-state model that can be used to prédicrnplitude of each har-
monic component in the MMC currents and voltages, and anrateand completely
analytical method for sizing the submodule capacitor: Tioppsed harmonic model is
capable of predicting the amplitude of the harmonic comptmef the MMC arm volt-
ages, submodule capacitor voltages, and arm currentshdfultased on the proposed
harmonic model, a capacitor sizing method is proposed terahee the capacitance of
the submodule capacitor for a desired level of voltage tianawithout a need for nu-
merical algorithms or graphs used by the existing methodsaddition, the proposed
capacitor sizing method can accurately determine the redjgapacitance even if circu-
lating currents are injected to mitigate dc voltage flugtures.

2. A new equivalent-circuit simulation model that enablesvenient and fast simulation of
MMC systems including those featuring dc-fault handlingeTequivalent-circuit-based
simulation model assumes ideal submodule switches to sgedae simulation, but is
nonetheless capable of capturing the transients as welrasamic components of the
voltages and currents.

3. A feedforward control strategy for canceling the armagé component responsible for
the formation of the circulating current: The proposed cengation strategy calculates
the magnitude of the second harmonic component of an arragaland uses the calcu-
lated value as a feedforward signal to cancel the circidatunrent of the corresponding
MMC leg. The proposed feedforward compensation stratéggmbined with a closed-
loop circulating current suppression strategy, greattygaies the possibility of control
saturation and, also, results in better damped closeddgnamics.

4. New MMC topologies with dc-side fault current handlingoahility and higher fi-
ciency than that featured by the topologies reported initeeature: Finally, the thesis
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proposes two new MMC topologies for enhancdiiceency and dc-side fault handling
capability. In the first proposed topology, that is tla¢tice modular multilevel con-
verter (LMMC), the entire MMC arm is modified to accommodatetworksthat allow
shortcuts between the arm capacitors, thus, reducing ctiodypower losses of the con-
verter. In the second topology proposed, however, onlydbedule is modified. In the
proposed submodule topology, referred tdaice submoduléLSM), the conduction
power losses are decreased, as it is the case for the LMMGE thetdiference 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 andthSM that can adequately
simulate conduction and switching losses in the switchgtefdhan detailed models;

2. A reliability and redundancy study for the LMMC and the LSWhere the behavior of
the LMMC and the LSM are to be studied in detail. In additidre fault conditions in
which the LMMC and LSM continue to operate normally are to ddrassed. Further,
new switching schemes, that consider the possible redtiistites of both topologies,
are a important part of the suggested research. Finallgilpesmodifications to the
topology, to increase the converter reliability, have atsbe addressed,;

3. The study of DC-DC topologies based on the LMMC and the L&WImultiterminal
HVDC (MTDC) transmission systems; and

4. The adaptation of the steady-state model and capadingsnethod, presented in Chap-
ter 2, for grid-connected medium-voltage systems, e.dpbsiard drives or fi-shore
wind energy systems, where the footprint is a major desigisiceration.
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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, ddeltsvmd, double *aux, double *ts,
double *c, int *m, double *clk, double *ref, double *vdc, dble *aux2, double *balance, dou-
ble *enable, double *vg, double *fs, double *cm, double tHiguble *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- O;

static double ide- O;

static double iu% 0; // current last sample

static double idE O;

static double it O;

int freq = (int) *fs; // time step frequency

static double indvolt® 0;// inductor voltage

static double indvoltZ 0;// inductor voltage

static double indvolt £ 0O;

double ind= 0; // arm inductance

double ind t= 0;

double zerc= *zr; // zero definition - 0.05

double narm= (double) nmy/ number of modules per arm - double
double fref= *ref; // Vt voltage reference

static double rj/ converter resolution

static double shy module shift
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double v= *vdc; // DC voltage

int bal = (int) *balancey/ voltage balancing algorithm frequency

static int negX 0;

static int neg2= 0;

double vgrid= *vg; // grid voltage

static double iuplast[500}; upper arm last current vector

static double idwlast[500};7 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}7 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}7 upper module activation vector

static double mdw[500}; lower module activation vector

static double upperarny;total voltage in the upper arm

static double lowerarnjj total voltage in the lower arm

static int count= 0; // start-up counter - if count is 1 the start up routine is disdldnd i
must be 0

static int countu= O;

static int countd= O;

static int countZ 0; // vector zeroing counter

static inti= 0;

static int z= 0; // voltage balancing algorithm auxiliar variable

static int faux= 0;

intj =0;

intk =0;

intb=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

intswl=0;

intsw2=0;

double I,

double h;

static int test 1;

static int en;

double vem= *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(frefr); // shift calculation

if(sh > (nharm2)) // saturation

sh= (narm?2);

if(sh < -(narm2))

sh= -(narm?2);

if (sh >= 0)// number of modules on per arm calculation - positive voltage
ndown= (int)((narm2) + sh - round(vcn));
nup= (int)((narm2) - sh - round(vcnr));

if (sh < 0) // number of modules on per arm calculation - negative voltage
nup= (int)((narm2) - sh - round(vcnr));
ndown= (int)((narm2) + sh - round(vcn));
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 Tyga

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

for(j=0;j<nm;j++) // switch df all modules in the upper and lower arm
mupl[j] = 0.0;// turn of the activation signal on all upper modules
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mdwf[j] = 0.0;// turn of 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
| = veupaux[K];
position= k;
if((veupaux[k] < N&&(vcupaux[k] = 1000))// search the lowest value
| = veupaux[K];
position= k;
mup|position]= 1.0;// set the activation vector position
vcupaux[position} 1000;// erase module voltage
b++;
X++;

if (ilu <= 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|[positionf -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
| = vedownaux[K];
position= k;
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if((vedownaux[k] < )&&(vcdownaux[k] '= 1000))// search the lowest value
| = vedownaux[K];

position= k;

mdw/[position]= 1.0;// set the activation vector position
vcdownaux[positionf 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 = vedownaux[K];
position= k;
if((vcedownaux[k]> h)&&(vcdownaux[K] != -1)) // search the lowest value
h = vedownaux[K];
position= k;
mdw/[position]= 1.0;// set the activation vector position
vcdownaux[positionk -1;// erase module voltage
b++;
X++;
a=_0;
for(j=0;j<nm;j++) // confirmation of the number of modules on - it must be alwaysitiraber
of modules per arm
if(muplj] == 1.0)
at+;
if(mdw[j] == 1.0)
at+;
Z++;

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

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

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

iflen == 1)
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swl= (int) muplj]; // create equivalent int value

switch (swl)/ test module activation signal - upper arm
case 07/ module df

veup[j] = vuplast[j];

vcupaux[j]= vuplast[j];

vmulj] = 0;
iuplast[j] = 0;
vuplast[j] = vecup([j];
break;

case 17/ module on

veup(j] = ((T/(2*cap))*iu)+(iuplast[j]*(T/(2*cap)) +vuplast[j];// module capacitor voltage
eqguation - tustin integration

if(veup[j] < 0)

vcup(j] = 0; // saturation, the SM voltage do not become negative

veupaux[j]= veuplj];

vmul[j] = veuplj];

vuplast[j] = vecup([j];

iuplast[j] = iu;

break;

sw2 = (int) mdw[j]; // create equivalent int value

switch (sw2)// test module activation signal - lower arm

case 07/ module df

vcdownlj] = vdwlast[j];

vcdownaux[j]= vdwlast][j];

vmd([j] = 0;

idwlast[j] = 0;

vdwlast[j] = vedown[j];

break;

case 17/ module on

vedown(j] = ((T/(2*cap))*id)+(idwlast[j]*(T /(2*cap)) +vdwlast[j]; // module capacitor volt-
age equation - tustin integration

if(vedown[j] < 0)

vcdownlj] = 0; // saturation, the SM voltage do not become negative

vcdownaux[j]= vedown([j];

vmdlj] = vcdown[j];

vdwlast[j] = vedown[j];

idwlast[j] = id;

break;

if(en == 0) // switches disabled
iue = iu;
ide=id,;
if((ilu >= -zero)&&(iu < zero))
iue=0;
if((ild >= -zero)&&(id < zero))
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ide=0;

veup[j] = (((T/(2*cap))*fabs(iue)}(iuplast[j]*(T/(2*cap)) +vuplast[j]); // module capaci-
tor voltage equation - tustin integration - current alwagsipive due to SM topology

vecupaux|j]= veupl(j];

vmul[j] = veuplj];

vuplast[j] = veuplj];

iuplast[j] = fabs(iue);

vedownlj] = (((T/(2*cap))*fabs(ide)¥(idwlast[j]*(T /(2*cap)) +vdwlast[j]); / module ca-
pacitor voltage equation - tustin integration

vcdownaux[j]= vedown([j];

vmd(j] = vcdown[j];

vdwlast[j] = vedown[j];

idwlast[j] = fabs(ide);

A.5 Arm Voltage Calculation Routine

upperarme= 0;
lowerarm= 0;

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

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

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

if(len == 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(ilu > zero)
*ymu = upperarm;
if(iu < -zero)
*ymu = -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,;

iflen==1)
for(j=0;j<nm;j++) // sweep the whole arm
upperarm= vmul[j] + upperarm;
lowerarm= vmd[j] + lowerarm,;
*ymu = upperarm;
*vmd = lowerarm;
*aux = veup[3];
*aux2 = vedown|[3];
faux++;

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