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SUMMARY

In recent years, advanced MVDC (medium-voltage directent) and HVDC (high-
voltage direct-current) power collection and transmissace becoming increasingly im-
portant in power systems. As the DC grids evolve, the intameation of DC grids will
become essential in the future. A DC-DC converter that iable for high-voltaggower
is a key enabling technology for future DC networks. The DC-Blodular Multilevel
Converter (DC MMC) which has originated from the AC-DC MMQatiit topology, is an
attractive converter topology for interconnection of medi/high-voltage DC grids.

The objective of this research is to address the techniedlertyes associated with the
operation and control of the DC MMC. To this end, a mathenahtiwodel of the DC MMC
is proposed to determine the AC and DC components of the ammarduphase current, and
Sub-Module (SM) capacitor voltage ripple in steady stateis Thesis presents the design
considerations for the DC MMC to meet the electrical speatifons while satisfying the
design constraints. The accuracy of the developed modehardgfectiveness of the design
approach are validated based on the simulation studieeiRPSCADEMTDC software
environment.

Proper operation of the DC MMC necessitates injection of @xckculating current to
maintain its SM capacitor voltages balanced. The AC citaudecurrent, however, needs
to be minimized for &iciency improvement. This thesis proposes a closed-loopraon
strategy for the half-bridge SM based DC MMC to simultanépreggulate the output DC-
link voltaggcurrent, maintain the SM capacitor voltages balanced, ainthmize the AC
circulating current for arbitrary voltage conversion oaind power throughput. To address
the power derating issue of the DC MMC, an enhanced contaiksly is developed, which
in conjunction with the full-bridge SMs, increases the potr@nsfer capability and reduces
the AC circulating current. A laboratory prototype is depdd to experimentally validate

the proposed control strategies.

XiX



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Background

The abundant and low-carbon renewable energy resourclsasudgtshore wind energy
offers significant environmental and economic benefits [1]. . D&oartment of Energy
projects that 35% of the U.S. electricity will be delivereg wind energy by 2050 [2].
The collection and transmission of the decentralized rabésvenergy from remote area
to urban area is a major challenge [3]. In recent years, addhhVDC (medium-voltage
direct-current) and HVDC (high-voltage direct-currenbzer collection and transmission
are becoming increasingly important in power systems [4H6¢ MVDCGHVDC is better
suited for mediufiong-distance power transmission asfiiens many advantages over the

traditional AC architecture including [7, 8]:

e DC submarine or underground cables do not consume reacwerpallowing long

distance transmission of bulk energy.

e A bipolar HVDC line requires only two insulated sets of coottus. Compared to
the AC lines of comparable power capacity, HVDC liné&eos reduced construction

cost and power losses.
e Sending and receiving end frequencies of a HVDC system dependent.
e Power flow is fully defined and controlled.

Traditionally, HVDC grids are developed for point-to-ppbulk energy transmission
with a converter station at each end. As the DC grids evohter¢éonnection of DC grids
will become essential in the future. Possible scenariosarfrporating individual DC grids

includes:



¢ Interconnection of two HVDC systems. Since the existing H3/&/stems are devel-
oped independently, the operating voltage could keint. Incorporating a mix-
ture of DC grids with diferent voltage levels requires DC-DC converter to exchange

power between DC networks [9, 10].

¢ Interconnection of a MVDC collection system and HVDC traimssion system. Tra-
ditionally, the interconnection among wind turbines is iagbd based on MVAC
network via sub-sea cables. As the capacity of wind farmspameker rating of indi-
vidual wind turbines increase, a significant higher curmerbllection networks and
longer power transmission distance between turbines argresl. High transmis-
sion power losses motivate a transition from AC architectior MVDC collection

network for dfshore wind farms of large capacity [10].

¢ Interconnection of a established HVYDC system and a regiondi-terminal MVDC

network to form a large DC network [11-14].

A DC-DC converter that is suitable for high-voltagewer is a key enabling technol-
ogy for future DC networks as power flow control and voltaggisitnent must be achieved.
Specifically, DC-DC converters for future DC networks neztheet the following require-

ments [10]:
¢ Bidirectional power flow.
e High efficiency.
¢ High voltagépower rating.

In the technical literature, a few DC-DC converters devetbfor high-voltaggpower
applications have been reported. Among them, a modular BG@nverter that is devel-
oped based on the concept of the well-known DC-AC modulatilewél converter (MMC)

has gain increasing popularity.



1.2 Literature Review

This section summarizes the state-of-the-art DC-DC caexgr which are suitable for
medium/high-voltage applications. The converter topologies ategorized into non-
isolated and isolated ones. In the isolated topologiestrétal isolation between the high-
voltage and the low-voltage sides is provided by an intefatednediumtigh-frequency
transformer. Moreover, the state-or-the-art singleest@g-DC modular multilevel con-
verter topology and its variations are surveyed. The mavaaihges and disadvantages of

each topology are also discussed in this chapter.

1.2.1 Non-isolatedC-DC ConverterTopologies

A resonant DC-DC converter capable of bidirectional powawfis proposed in [15] for
MW level HVDC applications. A unidirectional version of thesonant converter is studied
in [16]. The application of the resonant DC-DC converter i@ Brids is studied in [17].
Fig. 1.1 shows a bidirectional SCR-based resonant DC-D@erter. This converter is
comprised of two thyristor-based full bridges intercortedcby a capacitor. Two LCL
resonant networks are incorporated to enable soft-swigchf the thyristor valves. The

resonant DC-DC converter features the following propsrtie

e The converter allows step-up and step-down operations igir@ttional power flow

enabled by the back-to-back connection of thyristors.
e All thyristors are switched at zero-current resulting lomitshing losses [17].
e The voltage conversion is achieve without a transformer.

Nevertheless, due to the resonant nature of this convtrésiollowing drawbacks pose

challenges for high-power applications:

e High current stress on the resonant components, theraefrgasing the power losses

on the passive components.
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Figure 1.1: Circuit diagram of a SCR-based resonant DC-D@exter.
¢ High voltage and current stresses on the thyristors.

e Power control is achieve by switching frequency variatiwhjch poses challenges

on the design of passive components.

A step-up unidirectional resonant converter utilizing [G8wvitches and modules con-
sisting of inductor, capacitor, and diode is proposed ir].[T&e switched capacitor soft-
switching resonant DC-DC converter is shown in Fig. 1.2. Theverter achieves high
step-up ratio by connecting a number of cascaded capad¢aomped modules. The con-
verter features soft-switching in all active switches aiudids, thus fiering high dficiency.
However, the resonant capacitors experienéiedint voltage stress under steady-state op-
eration. Consequently, the converter does rftgrdull modularity. Moreover, due to its
poor output voltage regulation, a second stage DC-DC ctewisrrequired to regulate the
output voltage. The aforementioned drawbacks limit theliegiion of the IGBT-based
switched capacitor soft-switching resonant DC-DC corardrt high-voltaggpower appli-
cations.

A class of multilevel DC-DC converters that are derived frtra conventional low-
voltage and low-power converters (buck, boost, or bucksbors proposed in [19-22]

for HYDC applications. Circuit diagram of the bidirectidriauck-derived DC-DC con-
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Figure 1.2: Circuit diagram of the switched capacitor sufitching resonant DC-DC con-
verter.

verter is shown in Fig. 1.3. This converter is derived frora tonventional synchronous
buck converter by replacing the semiconductor switches byraber of series-connected
capacitor-clamped switches. This class of convertersdavdirect series connection of
semiconductor switches, therefore any complex balandnegitis eliminated [19]. The
main advantage of the buck-derived converter is the lowagatstress on semiconductor
switches and low electro-magnetic interference (EMI). &ithweless, a major drawback is
inherently shared by the conventional converter derivgoltgies. The inpybutput in-
ductor carries full DC current. The high current stress anitiductor poses challenges on
magnetic design and results in bulky magnetic cores andiaddi power losses.

A resonant step-up DC-DC converter that is derived basetd@Marx generator prin-
ciple is proposed in [23, 24]. Fig. 1.4 shows the Marx deriiz&g+ DC converter with N
capacitor stages. The converter charges the capacitoeratigd and discharges them in
series [23]. The main advantage of this converter is thagla fiiep-up ratio can be achieve
by cascading multiple capacitor stages without using ssfoamer. However, the current

stress on the input inductor, diode, and switch is high. Moee, this converter have some
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Figure 1.3: Circuit diagram of the bidirectional buck-ated multilevel DC-DC converter.

common drawbacks as a switched capacitor topology:

e The converter fiers poor output voltage regulation, thus a secondary ssagguired

to regulate the DC voltage.
e The voltage stress of the capacitor is at least the full inplitige.

e The converter is not fully modular.

1.2.2 IsolatedDC-DC ConverterTopologies

Isolated DC-DC converters are widely used in DC-DC powewegsion applications where
the galvanic isolation is provided by an AC transformer. Toal-active-bridge (DAB)
DC-DC converter that was originally proposed in [25] is agmtial converter topology for

medium¢high-power applications. The DAB converter includes twihvacbridges that are



L

out out

. D
| eeo e
e il J! J! T
DA — DA DA —

Vd 1 Cl Cl Cl e Cl Cout
¢ f— SA{AI % — SA{AI % e A{g} — f— Vdc2
b osad sl

Figure 1.4: Circuit diagram of the unidirectional resonstep-up Marx DC-DC converter.
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interconnected by a medium-frequency AC transformer. Ddjmg on the design crite-
ria, the DAB converter can be configured using single-phasigé [25—-29] or three-phase
bridge [25, 30—33]. A three-phase bridge DAB converter srghin Fig. 1.5 where a three-
phase AC transformer is used to interconnect the primargaocdndary active bridges. The
leakage inductance of the intermediate transformer izeatlas the energy transferring el-
ement and the maximum power flow is limited by the leakagectahce [25]. The DAB
converter is capable of bidirectional power flow, which iiaged by controlling the phase
shift angle between the two active bridges and the outptiagelmagnitude of each indi-
vidual active bridge [34]. The switches in the active brisigan be switched at zero voltage
andor zero current for a certain operating range. Various obstrategies are proposed to
extend the soft-switching range and minimize the transésrcarrent of the DAB converter
[35—40]. Moreover, a high-voltage conversion ratio foipstg or step-down operation can
be achieved by selecting the turns ratio of the transformer.

Nevertheless, the DAB converter have some disadvantagedirttit its use in high-

voltaggpower applications:

e The active bridges need to be rated at the full converter pand voltage. Con-
sequently, for high-voltagpower applications, series giod parallel connection of

semiconductor switches are required to satisfy the voléaglecurrent requirements.
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Figure 1.5: Circuit diagram of a bidirectional three-phB#&8 converter.

e For high voltage applications, high insulation requiretfenthe intermediate trans-
former may introduce additional parasitic componentsfilréiter increase the switch

rating requirement and switching losses [18].

To apply the DAB converter in high-power applications, ted of connecting multi-
ple DAB converter units in series afod parallel to increase the voltage and current ratings
without using series-connected semiconductor switchesblean proposed [41-43]. A
input-series-output-parallel (ISOP) DAB converter iswhan Fig. 1.6 in which identi-
cal DAB modules are connected in series and parallel. Theutaodesign allows easier
scalability for the system [44]. Moreover, improved systegtiability can be achieved
by inserting redundant modules [43]. However, the main taok of the serigparallel
connection of DAB converters is that a high number of low-powansformers need to
be isolated from the high-voltage DC side. This high insalatequirement consequently
leads to high cost and volume.

In 2002, Lesnicar and Marquardt proposed the concept of @3vddular multilevel
converter (MMC) [45] in which a number of identical half-ige submodules (SM) are
switched to generate a multilevel AC voltage waveform. Tbaecept of using multiple
low-voltage SMs to replace the switches in the conventi@#sB converter has gain in-
creasingly popularity [34, 46—48]. An MMC-based DAB corteeiis shown in Fig. 1.7. In

contrast to the ISOP DAB converter, the DAB converter basethe MMC concept does
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Figure 1.6: Circuit diagram of an input-series output-par®AB converter.

not require multiple low-power transformers. Instead, dtiewel or a two-level voltage
waveform is generated across the transformer winding. TNM&CMbased DAB converter
topology dfers inherent DC fault blocking capability and easy adoptbpower rating.

The series connection of semiconductor switches is avoidéowever, the use of two
fully rated DC-AC stages results in poor utilization of totastalled SM ratings, thereby

increasing the cost, volume and power losses [49].

1.2.3 DC-DC ModularMultilevel ConverterTopologies

The DC-AC MMC has become the most attractive converter tugpofor high-voltage and
high-power applications since its introduction in 2002. éxtensive researchfert has
been made to address the technical challenges associdtedsaoperation and control
[50-57]. The salient features of the DC-AC MMC make it suigator various applica-
tions including High-voltage DC (HVDC) transmission syate[58—62], variable speed
drives [63—-69], flexible AC transmission systems (FACT),[70], and static synchronous

compensator (STATCOM) [72-75]. The salient features ofMiC are:

e Fully modular and scalable enabled by the use of identizgaholtage SMs. High-

voltage rating can be easily achieved by series connectiamaoge number of SMs.
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Figure 1.7: Circuit diagram of the MMC-based DAB converter.

10



e Low total harmonic distortion (THD) in the output AC waverios enabled by the
multilevel architecture. The low THD significantly redudée requirement for AC

side filtering.
e Low EMI due to the lowdv/dt anddi/dt.

e Improved reliability enabled by introduciyenabling redundant SMs.

In 2013, the concept of single-stage DC-DC modular mukéleonverter (DC MMC)
that is inspired by the DC-AC MMC was proposed in [76, 80]. Bigle-stage DC MMC
inherits the salient features of the DC-AC MMC and is a pao&mbnverter topology for
medium¢high-power DC-DC conversion systems, e.g., interconoaaif DC grids.

Fig. 1.8 depicts the generic circuit topology of the DC MMQeIDC MMC is con-
structed based on a series connection of a number of idenéifebridge SMs. In contrast
to the AC-DC MMC, the DC MMC relies on an AC circulating curtéa exchange active
AC power between the upper and lower arms of each phase-tagitdain energy balance
of the SM capacitors. Therefore, the DC MMC need to have &t ladDC loop and an
AC loop. In the generic topology shown in Fig. 1.8, a bangdther is installed at the
output DC terminal to prevent the AC circulating currentfrlowing to the DC terminal.
A band-pass filter is also installed to establish a low impedapath for the AC circulating
current [76]. Under steady-state operation, each arm gasgean AC and a DC voltage
component. The DC voltage component dictates the DC-litiage while the AC voltage
component drives an AC circulating current to exchangeg@nbetween the upper and
lower arms.

In contrast to the MMC-based isolated DC-DC converter, tkeNDIMC offers the fol-

lowing advantages:

e The intermediate AC transformer is eliminated, therebgd I a significant reduc-

tion in the requirement on magnetic design.

e Step-up and step-down modes of operation are enabled by usiibridge SMs.

11
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Figure 1.8: Circuit diagram of the tuned filter DC MMC.

e The multi-frequency power conversion process enabled &AM circulating elimi-
nates the use of two cascade fully rated DC-AC MMCs. Theazatiion ratio of the
total installed SMs is increased significantly and up to 5%eduction in cost and

power losses is achieved [49].

Based on the DC MMC concept proposed in [76], various DC MMCuit topologies
have been proposed in the literature. A polyphase DC MMC asvshin Fig. 1.9 where
multiple phase legs are employed to increase power ratitigeafonverter [80]. The phase
legs of the DC MMC operate in a interleaving manner such thahef the phase-leg
only carries a portion of the total DC power. The interlegvoperation also improves
the DC voltage and current ripple as the AC current companarg canceled at the DC
terminal. The polyphase DC MMC employs inductive band-dtitgrs shown in Fig. 1.9.
The multiphase structure allows the AC circulating curtentiow among the phase legs,

thereby, eliminating the need for a band-pass filter.

12
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Figure 1.9: Circuit diagram of the polyphase unipolar DC MMC



A two-phase-leg bipolar DC MMC that is constructed by symmetonnection of two
unipolar DC MMC is depicted in Fig. 1.10 [49]. In the bipolaCIMMC, the midpoint
of two unipolar DC MMC are connected together through reactlements, establishing
a path for the AC circulating current to flow within the conesr The two-phase structure
allows the use of coupled inductors at the DC link 2 termitrathe coupled inductor core,
the flux produced by the DC component is canceled, whichtesusignificantly reduced
cost and complexity in the magnetic design. The bipolar DC G/id able to step-down
the voltage from DC-link 1 to DC-link 2 if only half-bridge S¢/are installed. The step-
up operation is enabled by installing full-bridge SMs in theer arms allowing negative
voltage insertion. Moreover, the DC fault blocking capiypitan also be realized by the
full-bridge SMs [49]. It should be noted that the number ofSithe outer (k) and inner
(r) arms is a design and optimization variable and does nessarily need to be equal.

Several DC MMC topologies that utilize alternative filtegioptions have been pro-
posed to reduce the volume and cost due to the magnetics afdbetive filter. A DC
MMC that utilizes a cross-connected capacitor between gpeiuand lower arms is de-
picted in Fig. 1.11 [81], in which an AC current path is enaldbgy the arm inductor along
with the cross-connected capacitor. In this topology, thgowat inductor is eliminated.
However, a high voltage stress of at least one half of the-hajtage side is seen by the
capacitor [81]. In [82], the cross-connected capacitoe@aced by series-connected SMs
that generate a DC and an AC voltage component. The actigs-cannected branch over-
comes the voltage stress problem in the topology propos@d ]JnNevertheless, the active
cross-connected branch requires additional semiconddetaces as well as capacitors,
which increase the cost, volume, and operational lossdseafdnverter. A DC MMC that
utilizes active filter as the band-stop filter is shown in Fig8 [83]. The use of the active
filter eliminates the passive inductive or capacitive fiirethe DC MMC. However, the
active filter requires series connection of a number oflbultige SMs. Therefore, the total

semiconductor device count is increased significantlyltiesg) in increased cost and power

14
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losses.

The operation and dynamic model of the DC MMC are studied #-86]. Several
control strategies are proposed in the literature. An ACutating current control strategy
to maintain the power balance between the upper and lowes afeach phase-leg of the
DC MMC has been proposed in [49]. This control strategy presethe amplitude of the
AC voltage component of the upper arm and actively contiwsAC voltage component
of the lower arm such that the power balance between the guklower arms is main-
tained and the phase angle of the circulating current resriniphase with the upper arm
AC voltage. The open-loop control strategy proposed in l8rantees power balance of
the upper and lower arms. Nevertheless, it does not minithee\C circulating current
since the minimum AC circulating current is not necessalilyays in phase with the upper
arm AC voltage. Reference [87] proposes an improved opep-dontrol strategy in which
the AC circulating current can be regulated dfatient phase angles for either the upper or
the lower arm, by assigning arbitrary splitting of VAR gesigon between upper and lower
arms. The control strategy proposed in reference [87] chieae minimized AC circulat-
ing current by splitting VAR generation between the uppet lver arms. However, this
control strategy requires tunning of weighting parameterslifferent voltage conversion

ratios and power throughputs to achieve a minimized AC @tmg current.

1.3 Problem Statement

Recently, researchtert has been made to address the technical challengesatssiosith
the operation and control of the DC MMC [49, 76, 80, 84-87]v&ttheless, there are still
barriers for the implementation of the DC MMC. One of the majballenges of the DC
MMC is the design of the converter. The DC MMC exploits an A@uglating current to
exchange active AC power between the upper and lower armeaobf ghase-leg to main-
tain its SM capacitor voltages balanced. Since both freqpand amplitude of the AC

circulating current in the DC MMC can be chosen arbitratiheir values fect the con-

17



Half-bridge SM

A

hY|
YA

SM k SM k

Figure 1.12: Circuit diagram of the DC MMC with active filters

18



verter dficiency and the size of passive components. Furthermor®&GhelMC topology
inherently requires a large phase filtering inductor to reenthe AC component presented
in the phase current [49]. However, an over-sized inductbradd to the system cost and
sizevolume. A design procedure to size the passive componedt®aelect the operating
frequency is a critical step to optimize the converter penfnce. Since the basics of op-
eration of the DC MMC are significantly fierent from the DC-AC MMC, the developed
passive component sizing methods for the DC-AC MMC in [8§-9€ not applicable to
the DC MMC.

In addition, the arm active AC power needs to be actively laggd to follow the arm
DC power component. The conventional SM capacitor sortimd selection algorithm
combined with an open-loop controller [91, 92] employed A&€-DC MMC can only
guarantee the SM capacitor voltage balancing within eaoh afo maintain the power
balance of the SM capacitors of the upper and lower armsnvithch phase-leg of the DC
MMC, a closed-loop control strategy is required. Moreovbke converter power losses
and the rating value of the power devices are directly aasetiwith the amplitude of
the arm current. The arm current contains a DC component aAdCacomponent which
is injected to maintain the SM capacitor energy balance. réfbee, the AC circulating
current must be minimized. In summary, the closed-looprobstrategy should regulate
the DC-link voltaggcurrent, maintain the SM capacitor energy balance, andmnei the
AC circulating current. Moreover, the DC MMC experiencesvpoderating issue as the
voltage conversion ratio deviates from 0.5. The deratimdpl@m is caused by the reduced
headrooms of the AC voltage components of the upper and lames and is worsen when
the voltage conversion ratio is close to unity or zero. Tiwee to preserve the power
transfer capability over a wide range of voltage conversatio for the DC MMC, there is

a need for an advanced control strategy.
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1.4 Thesis Scope

This thesis is focused on the control and design of the DC MWt@& DC MMC depends
on the multi-frequency power transfer mechanism to mairitaiSM capacitor energy bal-
ance. A mathematical model in the phasor domain is develtip@elscribe the steady-state
operation of the DC MMC. Based on the mathematical moded, ttiesis presents the de-
sign considerations for the DC MMC to achieve highatency while satisfying the design
constraints. Design equations to determine the size ofyeassmponents are developed.
Subsequently, a systematic approach is developed suchabed on certain given design
constraints, the size of passive components as well as #ratipg frequency of the con-
verter can be determined. Accuracy of the developed modelian design approach is
validated based on simulation studies in the PSCEDTDC software environment.

This thesis also proposes a closed-loop control strategthéohalf-bridge SM based
DC MMC to simultaneously regulate the output DC-link vokamirrent, maintain the SM
capacitor voltages balanced, and minimize the AC ciraudptiurrent for arbitrary voltage
conversion ratio and power throughput. The control stsatemsists of an outer loop DC-
link current controller to regulate the low-voltage-sid€{ink current combined with an
inner-loop power balance controller to maintain the powadaibce of the upper and lower
arms. Both current and voltage regulation strategies asepited. A current regulation
strategy dfers quick and smooth changes in power transfer between teeamnected
DC grids while the voltage regulation strategiyevs quick dynamic control over the DC
voltage. The proposed control strategy guarantees pragieedtional operation of the DC
MMC. Moreover, an enhanced control strategy is developddchvin conjunction with
the full-bridge SMs, increases the power transfer cagglaihd reduces the AC circulating
current. Performance andfectiveness of the proposed control strategies are evdluate
based on simulation studies in the Matlab Simulink softveararonment.

A 3.5-kW laboratory prototype is developed and built to ekpentally validate the
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proposed control strategy. The design considerationseopthtotype is presented in the

thesis.

1.5 Outline of the Thesis

Chapter 2 presents the architecture and operation of the DIC Kircuit topology. Opera-
tion of the DC MMC with the half-bridge and full-bridge SMseedliscussed. The derivation
of the steady-state model in the phasor domain is presekitecover, the dynamics of the
SM capacitor voltage is analyzed. Simulation results aogigded to validate the proposed
model.

Chapter 3 proposes a closed-loop control strategy for tifebhidge SM based DC
MMC configuration. Two types of SM capacitor energy imbatame a DC MMC are
analyzed. An AC circulating current needs to be injected mguilated to mitigate the
Type Il imbalance. The power balance mechanism for a hatigler SM-based MMC is
discussed and a closed-loop control strategy is preseBietllation results are provided
to demonstrate the performance of the proposed contralegir.

Chapter 4 presents a closed-loop control strategy for théofidlge SM based DC
MMC configuration. The DC MMC relies on an AC voltage companieneach arm to
drive an AC circulating current. The power transfer capgbdnd amplitude of the AC
circulating current of the DC MMC is closely coupled with téneailable AC voltage head-
room. Full-bridge SM are utilized to extend power transfgpability and reduce the AC
circulating current. A closed-loop control strategy isgweed for the full-bridge based DC
MMC. Simulation results are presented to validate the psefdaontrol strategy.

Chapter 5 explores a constraint-oriented design appraadché DC MMC. The oper-
ating frequency has a significant impact on the size of theipyagomponent and power
losses of the converter. Design constraints are identifieddesign equations are pre-
sented for the arm inductor, inductive filter, and SM camaciBubsequently, a systematic

design approach are presented to select the operatingefregand the size of the passive
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components. Simulation results are provided to validagedgsign approach.

Chapter 6 presents the development of a DC MMC laboratotpfyee. The DC MMC
is designed based on the systematic design approach meser@hapter 5. A constant-
voltage DC load and a DC power supply are connected to the xS 6f the DC MMC to
mimic two interconnected DC grids. The experimental ressaile presented to demonstrate
the proposed mathematical model and control strategies.

Chapter 7 summarizes the contributions of the this thesisoatlines the future work

in the related areas.
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CHAPTER 2
OPERATION PRINCIPLE OF THE DC MMC

The single-stage DC MMC that is derived from the AC-DC MMGQcaiit topology inherits
the salient features of the DC-AC MMC. The chief advantagkefingle stage DC MMC
over the traditional two-stage DC-AC-DC MMC based convegeeduced converter cost
and losses. In addition, a significant reduction in magmetiag is realized in DC MMC
relative to the two-stage topology.

The circuit topology and operation of the DC MMCfi@dir from the DC-AC MMC in
the following ways [93]:

e Each arm of the DC-AC MMC containing N SMs is divided into twons: a upper

arm and a lower arm.

e An additional filter network (passive or active) is added tevent the AC current

from entering the DC link.

e An AC circulating current is injected and controlled to eleabnergy transfer be-

tween the upper and lower arms.

In this chapter, the principle of operation of the DC MMC iegented. A phasor-
domain model is developed to describe the steady-stataigenf the DC MMC. The

dynamics of the SM capacitor voltage is also presented.

2.1 The DC-DC Modular Multilevel Converter

The circuit diagram of an M-phase-leg DC MMC is shown in Fid.,2n which the DC-link
2 voltage Vqco, is larger than the DC-link 1 voltag¥/yc:.
The DC MMC consists of two arms per phase-leg, i.e., an upper(eepresented by

superscript p”) and a lower arm (represented by superscrip).” Each arm consists of
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Figure 2.1: Circuit diagram of al-phase-leg DC MMC.




series connection dff SMs and an arm inductdr. The output terminaid-point of each
phase-leg is connected to the converter DC-link 1 termirathe phase filtering inductor
Lo.

Each arm of the DC MMC may consist of the half-bridge, the-buitlge, or a combina-
tion of half-bridge and full-bridge SMs depending on theigesand optimization criteria
of the converter. The half-bridge SMfers a lower semiconductor device count whereas
the full-bridge SM enables fault-blocking capability, step operation, and reduced AC
circulating current, which will be discussed in detail ingpter 5.

The half-bridge SM in Fig. 2.1 can provide two voltage le\adsoss its output terminal,
i.e., zero orv(X:i’j, X e {p,n}ie{l,2..,N};je{l2,.., M}, depending on the switching
states of its complementary switch®sandS,. The two switching states of a half-bridge

SM are:
e S; =1 andS, = 0: ON-state or inserted,
e S; = 0andS; = 1: OFF-state or bypassed.

The full-bridge SM in Fig. 2.1 can provide three voltage lewacross its output termi-
nal, i.e., zeroyéi’j, or —V(X:i’j, xe{p,n}ie{l,2..,N};je{l2,.. M} depending on the
switching states of its two complementary switch paBs, (S,) and Sz, S;). The three

switching states of a full-bridge SM are:
e S; =S,=1andS, = S; = 0: POSITIVE-state,
e S; =S,=0andS; = S; = 1: NEGATIVE-state,
o Si(Sy) = S3(S4) = 1 andS,(S;1) = S4(Ss) = 0: OFF-state or bypassed.

The DC MMC exploits an AC circulating current component talele energy transfer
between the upper and lower arms. To prevent leakage of theiGlating current to

the DC terminal and to facilitateffective active AC power transfer between the upper and
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Figure 2.2: Circuit diagram of a 2-phase-leg DC MMC.

lower arms,L, should be sfiiciently large such that the ripple component of the phase

currents becomes negligible.

The schematic of a two-phase-leg DC MMC is shown in Fig. 2.2e Two-phase-leg
configuration enables the use of &éiential mode chock as the output filter where a large
magnetizing inductance is seen by the AC current compoiiéetflux produced by the DC
current component is canceled in the magnetic core, therebiynizing the core volume
(no energy storage is required) [93]. For three or more plegse a zig-zag transformer

can be utilized as the output filter.
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The number of phase legs of the DC MMC is chosen based on therpang re-
guirement. For high-power applications, multiple phaggs lmight be required to increase
the power rating of the converter. For the casévbE 1, a series LC filter is inserted to
establish a path for the AC circulating current [94]. For tlase ofM > 1, the phase legs
operate in an interleaved manner, i.e., the gating sigmalsng phase legs are identical

with a phase shift ofz.

2.2 Principle of Operation

The DC MMC consists of multiple capacitor clamped SMs whogerage voltages are
maintained at the nominal value during normal operation. cBgtrolling the switching
states of the SMs (insert or bypass the SM capacitors), eatlofahe DC MMC synthe-
sizes a multilevel voltage waveform, which comprises of &akhd a DC component. The
DC voltage component dictates the DC link voltages and dia@C current to bidirection-
ally transfer power between the DC links 1 and 2. The AC vategmponent drives an AC
circulating current to exchange active AC power betweerughger and lower arms. The
frequency of the arm AC voltages, which hereafter is referred as the operating frequency,

is a desigycontrol parameter of the converter and can be chosen ailyitra

2.2.1 Principleof OrthogonaPowerFlow

The DC MMC relies on the principle of orthogonal power flow tartsfer energy and
maintain power balance of its SM capacitors. The princigl®@rhogonal power flow
is conceptualized in Fig. 2.3, where the sender and recareecomprised of n voltage
sources in various frequencies, respectively. A seriesrRtedance is placed in between
the sender and receiver. The power of the sending side igzathto illustrate the power

flow of a multi-frequency power transmission system. Thaltebltage of the sender is
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Figure 2.3: A multi-frequency power transmission system.

expressed by:

VT (t) =Vio+ VT]_COS((,Ut) + VT2COS(26L)t) + -+ VTnCOS(n(,Ut). (21)

The current is expressed by:

i(t) = lg + 11cos(wt + ¢1) + 1,08 2wt + ¢3) + - - - + [,cos(Nwt + ¢p). (2.2)

The instantaneous power of the sender is defined as:

p(t) = vr(t)i(t). (2.3)

The active power of the sender is defined as the mean values ohskantaneous power.
The mean value of the cross product terms witfedent frequencies are zero, leaving only
the voltage current product terms with the matching freqguehe active power of the

transmitting end is expressed by:

N P Vrily Vral Vraln
P= > p(t)dt = Vrolg + > cos(¢1) + > coS(gp) + -+ - + > cos(¢n). (2.4)
0

Equation 2.4 reveals that the active power is generated ibrhe voltage and current
have matching frequency. Consequently, the active power dliodifferent frequencies
are decoupled from each other. The unique feature of a fmatjitency system enables a
converter to control the active power generated fietent frequency independently [94].
It should be noted that the DC power is generated by voltageamnent at zero frequency
thus can also be controlled independent of all other AC agiowers.

In DC MMC, each arm generates a DC power to transfer energydagt the DC links.
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To maintain the voltage balance of the SM capacitors, an Aepds generated and con-
trolled in each arm to compensate for the energy disturbanosed by the DC power

transmission.

2.2.2 Steady-stat®lodel

A large-signal model of the DC MMC is developed in the phasamdin to describe its

steady-state operation. The following assumptions areenrathe model derivation:

e The number of SMs of each arm isfBaiently large such that the AC voltage compo-

nent of the upper and lower arms only contain fundamentglLigacy components.

e The converter components are ideal and lossless, i.et,popeer equals to the output

power.

e The capacitor voltages of the SMs within the same arm aretaiagd balanced by

an active capacitor voltage sorting and selection algarith

In deriving the steady-state model of the converter, forstllee of simplicity, only one
phase-leg is considered. Nevertheless, the mathematmddinof one phase-leg can be
extended to the case of &-phase-leg DC MMC.

Fig. 2.4 shows the corresponding equivalent circuit of @lsirphase-leg of the DC
MMC, wherev}, andvy represent the DC and AC components of the arm voltage, respec
tively, i}, andi}. represent the DC and AC components of the arm current, resgigcio o
represents the DC component of the phase currenti,gptepresents the AC component
of the phase current, which should be ideally equal to zehe.cascaded SMs within each
arm are represented by ideal controllable voltage souides.voltage conversion ratio of

the converter is defined as:

(2.5)
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Figure 2.4: Equivalent circuit of one phase-leg of the DC MMC

In the following analysis presented in this section, the Aage and current component

are transformed into the phasor domain:

W= VEso, (2.6a)
.= V.0, (2.6b)
b= 1520, (2.6¢)
in =10/, (2.6d)
To,20= loaclbos (2.6e)

whereV}, andV?. represent the amplitudes of the AC voltage component of pipeuand
lower arms, respectivelyy. andl]. represent the amplitudes of the AC current component
of the upper and lower arms, respectivdly, represent the amplitude of the AC compo-
nent of the phase current, aid¢,, ¢n, ¢, represents the phase angles of the upper arm

voltage AC component, the upper arm current AC componeatlaiver arm current AC
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component, and the phase current AC component with respebetlower arm voltage
AC component, respectively. In the AC analysis presentéligsection, the phase angles
of voltagegcurrents are represented with respect to the AC componethiedbwer arm
voltage.

In the equivalent circuit shown in Fig. 2.4, the DC voltagenpmnent of each arm is a
function of D. The AC voltage component of the upper and loarens may have dierent
amplitude. Since the converter consistdwfidentical phase-legs, the rated DC power is
equally shared among the phase-legs.

Based on the superposition principle, the converter plegsegquivalent circuit can be
decomposed into DC and AC sub-circuits. To derive the DC ggus, a DC equivalent
circuit of a single phase-leg is obtained and shown in Fi§. 2he DC equivalent circuit is
obtained by disabling the AC voltage sources shown in Figys@ch that the inductors are
represented as short circuit. Based on the assumption aflsée&s conversion, the upper

and lower arm voltage and current DC components can be esgessby:

Vgc = Vic2 — Vdcr (2-7)
Vi = Vier, (2.8)
Ich
gc BVE (2.9)
Idc2 Vdc2
n —
The upper and lower arm DC power can be represented by:
Vdcl P
pP — - 1)— 2.11
dc (VdCZ ) M ’ ( )
ch = _ch (2.12)

whereP is the converter output power and is considered positivewyguver flows from

the DC-link 1 to the DC-link 2.
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Figure 2.6: AC equivalent circuit of: (a) the upper and (byéo arms.

Two AC equivalent circuits are derived by disabling the DQtage sources in Fig.
2.4. Since none of the converter DC terminals carries any é&@ponent under normal
operation, for the AC analysis, they can be representedasa@tcuits. The AC equivalent
circuit of the upper arm, shown in Fig. 2.6(a), is obtainedemyabling only the upper

arm AC voltage source and the AC equivalent circuit of thedowrm, shown in Fig.

32



2.6(b), is obtained by enabling only the lower arm AC voltagerce. In this way, the
AC component of the arm currents and the phase current peddugthe AC voltages of
the upper and lower arms are analyzed separately. In Fig.i?2.andi%" represent the

AC components of the upper arm current produced by the AGagek of the upper and

lower arms, respectivelii’ andil" represent the AC components of the lower arm current

produced by the AC voltages of the upper and lower arms, ctispdy, andT'(ffaC andTLQaC
represent the AC components of the phase current producdldebiC voltages of the
upper and lower arms, respectively. Based on the equiveaileniits of Figs. 2.6(a) and (b),

the following equations are derived for the AC componenthefarms and phase current:

(XL X )Vae + X Ve

P = , 2.13
a JO + 22X X,) (2.13)
> (XL + XL )V + X V8
s M3 (2.14)
J(XL + 2X|_X|_o)
¥ ><L \720 - \72(:
lo,ac = ( 3 ) (2-15)
XL+ XL (X + —XTL:;(LEO)

where X, = wlL is the arm inductive reactance aXg, = wl, is the phase inductive
reactance.

The arm AC active power can be calculated by:

PX. = Re(% (2.16)

ac'ac/»

whereiX: represents the complex conjugate of the upper and lower arrart AC com-
ponents. By substituting, from (2.13) ancli[}‘C from (2.14) into (2.16), the arm AC active

power are represented by the following equations:

XL .
Ph. = d VPV sin(e), 2.17a
= S 12X ) e (¢) ( )

Pa = —Pio (2.17b)
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Figure 2.7: Arm DC power versus conversion ratio to tranefex per unit power.

2.2.2.1 Power Balance Constraint

The AC component of the arm current in the DC MMC serves as anrf@aexchanging
power between the upper and lower arm of each phase-leg. ifbaimesteady-state power
balance of each SM capacitor, summation of the active AC pawd DC power flowing
through each arm must be equal to zero. By equating AC and engdor each arm, the

power balance constraint is represented by the followinggqgn:

Vgei .. P X, oo
-1)— = - - ViV sin(o). 2.18
Ve~ N = 20 o Ve (2.18)

(

Fig. 2.7 presents thdfects of the conversion ratio on the arm power for various rermb
of phase-legs to transfer one per unit power. As the corvensitio increases, the DC
power transferred by each arm decreases. ConsequentACthewer required to maintain

the power balance of each SM capacitor voltage reduces.

2.2.2.2 SV Capacitor Voltage Balancing

The SM capacitor voltages need to be maintained balancedersrormal operation of the

DC MMC, two types of SM capacitor voltage imbalances exist:
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e Type I: the imbalance amongst the SM capacitor voltagesdarséme arm, and

e Type IlI: the deviation of average SM capacitor voltages eetwthe upper and lower

arms.

Type | imbalance, which also exists in the conventional DCMMC, is due to unequal
charggdischarge of the SM capacitors in the same arm. Extensiearels &ort has been
made to mitigate Type | imbalance. The most common methodtajating Type | imbal-
ance is the selection method that sorts and selects SMs tsbaea¢gbypassed based on
the arm current direction [95]. In contrast, Type Il imbalarnhat is caused by DC power
transfer between the DC links is unique to the DC MMC [96]. Aswn in Fig. 2.4, the
DC power can be transfered bidirectionally between the D&sli The energy stored in
the SM capacitors of one arm will quickly deplete and sawthé other arm of the same
phase-leg, if each arm produces only a DC current. Conségutire average voltage of
the SM capacitors in the upper and lower arms will deviatenftbe nominal value even
though the voltages of SM capacitors are maintained batanithin the same arm. To mit-
igate Type Il imbalance, the DC MMC exploits an AC circulaticurrent to enable active
AC power exchange between the upper and lower arms anf@istet the voltage deviation
of the SM capacitors caused by the DC power transfer. The Aileiting current needs
to be actively controlled to maintain the average capaeitiages of the upper and lower

arms at the nominal value. The closed loop control stratatiyperdiscussed in Chapter 3.

2.2.3 Dynamicsof the SM CapacitoNoltages

The dynamics of the sum of the SM capacitor voltages in theeupplower arm, derived

in [97], are:

p.N
d"; - gmp’“ip’”, (2.19)

whereC is the SM capacitance™" is the sum of SM capacitor voltages of the upper or

the lower arm, andh®" represents the insertion index of the upper or the lower arm.

35



The sum of the SM capacitor voltages is given by:
VP = NVC nominal + NAVE", (2.20)

wherevc nominal f€presents the nominal value of the SM capacitor voItageAar@’a repre-
sents the ripple component of the SM capacitor voltage ofifesr or lower arm. The SM
capacitance C is normally sizedfaiently large such that\wvi"| < Vyeo.

The insertion indices of the upper and lower arms are expddsg:

mP

(Va2 — Vaer) + VA cosgot + ¢
- Vdc2 '
_ Vo + Var® cost)

- Vdc2 ’

(2.21)

m"

(2.22)

whereVP'® andV™'® represent the reference for the amplitude of the AC comptonien
the upper and lower arms, respectivelf’ represents the reference for the phase angle
of the AC component of the upper arm voltage, andepresents the converter operating
frequency.

The arm currents can be expressed by:

. |

iP = —dVCZ + I%.cos@t + ¢p), (2.23)

g2,V

"= 22292 _ 1) 1 |" cosgwt + ¢n). (2.24)
M Vdc1

Substituting formP" from (2.21) - (2.22) andP" from (2.23) - (2.24) into (2.19) and
integrating both sides of the results, the SM capacitoragdtripple component can be

expressed by:

V, .
AV = Xl(1 = D)lEesin(ot + 4p)-
c
Va?érendcz sinwt + ¢ref) + M sin(2wt + ¢ref +¢p)], (2.25)
MVdcz 4Vdc2
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Vgl .

AVQ = Xc[~LLae ginwt + ¢n)+
Vdc2

Vieo  1\Vaelaeo . 10V

-1 sin(wt) + ——— sin(2wt + , (2.26

whereXc = 1/wC represents the SM capacitive reactance.

As shown in (2.25) and (2.26), the ripple component of the Sidacitor voltages of
the upper and lower arms include one fundamental compoeantds well as a second-
order harmonic term. The amplitude of the fundamental tezpedds upon the ratio of the
input and output DC-link voltages. The magnitude of the Siglacdtor voltage ripple in the
upper and lower arms is a function of the conversion ratioth&sconversion ratio deviates
from 0.5, the magnitudes of the SM capacitor voltage ripple of theem@nd lower arms
become dierent. Therefore, it is important to sixg to ensure the magnitudes of the SM

capacitor voltage ripple in both arms stay below the desagrstraint.

2.3 Simulation Validation

The proposed mathematical model of the DC MMC is validatedsibyulation studies.
A half-bridge SM-based two-phase-leg DC MMC model is cangtd in the Matlab
Simulink software environment. The control strategy pimgabin Chapter 3 in current reg-
ulation mode is adopted. The simulated waveforms for the DNIQvbperating at various
voltage conversion ratios are presented in three caseestutihe simulated and analytical
results of the peak-to-peak SM capacitor voltage rippléehenupper and lower arms, the
peak-to-peak magnitude of the arm current, the peak-t&-peggnitude of the phase cur-
rent, and the reference phase shift angle to maintain erbeigyice of the SM capacitors
are compared to verify the accuracy of the proposed lagggatmodel. The parameters of

the study system are listed in Table 2.1.

37



Table 2.1: Parameters of the Study System
Converter Parameters | Value

Number of phase leg$/ 2

Number of SMs per arm\ 4
SM capacitorCsy 2.4 mF
Arm inductor,L 0.65 mH

Phase filtering inductot,, | 400 mH
Operating frequencyy 360 Hz
DC-link 2 voltage Vqc. 8 kV

2.3.1 Casel: Steady-stat®perationatD = 0.8

Figs. 2.8-2.9 show the simulated waveforms of the DC MMC apeg atD = 0.8, trans-
ferring P = 2 MW andP = -2 MW, respectively. In the simulation results presented in
this section, waveforms of only phase-leg 1 are shown dubdsymmetric structure of
the converter. As shown in Figs. 2.8(c) and 2.9(c), the galtapple of the upper arm
capacitors is less than that of the lower arm capacitors altleet non-linear relationship
between the voltage conversion ratio and the SM capacittag® ripple. As shown in
Figs. 2.8(d) and 2.9(d), the AC current component of the uppd lower arms are equal
because dticiently large phase filtering inductors guarantee nedkgibhase current ripple
shown in Figs. 2.8(e) and 2.9(ep. = 155° andg = 204° are required to ensure energy
balance of the SM capacitors fBr= 2 MW andP = -2 MW as shown in Figs. 2.8(g) and
2.9(g), respectively.

The comparison between the simulated and analytical esfeuP = 2 MW andP = -2
MW are summarized in Tables 2.2-2.3, respectively. As destrated in the tables, the
errors associated with the analytical results obtaineddas the proposed mathematical

model are less than 7% compared to the simulated results.

2.3.2 Casell: Steady-stat®perationatD = 0.6

Figs. 2.10-2.11 show the simulated waveforms of the DC MMErafing atD = 0.6,

transferringP = 3 MW andP = -3 MW, respectively. As shown in Figs. 2.10(c) and
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Figure 2.8: Steady-state converter waveformsHot 2 MW when D=0.8: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibade-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages adgtiaand (g) reference phase
shift.
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Figure 2.9: Steady-state converter waveformsder —2 MW when D=0.8: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibase-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages agtiaand (g) reference phase
shift.

40



Table 2.2: Simulation and Analytical Results of the DC MM@at 0.8 andP = 2 MW

| Simulation | Analytical | Error

Upper arm SM capacitor voltage
(peak-to-peak value) 13V 13.4V 3%
Lower arm SM capacitor voltage
(peak-to-peak value) 78V 78.2V | 0.25%
AC current component of the upper and lower arm
(peak-to-peak value) 0.56 kA 0.54kA | 3.5%
AC current component of the phase current
(peak-to-peak value) 4.7 A 4.57 A 2.5%
Reference phase-shift angle 155° 152° 1.9%

Table 2.3: Simulation and Analytical Results of the DC MM®@at 0.8 andP = -2 MW
| Simulation | Analytical | Error

Upper arm SM capacitor voltage
(peak-to-peak value) 126V 13.4V 6.3%

Lower arm SM capacitor voltage
(peak-to-peak value) 74V 78.2V 5.2%

AC current component of the upper and lower arm
(peak-to-peak value) 0.53 kA 0.54 KA | 1.8%
AC current component of the phase current

(peak-to-peak value) 4.6 A 4.56 A 0.8%
Reference phase-shift angle 204° 208° 1.9%

2.11(c), the voltage ripple of the upper arm capacitorsss tdan that of the lower arm
capacitors but the ffierence is smaller compared to tBe= 0.8 case. The average SM
capacitor voltage of the upper and lower arms are maintaan@dkV indicating that the
energy balance is maintained. The arm currents of the uppklosver arms consist of an
AC and a DC component as shown in Figs. 2.10(d) and 2.11(& Athcurrent component
is controlled to maintain the energy balance of the SM capeciwhile the DC current
component is controlled to deliver DC power to the DC-ligk= 161° andy = 200° are
generated by the controller to maintain the energy balahteedSM capacitors foP = 3
MW andP = -3 MW as shown in Figs. 2.10(g) and 2.11(g), respectively.

The comparison between the simulated and analytical ssfsuP = 3 MW andP = -3

MW are summarized in Tables 2.4-2.5, respectively. As destrated in the tables, the
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errors associated with the analytical results obtaineddas the proposed mathematical

model are less than 7% compared to the simulated results.

Table 2.4: Simulation and Analytical Results of the DC MM@at 0.6 andP = 3 MW

| Simulation | Analytical | Error

Upper arm SM capacitor voltage
(peak-to-peak value) 40V 38.4V 4%
Lower arm SM capacitor voltage
(peak-to-peak value) 72V 735V 5.2%
AC current component of the upper and lower arm
(peak-to-peak value) 0.798 kA | 0.788 kA | 1.2%
AC current component of the phase current
(peak-to-peak value) 95A 9.26 A 2.5%
Reference phase-shift angle 161° 159° 1.2%

Table 2.5: Simulation and Analytical Results of the DC MM®@ea£ 0.6 andP = -3 MW

| Simulation | Analytical | Error

Upper arm SM capacitor voltage
(peak-to-peak value) 36V 38.4V 6%
Lower arm SM capacitor voltage
(peak-to-peak value) 79V 735V 6.9%
AC current component of the upper and lower arm
(peak-to-peak value) 0.799kA | 0.788kA | 1.3%
AC current component of the phase current
(peak-to-peak value) 95A 9.26 A 2.5%
Reference phase-shift angle 200° 201° 0.5%

2.3.3 Casdll: Steady-stat®©perationatD = 0.4

Figs. 2.12-2.13 show the simulated waveforms of the DC MMErafing atD = 0.4
transferringP = 2 MW andP = -2 MW, respectively. As shown in Figs. 2.12(c) and
2.13(c), the voltage ripple of the upper arm capacitorsesgr than that of the lower arm
capacitors in this caser = 161° andy = 199° are required to ensure energy balance of
the SM capacitors foP = 2 MW andP = -2 MW as shown in Figs. 2.12(g) and 2.13(g),

respectively.
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Figure 2.10: Steady-state converter waveforms$fer 3 MW when D=0.6: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibade-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages agtiaand (g) reference phase
shift.
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Figure 2.11: Steady-state converter waveform$Xer —3 MW when D=0.6: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibade-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages adgtiaand (g) reference phase
shift.
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The comparison between the simulated and analytical esfsuP = 3 MW andP = -3
MW are summarized in Tables 2.6-2.7, respectively. As destrated in the tables, the
errors associated with the analytical results obtaineddas the proposed mathematical

model are less than 7% compared to the simulated results.

Table 2.6: Simulation and Analytical Results of the DC MM@at 0.4 andP = 2 MW

| Simulation | Analytical | Error

Upper arm SM capacitor voltage
(peak-to-peak value) 79V 74V 6.3%

Lower arm SM capacitor voltage
(peak-to-peak value) 37V 39V 5.4%

AC current component of the upper and lower arm
(peak-to-peak value) 0.8 kKA 0.802 kA | 0.25%
AC current component of the phase current

(peak-to-peak value) 9A 9.3A 3.3%
Reference phase-shift angle 161° 159° 1.2%

Table 2.7: Simulation and Analytical Results of the DC MM®@at 0.4 andP = -2 MW

| Simulation | Analytical | Error

Upper arm SM capacitor voltage

(peak-to-peak value) 72V 74V 2.7%
Lower arm SM capacitor voltage

(peak-to-peak value) 40V 39V 2.5%

AC current component of the upper and lower arm
(peak-to-peak value) 0.798 KA | 0.802kA | 0.5%
AC current component of the phase current
(peak-to-peak value) 9.6 A 9.3A 3.1%
Reference phase-shift angle 199° 201° 1%

2.4 Chapter Summary

This chapter presents the architecture and operationiplenaf the single stage DC MMC.
The DC MMC features reduced converter cost and operatirsg$ogs compared to the tra-
ditional DC-AC-DC MMC based converter. Only half-bridge S8/required for bidirec-

tional step-down operation whereas full-bridge SM enablep-up operation.
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Figure 2.12: Steady-state converter waveformsfer 2 MW when D=0.4: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibade-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages adgtiaand (g) reference phase

shift.
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Figure 2.13: Steady-state converter waveform$Xer —2 MW when D=0.4: (a) input and
output DC voltages, (b) input and output currents, (c) SMacépr voltages of the upper
and lower arms of phase-1, (d) upper and lower arm currenibade-1, (e) phase current
of phase-1, (f) upper and lower arm reference voltages agtiaand (g) reference phase
shift.
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The DC MMC relies on the principle of orthogonal power flow tartsfer power be-
tween its DC links and maintain capacitor voltage balancésoMs. The steady state
model that is derived in the chapter reveals the power balanostraint of each arm. A
shift of the DC operating point of the DC MMC may impose a siigaint change of its
power balance condition. It is essential to control the A€udating current to maintain
the power balance of the converter.

A mathematical model is developed for the DC MMC. The acoprEche proposed

model is validated in simulation studies at various operationditions.
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CHAPTER 3
CLOSED-LOOP CONTROL OF THE HALF-BRIDGE SM BASED DC MMC

The DC MMC relies on AC active power to maintain the averagége of its SM capaci-
tors at nominal value. Dynamically varying DC load power rshift the AC active power
that is necessary to maintain the energy balance of the Sklcitaps. An open-loop con-
trol strategy is incapable of tracking dynamically chamgimad conditions. Consequently,
the average SM capacitor voltages deviate from the nomaiakv

Fig. 3.1 shows the SM capacitor voltages of a DC MMC, whenexttbf to a power
change under open-loop control. Initially, the convergeerates under steady state trans-
ferring —2.5 MW power. Att = 0.02 s, the load ramps down tel.5 MW, which in
turn shifts the AC power required to maintain the energy magaof the SM capacitors.
Consequently, the energy stored in the SM capacitors arenget balanced, resulting in
divergence of the average SM capacitor voltages from thamadvalue.

In this chapter, a close-loop control strategy is develdpesimultaneously regulate
the output DC-link curremtoltage, maintain the SM capacitor voltages balanced, and
minimize the AC circulating current for any arbitrary vaj@conversion ratio and power
throughput. The control scheme consists of a DC-link cufvettage regulator to regulate
the low-voltage-side DC-link currefvbltage combined with a power balance controller to
maintain the power balance between the upper and lower arms.

The DC MMC based on half-bridge SMs features low semicoratdgsses and device
count. The close-loop control strategy developed in thepbér is focused on the half-
bridge configuration. Consequently, step-down operatiin idirectional power transfer
is covered in this chapter.

Performance andfiectiveness of the proposed control strategy are evaluatsetion

simulation studies in the Matlab Simulink software envir@nt. Moreover, a laboratory
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Figure 3.1: SM capacitor voltage divergence subsequentdadapower change: (a) DC
link voltages, (b) reference converter load power, and {¢)c&pacitor voltages.

prototype is developed and built to experimentally vakdéie proposed control strategy.

The details of the experimental validation will be covenehapter 6.

3.1 Development of the Closed-loop Control Strategy

3.1.1 SM CapacitoMoltageBalancingStrategy

As discussed in Chapter 2, both DC and active AC power compseri®w in each arm of
the DC MMC. The mismatch between the DC and AC active poweanseaType Il SM
capacitor imbalance, which leads to unequal average SMcitapaoltage between the
converter arms.

As shown in (2.11), the arm DC power is fixed by external vdegpi.e.,Vyc1, Vyca
andP. To satisfy (2.18), the arm active AC power should be agfieentrolled to track the
arm DC power in the upper and lower arms. To control the arime&C power,Vy, VI,

andg are controlled to inject an AC circulating current.
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Equation (2.18) reveals two possible control strategienamtain the power balance

of each arm:

e Strategy 1: maintaig constant and changé;, andV?. to accommodate changes in

VdCli VdCZl and P’

e Strategy 2: maintaiW}. andV, constants and changeto accommodate changes in

Vdcl, Vdc2, andP.

Both strategies are equally valid in maintaining the aver@lyl capacitor voltages bal-
ance of the arms. Nevertheless, Strategy 2 is preferredvibréasons: (i) it is capable of
minimizing the injected AC circulating current by maintiig V. andV?. at their maxi-
mum attainable values and (ii) it avoids over-modulatiommmgintaining the peak value of
arm voltages at constants.

From the power loss, device rating and cost perspectivisseisential to minimize the
amplitude of the injected AC circulating current. Fig. 3l@strates the impact af on V2,

Vn

ac’

and the AC circulating current. In Fig. 3.2, it is assumeat thpositive 1 p.u. power is

transfered. Based on Fig. 3.2, four important facts arealede

e The required/, andV?". to maintain the power balance is symmetric with respect to

C

e The required/%; andVy increases as deviates fron in both directions and reaches

the maximum ag approaches 0 or for various D.

e The amplitude of the AC circulating current to maintain tlesver balance decreases

as¢ increases and reaches the minimuWat= V. ..., X € {p, n} for various D.

e The requiredp to drive the minimum AC circulating current isftérent for various

D.
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Figure 3.2: Impact op on (a) the amplitude of the AC component of the arm voltage and
(b) the AC circulating current for various D.

Consequently, foP > 0, to minimize the AC circulating current while maintainitige
power balance between the upper and lower arm for variousv® conditions must be

satisfied:
e The converter must operate in the regiomaf [Z, x).
e Vi andV], must be maintained at their maximum attainable values fooua D.

Similarly, for P < 0, the converter must operate in the regiomaf (r, =]. This analysis

implies that Strategy 2 is the preferred control strategytlie DC MMC as it can always
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maintainV andV?. at their maximum attainable values, regardlesB ahdD. In contrast,
although Strategy 1 can also maintain the power balanceeiartims, it lacks the ability to
minimize the AC circulating current. AB changes, the requireflto inject the minimized
AC circulating current also varies. Consequently, mamiteyj ¢ at a constant value does

not always produce a minimized AC circulating current.

3.1.2 TheMaximumAttainableAmplitude of the Arm \Voltages

Itis assumed that during normal operation, the capacitbages of the SMs are maintained

at Vﬁz For proper operation of the converter, the following coaists must be satisfied:

e The half-bridge SM can only insert a positive voltage in thHg-8ate, thus the in-

stantaneous arm voltage must be greater than zero.

e The maximum instantaneous arm voltage must be smaller tiedDE-link 2 voltage.

Therefore, the maximum amplitudes of the AC component ofiffiger and lower arm

voltages are determined by:

Vapc,max: Min[Vgc, (Vdcz - Vgc)]’ (31)

Vi = MIN[V, (Veicz = Vo). (3.2)

ac,max

Fig. 3.3 shows the maximum attainable amplitude of the AC maoment of the upper
and lower arm voltages versus D. As shown in Fig. 3.3, the AGpmnents of the voltages
of the upper and lower arms have the same maximum attainahle for a given DV, nax
andVg. ., reach the maximum dd = 0.5. As the conversion ratio moves away from 0.5,

Viemax@andVy, . decrease linearly in both directions.

3.1.3 TheClosed-loogControl Strategy

The proposed closed-loop control strategy for the DC MM@Iwes three tasks:
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Figure 3.3: The maximum attainable amplitude of the AC congmt of the arm voltages
versus the voltage conversion ratio.

¢ Minimization of the voltage divergence between the SM cédpegin the upper and

lower arms of each phase-leg.

e Minimization of the AC circulating current required to m&m the power balance

of the upper and lower arms.
e Regulation of the DC-link power.

The modulation signals for the upper and lower arms of eaclsgieg are expressed

by:

,ref ,ref
vPrel = v VR cos(wt + ¢™), (3.3)

Ve = VI VI¥cos(wt). (3.4)

Fig. 3.4 shows the overall block diagram of the proposedrobstrategy in current
regulation mode, which consists of a phase current regutatobined with an arm power
balance controllerv?'™ and vl are generated by the DC-link current regulator while
VERref et andg'ef are generated by the arm power balance controller to maititaiSM
capacitor voltages balanced. The control strategy showaigin3.4 is designed for inter-

connecting two DC power grids. Consequently, the DC-linkent regulator is applied
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as the outer loop controller to achieve a fast and smoothra@antthe power throughput
of the converter. Since the phase current of each phase-tegulated independently, the
proposed control strategy can be easily scaled up for atrampinumber of phase legs.
In case ofM > 1, the DC-link current is equally split amongst thephases. An evenly
distributed DC current among the phases is essential feeptig core saturation in the
coupled inductor and the zigzag grounding transformer w/itee DC fluxes produced by
different phase currents should be perfectly canceled.
To regulate the phagaC-link current at its reference value, the DC-link curreggu-

lator employs a Proportional-Integral (Pl) compensatat #tts on the dierence between
the reference and measuriggienerating/; to facilitate bidirectional DC power transfer.

p,ref
Vdc

is determined by subtractimj’cref from Vg, to satisfy the KVL in the DC loop formed
by Vo, Vi, andvi}..

As shown in Fig. 3.4, the arm power balance controller maistéhe power balance
between the upper and lower arms such that the deviationeohtrage SM capacitor
voltages is minimized. To this end, a voltage error is geteerly comparing the average
of the sum of the SM capacitor voltages between the upper@merlarms. This error
indicates the magnitude of Type Il imbalance between theeuppd lower arms. Since
the ripple component of each SM capacitor voltage in a DC MM&inty consists of
fundamental and second-order harmonic frequency terns,ntvich filters are utilized
to remove the ripple components from the measured sum of $idcdar voltage. A PI
compensator acts on the error to geneggtethat drives an active AC power to minimize
the deviation of the SM capacitor voltages of the upper angt@rms.

To minimize the AC circulating current)'* andv;" generated by the DC-link current

regulator are substituted into (3.1) and (3.2) to deternufhg,..and The maximum

Vgc,max
attainable AC components of the arm voltages are applieidpdower balance controller
such thav/2® = V2, . andVae = vn In this way, the maximum attainable values of

ac,max

Vi andV.. are always applied for arbitray andP.
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Figure 3.4: Overall block diagram of the proposed closexploontrol strategy in the cur-
rent regulation mode.
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Figure 3.5: Normalized converter power throughput versus

Fig. 3.5 demonstrates P versgidor various D. In Fig. 3.5, it is assumed that the
maximum attainable arm voltages are applied to achieve amzed AC current. Based
on the referencP (by controllinglgifl), a uniquey is required to maintain the power balance
of the upper and lower arms. As shown in Fig. 3.5, the DC MMCragas in the region
of ¢ € [%,7) for P > 0 and in the region o € (r, =] for P < 0. The maximum positive
power is delivered ap = 7 while the maximum negative power is deliveredsat 3—2” It
should be noted that, due to the fact thgt naandVy, ..are reduced as D increases, the
maximum P decreases as D increases.

For applications where a voltage regulation is desiredPDi@@dink current regulator is
replaced with a DC-link voltage regulator. The overall Bdgagram in voltage regulation
mode is shown in Fig. 3.6. The DC-link voltage regulator impoised of an outer voltage
regulation loop and an inner current regulation loop, whaofploy two Pl compensators.
In the block diagram shown in Fig. 3.6, the DC-link 1 voltageegulated assuming that
a voltage source is connected to the DC-link 2. Similar todireent control modey®®'
andv'® are generated by the DC-link voltage regulator. The powtariza controller is

identical to that of the current control mode.
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Figure 3.6: Overall block diagram of the proposed closeaxploontrol strategy in voltage
regulation mode.
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3.2 Simulation Results

To demonstrate performance arfteetiveness of the proposed closed-loop control strategy,
a switched model of a two-phase-leg DC MMC of Fig. 2.2 is cargded in the Matlab
Simulink. The proposed closed-loop control strategy irmbmirrent and voltage control

modes is implemented. The parameters of the study systelistaain Table 3.1.

Table 3.1: Parameters of the Study System
Converter Parameters \ Value

Number of phase leg$/ 2

Number of SMs per arm\ 4
SM capacitorCsy 4.2 mF
Arm inductor,L 0.8 mH

Phase filtering inductot,, | 260 mH
Operating frequencyy 360 Hz

Rated power throughpu®| | 5 MW
DC-link 1 voltage Vgc1 5.28 kV
DC-link 2 voltage Vqc2 8.8 kV

3.2.1 Casedl: CurrentRegulatiorMode

For the current regulation mode validation, the low-vodtagnd high-voltage sides of the
DC MMC are modeled by two voltage sources to mimic intercatina of two DC grids at
different voltage levels. The converter operated at 0.6 and is controlled to exchange a
commanded power between its two DC links. The SPWM strategpnjunction with the
sorting algorithm is adopted to generate the gating sigmhige maintaining the voltage
balance of the SM capacitors within the same arm. The pasmet the PI compensators
employed in the controller are summarized in Table 3.2.

The simulated waveforms for the study system in currentlegigun mode are shown in
Fig. 3.7. Initially, the two-phase-leg DC MMC system is ieatly state ant[Z', is set to
-0.95 kA such thaP = -5 MW is transferred. As shown in Fig. 3.7(b),tat 0.03 s,l41 iS

ramped up from -0.95 kA te-0.95 kA within 20 ms. This change corresponds to a power
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Table 3.2: Controller Parameters in the Current Control &od

Control Parameters | Value
Proportional gain of the current regulator 2
Integral gain of the current regulator 150

Proportional gain of the power balance controller0.6
Integral gain of the power balance controllen 8

flow reversal from -5 MW to 5 MW from DC-link 1 to DC-link 2.

Fig. 3.7(c) illustrates the SM capacitor voltages of bothg#hlegs. The average volt-
ages of the SM capacitor are maintained balanced underysstaiet. As the DC power
command changes, the active AC power of the upper and lowes gequired to maintain
the SM capacitor voltage balancing also changes. Constdgusubsequent to the power
flow reversal command, the average voltages of the SMs ingperuand lower arms di-
verge from each other . This deviation caused by the suddemgehof the DC power flow
is quickly mitigated by the arm power balance controllerhivitless than 40 ms as shown
in Fig. 3.7(c). It should be noted that the magnitude of the @&dacitor voltage ripple is
a function of D. Consequently, the ripple magnitude of the &lgdacitor voltages varies as
P changes due to the fact that the voltage conversion ratiteeoDC MMC is adjusted to
accommodate the change in P.

Figs. 3.7(e) and (f) illustrate the reference voltages efupper and lower arms of
phase legs 1 and 2, respectively, in which the actions ofltsed-loop controller is demon-

strated. The controller performs the following functions:

e The DC components of*"®" andv™'® are controlled to regulatig.;. Betweent = 0
s andt = 0.03 s when the converter operates in steady statePagd-5 MW, the
DC component of*'®' is greater tha,.; to facilitate negative power flow. After
t = 0.03 s when the direction dff!, is reversed, the DC componentdf’is reduced
to reverse the direction ofic; as shown in Figs. 3.7(e) and (f). The DC-link currents

are well regulated by the closed-loop control strategylastiated in Fig. 3.7(b).

e The amplitudes of the AC components\éfe’ andv™®f are maintained at their max-
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Figure 3.7: Simulated converter waveforms in current regoih mode under power ramp:
(a) DC links 1 and 2 voltages, (b) DC links 1 and 2 currents (&) capacitor voltages of
the upper and lower arms of phase legs 1 and 2, (d) arm cuoéptsase legs 1 and 2, (e)
arm voltage reference of phase-leg 1, and (f) arm voltageeate of phase-leg 2.
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imum values. As demonstrated in Figs. 3.7(e) and (f), th& pedtages of the
upper arms are maintained at 8.8 kV while the minimum voltaigie lower arms
is maintained at 0 V. Consequently, the magnitude of the ACutating current is
minimized. It should be noted that since the amplitudes efdhm voltages are
maintained at their maximum values, over-modulation ofdaime voltages is avoided

regardless of the operating condition of the converter.

e ¢ is controlled to minimize voltage deviation of the SM capais in the upper and
lower arms. Betweeh = 0 s andt = 0.03 s, the AC component of'®' |eads that
of v'®' to facilitate active AC power flow from the upper arm to the évarm. ¢
is reduced during the transient to accommodate the chandjesction of P. As the
direction of P is reversed, the active AC power flow betweenatms is reversed as
well. Once the converter reaches steady state, the AC coenpofvP'® lags that of

thevP'® to facilitate active AC power flow from the lower arm to the epprm.

The simulated waveforms of the DC MMC system under power sbgmge is shown
in Fig. 3.8. Initially, the two-phase-leg DC MMC system isdteady stat® = -5 MW
is transferred. As shown in Fig. 3.8(b), a= 0.01 s, a step-up change in P froad
MW to +5 MW occurs. Subsequently, the power balance of the comisrte-established
by the controller and the SM capacitor voltages are regdllbéek to their nominal value.
Moreover, the circulating current is maintained at its mmam.

To verify the stability of the proposed control strategynsiation study for the system
when subjected to a disturbance is performed. The simuled®dforms of the DC MMC
system are given in Fig. 3.9 wheRe= -2.5 MW is transferred. At = 0.1 s, 5% dis-
turbance inVy; is initiated. As shown in Fig. 3.9 (a), in@L s after the disturbance, the
DC-link currents are regulated back to the reference vajuthé current regulator. The
average voltages of the SM capacitors also experience sigrdrdue to the disturbance.
Nevertheless, the power balance controller regulatesvitiage voltage of the SM capaci-

tors back to the nominal value indl5 s.
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Figure 3.8: Simulated converter waveforms in current ragoh mode under power step
change: (a) DC links 1 and 2 voltages, (b) DC links 1 and 2 custe(c) SM capacitor

voltages of the upper and lower arms of phase legs 1 and Z;nddwarents of phase legs 1
and 2, (e) arm voltage reference of phase-leg 1, and (f) altagereference of phase-leg

2.
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Figure 3.9: Simulated waveforms for 5% disturbanceé/jg, initiated at £0.1 s, where

P=-2.5 MW is transferred: (a) DC link 1 and 2 currents, (b) SMaw@for voltages of the
upper and lower arms of phase-leg 1, (c) arm currents of plegsg, and (d) arm voltage
reference of phase-leg 1.
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3.2.2 Casell: WltageRegulationMode

To validate the proposed control strategy in voltage réguiamode, a resistive load is
connected to the DC-link 1 terminal while a DC voltage sousaonnected to the DC-link
2 terminal. The simulated waveforms of the DC MMC under thitgage regulation mode
control are illustrated in Fig. 3.10. As shown in Fig. 3.D)0(aitially, the conversion ratio
of the converter i® = 0.7, corresponding to 5 MW load power. A DC voltage step-down
fromD = 0.7toD = 0.6 occurs at = 0.03 s. Subsequent to the voltage step change,
the SM capacitor voltages become unbalanced. The powendgatzontroller is able to
re-establish power balance and to regulate the SM capawilimges back to their nominal
value quickly as shown in Fig. 3.10(c). The simulation stwdyifies that the proposed

control strategy regulates the DC-link voltage while balag the SM capacitor voltages.

3.2.3 Casdll: ComparativeEvaluationof the AC CirculatingCurrent

Steady-state performance of the proposed control stragegympared with the traditional
control strategy in whicl'' is maintained a% to maximize the power transfer capability
and V2 andV2'® are controlled to maintain the SM capacitor voltages badndigs.
3.11 and 3.12 present the simulated steady-state wavefufrthe DC MMC system us-
ing the proposed and the traditional control strategiespeetively. Although both control
strategies enable the DC MMC system to transfer -2.5 MW awshio Figs 3.11(b) and
3.12(b), the proposed control strategy produces much IEssr&ulating currents as shown
in Figs. 3.11(d) and 3.12(d). The proposed control strapegguces 0.26 kA RMS current
in the upper arm and 0.24 kA RMS current in the lower arm. Intiast, the traditional
control strategy produces 0.55 kA RMS current in the upper and 0.52 kA RMS cur-
rent in the lower arm. Compared to the traditional contradteyy, the proposed strategy
reduces the arm RMS current by around 50% in this case. Iniaddcompared to the tra-
ditional control strategy, the SM capacitor voltage rippteduced by the proposed control

strategy is also smaller, which is due to the reduced AC [&Etig current.
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Figure 3.10: Simulated converter waveforms in voltage lagan mode under voltage step
change: (a) DC links 1 and 2 voltages, (b) DC links 1 curren)tSMM capacitor voltages of
the upper and lower arms of phase legs 1 and 2, (d) arm cuoéptsase legs 1 and 2, (e)

arm voltage of phase-leg 1, and (f) arm voltage of phase-leg 2
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@

Figure 3.11: Simulated converter waveforms using the pegaontrol strategy: (a) DC
links 1 and 2 voltages, (b) DC links 1 and 2 currents, (c) SMacépr voltages of the
upper and lower arms of phase legs 1 and 2, (d) arm currentsagidegs 1 and 2, (e) arm
voltage reference of phase-leg 1, and (f) arm voltage reteref phase-leg 2.
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Figure 3.12: Simulated converter waveforms using tradél@ontrol strategy: (a) DC links
1 and 2 voltages, (b) DC links 1 and 2 currents, (c) SM capreitiages of the upper and
lower arms of phase legs 1 and 2, (d) arm currents of phasellagd 2, (e) arm voltage
reference of phase-leg 1, and (f) arm voltage reference adgieg 2.
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The reduction in the AC circulating current stems from tret faat the proposed control
strategy applies the maximum attainable amplitude of the &C voltage, as depicted in
Figs. 3.11(e) and (f). In contrast, as shown in Figs. 3.12(&) (f), since the traditional
control strategy maintaing™ at 3—2” only a portion of the maximum attainable amplitude

of the arm AC voltage is utilized.

3.3 Chapter Summary

In this chapter, a closed-loop control strategy for the DC ®1M proposed. The pro-
posed control strategy guarantees proper bidirectionadadipn of the converter in buck
and boost modes of operation. Both the current mode contidbivaltage mode control
are validated simulation studies. Simulation results confhe capability of the proposed
control strategy to simultaneously regulate the DC-linkrenfvoltage, maintain the SM

capacitor voltages balanced, and minimize the AC ciraudaturrent.
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CHAPTER 4
AN ENHANCED CLOSED-LOOP CONTROL STRATEGY WITH CAPACITOR
VOLTAGE ELEVATION FOR THE FULL-BRIDGE DC MMC CONFIGURATION

An AC voltage component is generated in each arm to drive agiAQlating current. The
available headrooms of the amplitude of the AC voltage camepts are dictated by the
voltage conversion ratio. For a half-bridge SM based DC MM@, minimum attainable
arm voltage is zero. In addition, the SM capacitor voltagesnaaintained at{. Conse-
guently, the maximum attainable arm voltag&/js,. Therefore, as the voltage conversion
ratio approaches to unity or zero, the headroom of the ang@g of the arm AC voltages
diminishes. The power transfer capability and the AC curcemponent of each arm of
the DC MMC are closely related to the amplitudes of the ACagdt component in each
arm. Hence, the DC MMC experiences a reduced power tranapatbdity as the voltage
conversion ratio deviates from 0.5.

This chapter exploits the full-bridge SMs in the DC MMC toexd the arm AC voltage
amplitudes. An enhanced closed-loop control strategyapgsed for the full-bridge SM
based DC MMC that utilizes the concept of elevated SM capagtltages. Two major
advantages are achieved by applying the proposed contadgy: (i) the converter power
transfer capability is extended; and (ii) the AC current poment and voltage ripple of the
SM capacitors of each arm are reduced significantly. Sinwaesults are presented to

validate the performance of the proposed control strategy.

4.1 The Minimum AC Circulating Current and Maximum Converte r Power

Fig. 4.1 conceptualizes the relationship between the ACExBd/oltage components of
the upper and lower arms f@ > 0.5 andD < 0.5. The instantaneous values of the upper

and lower arm voltages? andV", are restricted by two constraints for the half-bridge SM
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Figure 4.1: Representative upper and lower arm voltage foaws of the DC MMC for
(@): D > 0.5 and (b):D < 0.5 (assuming half-bridge SMs)

based DC MMC:

e Constraint I: In traditional control strategies, the ageré&6M capacitor voltage is

maintained aV¢ nominal = Vﬁz consequentlywP" < Vye, has to be satisfied.

e Constraint Il: The half-bridge SMs cannot insert negatiofage. Consequently,

vP" > 0 need to be satisfied.
Two scenarios are illustrated in Fig. 4.1 for the arm volgage

e ForD > 0.5, Vi®" is limited by the maximum arm voltage aimf.®" is limited by

the minimum arm voltage.
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Figure 4.2: AC Equivalent circuit of one phase-leg of the DEI®L
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e ForD > 0.5, V2" is limited by the maximum arm voltage ami’®" is limited by

the minimum arm voltage.

As D approaches to unity or zero, the available headroom¢}5¥ andVi® significantly
decrease due to the aforementioned constraints for thebhdtje SM based DC MMC.
The limitations orv®? andVv" pose two challenges on the operation of the DC MMCDor

near unity or zero:
e The minimum value of the AC circulating current is restritte
e The maximum converter pow& decreases &3 approaches unity or zero.

In the DC MMC, the phase inductive filtér, is designed dticiently large such that
ioac IS Negligible. Based on the single phase equivalent cistuivn in Fig. 2.4, an AC
equivalent circuit shown in Fig. 4.2 is derived by neglegtipn,.. The assumption of
negligiblei, 4 is validated in simulation and experimental results. Siggeis suficiently
small, in the AC equivalent circuit shown in Fig. 4.2, the A@rent components of the
upper and lower arms are equal. In this chapter, the AC cucenponent of each phase-
leg is termed as AC circulating current.

Based on Fig. 4.2, the AC circulating current is represehted

- Vo + VI 0°
e = ——= . 4.1
IaC 2ij ( )

By expanding (4.1), the AC circulating current is expredsgd

son J[VhCOS(¢) + VO] — Visin
o _ il S(¢) 2ch] (¢)_ 4.2)
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The amplitude of the AC circulating current is expressed by:

1
1B = 5= \J(VAY? + (VA2 + 2VEVACOS(H). 4.3)

Equation (4.3) is rearranged to:

1
I;)(,:n = \/ (Ve?c - VQC)Z + ZVQCVQC(]- + COS(¢)) (4-4)
2wl

AssumingP > 0, the active AC power delivered to the lower arm to mainthie M

capacitors energy balance is expressed by:

1 .
ch = HV{ECVQCSI n(¢) (4-5)

As discussed in Chapter B, andPh. need to be actively controlled to track the arm DC
power determined by (2.11). Therefore, in steady sefieandP%. are fixed for a given set
of P, D andVg4e,. As shown in (4.4), the magnitude of the AC circulating catreontains
a quadratic term and a cross-product term. ORgeand P?, are determined, the cross-
product term is fixed for a givep. Therefore, minimizing " necessities the elimination
of the quadratic term. Consequently, the first necessarglitton for minimizing the AC

circulating current is derived as:
Ve =V (4.6)

Based on the analysis presented in Chapter 3, the seconskaegeondition of mini-

mizing AC circulating current is derived as:

2. 7);P>0
¢ € 4.7)

(r,Z]:P<0
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Assuming (4.6) is satisfied, (4.4) and (4.5) can be rewriign

120 = 1 J@vEnz(+ cosie)), @8)

Ph. = S(VED?SIn(). @9)

As ¢ approaches ta, |5 approaches to zero. However, a greaf@l' is required to
maintainPL:' at a constant. Consequently, the minimum AC circulatingentris attained
when the maximunv,;" is applied. For the half-bridge SM based DC MMC, the maximum
V2" is determined by (3.1) and (3.2). To further reduce the ACutating currentVE"
should be increased beyond its constraints.

In addition to the AC circulating current, the maximum comee power is also cou-
pled with V£, andV[.. AssumingL, is suficiently large, the maximum converter power is

attained ap = 7:

M

P...=——\/Pyn 4.10
max 26()'_(1— D) acYace ( )

whereP . represents the maximum converter power.

Fig. 4.3 illustrates the impact of D on the maximum convepiwer for a half-bridge
SM based DC MMC. As shown in the figure, the power transfer lodipaof the DC MMC
with half-bridge SM is peaked d@ = 0.5. As D deviates from 0.5, the power transfer
capability is decreased dramatically due to the diminisdndV?".. It should be noted
that the maximum converter power reduces faster as D apprgazero compared to D
approaches unity. AD = 0.1, Pnay is decreased to less than 10% of the rated converter
power. In DC grid applications, it is desired to maintain gwver transfer capability of
the converter constant over the entire operating rangeeafdhverter. As shown in (4.10),

to increasePmax for a givenD, Vi andV2. must be increased beyond their limits.
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Figure 4.3: Maximum converter power versus voltage comvensatio for the half-bridge
SM based DC MMC.

4.2 The Proposed Control Strategy

Due to Constraint Il of the arm voltage, the minimum arm vgétas limited to zero. To
further increas&/f, andV?", a negative voltage needs to be inserted. Consequenily, ful
bridge SMs are employed to extend the rang&Qfand V. beyond their limits at zero.

The minimum arm voltage for full-bridge SM based DC MMC is segsed by:

Voin = N Ve, (4.11a)

Vrr:ﬁin

= —NZ5VE, (4.11b)

whereNE; andN/; represent the number of full-bridge SMs in the upper and tames,
andvg andV{ represent the average SM capacitor voltages of the uppeloamed arms,
respectively. The number of full-bridge SMs to be used irheam is a desigloptimization
problem. A higher ratio of full-bridge SM used in each armdwoes a smalley’

ac,min
andor V!

emiy HoOwever, higher power losses and cost are incurred sireéuthbridge

SM contains four active switches. In general, if the corered designed to operate above
D = 0.5, the full-bridge SMs are needed for the upper arm to exteadange o¥/%, which
is limited by the minimum arm voltage. Similarly, if the carer is designed to operate

belowD = 0.5, full-bridge SMs are need for the lower arm to extend theeaof V}.. In
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this chapter, it is assumed tHdf, = N7 = N is used in each arm.

The use of full-bridge SMs extend§. andv?.  due to Constraint Il of the arm voltage.

min
However, extending only the minimum arm voltages resultannunequaV}, and V2,
which leads to a significant increased AC circulating cureenshown in (4.4). To satisfy
(4.6), the maximum arm voltages also need to be increasedmBximum voltage of each

arm is expressed by:

Vinax = NV&, (4.12a)

V0 = NVE. (4.12b)

As shown in (4.12), since the number of SM is fix&f, and V{ need to be elevated to
increaseVis maxandVy nax IN the DC MMC, an infinite number of stable operating points
exists. It is not necessary to maintaifi” at Ve nomma . Therefore, the average value of SM
capacitor voltages of the upper and lower arms can be reglédtarbitrary values if the
power balance constrain of (2.18) is satisfied.

Consequently, the maximum arm voltage can be extended batiig the average SM

capacitor voltage of the upper and lower arms. Elevatioffficdents are introduced as:

VP
{P= (4.13a)
VC,nomiaI
VI’]
M= =, (4.13b)
VC,nomiaI
whereVe nomia = \%2 The maximum arm voltage is then expressed as:
Vr?ﬁax = gpNVC,nomiaJ, (4.14a)
Vimax = £"NVc nomial - (4.14b)

It should be noted tha¥> and V{2 not necessarily need to be equal. The elevation
codficients of the upper and lower arms can be chosenftdrdnt values for converter
optimization. In this chapter, for the sake of simplicit§,= {" = / is assumed.

The elevated SM capacitor voltagfeztively extends the headrooms of the arm volt-
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Figure 4.4: Representative waveforms of the arm voltaga&i(bne: the half-bridge SM
based practice; dashed line: the proposed solution).

ages. Fig. 4.4 illustrates the representative waveforntseofirm voltages using the pro-
posed solution and the standard half-bridge SM based peaddy employing full-bridge
SMs in conjunction with the elevation of SM capacitor vokayj the upper and lower arms,
the AC voltage amplitudes of both arms can be extended ggiath that (4.6) is satisfied.
The maximum amplitudes of the AC voltage component of theeuppd lower arms with

SM capacitor voltage elevation are expressed as:

pn  _ min[(gnNVC’nomiaj - Vgc)’ (V(Fj)c + gpNEBVC,nomial)]; D>05
ac,max =

min[(gpNVC,nomial - Vgc), (VQC + gnNEBVC,nomim)]; D<05

(4.15)

Fig. 4.5 illustrates the impact of the elevation fiméent on the the maximum converter
power of the DC MMC at variouB for the full-bridge SM based DC MMC. As shown in
Fig. 4.5, the converter power is increased significanthhlhie elevation of SM capacitor
voltage. The fects of the SM capacitor voltage elevation is more signifiéanD > 0.5.

A 10% increment of/2" translates to approximately 300% Bf,.« increasing ab = 0.9.
The maximum converter power is elevated above 1 p.u.Dfog [0.2,0.9] with a 20%
elevation of the average SM capacitor voltages.

Fig. 4.6 illustrates the impact of the elevation fiment on the AC circulating current at
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Figure 4.5: Normalized maximum converter power versusag@tconversion ratio for the
full-bridge based DC MMC with SM capacitor voltage elevatio

D = 0.2 for the full-bridge SM based DC MMC. In Fig. 4.6, it is assuhtBatVy =V nax
determined by (4.14) is applied to minimize the AC circuigtcurrent. For = 1, V&'

is limited to 0.2 p.u. aD = 0.2. Consequently, the minimum AC circulating current
is restricted to 2.1 p.u. when the maximon}" is applied. To further reduce the AC
circulating current/ is increased to extend the range\df". As shown in the figure, a
20% elevation o¥/>" results in approximately 50% reduction of the AC circulgtaurrent.
The significant reduction of the AC circulating current difg translates to reduced power

losses of the converter.

4.3 The Realization of the Proposed Control Strategy
The modulation signals for the upper and lower arms of eaclsgleg are expressed by:

yPref Vggef " V;érefCOS(wt + ¢ref)’ (4_16)

Vet \/c],cref + Vg’crefCOS( wt). (4.17)

Fig. 4.7 shows the overall block diagram of the proposedrobstrategy in current
regulation mode that consists of a phase current regulatobmed with an arm power

balance controlIel\/eﬁ’gfﬁ:axandvgg{%ﬁaxare functions of, D, andV,., and can be determined
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Figure 4.6: Normalized amplitude of the AC circulating @nt versus normalized arm
voltages aD = 0.2 for the full-bridge based DC MMC with SM capacitor voltageva-
tion.

by (4.14). To minimize the AC circulating current®® = Ve = V2" are enforced by
the control strategy.

To regulate the phagaC-link current at its reference value, the DC link currezgu-
lator employs a Proportional-Integral (Pl) compensatat #tts on the dlierence between
the reference and measurigdgenerating/;* to facilitate bidirectional DC power trans-
fer. As shown in Fig. 4.7, the arm power balance controlleintains the power balance
between the upper and lower arms such that the deviatior@uwbrage SM capacitor volt-
ages is zero. The elevation d¢heient is applied to the modulator to regulate the average
SM capacitor voltages of the upper and lower arms. It shoelddied that maintaining the
energy balance of the SM capacitor voltages does not nedgssguires a zero dierence
of the average SM capacitor voltage between the upper aret Exms. The energy balance
of the SM capacitors is maintained as long as thedince of the average SM capacitor
voltages of the upper and lower arm remains constantraisdregulated. FotP # (", a
non-zero value of the fference of the SM capacitor voltages between the upper aret low

arms are required for proper operation of the DC MMC.
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Figure 4.7: The overall control block diagram of the prombskevated SM capacitor volt-
age control strategy.
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4.4 Simulation Study

To demonstrate the performance ariketiveness of the proposed control strategy using
elevated SM capacitor voltages, a switched model of a twaseileg DC MMC of Fig.
2.2 using full-bridge SMs is constructed in Matlab Simulifkshould be noted that in the
simulation studies presented in this section, full-bri@gés are installed in both the upper
and lower arm to simulate cases for ba@th- 0.5 andD < 0.5. In practice, selection of the
number of full-bridge SMs should be based on the intendedatipg conditions and the
design optimizations. The low-voltage and high-voltagkesiof the DC MMC are modeled
by two voltage sources to mimic interconnection of two DGlgrat diferent voltage levels
and a current regulation strategy is employed.

The converter parameters of the study system are listedble Pal. Four cases are

presented to:

e Demonstrate the performance of the proposed control girateterms of regulating

converter power and maintaining the SM capacitor energgriza.

e Demonstrate the capability of the proposed control styategeducing the AC circu-

lating current and SM capacitor voltage ripple by providoognparative evaluations.
e Demonstrate the capability of the proposed control styategxtending power trans-

fer capability of the DC MMC.

Table 4.1: Converter Parameters
Converter Parameters \ Value

Number of phase leg$/ 2

Number of SMs per arm\ 4
SM capacitorCsy 4.2 mF
Arm inductor,L 0.6 mH

Phase filtering inductot,, | 260 mH
Operating frequencyy 360 Hz
DC-link 2 voltage Vyc» 8 kV
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4.4.1 Casel: Steady-stat®©perationatD = 0.2

The first case presents steady-state operation of theridlidy SM based DC MMC using
the proposed elevated SM capacitor voltage control styaae® = 0.2. The simulated
waveforms are compared with that of the DC MMC using haltipe SMs and the control
strategy proposed in Chapter 3. The operating conditioheeDXC MMC is shown in Table
4.2.

Table 4.2: Operating Condition for the Half-bridge SM Ba&#d MMC at D=0.2

Operating Condition | Value

Power throughput? 1.1 MW
\oltage conversion ratid) 0.2

Fig. 4.8 presents the simulated converter waveforms of GeMMC in steady state
atD = 0.2. As shown in Fig. 4.8(a)Vqc is maintained at 1.6 kV ang = 1.1 MW of
power is transfered. The average SM capacitor voltageseofiiper and lower arms are
regulated at 2 kV as shown in Fig. 4.8(b). Since half-bridys &@re utilized, the minimum
arm voltages are restricted to zero and the maximum armgestare restricted M. As
shown in Figs. 4.8(e) and (f), the maximum attainaifeand V", are applied to minimize
the AC circulating current.

The simulated converter waveforms of the DC MMC using fultlge SMs in conjunc-
tion with the elevated SM capacitor voltage control stratexge illustrated in Fig. 4.9. The

operating condition of the DC MMC is given in Table 4.3.

Table 4.3: Operating Condition for the Full-bridge SM Bags¥d MMC at D=0.2
Operating Condition \ Value
Power throughput? 1.1 MW
Voltage conversion ratid) 0.2
Elevation coéicient,/ 1.2

In the simulationVgc; is maintained at 1.6 kV and = 1.1 MW of power is transfered.

{ = 1.2 is adopted an¥2&™®" = V2 determined by (4.14) is applied to the converter.
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Figure 4.8: Simulated converter waveforms using the hatfge SMs aD = 0.2: (a) DC
links 1 and 2 voltages, (b) DC links 1 and 2 currents, (c) SMacépr voltages of the
upper and lower arms of phase legs 1 and 2, (d) arm currentsasiedegs 1 and 2, (e) arm
voltage reference of phase-leg 1, and (f) arm voltage reteref phase-leg 2.
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The average SM capacitor voltages of the upper and lower arengegulated at 2.4 kV
as shown in Fig. 4.9(c). Due to the elevation of the SM capasibltagesyP™' is raised
aboveVge, andv™™ is below zero as shown in Figs. 4.9(e) and (f). The AC ciréntat
current shown in Fig. 4.9(e) is significantly less than thHadven in Fig. 4.8(e). The
comparison of the AC circulating current and SM capacitdtage ripple between the
half-bridge and full-bridge based DC MMC are summarizedabl& 4.4. The full-bridge
based DC MMCs with a 20% elevation ¥£" produces 55% less AC circulating current
compared to the half-bridge SM based DC MMC. In addition, $iM capacitor voltage
ripple of the upper and lower arms are also reduced in thebfidige based DC MMC
using the proposed control strategy. As shown in Table &% &nd 26% reduction of the
SM capacitor voltage ripple are achieved in the upper aneéil@sms, respectively.

Table 4.4: Comparative Evaluation of the DC MMClat 0.2
| Half-bridge DC MMC | Full-bridge DC MMC

Upper arm SM capacitor voltage 145V 50V
Lower arm SM capacitor voltage 23V 17V
Amplitude of AC circulating current 1.3 kA 0.58 kA

4.4.2 Casell: Steady-stat®perationatD = 0.8

Case Il presents the comparative evaluation between tlidotdde and the full-bridge
SM based DC MMCs using the proposed control strategy. Theatipg condition of the
half-bridge and full-bridge based converters are listedahle 4.5 and 4.6. In the simu-
lation presented in this cas¥y., is maintained at 6.4 kV anB = 3.5 MW is transfered.
The simulated steady-state waveforms of the half-bridgkthe full-bridge SM based DC
MMCs are presented in Fig. 4.10 and Fig. 4.11, respectivelthe full-bridge SM based
DC MMC, ¢ = 1.2 is used. As shown in Figs. 4.11(e) and (f)*" is greater tharVy,
whereas/ is less than zero foD = 0.8.

Table 4.7 illustrates the performance comparison betweehalf-bridge and the full-

bridge SM based DC MMCs. As shown in the table, 20% elevatioth® average SM
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Figure 4.9: Simulated converter waveforms using the prepa®ntrol strategy with the
full-bridge SMs atD = 0.2: (a) DC links 1 and 2 voltages, (b) DC links 1 and 2 currents,
(c) SM capacitor voltages of the upper and lower arms of plege 1 and 2, (d) arm
currents of phase legs 1 and 2, (e) arm voltage referenceasepleg 1, and (f) arm voltage
reference of phase-leg 2.
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Figure 4.10: Simulated converter waveforms using the hiatfge SMs atD = 0.8: (a)
DC links 1 and 2 voltages, (b) DC links 1 and 2 currents, (c) Sidacitor voltages of the
upper and lower arms of phase legs 1 and 2, (d) arm currentsagidegs 1 and 2, (e) arm
voltage reference of phase-leg 1, and (f) arm voltage reteref phase-leg 2.

86



0 0.01 0.02
() Time (s)

Figure 4.11: Simulated converter waveforms using the pegaontrol strategy with the
full-bridge SMs atD = 0.8: (a) DC links 1 and 2 voltages, (b) DC links 1 and 2 currents,
(c) SM capacitor voltages of the upper and lower arms of phege 1 and 2, (d) arm
currents of phase legs 1 and 2, (e) arm voltage referenceasepleg 1, and (f) arm voltage
reference of phase-leg 2.
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Table 4.5: Operating Condition for the Half-bridge SM Bagsdl MMC at D=0.8
Operating Condition | Value

Power throughput? 3.5 MW
\oltage conversion ratid) 0.2

Table 4.6: Operating Condition for the Full-bridge SM Bag#d MMC at D=0.8
Operating Condition | Value
Power throughput? 3.5 MW
\oltage conversion ratid) 0.2
Elevation coéicient,( 1.2

capacitor voltages translates to 56% reduction in the A€litating current, 53% reduction
in the upper arm capacitor voltage ripple, and 61% redudtidine lower arm capacitor
voltage ripple.

Table 4.7: Comparative Evaluation of the DC MMCat 0.8
| Half-bridge DC MMC | Full-bridge DC MMC

Upper arm SM capacitor voltage 30V 14V
Lower arm SM capacitor voltage 130V 50V
Amplitude of AC circulating current 1.25 kA 0.54 kA

4.4.3 Casdll: DynamicResponsatD = 0.8

Case lll is designed to validate the proposed control giyatlynamically by applying a
power step change. In the simulatign= 1.2 is applied. Initially, the two-phase-leg DC
MMC system is in steady state anf is set to+0.55 kA such thaP = +35 MW is
transferred. As shown in Fig. 4.12(b),tat 0.05 s,lq4; is stepped down from-0.55 kA
to -0.55 kA. This change corresponds to a power flow reversai 3.5 MW to -3.5 MW
from DC-link 1 to DC-link 2.

Fig. 4.12(c) illustrates the SM capacitor voltages of botlage legs. The average
voltages of the SM capacitor are maintainet &t = 2.4 kV due to a 20% of elevation. As
the DC power command changes, the active AC power of the @moHower arms required

to maintain the SM capacitor voltage balancing also changessequently, subsequent to
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the power flow reversal command, the average voltages ofMwitsthe upper and lower
arms diverge from each other. This deviation caused by tddesuchange of the DC
power flow is quickly mitigated by the arm power balance colfer within less than 40 ms
as shown in Fig. 4.12(c).

Fig. 4.12(e) illustrates the reference voltages of the uppd lower arms of phase legs
1. As demonstrated in the figurel. and V., are maintained at their maximum attainable
values for = 1.2, determined by (4.14).

Fig. 4.12(f) illustrate prior and subsequent to the power step chapgs.controlled
to minimize capacitor voltage deviation of the SM capasitafrthe upper and lower arms.
To satisfy (4.7)¢ is maintained in the region of[r) betweert = 0 s andt = 0.05 s for
P > 0. Subsequent to the power step changeat0.05 s, ¢ is moved to the region of

(, =] for P < 0.

4.4.4 CasdV: MaximumConvertelPowerincreaseatD = 0.2

Case IV demonstrates capability of the full-bridge basedNINIC to extendP .y by ap-
plying the proposed SM capacitor voltage elevation stsatitially, the DC MMC system
is in steady state and’ is set to+0.62 kA such thaP = +1 MW is transferred. Between
t =0 stot =0.08 s,/ is setto 1. Consequently, the SM capacitor voltages aretaiagd
at Ve nomina @S shown in Fig. 4.13(c) and™®" = 1.6 kV is maintained foD = 0.2 shown
in Fig. 4.13(e). As shown in Fig. 4.13(b), tat 0.03 s,ly is stepped up fromr0.62 kA
to 0.94 kA. This change corresponds to a power step up @MW to +1.5 MW from
DC-link 1 to DC-link 2. Subsequent to the power step chanlge,the following events

occur:

e The step change ¢ from 1 MW to 1.5 MW necessities an increaseRjf’.

¢ Adivergence occurs between the SM capacitor voltages afpper and lower arms
shown in Fig. 4.13(c), which indicates the energy balanctnefSM capacitors is

disturbed.
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Figure 4.12: Simulated converter waveforms using the me@aontrol strategy with the
full-bridge SMs atD = 0.8: (a) DC links 1 and 2 voltages, (b) DC links 1 and 2 currers, (

SM capacitor voltages of the upper and lower arms of phasellegnd 2, (d) arm currents
of phase legs 1 and 2, (e) arm voltage reference of phase-kegdl(f) phase shift angle

between the upper and lower arms.
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e The controller reduces to increasePhy'. ¢ reaches; att = 0.035, which indicates
thatP = Ppa is attained. Nevertheless, the controller fails to refdisth energy

balance for the SM capacitors BS" > Pay.

Itis obvious that the DC MMC is not able to deliver the commeshgower. To increase
Pmax Of the converter{ is setto 1.2 at = 0.08 s. Subsequent to the step changé, dhe

following events occur:

e The maximum value ofP'' is raised above 8 kV whereas the minimum value of

vP'e is decreased below zero.
e ¢ isincreased to accommodate the higRggy due to the eIevate\ng’”.

e Energy balance is re-established for the SM capacitorseasaiwverter is able to de-
liver the commanded power with the elevated SM capacitdagels. Consequently,
the new operating points of the elevated SM capacitor veliagnaintained at 2.4

KV in steady state.

Furthermore, the AC circulating current is reduced with $i capacitor voltage ele-
vation though a greater amount of power is transfered. Thelation study demonstrates
that the proposed control strategy is able to incréqggof the DC MMC while maintain-

ing the SM capacitor voltage balanced.

4.5 Chapter Summary

This chapter proposes a enhanced closed-loop contragyrédr the full-bridge SM based
DC MMC. The proposed control strategyters two major advantages over the conven-
tional control strategies: (i) the converter power transépability is extended; and (ii) the
AC current component of each arm is reduced significantlyn@arative evaluations are
provided to illustrate the salient features of the propasmdrol strategy. Case studies are

presented to validate the dynamic response of the propaserbtstrategy.
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Figure 4.13: Simulated converter waveforms using the pe@aontrol strategy with the
full-bridge SMs atD = 0.2: (a) DC links 1 and 2 voltages, (b) DC links 1 and 2 currers, (
SM capacitor voltages of the upper and lower arms of phaselleqnd 2, (d) arm currents

of phase legs 1 and 2, (e) arm voltage reference of phase-kegdl(f) phase shift angle
between the upper and lower arms.
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CHAPTER 5
CONSTRAINTS-ORIENTED DESIGN OF THE DC MMC

This chapter presents a constraints-oriented design apiprfor the DC MMC to achieve
high dficiency while satisfying a set of design constraints. In tl@&NdMC, the operating
frequency can be chosen arbitrarily. Although a higher ajiey frequency reduces the
size of passive components, it increases the power lossie abnverter. Furthermore,
the DC MMC topology inherently requires a large phase fittgrinductor to remove the
AC component presented in the phase current. However, ars@edl inductor will add to
the system cost and sjzelume. In this chapter, a systematic approach is deve|suexh
that based on certain given design constraints, the sizassiye components as well as
the operating frequency of the converter can be determiimettis way, it is ensured that
the converter meets the design specifications. Accuradyeadésign approach is validated

based on simulation studies in the PSGEDITDC software environment.

5.1 Converter Design and Component Sizing

The objective of the component sizing is to meet the spetidica of the converter while
satisfying a set of given design constraints. The first stegesigning a DC MMC is to
define its specifications based on the application. Theviatig electrical specifications

are identified as the key parameters of the power stage obthestter:
e The nominal converter power throughpBtominar
e The minimum converterf&ciency,nmin.
e The nominal DC-link 2 voltageVyc2.nominai

e The rated voltage conversion ratD,ominar

93



e The number of phase legs, M.
e The number of SMs per arm, N.

Once the electrical specifications are given, design caimtsrneed to be determined to

ensure proper operation of the DC MMC. The following constsaare identified:

e The energy flow in the SM capacitors results in voltage ripfdlae voltage ripple
is inversely proportional to the SM capacitance. Large Skhc#or voltage ripple
may compromise the stability of the converter. Consequetite SM capacitance
must be sized properly such that the voltage ripple is lems #hpre-specified value,

which is usually between 5% to 10% of the nominal average SbdAcitor voltage.

e The DC MMC utilizes inductive filters to prevent the AC ciratihg current from
leaking to the DC link. An undersized inductive filter mayuksn large DC-link
current ripple, which subsequently causes the AC ciraudaturrent to increase and
the converter power transfer capability to decrease. Towrethe inductive filter
must be sized dticiently large such that the phase current ripple is less éhaed

value, which is usually set to 5% of the rated phase DC current

e To meet the converteffiiciency requirement, the total converter losses that iredud
semiconductor losses and passive components losses masslikan a rated value

determined based on the converter specifications.

Based on the identified design specifications and conssralre following inequalities are

derived:
Pmax = Pnominal (5.1a)
maX(AVg, A\/g) S Avc’max, (5.1b)
Io,ac < Io,ac,max (5.1C)
I:)Ioss < I:)Ioss,max (5.1d)
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whereP.« represents the maximum converter powes; max represents the maximum SM
capacitor voltage ripplé, ac maxrepresents the maximum amplitude of the phase current
AC component, an®,ss maxfepresents the maximum converter power losses.

In the following sections, a systematic design procedudev&loped for the DC MMC
such that (5.1a)-(5.1d) are satisfied at the rated operatingition. Sizing of the arm
and phase filtering inductors as well as the SM capacitor ismisised in this chapter. In
addition to the component sizing, selection of the opegafiaquency of the converter is
also explained. The design approach proposed in this ahispégually applicable to the
DC MMC with either the half-bridge or the full-bridge SMs leasDC MMC in which the

capacitor voltage elevation is disabled= 1).

5.1.1 Arm InductiveReactance

A simplified model of the DC MMC is employed to si2§. The simplified model is
derived by assuming tha . >> X,. Consequently, (2.13), (2.14), and (2.18) are simplified

to:
p n 1 P Y
lac = Iac == m(varm,ac‘* Vgrm,a()l, (5-2)
V, P 1 :
(Ve = Vi =~ VaVacsin®) (5.3)

In the conventional DC-AC MMC used for HVDC applicationsgthrm reactance

serves two main functions:
e Attenuating the magnitude of circulating currents.
e Limiting the DC-side short-circuit fault current.

In contrast, in the DC MMC, the AC circulating current is r@gd to exchange active
power between the upper and lower arms of each phase-legelmhpower balance can
be maintained within each phase-leg. As a result, the madmiof the circulating current

at the fundamental frequency is controlled to maintain the capacitor power balance
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and it does not need to be suppressed by passive componentte DC MMC, the arm
inductor acts as a line impedance such that the voltagesattresnductor generates an AC
component for the arm current. It should be noted that siheeAC circulating current
in the DC MMC may contain high-frequency harmonics, the amdtuctor is utilized to
attenuate the high-frequency harmonics of the AC circodptiurrent.

The maximum converter power is tightly coupled wkh Consequently, it is essential
to sizeX, such that (5.1a) is satisfied. To determirigg, for a given conversion rati@, =
/2 and the maximum attainable amplitude of arm AC voltage® ff4.15) are substituted
into (5.3). Fig. 5.1 presents the impactXf on P, for various voltage conversion ratios
andX_. As shown in Fig. 5.1P.« reduces a¥, increases. In addition, as the conversion
ratio deviates from &, P, deceases at fixed, . Consequently, the maximuX) can be
determined to ensum,.x > Promina @t the rated voltage conversion ratio:

%(min[(gnNVC,nomim - VQC), (Vgc + gpNEBVC,nomd)])z; D>05
Ximax = (5.4)

sy (MIN[(PNVe nomiar = Vi), (Vi + ¢"NEg Ve nomial)]) % D < 0.5
It should be noted that (5.4) is valid for both half-bridgeddnll-bridge SM based DC
MMCs with or without SM capacitor voltage elevation. For tiedf-bridge SM based DC
MMC, ¢ is set to one andll’' is set to zero. For full-bridge SM based DC MMC without
SM capacitor voltage elevatiotijs set to one.

Furthermore, it is desired to si2& such that the AC circulating current is minimized.
Once the DC-link 1 and 2 voltages along with the rated powegaren, the amplitude of
the arm current AC componenfy, can be solved for varioug based on (5.2) and (5.3),
|2 versusy for variousX, is plotted in Fig. 5.2 in whiclD = 0.5 is assumed. For a con-
stantX,, as¢ increasesl)" moves along a distinct curve. Asapproaches, |2 reaches
a minimum. As shown in Fig. 5.2, size ¥f does not fect the minimum achievablg;".
Nevertheless, based on Fig. 5.2 Xaglecreases, the rate of changeé Jfwith respect tap

increases at the vicinity of the achievable minimUi\. As a result, a sficiently largeX,
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Figure 5.2: Arm AC current amplitude versus the arm voltagase shifting angle.

should be selected to ensure that the controller is ablerteecge to the minimum attain-
ablel2. In addition, a largeX, is also helpful in filtering the high-frequency harmonics of

the AC circulating current and limiting DC-link fault cume Consequently, the maximum

X, determined by (5.5) should be selected, i.e.,

XL = >(L,max (5-5)
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5.1.2 PhaseFiltering InductiveReactance

For proper operation and minimized power losses of the DC Mii€amplitude of the AC
component of the output phase currdgt, should be negligible. This necessitates a large
XL,, which for high powefvoltage applications, adds to the system cost and vokinee
Therefore, it is essential to determine the minimXm that satisfies (5.1c)l, 5c can be
determined by solving (2.15) for variou§,. Fig. 5.3 presentg, 5c versusX,, at various
voltage conversion ratios. In Fig. 5.3, itis assumed thantlaximum attainable amplitude
of the arm AC voltage and its corresponding anglare applied such that the amplitude
of the arm AC current is minimized and the power balance isntaaed for each arm.

AssumingX_, > X, X, that satisfy (5.1c) can be determined by:

_ \/(V{:F\)C)Z(VQC)Z B ZVECVQCCOS((p)

2| 0,ac,max

XL (5.6)

(o]

whereV}, = V& = V& . determined by (4.15) is assumed for circulating currentimin

mization. The phase-shift angle can be determined by:

4(1- D)PX,

Mo o7

¢ =sin|

As shown in Fig. 5.3, aX|, increasesl, oc decreases. However, the rate of changk qf

is reduced a¥, increases, which implies the marginal cost of redudingis increased.

In addition, as the voltage conversion ratio deviates frob) IQ ,c decreases for the same
XL,- The minimumX__ that ensures thk ,c meets the design constraint is selected as the

best value foiX, .

5.1.3 SM CapacitiveReactance

As shown in (2.25) and (2.26), the ripple components of thecabhcitor voltages of the
upper and lower arms include one fundamental componentdsmwell as a second-order
harmonic term. The amplitude of the fundamental term depepdn the ratio of the input

and output DC-link voltages. The magnitude of the SM capagibltage ripple in the upper
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and lower arms is a function of the voltage conversion ramthe voltage conversion ratio
deviates from (®, the magnitudes of the SM capacitor voltage ripple of theenpnd lower
arms become dterent. Therefore, it is important to si2g to ensure the magnitudes of
the SM capacitor voltage ripple in both arms stay below tregiheconstraint.

Xc is determined by solving (2.25) and (2.26) using numericgthod. The normalized
magnitude of the SM capacitor voltage ripple versus the Spacitive reactance is shown
in Fig. 5.4, wherD = 0.7. As shown in Fig. 5.4, the normalized magnitude of the \gdta
ripple of the SMs in the lower arm is greater than the upper. a&® Xc decreases, the
normalized magnitude of the voltage ripple of the SMs in kentins decrease. Based on
Fig. 5.4, the best value Ofc is selected as its maximum value so that the magnitudes of

SM capacitor voltage ripple in both arms satisfy (5.1b).

5.1.4 OperatingFrequency

Unlike the DC-AC MMC used in HVDC applications in which theesgting frequency is
imposed by the converter AC-side frequency, the operateguiency of the DC MMC is a
free design parameter. The operating frequency is detedriased on a tradefdetween

the component sizeost and the convertelffeciency. To choose a proper AC operating
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Figure 5.4. The normalized magnitude of the SM capacitoragd ripple versus the SM
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frequency, the power losses of the converter are evaluatediaus operating frequencies.
Since a higher operating frequency leads to smaller passivgponent sizeost, the max-
imum AC operating frequency that satisfies the power losstcaimt is identified as the
best operating frequency. Since the semiconductor dewi@eshe major contributors to
the converter total power losses [98], in this chapter, thegy losses due to the passive
components are ignored. To calculate the power losses cddtiee switches, a power
loss estimation method based on semiconductor behavioeln®ddopted from [99]. By
applying this method, the total conduction and switchingsés of the DC MMC at the
given operating conditions are evaluated for various dpeydrequencies using numer-
ical method. The converter semiconductor power lossesusdige converter operating
frequency are shown in Fig. 5.5. As shown, as the operatieguency increases, the
switching losses increase whereas the conduction loseesdegpendent of the operating
frequency. Once the operating frequency is chosen, the adrplaase filtering inductances
as well as the SM capacitance can be determined based on e¢hating frequency and
their corresponding reactances that are determined inrévéopis steps.

The overall design procedure of the DC MMC is illustratedha tlowchart of Fig. 5.6.
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Figure 5.5: Converter semiconductor power losses vergugghrating frequency.

Given the nominal operating conditions and the design caimss, first, X, is selected
based on the converter nominal power and the controllerazgewce testX, should be
sized to guarantee that the controller converges to thewaalie minimum arm AC current.
As shown in Fig. 5.6, several iterations might be requirefihidthe best set of components
that satisfy the design constraints. Onges selected, the amplitude of the AC component
of the phase current is calculated for variogs. X, that satisfies (5.1c) is determined by
applying (5.6) in this step. The magnitude of the SM capacitdtage ripple will then be
calculated for dterentXc. The maximunmX¢ that satisfies the constraint on the SM voltage
ripple magnitude is identified as the best valueXgf In the next step, semiconductor
power losses are estimated at various operating frequenoi@ the maximum frequency
that satisfies the power loss constraint can be identifieleabést value. After this step,
the controller performance will be evaluated by simulastudies. If the controller fails
to converge to the minimum achievable amplitude of AC cating current, X, will be

resized. Finally, the arm and output inductors as well asSttiecapacitor can be sized.
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5.2 Simulation Results

Two case studies are presented in this section on a 3 plagedeMMC of Fig. 2.1,
using parameters and corresponding constraints listedle$ 5.1 and 5.2. The studies
are conducted to demonstrate the accuracy of the convessggrdprocess. The size of
the passive components is determined based on the desigadpre in Fig. 5.6. Two
modes of operations are simulated to mimic the bidirectipoaver flow: the buck mode
of operation, which is defined as DC power flowing from DC-lihko DC-link 1 and the
boost mode of operation, which is defined as DC power flowiagnfDC-link 1 to DC-link

2. The designed converters are simulated in the PSENIDC software environment.
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The control strategy proposed in [49] is used in the simaiatil he control strategy consists
of an open-loop output voltage controller combined with@sel-loop circulating current
controller. The sinusoidal pulse width modulation strgtegused to generate the gating

signals.

Table 5.1: Nominal Conditions and Design Constraints feO3

Nominal Conditions | Value
Output powerpP 7 MW
DC-link 1 voltage Vyc1 4.4 kV
DC-link 2 voltage Vqc. 8.8 kV
Design Constraints \ Value
Phase current rippleég acp-p/iodc 5%
SM voltage ripple|AVsml/ Ve nominal 4%
Converter power losses 1%
Converter Parameters Value
Number of phase-leg$/ 3
Number of SMs per arm\ 4
SM capacitorC 2 mF
Arm inductor,L 0.89 mH
Phase filtering inductot,, 132 mH
Operating frequencyf, 360 Hz

Performance Parameters

Analytical Results

Phase current ripplég acp-p 19.6 A
SM capacitor voltage ripplvsy| 81.6V
Converter power losses 0.5%

5.2.1 Casel: Steady-stat®perationatD = 0.5

The steady-state converter waveforms for buck and boosemotioperation of the DC
MMC are provided in Figs. 5.7 and 5.8, respectively, whBre= 0.5. In both figures,
the SM capacitor voltages and arm currents of only the phase-shown. The nominal
conditions, design constraints, converter parameteid,aaalytical results are shown in
Table 5.1. By following the described design procedureXanf 2 Q is selected to ensure
the power transfer capability is greater than the nominalggoAn X, of 450Q is chosen,

which results in 19.6 A phase current ripp}&; is selected as 02, which results in 3%
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Table 5.2: Nominal Conditions and Design Constraints feOY

Nominal Conditions | Value
Output powerpP 7 MW
DC-link1 voltage Vyc1 6.16 kV
DC-link2 voltage V4c2 8.8 kv
Design Constraints | Value
Phase current ripplé ac,p-p/io.dc 5%
SM voltage ripple|Avsml/ Ve nominal 4%
Converter power losses 1%
Converter Parameters | Value
Number of phase-leg$/ 3
Number of SMs per arm\ 4
SM capacitorC 4.1 mF
Arm inductor,L 0.89 mH
Phase filtering inductot,, 97.3 mH
Operating frequencyf, 360 Hz
Performance Parameters Analytical Results
Phase current ripplég ac p-p 19A
SM capacitor voltage ripplvsy| 86V
Converter power losses 0.5%

(81.6 V) SM capacitor voltage ripple. An AC operating fregag of 360 Hz is chosen,
leading to 06% semiconductor power losses.

SinceD = 0.5, the DC components of andi" have the same magnitude as shown in
Figs. 5.7(c) and 5.8(c). The magnitudes of the SM capacdliage ripple in the upper and
lower arms are the same, i.e., 74 V for buck mode of operation/& V for boost mode of
operation. The peak to peak magnitude of the phase curpgiéris equal to 18 A for both
modes of operation. As confirmed by the waveforms of Figs.abd5.8, the magnitudes
of the SM capacitor voltages ripple and AC component of thesplcurrent are below the

design constraints for both modes of operation.

5.2.2 Casell: Steady-stat®perationatD = 0.7

The corresponding simulation resultdat 0.7 for buck and boost modes of operation are

provided in Figs. 5.9 and 5.10, respectively. For both madesperation, the converter
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Figure 5.7: Steady-state converter waveforms for buck nodageration wherd = 0.5:
(a) input and output dc voltages, (b) input and output cusreft) upper and lower arm
currents of phase-leg 1, (d) phase currents, (e) SM capamttages of the upper and
lower arm of phase-leg 1 and (f) upper and lower arm voltagebase-leg 1.
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Figure 5.8: Steady-state converter waveforms for boostend@peration whei = 0.5:
(a) input and output dc voltages, (b) input and output cusreft) upper and lower arm
currents of phase-leg 1, (d) phase currents, (e) SM capamttages of the upper and
lower arm of phase-leg 1 and (f) upper and lower arm voltagebase-leg 1.
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transfers 7 MW power. The nominal conditions, design cansts, converter parameters,
and analytical results are shown in Table 5.2. dn of 120 Q is chosen, which results
in a phase AC current with a ripple of 19 A is selected as 0.1®, which leads to
3.9% (86V) SM capacitor voltage ripple. An AC operating fregag of 360 Hz is used,
resulting in 05% semiconductor power losses. Since the current sharimgeba the upper
and lower arm pairs changes with the conversion ratio, when0.7, the upper and lower
arms unequally contribute to the DC current shown in Fig9(cj.and 5.10(c). This,
consequently, leads to unequal magnitudes of the SM capaailtage ripple in the upper
and lower arms, as shown in Figs. 5.9(e) and 5.10(e). To acamtate the change in the
SM capacitor voltage ripple, the SM capacitor is sized latgan Case A. In this cas¥c

is sized based on the magnitude of the SM capacitor voltagéerof the lower arm, which
is larger than that of the upper arm.

The magnitude of the SM capacitor voltage ripple of the loaren is 80 V in the buck
mode operation and 83 V in the boost mode operation. As shawkigs. 5.9(d) and
5.10(d), the peak to peak magnitude of the phase currerleripgqual to 18 A for both
modes of operation. As confirmed by the waveforms of Figsaf®5.10, in both modes
of operation, the magnitudes of the SM capacitor voltageleipnd AC component of the
phase current are below their per-specified constraintshéwn in Figs. 5.9(c) and (f) to
5.10(c) and (f), in both cases, the power factor of each ameas unity so that the arm AC

current component is minimized for the given simulationditons.

5.3 Chapter Summary

In this chapter, a systematic procedure for sizing the ct@veomponents and selecting of
the operating frequency is developed based on the phasoaidenodel of the DC MMC in
Chapter 2. Proper sizing of the components ensures the tenaehieves highfgciency
while satisfying a set of given design requirements. Sitaresults are presented to

demonstrate the accuracy of the proposed method.
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Figure 5.9: Steady-state converter waveforms for buck nodagperation wherb = 0.7:
(a) input and output dc voltages, (b) input and output cusreft) upper and lower arm
currents of phase-leg 1, (d) phase currents, (e) SM capamttages of the upper and
lower arm of phase-leg 1, and (f) upper and lower arm voltafehasea.
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Figure 5.10: Steady-state converter waveforms for boostenad operation whed = 0.7:
(a) input and output dc voltages, (b) input and output cusreft) upper and lower arm
currents of phase-leg 1, (d) phase currents, (e) SM capamttages of the upper and
lower arm of phase-leg 1, and (f) upper and lower arm voltagehase-leg 1.
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CHAPTER 6
EXPERIMENTAL VALIDATION

In this chapter, the development of a 3.5-kW DC MMC prototigaresented. Experimen-

tal results are provided to:
¢ Validate the developed mathematical model of the DC MMC.
¢ Validate the developed design approach.
¢ Evaluate the proposed control strategy for the half-briolgeed DC MMC.

e Evaluate the proposed control strategy for the full-bridgeed DC MMC.

6.1 Development of the DC MMC Prototype

The design of the DC MMC prototype is provided in this sectiaich includes com-
ponents sizing and implementation of the control strateg@pal-RT rapid prototyping

system. The developed DC MMC system is shown in Fig. 6.1

6.1.1 HardwareDesign

The hardware of the DC MMC system involves power stage anslirsgdriving circuits.

The design of the power stage includes determination ofdt@#ing parameters:
e The number of phase legs.
e The number of SMs in each arms.
e The size of arm inductor.

e The size of phase filtering inductor.
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e The operating frequency.
e The voltag¢current rating of the active switches.

The number of phase legs is determined based on the powsy eatd cogtoss opti-
mization of the converter. In the developed prototype, tlvage legs are used. In contrast
to the conventional DC-AC MMC, in which the number of SMs atiepends on the total
harmonic distortion requirements, the number of SMs in a D@®/As determined solely
based on IGBT voltage rating and DC-link voltages. Selectibthe number of SMs usu-
ally involves design iterations for sequential-basedgtespproach as the device rating is
tightly coupled with cost and conducti@vitching losses. In the prototype, the number
of SMs is set to four. Half-bridge SMs are employed in the loaens and full-bridge
SMs are employed in the upper arms. It should be noted thduthleridge SMs can be
operated in the half-bridge mode by disabling one pair dfbatige switch module. Three
design constraints are identified. The maximum SM capaeidtiage ripple is set to 10%
of its nominal average voltage. The maximum phase currppteiis set to 5% of its rated
DC value. The minimum converteffigiency is set to 90%. The specifications and design

constraints of the DC MMC is summarized in Table 6.1.

Table 6.1: Converter Specifications

Quantity | Value
Nominal powerP 3.5 kw
DC-link 2 voltage Vqc, 300V
Nominal voltage conversion rati® 0.7
Number of phase leg$/ 2
Number of SMs per arm\l 4
SM capacitor voltage ripple 10%
Phase current ripple 5%
Converter éiciencyn 90%

Based on the identified specifications, the components szegell as the operating
frequency are determined by following the design proceguoposed in Chapter 5. The

maximum AC voltage component of each arm are determined.tbp)4s 90 V at nominal
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condition. X, = 3.77 Q is determined by applying (5.5)X,, = 391 Q is determined
by solving (5.6). Xc = 0.45 Q is determined using numerical method to solve for (2.25)
and (2.26). For the laboratory prototype design, an exthagecurrent rating margin is
allowed on the active switches to ensure safety operatitve. half-bridge IGBT module
IXYS FII40-06D is chosen to implement the active switchethie SM. By examining the
semiconductor losses of the IGBT module, an operating &egy of 250 Hz is selected.

The DC MMC parameters are summarized in Table 6.2.

Table 6.2: Parameters of the DC MMC Prototype

Converter Parameters \ Value
SM capacitorCsy 1.41 mF
Arm inductor,L 2.5mH
Phase filtering inductot,, 400 mH
Operating frequencyy 250 Hz
Switch IGBT Model IXYS FI140-06D

The arm inductors and SM electrolytic capacitors are impleted using commercially
available products in the market. The design and fabrinaifdhe phase filtering inductor
is carried out in-house since the coupled inductor requarspecial design. The coupled
inductor is designed by following the design procedure ¢&énence [100]. Amorphous
alloy core is chosen for the coupled inductor due to its higtustion flux density (at
1.56 T) and low core losses. The schematic of the coupledttndis shown in Fig. 6.2.
The induced DC flux is canceled in the core due to the dot cdiorenf the primary and
secondary winding. Therefore, energy storage is not reduin the core. The coupled
inductor utilizes magnetizing inductance, and a large ratigimg inductance is required
(0.4 H). Therefore, a small air-gap is designed in the corenilmimize the size of the
coupled inductor. Two U-shape cores are clamped togethbrayplastic insert between
them creating air-gap in the core.

The SMs of the DC MMC are implemented using 16 PCBs, each stasi the power

stage half-bridg#ull-bridge circuit, gate driver, and capacitor voltagesi@g circuit. The
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input digital signal from the controller controls the stafeeach half-bridge module. This
signal is inverted by using a logic gate to generate a paioofaiementary gating signals.
For a half-bridge SM, two sets of identical gate driver cts@re implemented on each
PCB to drive the two switches in the half-bridge. Similafour sets of gate driver circuits
are implemented for the full-bridge SMs. The driving citcdunicludes a dead-time delay
circuit, an open-collector liter, and an optical coupled gate driver. A dead-time period
during which both switches in the half-bridge are in blockistis required to prevent cur-

rent shoot-through during commutation. The dead time camipdemented in software
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andor hardware. Since the software generated dead time isnalilgeto noise in a labo-
ratory environment, it is generated using an RC circuit iche8M PCB. This dead time
should be chosen carefully. A shorter than required dead-thay cause both IGBTs con-
ducting at the same time. A longer than required one, howésals to discontinued arm

current and spike on arm voltages. The dead time can be datatiny:

tdelay = [(toﬁ‘,max - ton,min) + (tpg,max_ tpg,mirl)](:l- + m%), (6-1)

wheretyr max represents the maximum turtkaelay, to, min represents the minimum turn-
on delaytyg maxandtyg min represent the maximum and minimum propagation delay of the
driver, respectively, and m represent the safety margimgwis usually set to 20%.

The capacitor voltage sensing circuit is implemented ifteé&ld using LEM hall-&ect
voltage sensor LV-25. A low-pass filter is used to remove Higlyuency noise from the

output signal of the voltage sensor.

6.1.2 Controllerimplementation

The control strategy is implemented through using Opal-&pid control prototyping sys-
tem. The Opal-RT system consists of a real-time simulatoning real-time operating
system (RTOS) and two Vertex 7 FPGA ar@ lexpansion units. A host computer is in-
terfaced with the simulator to monitor real-time signalgteé control system and adjust
controller parameters. The schematic of the control systeshown in Fig. 6.3. The main
control system is divided into three components: controtfeodulator, and SM capacitor
voltage sorting balancing algorithm. The control systemjglemented in three processing
cores to maximum the speed. The power balance controlleD&ink current regula-
tor generate the reference arm voltage, which is modulatacing the phase disposition
pulse width modulation (PDPWM) technique. The generatedutation indices are fed to
the capacitor voltage sorting algorithm, which sorts theacétor voltages based on the arm

current direction and set the switching state of each iddiai SM (insert or bypass). The
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interface between the real-time controller and the hardwantotype is made through the
FPGA and O expansion units. The measured analog input signals fre@@MMC are
interfaced to the CPU cores through the analog-to-digaaverter (AD) that is controlled
by the FPGA. The processed measured signals are fed intoRblecGres. The generated

SM state signals are send to the hardware through digitatitesd

6.2 Control Strategy Validation for the Half-bridge Based DC MMC

The capability of the proposed closed-loop control stnategegulate the DC-link power,
maintain energy balance of the SM capacitors, and minim@ei#culating current of the
half-bridge based DC MMC is experimentally verified. In thection, the full-bridge SMs

in the upper arms operate in the half-bridge mode as onébhidifile switch module in each
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full-bridge SM is disabled. A programmable DC electroniadahat operates in constant
voltage mode is used to mimic a DC power grid with a constatiage. A programmable
DC power supply is used to provide input power to the conveftiee proposed closed-loop
control strategy in current regulation mode is adopted. &merimental results for both

steady-state operation and dynamic response are presented

6.2.1 Steady-stat®©peration

Two case studies are presented in this sectio®fer0.52 andD = 0.7. The experimental
waveforms of the DC MMC in steady stateldt= 0.52 whereP = -1 kW, are presented
in Fig. 6.4. The operating condition is summarized in Tab& As shown in Fig. 6.4, the
average SM capacitor voltages of the upper and lower armsangtained at 62.5 V. The
divergence between the SM capacitor voltages of the uppkloarer arms are minimized
by the controller. Fig. 6.4(b) shows the reference signahefarm voltages of the phase-
leg-1. The AC voltage components of the upper and lower anasnaintained equal in
amplitude. The maximum value of the upper arm voltage is taaiad at 250 V while the
minimum value of the lower arm voltage is maintained at 0 Vhesdontroller applies the
maximum attainable amplitudes of the upper and lower arntag®es to minimize the AC
circulating current.
Table 6.3: Operating Condition f@ = 0.52

Parameters | Value

DC-link 1 voltage Vgc: | 130V
DC-link 2 voltage Vyc» | 250 V
DC-link 1 current |41 | 8 A

The experimental waveforms of the DC MMC in steady statB at 0.7 whereP =
—-1.4 kW are presented in Fig. 6.4. The operating condition ismmanzed in Table 6.4.
As shown in Fig. 6.5(a), the SM capacitors experience areasgd voltage ripple due to
the increased DC power. Fig. 6.5(b) shows the referencealstdrthe arm voltages of the

phase-leg-1. The controller is able to adjust the AC and D@pmments of the reference
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voltage to accommodate the voltage conversion ratio changdecontrol the phase-shift

angle to maintain the energy balance of the SM capacitors.

Table 6.4: Operating Condition f@ = 0.7
Parameters | Value
DC-link 1 voltage Vyc: | 176 V
DC-link 2 voltage Vyc» | 250 V
DC-link 1 current |41 | 8 A

6.2.2 DynamicResponse

The dynamic response of the DC MMC to a power step change wsdaa in this section.
The operating conditions of the prototype are provided ibld&.5. The experiments
include both buck and boost modes of operation to validatedational operation of the
DC MMC. In both modes of operation, the voltages of DC linksxtl 2 are maintained at
180 V and 240 V, respectively.

Table 6.5: Operating Condition for the Dynamic Response

Parameters | Value

DC-link 1 voltage Vgc: | 180V
DC-link 2 voltage Vyc» | 240 V

The experimental waveforms for boost mode of operation hosve in Fig. 6.6, in
which the nominal SM capacitor voltage is 60 V. Under boostienof operation, the DC
power supply is connected to DC-link 1 to provide a constafttige. The DC electronic
load is connected to DC-link 2 to sink power while maintaghanconstant bus voltage.

The experimental waveforms for power step-up and step-dsexemarios are shown
in Figs. 6.6(a) and (b), respectively. As shown in Fig. 6).6{aitially, the DC MMC
system is in steady state af|ff, is set to 3 A whileP = 540 W is transferred from DC-
link 1 to DC-link 2. Att = 100 ms, I is changed to 5.5 A corresponding to 1 kW
power throughput. To accommodate the step-up change of@#&nR 1 current, the DC

component of the lower arm voltage is reduced. As discuss€thapter 3, the peak values
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of voltage references of both arms are maintained at therrmans to minimize the AC
circulating current. The SM capacitor voltages in the uget lower arms are maintained
balanced by the closed-loop control strategy. It shoulddiedthat under boost mode of
operationg is limited within the range off, =). Similarly, the experimental waveforms of
the power step-down test shown in Fig. 6.6(b) confirm thafpttoposed control strategy
is capable of controlling the converter power throughpujntaining the SM capacitor
voltages balanced, and minimizing the AC circulating cotre

The experimental waveforms of buck mode of operation thatiae both power step-
up and step-down scenarios are shown in Figs. 6.7(a) ande@pectively. In the power

step-up scenario, initially,*f is set at-3 A to transfer-540 W power. Att = 100 ms,

| ref

w1 Is changed to -5.5 A to facilitate the power transfer of -1 k¥\shown in Fig. 6.7(a).

Similarly, in the power step-down scenario, a power steprdoccurs at = 100 ms from

-1 kW to -540 W. As demonstrated in Fig. 6.7, in both scenatiws capacitor voltages of
the SMs of the upper and lower arms are maintained balandezlAT circulating current
is minimized by maintaining the AC component of the arm \gdsat its maximum. The

converter operates in the region®& (r, 2] in buck mode of operation.

6.3 Control Strategy Validation for the Full-bridge SM Based DC MMC

In this section, the proposed enhanced control strateghapt@r 4 is experimentally vali-
dated. Specifically, the capability of the proposed cordt@tegy to reduce AC circulating
current and SM capacitor voltage ripple, extend power feansapability, and maintain
SM capacitor voltage balance is evaluated experimentdlhe experimental results for
both steady-state operation and dynamic response arenfeds€omparative evaluations
of the enhanced control strategy witltdrence elevation céiécients are demonstrated in

steady state.
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6.3.1 Steady-stat©peration

Two case studies are presented in this sectiorDfos 0.7 andD = 0.8. In each case,
experimental results are obtained for bgth 1 and/ = 1.2. The experimental waveforms
of the DC MMC in steady state & = 0.7 where/ = 1 and/ = 1.2, are presented in
Figs. 6.8(a) and (b), respectively. The operating conditibD = 0.7 is provided in Table
6.6. In both scenario$? = —1.6 kW is transfered. As shown in Fig. 6.8(a), the average
SM capacitor voltages of the upper and lower arms are maiedaat 75 V at/ = 1.
¢ = 224° is generated by the controller to maintain energy le@lasi the SMs. The AC
voltage components of the upper and lower arms are mait&geal in amplitude. The
maximum value of the upper arm voltage is maintained at 30(hWewthe minimum value
of the lower arm voltage is maintained at 0 V. In Fig. 6.8()%2SM capacitor voltage
elevation is enabled. Consequently, the average SM capaoittages are increased to 90
V. Due to the elevation of the SM capacitor voltages, the maxn voltage of the lower
arm is increased to 360 V and the minimum voltage of the upperigareduced to -60 V
as shown in Fig. 6.8(b). Compared to the experimental resylt 1, the AC circulating
current and SM capacitor voltage ripplelat 1.2 are reduced significantly. The peak-to-
peak amplitude of the AC circulating current/at 1 and/ = 1.2 are measured as 13.85 A
and 8.32 A, respectively. The maximum peak-to-peak SM dapamltage ripple at = 1
andZ = 1.2 are measured as 5.83 V and 3.6 V, respectively. A 40% remuctithe AC
circulating current and 38% reduction in the SM capacitdtage ripple are achieved by
20% SM capacitor voltage elevation. Moreovwgk: 195° is generated by the controller at
¢, = 1.2. A 29° reduction is achieved compared to the casé ef1 for the same power
level. The reduction i@ signifies an increase of the maximum converter power.

The experimental waveforms of the DC MMC in steady stat® at 0.8 whereZ = 1
and¢ = 1.2, are presented in Figs. 6.9(a) and (b), respectively. Preeating condition
is listed in Table 6.7. In both scenarid3,= —-1.8 kW is transfered. As shown in Fig.

6.9, the average SM capacitor voltages of the upper and lames are maintained at 75
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Table 6.6: Operating Condition f@ = 0.7
Parameters | Value
DC-link 1 voltage Vgc: | 210V
DC-link 2 voltage Vyc» | 300 V
DC-link 1 current Jlge1 | 7.7 A

Vand 90 V forl = 1 andZ = 1.2, respectively. The peak-to-peak amplitude of the AC
circulating current at = 1 and/ = 1.2 are measured as 16.23 A and 7.36 A, respectively.
The maximum peak-to-peak SM capacitor voltage ripple-atl and/ = 1.2 are measured
as 7.4V and 3.3V, respectively. A 54% reduction in the ACumting current and 55%
reduction in the SM capacitor voltage ripple are achieve@@%% SM capacitor voltage
elevation. As shown in Fig. 6.9(a), the phase shift angleamtained at 266° at = 1,
which indicates that the converter operates near its maxiipower transfer capability at
¢ = 270°. By setting/ to 1.2, A 70° reduction inp is achieved, which translates to a
significant increase of power transfer capability of thevaster compared to the case of
=1

Table 6.7: Operating Condition f@ = 0.8

Parameters \ Value

DC-link 1 voltage Vyc: | 240 V
DC-link 2 voltage Vg2 | 300 V
DC-link 1 current Jlgc1 | 7.7 A

6.3.2 DynamicResponse

Dynamic response of the proposed control strategy is eteduat, = 1.2. The exper-
imental waveforms for power step-up and step-down scemati® = 0.8 are shown in
Figs. 6.10(a) and (b), respectively. In both scenariosPiidink 1 and DC-link 2 voltages
are 240 V and 300 V, respectively. The SM capacitor voltagesraintained at 90 V. As
shown in Fig. 6.10(a), initially, the DC MMC system is in sigastate and'®’ is set to 4

dcl
A while P = —1 kW is transferred from DC-link 1 to DC-link 2. At= 100 ms,I’ is
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changed to 7 A corresponding to 1.7 KW power throughput. Bomenodate the step-up
change of the DC-link 1 current, the DC component of the loaren voltage an@ are
increased. The SM capacitor voltages in the upper and lowes are maintained balanced
by the closed-loop control strategy. In addition, the maximvoltage of the lower arm is
maintained at 360 V and the minimum voltage of the upper amtmastained at -60 V for
AC circulating current minimization. Similarly, the exp@ental waveforms of the power
step-down test shown in Fig. 6.10(b) confirm that the progasmtrol strategy is capa-
ble of controlling the converter power throughput, mainitag the SM capacitor voltages

balanced, and minimizing the AC circulating current.

6.4 Chapter Summary

This chapter presents the development of a DC MMC prototype.hardware design and
control system implementation are presented. Experirhergalts are provided to validate

the proposed control strategies.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

In this chapter, the contributions of this research andréutuork are discussed.

7.1 Contributions

The main contributions of this work are:

¢ A large-signal model of the DC MMC is developed in the phasandin. The pro-
posed analytical model captures key parameters of the denwe steady state. Fur-
thermore, a dynamic model is developed for the SM capacittinges. The pro-
posed dynamic model enables calculation of the SM capawaiitaige ripple in the

time domain.

¢ A closed-loop control strategy is developed for the haifipe SM based DC MMC.
The DC MMC requires accurate control of the AC circulatingreat to maintain the
energy balance of its SM capacitors. A detailed analysisiiged out to reveal the
necessary conditions for minimization of the AC circulgtourrent. The developed
dynamic control strategy regulates the DC-link volt@gerent while maintaining the
SM capacitor voltage balance of the DC MMC over a wide rangetihge conver-
sion ratios. The key advantage of the proposed controksglyas that minimum AC
circulating current is attained for the half-bridge SM lwhBE MMC under arbitrary

operating condition.

e A control strategy is developed to extend the power transdpability and reduce
AC circulating current of the DC MMC exploiting full-bridggMs. The DC MMC

sufers poor active switch utilization ratio and reduced poweangfer capability at
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voltage conversion ratios close to unity or zero. The deyedocontrol strategy al-
lows the converter to operate with elevated SM capacitaiagel while maintaining
the energy balance of its SM capacitors. The salient beruéfitee proposed control
strategy includes extended power transfer capabilityyeced SM capacitor voltage

ripple and AC circulating current, and improved active sWititilization.

e A constraints-oriented design approach is proposed fobeVIMC based on the
developed analytical model. This design approach is thesystematic procedure
for the new class of DC MMC. Design equations are derivedtierarm inductor,
inductive filter, and SM capacitor. A set of design constsaiare identified that
guarantees the proper operation of the converter. By fatliguthe proposed design
procedure, sizes of all passive components are determimédh& operating fre-
guency is selected. The design process ensures that thertmmweet its electrical

specifications.

e A DC MMC prototype is developed. Theffectiveness and abilities of the pro-
posed control strategy is verified experimentally in terfnegulating DC-link volt-
agegcurrent, maintaining energy balance of the SM capacitard, minimizing the

AC circulating current.

7.2 Future Work

The future work in the following areas include:

e Develop an optimization-oriented design approach for ti@2NdIMC. The control
strategy developed in Chapter 4 requires full-bridge SMee umber of full-bridge
SMs and elevation cdicient need to be selected based on a treftibetween the
converter €éiciency and cost. A large number of full-bridge SMs and elevato-
efficient lead to further extended power transfer capability lmduced AC circulat-

ing current. However, more switches, capacitors, and migicircuitry are required,
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which leads to increased cost. Furthermore, the number af@viarm and number
of phase legs are also coupled with the converter cost. Anbpdtion-oriented design
approach that accounts for the SM capacitor voltage etmvatiould be developed

to achieve optimized performance for the DC MMC.

Experimentally validate the developed closed-loop cdstrategy for the full-bridge
SM based DC MMC. In particular, the ability of the controlagggy to extend the
converter power transfer capability and reduce the AC Gtmg current need to be

validated

Develop a method to design the compensators used in theddlesp control strat-
egy. The parameters of the compensators should be seleatiedhat the transient

response of the DC MMC meet a given set of specifications.

The DC MMC experiences unequal peak currents in the upperlamer arms.
This translates to uneven power loss distribution amongémeiconductor devices.
The unequal temperature variations among the semiconddetices in the upper
and lower arms may compromise the reliability of the DC MMCcéntrol strat-
egytopology modification should be developed to balance therthkstress of the

semiconductor devices in the DC MMC.
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