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Abstract

This thesis proposes a multiport dc-dc modular multilevel converter, which is the first

truly modular solution for a ”dc hub” that can interconnect multiple MVDC or HVDC

systems in future dc grids. The proposed converter, termed MP-DCMMC, consists of

modular subconverters that can be added to or removed from the power circuit without

critically affecting overall converter operation. When compared with existing multiport

solutions for MVDC or HVDC grids, the MP-DCMMC is more accommodating to future

grid expansions, has improved reliability by eliminating the requirement of a centralized

ac-link, and is more tolerant to component failures within the converter. This thesis

develops the general structure, principles of operation, design procedure and control

strategies for the MP-DCMMC and two types of its subconverters. The validity of

realizing a dc hub with the MP-DCMMC is verified through extensive time-domain off-

line simulations in PLECS across a wide range of operating points. A comparative

analysis between the MP-DCMMC and existing multiport solutions is conducted based

on converter modularity, component cost, and fault-blocking capability.
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Chapter 1

Introduction

1.1 Background

High voltage dc (HVDC) transmission technology is a fast-growing industry and a field of

increasing research effort. Due to ac losses caused by cable capacitance and inductance,

HVDC transmission has the following advantages over ac transmission [9]:

1. Higher transmission capacity

2. Higher maximum cable length

3. Higher efficiency

4. More suitable for underground cables

These make HVDC transmission the preferred choice for long distance transmission,

underwater transmission for offshore wind farms, and underground transmission into

dense urban areas. A paradigm shift from centralized fossil fuel power plants to dispersed

wind farms and solar farms makes these types of transmission increasingly necessary.

Fig. 1.1a shows the scheme for a classical point-to-point HVDC link, while Fig. 1.1b

shows a multi-terminal HVDC system, which consists of multiple HVDC links between

multiple ac systems. Besides interlinking multiple HVDC transmission lines to improve

power transfer flexibility, overlaying existing ac grids with backbone dc grids has been

the subject of intense research effort for its potential to improve overall system stability
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Figure 1.1: Existing HVDC network topologies

by providing bulk power transfer capability and reducing ac transmission loading [21],

[25].

The next generation of power systems is envisioned to incorporate the interconnection

of dc systems at various voltage levels using MVDC and HVDC links, creating a multi-

terminal dc-dc network that is termed a dc supergrid [25]. Some projects undergoing

planning and development, such as the offshore grid in Northern Sea Region [33], rely on

such infrastructure and relevant technologies to ensure system reliability and power flow

management on a continental level.

There are two prominent topologies to interconnect multiple dc systems, the multi-

converter dc-dc network topology and the multiport dc-dc converter topology. Both

topologies require dc-dc voltage conversion at MV to HV levels.

1.2 Multi-converter DC-DC Network Topology

In a multi-converter dc-dc network topology, multiple two-port dc-dc converters are re-

quired to convert dc system voltages to a common dc grid voltage, as shown in Fig. 1.2a.

A meshed grid with additional dc links is generally required to ensure system stability

and power transfer flexibility. One or more dc power flow controllers (dc-PFCs) are re-

quired in the grid to ensure power flow control [22]. The multi-converter dc-dc network

topology in Fig. 1.2a has the drawback of high cost, since multiple dc-dc converters and

dc-PFCs are required [19].
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Figure 1.2: Future HVDC network topologies

Since the supergrid of the future consists of MVDC and HVDC links, the multi-

converter dc-dc network topology utilizes two-port dc-dc converters that are derived

from dc-ac converters for MV to HV applications. Line commutating converters (LCC)

can achieve high voltage and power ratings, but its difficulty in power reversal limits

the power flow controllability in a multi-converter dc-dc network [1], [20]. Two-level and

neutral-point clamped voltage source converters using IGBTs provide bidirectional power

transfer without voltage reversal, but are limited to MV applications due to the difficulty

in switching a capacitor voltage at hundreds of kV.

Modular multilevel converter (MMC) is comprised of multiple phase strings, with each

string consisting of two arms, and two arms are each comprised of multiple submodules

(SM) series stacked in a chain-link structure. A converter arm effectively divides the dc

link capacitor in a two-level voltage source converters into a large number of switchable

SMs, thus allowing higher maximum dc voltage and lower dv/dt during switching. These

3



characteristics make MMC-based HV dc-dc converters well-suited for implementation in

a multi-converter HV dc-dc network.

Two-port HV dc-dc converters for use in Fig. 1.2a can be classified into two types,

isolated and non-isolated, based on the presence of galvanic separation between the two

ports.

1.2.1 Isolated Two-port HV DC-DC Converters

The conventional approach for the realization of a two-port HV dc-dc converter arises

from the dual-active-bridge (DAB) topology for LV and MV applications [27]. This to-

pology connects two dc-ac converters front-to-front through a centralized ac transformer,

which provides voltage conversion as well as galvanic separation. Therefore, it is also

called a front-to-front (F2F) topology. The HV version is termed DAB-MMC and is

shown in Fig. 1.3, where two MMCs are connected front-to-front. The dc power from

one port is converted completely into ac power by one of the MMCs, then rectified back

into dc power by the opposite MMC after voltage conversion through the transformer.

Using active MMCs on both sides allows bidirectional power transfer. The submodules

can be of the half-bridge type (HBSM) or the full-bridge type (FBSM), depending on

application requirement. Since the ac-link is internal to the converter, the ac modulation

waveform and frequency can be set freely.

1.2.2 Non-isolated Two-port HV DC-DC Converters

A new class of two-port HV dc-dc converters has emerged over the last decade, which

achieves reduced cost and higher converter efficiency relative to isolated topologies by

relinquishing galvanic separation [10], [14], [16], [29]. These non-isolated converters can

be further classified into two types: partial-power-processing transformer (P3T) type

or circulating current loop (CCL) type, based on their operational principle for power

transfer [17].

Reference [29] proposes a P3T type converter termed HVDC autotransformer (HVDC-

4



SMn

VH

SM2

SM1

SM1

SM2

L a

SMn

SMn

SM2

SM1

SM1

SM2

L a

SMn

LaL a

SMn

SM2

SM1

SM1

SM2

L a

SMn

L a

N  :N H       L

SMn

SM2

SM1

SM1

SM2

L a

SMn

SMn

SM2

SM1

SM1

SM2

L a

SMn

L aL a

SMn

SM2

SM1

SM1

SM2

L a

SMn

L a

VL OR

HBSM

FBSM

vcap

vcapn

n
SMn

SMn

Figure 1.3: Dual-active-bridge MMC and its possible submodule configurations

AT), which is shown in 1.4 and further analyzed in [18]. The HVDC-AT stacks two MMCs

in series, therefore a portion of the dc-link voltage for the port with higher voltage rating

(VH in Fig. 1.4) can be established by the dc-link voltage for the port with lower voltage

rating (VL in Fig. 1.4). The two MMCs need only exchange ac power that is a fraction

of the dc power transfer to ensure the capacitor power balance within each MMC. The

transformer in Fig. 1.4 is therefore a partial-power-processing transformer (i.e., P3T),

and the required ac power exchange depends both on the dc power transfer and the

voltage conversion ratio VL/VH .

Reference [10] proposes a CCL type converter termed modular multilevel dc conver-

ter (M2DC) or buck dc modular multilevel converter (buck DCMMC), which is shown in

Fig. 1.5 and further analyzed in [7]. The buck DCMMC utilizes the chain-link structure

and ac modulation method of MMC, but has a principle of operation that is funda-

mentally different from DAB-MMC or HVDC-AT. The ac current is allowed to circulate

through the upper and lower arms via circulating current loops in Fig. 1.5, facilitating the

exchange of ac power between arms. This method of power exchange eliminates the need

for a transformer, but limits the ac modulation to be the same in all arms. Therefore,

the buck DCMMC becomes more cost-effective than P3T type converters as conversion
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Figure 1.4: HVDC autotransformer [29]

ratio Gv = VL/VH approaches 0.5. An ac filter is required to keep the ac current from

entering dc ports, which can be a zig-zag transformer when three converter phase strings

are implemented.

Reference [16] proposes a CCL type converter termed buck-boost dc modular mul-

tilevel converter (buck-boost DCMMC), which is shown in Fig. 1.6. The buck-boost

DCMMC is derived from the traditional LV switch-mode buck-boost converter. It beco-

mes more cost-effective than P3T type converters and the buck DCMMC as Gv approa-

ches 1. An ac filter similar to buck DCMMC is required, but it sees a much reduced dc

current than the one in buck DCMMC.

Reference [14] proposes another CCL type converter termed double-wye modular

multilevel converter, which is shown in Fig. 1.7. The converter topology is similar to
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the buck DCMMC and the buck-boost DCMMC, except that the ac filters are replaced

with another set of arms of SMs. This makes every set of arms a potential active filter,

enabling the converter to have flexibility in choosing the optimal operating Gv. However,

for most Gv, using active components to replace passive elements is more costly and less

efficient.
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Figure 1.7: Double-wye MMC [14]

1.3 Multiport DC-DC Converter Topology

A radial dc network structure can be realized with a multiport dc-dc converter acting

as the central dc hub, as shown in Fig. 1.2b. This topology is more cost-efficient than

the multi-converter dc-dc network topology in Fig. 1.2a due to the reduction on power

conversion stages and required transmission lines. The power balance between terminals

is maintained by one multiport converter instead of multiple converters, thereby simpli-

fying power flow control scheme and avoiding grid instability caused by communication

issues. Multiple multiport dc-dc converters can be interconnected to form a meshed grid,

as proposed in Fig. 1.2c, to improve grid reliability.

Multiport dc-dc converters for use in the multiport dc-dc converter topology in

Fig. 1.2b and 1.2c need to satisfy the following functionalities, which are extensions

of the functionalities of two-port dc-dc converters established in [11]:

1. Multiple dc voltage stepping

2. Control and regulation of dc power flow between multiple systems

3. DC fault management
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4. Interfacing different dc technologies, like monopolar with bipolar dc systems

5. High modularity to accommodate future dc systems

Although there is an abundance of LV multiport dc-dc converters in literature, e.g., [24], [36],

they are proposed for applications in renewable energy integration or at the distribution

level, and their architectures do not allow them to be scaled up cost-effectively for MVDC

and HVDC applications. In [6], a promising solution with high modularity and scalabi-

lity is proposed, termed multi-input multi-output modular multilevel DC-DC converter

(MIMO-MMC) and is shown in Fig. 1.8. The MIMO-MMC structure is made up of mul-

tiple modules, with each module being an inverting switch-mode buck-boost converter.

The MIMO-MMC power and voltage rating can be scaled up by paralleling and series

stacking these modules, but the converter efficiency drops exponentially as the number

of rows of modules increases. To reach the power and voltage rating required for MVDC

and HVDC applications, the number of modules required in a MIMO-MMC would render

its efficiency well below the standards for these applications.

Vd1

Vd2

Vd3

Module

Figure 1.8: MIMO-MMC shown with 3 dc ports and 6 converter modules [6]

Most existing multiport HV dc-dc converters for HVDC applications are based on

two-port HV dc-dc converters, which utilize the MMC structure. The derived multiport
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converters generally retain the characteristics of their two-port counterparts, including

galvanic isolation. Therefore, multiport HV dc-dc converters for use in Fig. 1.2b and 1.2c

can also be classified into isolated and non-isolated types.

Vd1

Vd2

Vd3

MMC

MMC

MMC

1

2

3

(a) MP-DAB-MMC

MMC

Vd1

Vd2

Vd3

MMC

MMC

1

2

3

(b) MDC-AUTO

Figure 1.9: Existing multiport HV DC-DC converter topologies, shown with three DC
ports

1.3.1 Isolated Multiport HV DC-DC Converters

The multiport DAB-MMC (MP-DAB-MMC) is shown in Fig 1.9a, which is a direct

extension of the two-port DAB-MMC in Fig 1.3 [15], [35]. One MMC is required at each

port to convert dc power into ac power, and the ac power is exchanged via a centralized

ac-link. The centralized ac-link can be an ac bus connected to multiple transformers or a

multi-winding transformer. The MP-DAB-MMC is a costly solution, as each MMC needs

to be rated for the full power of its connected terminal, and the transformers also need to

be rated for the maximum dc power transfer. The converter has limited modularity and

scalability, as each MMC is designed differently and requires re-design if the connected

terminal rating changes. The failure of a MMC would result in the loss of a dc port, and

the failure of the central ac-link would result in the loss of the entire converter. Therefore,

the MP-DAB-MMC has limited reliability against component failure.

10



1.3.2 Non-isolated Multiport HV DC-DC Converters

The HVDC-AT introduced in Fig. 1.4 can be extended into a multiport variant, termed

multiport HVDC autotransformer (MDC-AUTO) and shown in Fig. 1.9b. The stacking of

MMCs reduces the power processed by the MMCs and the transformer, which translates

into savings in the cost of semiconductor and magnetics. However, the MDC-AUTO

retains the other drawbacks of MP-DAB-MMC stated in Section 1.3.1, and is more

vulnerable to dc faults due to the lack of galvanic separation.

1.4 Thesis Scope

This thesis develops an alternative multiport solution to the MP-DAB-MMC and the

MDC-AUTO, termed multiport dc-dc modular multilevel converter (MP-DCMMC). The

MP-DCMMC is the first truly modular multiport dc-dc converter structure. It utilizes

multiple subconverters with de-centralized controllers to ensure high scalability and reli-

ability. The MP-DCMMC can generally realize substantial cost savings in semiconductor

effort and magnetics requirement when compared with the MP-DAB-MMC, and remain

competitive with the MDC-AUTO. Unlike the MP-DAB-MMC and the MDC-AUTO, the

MP-DCMMC does not require a centralized ac-link, which translates to further improved

reliability.
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Chapter 2

Overview of MP-DCMMC

2.1 Introduction

This chapter provides an overview of the proposed MP-DCMMC, including its general

structure and its high-level principles of operation. The MP-DCMMC introduces the idea

of using MMC-based dc-dc converters as subconverters (SCs) in a matrix-like structure,

similar in principle to the LV topology in [6]. Each SC is individually designed with its

own dedicated controller, and its internal power balance of cell capacitors is independent

of other SCs. Similar to the MDC-AUTO described in Section 1.3.2, the MP-DCMMC

realizes cost savings in semiconductor effort relative to the MP-DAB-MMC described

in Section 1.3.1 by relinquishing galvanic separation. The MP-DCMMC achieves po-

wer exchange between dc ports without the need of a centralized ac-link, and each SC

only needs to be electrically connected to its neighboring SCs. Thus, unlike the MP-

DAB-MMC and MDC-AUTO, the proposed MP-DCMMC is a truly modular multiport

converter topology.

2.2 MP-DCMMC General Structure

The general structure of the MP-DCMMC is shown in Fig. 2.1. The MP-DCMMC is

made up of multiple SCs, and each SC is denoted with a subscript jk. j indicates the row

number, while k indicates the column number. J represents the total number of rows,

and a MP-DCMMC can have (J + 1) dc ports. Each row may consists of Kj SCs, and
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Figure 2.1: General structure of the MP-DCMMC

Kj may differ between rows. Each SCjk supports a dc voltage spacing of ∆Vj between

its two positive nodes, which is defined as:

∆Vj = vdj − vd(j+1), ∀j ∈ [1, J − 1] (2.1)

∆Vj = vdj, j = J (2.2)

with a dc current ijk passing through the SC between its two positive nodes. The dc port

voltage and dc port currents of the MP-DCMMC are labeled as vdj and idj in Fig. 2.1,

respectively. The positive nodes of the SCs in the same row are at the same potential

are all connected to the same dc port. A connection between the negative nodes of the

SCs in the same row is only required when the row below contains a different number of

SCs (Kj ̸= Kj+1).
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Figure 2.2: SC designs based on buck-boost DCMMC
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Figure 2.3: Chainlink structure of SMs in each arm in Fig. 2.2

2.3 Subconverters

SCs are generally two-port dc-dc converters that satisfy the following requirements:

1. Support a dc voltage between its ports, and capable of regulating that voltage;

2. Allow a dc current flow between its ports, and capable of regulating that current;
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3. Ensure charge balancing of internal capacitors independently.

The SCs should also be capable of achieving high converter efficiency for MVDC or HVDC

applications to realize the benefit of MP-DCMMC over its LV counterparts. Therefore,

MMC-based HV dc-dc converters are preferred. The non-isolated two-port HV dc-dc

converters described in Section 1.2.2 can all potentially be used as a SC. Isolated topo-

logies cannot electrically connect its two ports to allow a dc current path, and therefore

cannot be used as a SC.

This thesis presents two SC types derived from the inverting and non-inverting va-

riants of the buck-boost DCMMC [16], due to the interesting characteristics they offer.

Fig. 2.2a shows a ”high-stepping” SC based on the inverting version of the buck-boost

DCMMC in [16], and Fig. 2.2b shows a low-stepping SC based on the non-inverting buck-

boost DCMMC in [16]. The high-stepping and low-stepping SCs are used when relatively

large or small dc voltage spacings (∆Vj) are needed between ports, respectively. Each

SC consists of S interleaved strings of converter arms, and each string is made up of

upper arms as and lower arms bs. A minimum of two strings are required for ac currents

to circulate internally, which is required in CLL (see Section 1.2.2) type SCs to achieve

internal charge balance between arms. The SC can be designed with higher number of

arms to increase power transfer capability. An ac filter (denoted f in Fig. 2.2a and 2.2a)

is required for each SC, and it can be a coupled inductor for two-string SCs or a zig-zag

transformer for three-string SCs. vas and ias are the voltage and current for the upper

arm in the sth string, and vbs and ibs are the voltage and current for the lower arm in

the sth string. Each arm may contain N SMs, and each SM can be of the half-bridge

type (HBSM) or the full-bridge type (FBSM), as shown in Fig. 2.3, to allow different ac

voltage modulation strategies. The sum of capacitor voltage in one arm, Σvcap, determi-

nes the maximum voltage the arm can support. Vja and Vjb are the average component
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of SC port voltages, and are defined as:

Vja =
1

S
(va1 + va2 + ...+ vaS) (2.3)

Vjb =
1

S
(vb1 + vb2 + ...+ vbS) (2.4)

For a high-stepping SC, these port voltages can be related to ∆Vj in Fig. 2.1 and the

SC below it as:

Vja = ∆Vj (2.5)

Vjb = V(j+1)a, ∀j ∈ [1, J − 1] (2.6)

Vjb = vdj, j = J (2.7)

Where Vja and Vjb are the two port voltages of the high-stepping SC. The high-stepping

SC has the same operating characteristics as the buck-boost DCMMC, which means it

operates most cost-effectively when:

Gv = Vjb/Vja = 1 (2.8)

Combining Eq. 2.5-2.8, it shows that the high-stepping SC is most cost-effective when

∆Vj is the same throughout the MP-DCMMC.

For the low-stepping SC, its port voltages can be related to ∆Vj in Fig. 2.1 and the

SC below it as:

Vja = ∆Vj + V(j+1)a (2.9)

Vjb = V(j+1)a, ∀j ∈ [1, J − 1] (2.10)

Vjb = vdj, j = J (2.11)

The low-stepping SC also has the same operating characteristics as the buck-boost

DCMMC, making it most cost-effective when ∆Vj = 0. Therefore, the low-stepping

SC is used in a MP-DCMMC to establish multiple dc ports at similar voltage levels.

Note that the SCs are not restricted to run at their most cost-effective Gv, but they

do offer much practical benefits over other topologies when Gv is close to 1 according
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Figure 2.4: Operational principles of the MP-DCMMC

to [16]. This thesis develops two types of SCs to present different viable options for

MP-DCMMC SC design, and demonstrates the possibility of mixing SC designs in later

chapters.

2.4 MP-DCMMC Operational Principles

The operation of the MP-DCMMC is based on the modular increase of pole-to-ground

voltage as SCs are stacked in series, and the modular increase in power transfer between

ports as SCs are paralleled. Since each SC is capable of bidirectional dc power transfer

between its two ports, only dc power needs to be exchanged among the dc ports and the

SCs connected to them. Note that a power transfer between any two ports in Fig. 2.1 is

processed by every row of SCs in between, but not by any other row.
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2.4.1 Voltage Stacking Mechanism

The voltage stacking mechanism of the MP-DCMMC is illustrated in Fig. 2.4a for a four-

port MP-DCMMC with SC11 and SC31 being the high-stepping SC shown in Fig. 2.2a,

and SC21 being the low-stepping SC shown in Fig. 2.2b. The S strings of upper and

lower arms are grouped together in boxes labeled a and b for presentation simplicity.

The lowest dc port voltage vdJ (vd3 in Fig. 2.4a) is established by the lower arms of row

J (V3b in Fig. 2.4a), and subsequent higher dc port voltages in can be established by

series-stacking SC rows with the desired ∆Vj:

vd(j−1) = vdj +∆Vj, ∀j ∈ [1, J ] (2.12)

To accommodate future installation of dc systems with higher voltage ratings, additional

dc ports can be created by modularly series-stacking rows of SCs (increasing J in Fig. 2.1).

2.4.2 Current Splitting Mechanism

The current splitting mechanism of the MP-DCMMC is illustrated in Fig. 2.4b for an

arbitrary row j of high-stepping SCs. Current ij is the total dc current that is required to

flow through a row of SCs, depending on the power flow requirement at each dc port. If a

row sees high ij, that current can be split by adding parallel SCs to the row. This reduces

the dc current stress of for every SC in that row. In most cases, SCs in the same row

are of identical design to evenly distribute current stress in the SC arms. This practice

prolongs the average component lifetime throughout the converter, and simplifies the

design process. Therefore:

ijk =
ij
Kj

(2.13)

To accommodate future increase in port power flow requirement, power transfer capability

of a row can be increased by modularly adding parallel SCs in the row (increasing Kj in

Fig. 2.1).
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Table 2.1: Modularity Comparison of Multiport HV DC-DC Converters

MP-DCMMC MP-DAB-MMC MDC-AUTO

Adding DC port Add row of SCs (J ↑) Add MMC,
redesign transformer

Add MMC,
redesign transformer

Increasing power flow Increase number of
SCs within a row
(Kj ↑)

Redesign MMC,
Add paralleling arms

Redesign MMC,
Add paralleling arms

Single SC failure Reduced power flow
capability

Loss of one DC port Loss of one DC port,
Reduced power flow
capability

2.5 Modular Subconverters

Both increasing J (number of rows) and Kj (number of SCs within jth row) can be done

without disturbing the rest of power circuit, since additional SCs are only electrically

connected to their neighboring SCs, and each SC can be controlled by a de-centralized

controller that is independent from other SCs. This provides a high degree of modularity

to the MP-DCMMC, allowing the converter to easily accommodate additional dc system

connections and increase power transfer capability. When a SC fails in a row with

multiple SCs, overall MP-DCMMC operation can be maintained with reduced power

transfer capability without losing a dc port. Table 2.1 summarizes the comparison in

modularity between MP-DCMMC and the two existing multiport HV dc-dc converter

topologies, MP-DAB-MMC and MDC-AUTO.

Furthermore, if ∆V0 ≃ ∆V1 ≃ ... ≃ ∆VJ , all SCs in the MP-DCMMC can be of an

identical design of high-stepping SC. This special case may be fairly common in practice,

as the recommended voltage levels for future dc grids are in similar increments according

to [28]. The manufacturing process for SCs can therefore be streamlined, greatly reducing

design and production costs. The high modularity and the resulting high reliability of

the MP-DCMMC makes it a suitable topology for the fast-growing HVDC industry.
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Chapter 3

Subconverter Analysis

3.1 Introduction

This chapter details the principles of operation and design process for the two SC types

introduced in Section 2.3 for MP-DCMMC. Both SCs are derived from the buck-boost

DCMMC of [16], and therefore a generalized design process, mathematical model and

control strategy that can be applied to both of them can be developed. Model validation

and SC operation is verified through off-line simulation in PLECS, a time-domain simu-

lation software for power electronic devices. The effects of varying dc power flow and

port voltages are analyzed and verified in simulation as well. Throughout this chapter,

unless otherwise indicated, the following assumptions are used [16]:

1. SC voltages and currents consist of their dc and fundamental frequency components

2. SC arms synthesize ideal sinusoidal ac voltages

3. Resistance terms are neglected, i.e., the SC is assumed lossless

4. Ideal ac output filtering is achieved
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Figure 3.1: SC designs based on buck-boost DCMMC

3.2 Principle of Operation

3.2.1 Two-string and Three-string Variants

The two SC types shown in Fig. 2.2 are again shown in 3.1 for ease of reference. As

mentioned in Section 2.3, the SCs in Fig. 3.1 can interleave S strings of converter arms to

increase its power rating, and a minimum of two strings (S = 2) is required for ac current

to circulate internally. Three-string variants allow three-phase operation that can be

controlled using classical three-phase control methods such as αβ- or dq- transformations,

and and the ac filter f in Fig. 3.1 can be designed with a zig-zag grounding transformer.

Two-string variants allow simple single-phase operation, and the ac filter f in Fig. 3.1 can

be designed with a coupled inductor. SCs with more than three strings can be developed

using a combination of the two-string and three-string designs. This thesis derives the

model and control for the two-string variant, but the operational characteristics shown

through analysis and simulation also apply to the three-string variant.
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Figure 3.2: SC internal dc and ac power transfer

3.2.2 Power Transfer Mechanism

A fundamental purpose of the SCs is to facilitate and control the transfer of dc power

between MP-DCMMC ports. The power transfer mechanism of the two SC types are

illustrated in Fig. 3.2 with dc power being transferred from the upper port ja to the

lower port jb. For both SCs, the upper arms a1 and a2 absorb dc power from the upper

port, while the lower arms b1 and b2 supply dc power for the lower port. To ensure power

balance of cell capacitors between the upper and lower arms, average ac power needs to

be exchanged between them. The power balance between the SC arms can be expressed

as:

Pdc + Pac = 0 (3.1)

Pdc = −Pa1 − Pa2 = Pb1 + Pb2 (3.2)

Pac = Pa1 + Pa2 = −Pb1 − Pb2 (3.3)
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The dc power and average ac power within each set of arms must also be balanced. The

arm voltage and current quantities can be defined as:

vas = Vas + V 1
ascos(ωt+ Φ1

as) (3.4)

ias = Ias + I1ascos(ωt+Θ1
as) (3.5)

vbs = Vbs + V 1
bscos(ωt+ Φ1

as) (3.6)

ibs = Ibs + I1bscos(ωt+Θ1
as) (3.7)

Where the superscript 1 denote fundamental frequency component, Φ is the voltage phase

angle, and θ is the current phase angle. Then, using arms a1 and b1 as an example, the

power balance within each set of arms can be expressed as:

P dc
a1 + P ac

a1 = Va1Ia1 +
1

2
V 1
a1I

1
a1cos(Φ

1
a1 −Θ1

a1) = 0 (3.8)

P dc
b1 + P ac

b1 = −Vb1Ib1 +
1

2
V 1
b1I

1
b1cos(Φ

1
b1 −Θ1

b1) = 0 (3.9)

Since the SCs are MMC-based, the impedance of the arm chokes Larm in Fig. 2.3 is very

small, and the power factors can be approximated as:

cos(Φ1
a1 −Θ1

a1) ≈ −1 (3.10)

cos(Φ1
b1 −Θ1

b1) ≈ 1 (3.11)

Eq. 3.8 - 3.9 can then be simplified as:

Va1Ia1 =
1

2
V 1
a1I

1
a1 (3.12)

Vb1Ib1 =
1

2
V 1
b1I

1
b1 (3.13)

The same derivation can be applied to any string in any of the two SCs in Fig. 3.2.

3.2.3 Delta-sigma Transformation

In order to control the dc power transfer and average ac power balance of the SC, arm

voltage and current quantities can be mapped into new variables through delta-sigma
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(∆Σ) transformation. This is analogous to common mode and differential mode com-

ponents. Due to the symmetry in two-string SCs, voltage and current quantities in

∆Σ-frame would consist of mainly dc or fundamental frequency components [16]. The

transformation for the high-stepping SC in Fig. 3.2a is derived below:

i′ = Tii = [it1 it2 ic1 ic2]
T (3.14)

v′ = Tvv = [vt1 vt2 vc1 vc2]
T (3.15)

v′
c = Tvvc = [vcap,t1 vcap,t2 vcap,c1 vcap,c2]

T (3.16)

where

i = [ia1 ib1 ia2 ib2]
T (3.17)

v = [va1 vb1 va2 vb2]
T (3.18)

vc = [Σvcap,a1 Σvcap,b1 Σvcap,a2 Σvcap,b2]
T (3.19)

Ti ,
1

2

⎡⎢⎢⎢⎣
1 −1 1 −1
−1 −1 −1 −1
1

2

1

2
−1

2
−1

2
1 −1 −1 1

⎤⎥⎥⎥⎦Tv ,
1

4

⎡⎢⎢⎣
−1 1 −1 1
1 1 1 1
−1 −1 1 1
−1 1 1 −1

⎤⎥⎥⎦ (3.20)

For the low-stepping SC in Fig. 3.2b, the transformation matrix can be derived as:

Ti ,
1

2

⎡⎢⎢⎢⎣
1 −1 1 −1
−1 −1 −1 −1
1

2
−1

2
−1

2

1

2
1 1 −1 −1

⎤⎥⎥⎥⎦Tv ,
1

4

⎡⎢⎢⎣
−1 1 −1 1
1 1 1 1
−1 1 1 −1
−1 −1 1 1

⎤⎥⎥⎦ (3.21)

Fig. 3.3 shows the currents in ∆Σ-frame for both SC types. Based on the assumptions

listed in 3.1, the transformed voltages and currents ideally comprise dc and fundamental

frequency components as follows:

it1(t) = It1 vt1(t) = Vt1 (3.22)

it2(t) = It2 vt2(t) = Vt2 (3.23)

ic1(t) = Îc1 cos(wt+ θc1) vc1(t) = V̂c1 cos(wt+ Φc1) (3.24)

ic2(t) = Îc2 cos(wt+ θc2) vc2(t) = V̂c2 cos(wt+ Φc2) (3.25)
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Figure 3.3: SC currents in ∆Σ-frame, solid lines are DC quantities and dashed lines are
fundamental frequency quantities

Combining Fig. 3.2 and Fig. 3.3, the significance of the four transformed currents are

found to be:

it1: Enables dc power exchange between the two ports ja and jb, and between the

upper arms as and lower arms bs.

it2: Enables dc power exchange between the two ports and all the SC arms.

ic1: Enables average ac power exchange between the upper arms as and lower arms bs

ic2: Filter leakage current, enables potential for average ac power exchange through

the filter.

While the transformed voltages vt1, vt2, vc1 and vc2 each drive its corresponding trans-

formed current. An arm voltage is modulated from the sums of capacitor voltages in an

arm:

vas = masΣvcap,asvbs = mbsΣvcap,bs (3.26)
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Wheremas andmbs are the modulating signals for the upper and lower arms, respectively.

For the two-string variants in Fig. 3.3, the modulating signals can also be transformed

into ∆Σ-frame:

m′ = Tvm = [mt1 mt2 mc1 mc2]
T (3.27)

where

m = [ma1 mb1 ma2 mb2]
T (3.28)

The modulating signals mt1, mt2, mc1 and mc2 can therefore be used to regulated vt1,

vt2, vc1 and vc2. The dynamic equations for ac currents ic1 and ic2 are:

Larm
d

dt
ic1 =−Rarmic1 + vc1 (3.29)

(2Lm +
Larm

2
)
d

dt
ic2 =− Rarm

2
ic2 + vc2, (3.30)

Where Larm is the filter magnetizing inductance. The arm chokes are by design small

and therefore only a relatively small ac voltage vc1 is needed to drive ic1. Larm naturally

provides a very large ac impedance and thus even when generating a large ac voltage vc2,

the resulting leakage current ic2 will be very small:

ic2 ≈ 0 (3.31)

Consequently, the current carried by each winding of the coupled inductor in high-

stepping SC is

iwind =
1

2
|it1| (3.32)

And in low-stepping SC is

iwind =
1

2
|it2| (3.33)

Based on 3.31, Eq. 3.12 - 3.13 can be further simplified:

I11 =I12 ≈ Îc1 (3.34)

VasIas = VbsIbs =
1

2
V̂c2Îc1 (3.35)
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3.2.4 Arm AC Voltage Modulation

Based on Eq. 3.35, the dc current stress for an arm is determined by Vas and Vbs, while

the ac current stress for an arm is determined by V̂c2. Vas and Vbs are determined by

port voltages Vja and Vjb based on Eq. 2.3 - 2.4, but V̂c2 is a designable value. Increasing

V̂c2 decreases Îc1, and thus decreases the total current stress of an arm and increases its

efficiency.

However, a higher V̂c2 means more SMs need to be installed in SC arms to increase

voltage headroom, and FBSMs are required when V̂c2 > Vja or V̂c2 > Vjb. This impli-

cation is illustrated in Fig. 3.4 for an upper arm as, where the higher V̂c2 in Fig. 3.4b

requires FBSMs for negative voltage modulation represented by the red shaded area.

Based on this, reference [31] describes three possible ac voltage modulation strategies:

1) minimizing ac modulation, where V̂c2 = min(Vja, Vjb). This ensures only HBSMs are

required in the SC. 2) maximizing ac modulation, where V̂c2 = max(Vja, Vjb). This ensu-

res only HBSMs are required in one set of arms, but FBSMs may be required in another.

3) 2[pu] modulation, where V̂as = 2Vja and V̂bs = 2Vja. For the SC types in Fig. 3.1, this

modulation strategy is only possible when Vja = Vjb.

Vja

v
as

    c2

Σv
cap,as

    c2

(a) V̂c2 = Vja

Vja

v
as

Σv
cap,as

    c2

    c2

(b) V̂c2 > Vja

Figure 3.4: AC voltage modulation of arm as in relation to Vja, where the blue shaded
area represents voltage being supported by HBSMs, and the red shared area represents
voltage being supported by FBSMs
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When Vja = Vjb, all three ac modulation strategies are the same, and SC design is

straight forward. However, when Vja ̸= Vjb, choosing the optimal ac modulation strategy

requires detail studies on the trade-off between converter cost and converter efficiency.

Furthermore, for SCs in a particular MP-DCMMC row, changing SC design between

high-stepping and low-stepping may change Vja and Vjb, thereby altering the optimal

ac modulation strategy. Therefore, in this thesis, the SCs are always designed with

the minimizing ac modulation strategy, and the SC design that results in the highest

min(Vja, Vjb) should be used to maximize V̂c2 and minimize ac current stress.

3.3 De-centralized Inner layer SC Controller

+ -
cos(wt)

+
-

+
-

+
-

Kf

Capacitor Voltage Balancing

Power Flow Regulation

+

Mc2cos(wt)

Mt1

SC

+ +
--

mt2+
+

Mt2

it2

| |

∑vcap,t2
filt

ic1

∑vcap,t2
*

it2
filt

it2
*

s
Kv2(s+av2)

s
Ki2(s+ai2)

s2+2ζiωHFs+ωHF
2

ωHF
2

s2+2ζvωLFs+ωLF
2

ωLF
2

s2+2ζiωHFs+ωHF
2

ωHF
2

τzs+1
Kgτps+1

∑vcap,t1
*

ic1
filt

ic1
*

s2+2ζωs+ω
2

s2+2ζzωzs+ωz
2

Kr

∑vcap,t2

∑vcap,t1

mc1

∑vcap,t1
filt

s2+2ζiωHFs+ωHF
2

ωHF
2 it1

filt

ijk
*

s
Ki1(s+ai1) mt1

mc2

s
Kv1(s+av1)

s2+2ζvωLFs+ωLF
2

ωLF
2

it1

Figure 3.5: Decentralized inner layer controller for each SC

Fig. 3.5 shows the dynamic controller for both SC types in 3.1, which is modified
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from the buck-boost DCMMC controller in [16]. Quantities with a superscript ∗ denote

reference values. The controller consists of two parts:

1. Power flow regulation by controlling it1

2. Capacitor voltage regulation by controlling ic1 and it2

Note that ic1 and it2 regulates the total sum of capacitor voltages in each arm, Σvcap. The

balance of individual capacitor voltages within an arm can be done by sorting algorithms

that are common in classical dc-ac MMCs. The modulation of arm voltage can be done

using level-shifted PWM, phase-shifted PWM or any other method valid for MMCs

existing in literature [23].

The dynamic controller generates modulating signals mt1, mc1 and mc2 via control

action. mc2 controls V̂c2 and is user-specified based on the desired ac voltage modulation

strategy. The reference for it1 of a SCjk, denoted i∗jk, is generated by a MP-DCMMC

power flow controller and passed to individual SCs. The same applies to Σv∗cap,t1 and

Σv∗cap,t2, which dictate the voltage spacing the SC supports in a MP-DCMMC. The MP-

DCMMC power flow controller will be discussed in the next chapter. Proportional gain

Kf is added to decouple Σvcap,t1 and it1 dynamics based on [13]. which will be discussed

in the next chapter.

Capacitor voltage balancing requires two loops. The outer loop generates i∗c1 and

i∗t2 to regulate the dc components of Σvcap,t1 and Σvcap,t2, respectively. Then, the inner

loop generates modulating signals mc1 and mt2 to regulate the fundamental frequency

component of ic1 and the dc component of it2.

3.4 Model and Control Validation

The models and controller derived in this chapter are validated through simulations in

PLECS. Simulations are run with detail switched models developed with ideal IGBTs

and diodes. The model parameters for the simulated SCs are listed in Table 4.1, which

are based on [16] but modified to suit implementation in a MP-DCMMC.
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Unlike traditional dc-ac MMCs, the dc-dc buck-boost DCMMC that the SCs are

based on does not exchange ac power with an ac grid, which means that the modulated ac

voltage does not need to match the grid frequency of 50/60Hz and can be freely designed.

And unlike the existing multiport HV dc-dc converters that require a centralized ac-link,

the SCs in a MP-DCMMC only exchanges dc power between each other, therefore the

ac modulating frequency can vary between SCs. Increasing the ac modulation frequency

from the traditional 50/60Hz reduces the size of the arm chokes and the capacitance

required in the SMs. However, higher ac modulating frequency incurs higher switching

loss in the SMs, and it may be difficult or impossible to construct the required ac filters

when the frequency is too high. Due to these trade-offs, the selection of an optimal ac

modulating frequency requires detailed loss analysis for each SC and considering practical

design constraints. In this thesis, an ac modulating frequency of 150Hz is selected based

on existing work for similar power and voltage ranges [7] for all SCs in all simulations

to simplify the design process and to verify SC operation with ac modulating frequency

higher than 60Hz.

Three cases of SC operation are simulated for each SC type, all with a dc power

transfer of 40MW through the SC at t = 0.1 and a power transfer of −40MW at t = 0.3

to verify bidirectional power transfer:

Case 1-1: High-stepping SC with Vja = Vjb = 100kV

Case 1-2: High-stepping SC with Vja = 100kV and Vjb = 125kV

Case 1-3: High-stepping SC with Vja = 100kV and Vjb = 75kV

Case 2-1: Low-stepping SC with Vja = Vjb = 100kV

Case 2-2: Low-stepping SC with Vja = 100kV and Vjb = 125kV

Case 2-3: Low-stepping SC with Vja = 100kV and Vjb = 75kV

The simulation results are shown in Fig. 3.6 - 3.11. With the analytical model and

control strategy generalized for both types of SC, the simulation results between them
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Table 3.1: Subconverter Simulation Parameters

Parameter Value

Fundamental modulating frequency, w 2π150 rad/s

No. of SMs per arm Na, Nb 5, 5

SM capacitor, C 0.40 mF

Nominal SM capacitor voltage, V n
cap 40 kV

Arm choke, Larm, Rarm 33 mH, 0.66Ω

Port connection impedance, Lj, Rj 82 mH, 3.1Ω

Filter magnetizing inductance, Lm 33.2 H

Filter leakage inductance, Lleak 28 mH

with the same operating point are almost identical. The results for cases 1-1 and 2-1 in

Fig. 3.6 and 3.9 show that ideal cases where Vja = Vjb, V̂c2 = 100kV and Îc1 ≈ 400A. In

comparison, the results for cases 1-2 and 2-2 in Fig. 3.7 and 3.10 do not show a significant

increase in ac current stress Îc1 since the ac voltage modulated V̂c2 remains to be 100kV .

However, the number of SMs required increases due to an increase in Σvcap,b1 and Σvcap,b2.

The results for cases 1-3 and 2-3 in Fig. 3.8 and 3.11 show a substantial increase in Îc1,

since V̂c2 is now limited to 75kV .

Based on Eqs. 2.5 - 2.11, for a particular set of dc port voltages, using high-stepping

SC or low-stepping SC in a row yields different Vja and Vjb, and consequently different

V̂c2 may be realized with the minimizing ac voltage modulation strategy. Therefore,

the optimal choice between implementing high-stepping SCs or low-stepping SCs in a

row may be ambiguous and requires detail loss analysis and cost analysis of the entire

MP-DCMMC.
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Figure 3.6: Case 1-1: High-stepping SC with Vja = Vjb = 100kV
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Figure 3.7: Case 1-2: High-stepping SC with Vja = 100kV and Vjb = 125kV
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Figure 3.8: Case 1-3: High-stepping SC with Vja = 100kV and Vjb = 75kV
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Figure 3.9: Case 2-1: Low-stepping SC with Vja = Vjb = 100kV
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Figure 3.10: Case 2-2: Low-stepping SC with Vja = 100kV and Vjb = 125kV
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Figure 3.11: Case 2-3: Low-stepping SC with Vja = 100kV and Vjb = 125kV
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Chapter 4

MP-DCMMC Control Strategy and
Simulation

4.1 Introduction

In this chapter, an overall analytical model and a two-layer cascaded control strategy for

the MP-DCMMC are developed, which are then verified against an arbitrary three-port

test system. MP-DCMMC designs for a wide range of operating points are derived and

validated through extensive off-line simulations in PLECS.

Since the MP-DCMMC employs multiple MMC-based SCs each operating with a

dedicated controller and a high number of switching cells, conducting simulations with

switched models requires heavy computational power. Various averaged equivalent mo-

dels have been developed to reduce the computational burden of MMC simulations [2],

[8], [26], [34], and their usage in the verification of MMC-based converter topologies is

common in literature [5], [10], [12], [32]. Since the switched model for individual SCs are

simulated and verified in Chapter 3, time-averaged equivalent models of the MMC-based

SCs will be used when adequate in this chapter.

4.2 Two-layer Cascaded Control Strategy

There are two layers of dynamics to the MP-DCMMC operation: the inner layer SC dyn-

amics, and the outer layer power flow dynamics. Therefore, a two-layer cascaded control

strategy can be adopted to control the MP-DCMMC. The models and a controller for
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both high-stepping SC and low-stepping SC are developed in Chapter 3, while the ana-

lytical model and control for MP-DCMMC dc port voltage and power flow is developed

below.

4.3 DC Port Voltage and Power Flow Analytical Mo-

del

Based on Eq. 2.3 - 2.12, if the desired dc port voltages are known, the required SC port

voltages Vja and Vjb for every SC in the MP-DCMMC can be obtained:

V ∗
ja = ∆V ∗

j = v∗dj − v∗d(j+1) (high - stepping SC) (4.1)

V ∗
ja = ∆V ∗

j + V ∗
(j+1)a = v∗dj − v∗d(j+1) + V ∗

(j+1)a (low - stepping SC) (4.2)

V ∗
jb = V ∗

(j+1)a, ∀j ∈ [1, J − 1] (4.3)

V ∗
jb = v∗dj, j = J (4.4)

The voltage references in Fig. 3.5 for each SC in a row j can then be obtained as:

Σv∗cap,t1 =
1

2
(−Σv∗cap,a + Σv∗cap,b) =

1

2
(−V ∗

ja + V ∗
jb) (4.5)

Σv∗cap,t2 =
1

2
(Σv∗cap,a + Σv∗cap,b) =

1

2
(V ∗

ja + V ∗
jb) + V̂ ∗

c2 (4.6)

Where V ∗
ja and V ∗

jb are obtained using Eq. 4.1 - 4.4. To control the power flow at each dc

port, the dc port currents idj need to be regulated as:

i∗dj =
P ∗
dj

vdj
(4.7)

The relationship between a dc port current and the SCs it is connected to can be obtained

as:

idj = iabove − ibelow (4.8)

Where iabove is the current flowing out of the positive node of the SC above, and ibelow

is the current flowing into the postive node of the SC below. If the row above (j − 1)
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consists of low-stepping SCs, then

iabove =
2

1 +
V ∗
(j−1)b

V ∗
(j−1)a

ij−1 (4.9)

If the row above (j − 1) consists of high-stepping SCs, then

iabove = 2ij−1 −
2

1 +
V ∗
(j−1)b

V ∗
xa

ix (4.10)

Where the subscript x denotes the next row of high-stepping SCs immediately above the

j − 1 row. If there is a row of SCs below the dc port, regardless of the SC type:

ibelow =
2

1 +
V ∗
(j+1)a

V ∗
(j+1)b

ij (4.11)

Applying Eq. 4.8 - 4.11 together with Eq. 4.1 - 4.4 to every dc port results in a relation

matrix Tj. For example, for a four-port MP-DCMMC with three rows of high-stepping

SCs:

idj = Tjij = [id1 id2 id3 id4]
T (4.12)

ij = [i1 i2 i3]
T (4.13)

Tj ,

⎡⎢⎢⎢⎢⎢⎢⎣
− 2

1+
∆V1
∆V2

0 0

2 − 2

1+
∆V2
∆V3

0

− 2

1+
∆V3
∆V2

2 − 2

1+
∆V3
∆V4

0 − 2

1+
∆V4
∆V3

2

⎤⎥⎥⎥⎥⎥⎥⎦ (4.14)

If the second row is changed to low-stepping SCs, then the relation matrix is modified

as:

Tj ,

⎡⎢⎢⎢⎢⎢⎢⎣
− 2

1+
∆V1
∆V2

0 0

2 − 2

1+
∆V2
∆V3

0

0 1 − 2

1+
∆V3
∆V4

− 2

1+
∆V4
∆V2

0 2

⎤⎥⎥⎥⎥⎥⎥⎦ (4.15)

To obtain the reference for ij, one dc port needs to be selected as the slack bus. For

example, if port d1 is selected as the slack bus, the relation matrix in Eq. 4.14 then
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becomes:

Tj ,

⎡⎢⎢⎢⎣
2 − 2

1+
∆V2
∆V3

0

− 2

1+
∆V3
∆V2

2 − 2

1+
∆V3
∆V4

0 − 2

1+
∆V4
∆V3

2

⎤⎥⎥⎥⎦ (4.16)

Tj can then be inversed to obtain the reference for ij based on desired dc port current:

i∗j = T−1
j i∗dj (4.17)

Eq. 2.13 can then be used to yield the reference for ijk for each SC in MP-DCMMC:

i∗j1 = i∗j2 = ... = i∗jk =
i∗j
Kj

(4.18)
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Figure 4.1: Centralized outer layer port power flow controller for MP-DCMMC

Fig. 4.1 shows the centralized outer layer power flow controller for regulating the power

flow between ports in a MP-DCMMC. The outer layer controller generates SC current

references i∗jk, which are passed to individual SCs to regulate the dc port currents idj.

When new SCs are installed or existing SCs are removed, the inner layer controllers on

the rest of the SCs are unaffected, and the outer layer controller only needs to update

the relation matrix Tj accordingly.
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4.4 MP-DCMMC Validation and Simulation

The overall operation of the MP-DCMMC, with the inner layer SC controllers developed

in Chapter 3 and the outer layer power flow controller developed in Section 4.3, is vali-

dated against a three-port asymmetric monopole test system with a maximum total dc

power flow of 480MW at any of the three ports. The general structure of MP-DCMMC

for the three-port test system is shown in Fig. 4.2. The design and performance of the

id1

i

i

SC11 SC12 SC1K

2KSC21 SC22 SC

d2

d3

i11
1

2

ΔV1

ΔV2

i12 i1K1

i21 i22 i2K2

vd1

vd2

vd3

Figure 4.2: MP-DCMMC for a three-port test system

MP-DCMMC largely depends on the operating point, which is defined by the voltage

and power ratings for each port. Therefore, multiple ”test cases” of operating points are

developed to investigate their effects on MP-DCMMC design and performance. Due to

the large number of possible voltage and power rating combinations for multiport sys-

tems, the procedure shown in Fig. 4.3 will be followed to isolate the factors influencing

converter design. Four main test cases for the three-port are studied:

Case 1: Equal voltage spacing between ports; each ”subcase” represents one possible

power flow schedule.

Case 2: Equal voltage spacing between ports; the system requires every port to be

rated for the maximum power flow to accommodate every possible power flow
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Table 4.1: Subconverter Simulation Parameters

Parameter Value

Fundamental modulating frequency, w 2π150 rad/s

SM capacitor, C 0.64 mF

Nominal SM capacitor voltage, V n
cap 25 kV

Arm choke, Larm, Rarm 33 mH, 0.66Ω

Port connection impedance, Lj, Rj 82 mH, 3.1Ω

Filter magnetizing inductance, Lm 33.2 H

Filter leakage inductance, Lleak 28 mH

schedule of Case 1.

Case 3: Specified power flow schedule; each ”subcase” represents a change in one of

the voltage spacing.

Case 4: Three-port system identified in Case 2 is expanded to include an additional dc

port; two voltage levels are considered for the fourth port.

In all cases, MP-DCMMC design conforms to the procedure defined in Chapter 3 and

previous sections of this chapter. The two-string single-phase SC designs of 3.2 are

implemented, and the minimizing ac modulation strategy described in 3.2.4 is used for

all MP-DCMMC designs for simplicity. The number of SCs in a row should be designed

such that a minimum number of SCs is required while ensuring that none of the SC arm

dc current stress exceeds 400A.

Simulations results for all subcases are included in Appendix A, with selected results

duplicated in this chapter to verify MP-DCMMC operation. In each simulation, the

scheduled dc power flow is applied at t = 0.1s, and a reversal of power flow in all ports

is applied at t = 0.3s to verify bidirectional power transfer capability.
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Figure 4.3: Study case definition chart for Fig. 4.2
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4.4.1 Case 1: Power Flow Variation

Throughout Case 1, the MP-DCMMCs are designed according to the specified power flow

schedules in Fig. 4.3. The dc port voltage spacings are equal at ∆V1 = ∆V2 = 100kV ,

and do not change between subcases. Therefore, based on chapters 2 and 3, high-stepping

SCs are implemented throughout the MP-DCMMCs for all subcases with the parameters

listed in Table 4.1, and the number of SMs is the same for all SC arms (Nja = Njb = 8).

Case 1-1: Maximum power flow at port d1

Table 4.2: Test system parameters for Case 1-1

Case 1-1 Value
vd1, vd2, vd3 300, 200, 100 kV
Case 1-1-1 Value
Pd1, Pd2, Pd3 480, 0, 480 MW
id1, id2, id3 1600, 0, 4800 A
Case 1-1-2 Value
Pd1, Pd2, Pd3 480, 120, 360 MW
id1, id2, id3 1600, 600, 3600 A
Case 1-1-3 Value
Pd1, Pd2, Pd3 480, 240, 240 MW
id1, id2, id3 1600, 1200, 2400 A
Case 1-1-4 Value
Pd1, Pd2, Pd3 480, 360, 120 MW
id1, id2, id3 1600, 1800, 1200 A

Table. 4.2 lists the test system parameters for Case 1-1. The 300kV dc port d1 always

sees the 1pu power flow of 480MW , while the load/supply of this power is split between

the 200kV dc port d2 and the 100kV dc port d3. The different power splits considered

between Pd2 and Pd3 are listed in Fig. 4.3. Using Eqs. 4.1 - 4.18, adequate MP-DCMMC

designs are derived and shown in Fig. 4.4. Exemplar simulation results for Case 1-1-3

are shown in Fig. A.3, with port d1 being the slack bus.

Note that the number of SCs required for row j = 1 (top row) remains the same for

all three scenarios, as the row always processes the total power transfer of 480MW from
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port d1. More SCs are required for row j = 2 when more power is being transferred to

the bottom dc port d3.

46



100kV

SC100kV 11

400A

300kV

200kV

100kV

a

b
f

1600A

480MW
100kV

SC100kV 12

a

b
f

100kV

SC100kV 13

a

b
f

100kV

SC100kV 14

a

b
f

400A 400A 400A

400A400A400A400A

800A 800A 800A 800A200A 200A 200A 200A 200A

100kV

SC100kV 21

400A

a

b
f

100kV

SC100kV 22

a

b
f

100kV

SC100kV 23

a

b
f

100kV

SC100kV 24

a

b
f

400A 400A 400A

400A400A400A400A

100kV

SC100kV 25

a

b
f

400A

400A

600A 600A 600A 600A 600A

200A

100kV

SC100kV 26

a

b
f

400A

400A

600A

200A

100kV

SC100kV 27

a

b
f

400A

400A

600A

200A

100kV

SC100kV 28

a

b
f

400A

400A

600A4800A

480MW

0A

0MW

(a) Case 1-1-1: Pd2 = 0pu and Pd3 = 1pu

100kV

SC100kV 11

400A

300kV

200kV

100kV

a

b
f

600A

1600A

3600A

480MW
100kV

SC100kV 12

a

b
f

100kV

SC100kV 13

a

b
f

100kV

SC100kV 14

a

b
f

400A 400A 400A

120MW

360MW

400A400A400A400A

800A 800A 800A 800A228A 228A 228A 228A 228A

100kV

SC100kV 21

371A

a

b
f

100kV

SC100kV 22

a

b
f

100kV

SC100kV 23

a

b
f

100kV

SC100kV 24

a

b
f

371A 371A 371A

371A371A371A371A

100kV

SC100kV 25

a

b
f

371A

371A

514A 514A 514A 514A 514A

228A

100kV

SC100kV 27

a

b
f

371A

371A

514A

228A

100kV

SC100kV 26

a

b
f

371A

371A

514A

(b) Case 1-1-2: Pd2 = 0.25pu and Pd3 = 0.75pu

100kV

SC100kV 11

400A

300kV

200kV

100kV

a

b
f

1200A

1600A

2400A

480MW
100kV

SC100kV 12

a

b
f

100kV

SC100kV 13

a

b
f

100kV

SC100kV 14

a

b
f

400A 400A 400A

240MW

240MW

400A400A400A400A

800A 800A 800A 800A320A 320A 320A 320A 320A

100kV

SC100kV 21

400A

a

b
f

100kV

SC100kV 22

a

b
f

100kV

SC100kV 23

a

b
f

100kV

SC100kV 24

a

b
f

400A 400A 400A

400A400A400A400A

100kV

SC100kV 25

a

b
f

400A

400A

480A 480A 480A 480A 480A

(c) Case 1-1-3: Pd2 = 0.5pu and Pd3 = 0.5pu

100kV

SC100kV 11

400A

300kV

200kV

100kV

a

b
f

1800A

1600A

1200A

480MW
100kV

SC100kV 12

a

b
f

100kV

SC100kV 13

a

b
f

100kV

SC100kV 14

a

b
f

400A 400A 400A

360MW

120MW

400A400A400A400A

800A 800A 800A 800A400A 400A 400A 400A

100kV

SC100kV 21

350A

a

b
f

100kV

SC100kV 22

a

b
f

100kV

SC100kV 23

a

b
f

100kV

SC100kV 24

a

b
f

350A 350A 350A

350A350A350A350A

300A 300A 300A 300A

(d) Case 1-1-4: Pd2 = 0.75pu and Pd3 = 0.25pu
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Figure 4.5: Simulation results of MP-DCMMC designed for Case 1-1-3
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Case 1-2: Maximum power flow at port d2

Table 4.3: Test system parameters for Case 1-2

Case 1-2 Value
vd1, vd2, vd3 300, 200, 100 kV
Case 1-2-1 Value
Pd1, Pd2, Pd3 480, 480, 0 MW
id1, id2, id3 1600, 2400, 0 A
Case 1-2-2 Value
Pd1, Pd2, Pd3 360, 480, 120 MW
id1, id2, id3 1200, 2400, 1200 A
Case 1-2-3 Value
Pd1, Pd2, Pd3 240, 480, 240 MW
id1, id2, id3 800, 2400, 2400 A
Case 1-2-4 Value
Pd1, Pd2, Pd3 120, 480, 360 MW
id1, id2, id3 400, 2400, 3600 A

Table. 4.3 lists the test system parameters for Case 1-2. The 200kV dc port d2 always

sees the 1pu power flow of 480MW , while the load/supply of this power is split between

the 300kV dc port d1 and the 100kV dc port d3. The different power splits considered

between Pd1 and Pd3 are listed in Fig. 4.3. Using Eqs. 4.1 - 4.18, adequate MP-DCMMC

designs are derived and shown in Fig. 4.6. Exemplar simulation results for Case 1-2-3

are shown in Fig. A.7, with port d2 being the slack bus.

It can be observed that K1 (the numer of SCs required in row j = 1) increases as dc

power transfer at port d1 increases, at a rate of K1/0.25pu. Similarly, K2 (the numer of

SCs required in row j = 2) increases as dc power transfer at port d3 increases, at a rate

of 2K2/0.25pu. Case 1-2-2 is a special case, where K2 = 0 and only a dc-link capacitor

is required to support the voltage vd3.
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Figure 4.6: MP-DCMMC designs with maximum power flow at the 200kV dc port d2
(Pd2 = 1pu)
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Figure 4.7: Simulation results of MP-DCMMC designed for Case 1-2-3
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Case 1-3: Maximum power flow at port d3

Table 4.4: Test system parameters for Case 1-3

Case 1-3 Value
vd1, vd2, vd3 300, 200, 100 kV
Case 1-3-1 Value
Pd1, Pd2, Pd3 0, 480, 480 MW
id1, id2, id3 0, 2400, 4800 A
Case 1-3-2 Value
Pd1, Pd2, Pd3 120, 360, 480 MW
id1, id2, id3 400, 2400, 4800 A
Case 1-3-3 Value
Pd1, Pd2, Pd3 240, 240, 480 MW
id1, id2, id3 800, 1200, 4800 A
Case 1-3-4 Value
Pd1, Pd2, Pd3 360, 120, 480 MW
id1, id2, id3 1200, 600, 4800 A

Table. 4.4 lists the test system parameters for Case 1-3. The 100kV dc port d3 always

sees the 1pu power flow of 480MW , while the load/supply of this power is split between

the 300kV dc port d1 and the 200kV dc port d2. The different power splits considered

between Pd1 and Pd2 are listed in Fig. 4.3. Using Eqs. 4.1 - 4.18, adequate MP-DCMMC

designs are derived and shown in Fig. 4.8. Exemplar simulation results for Case 1-3-3

are shown in Fig. A.11, with port d3 being the slack bus.

Similar to Case 1-1, more SCs are required for row j = 1 when more power is being

transferred to the top dc port d1. Although the dc power flow at d3 is always 480MW ,

the power flowing through row j = 2 is not the same in each case.
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Figure 4.8: MP-DCMMC designs with maximum power flow at the 100kV dc port d3
(Pd3 = 1pu)
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Figure 4.9: Simulation results of MP-DCMMC designed for Case 1-3-3
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Observations for Case 1

Comparing the various MP-DCMMC designs in Case 1 for varying power flow schedules,

the following observations can be made:

1. More SCs are required when dc power is being transferred through multiple rows.

2. Transferring power to/from dc ports with lower voltage ratings requires more SCs

in the path than transferring power to/from dc ports with higher voltage ratings.

3. The least number of SCs are required when bulk power is being transferred to/from

the middle port.

4.4.2 Case 2: Flexible Power Flow

In Case 2, every dc port is rated for the maximum power transfer of 480MW or 1pu,

similar to the analytic approach in [19]. Designing the MP-DCMMC in this manner

ensures that it can accommodate any combination of dc power flow between any two or

three dc ports, including all of the ones listed in Case 1.

Table 4.5: Test system parameters for Case 2

Case 2 Value
vd1, vd2, vd3 300, 200, 100 kV
Pd1, Pd2, Pd3 480, 480, 480 MW
id1, id2, id3 1600, 2400, 4800 A

Table. 4.5 lists the test system parameters for Case 2. Comparing Figs. 4.4 - 4.8,

it can be seen that the MP-DCMMC design in Fig. 4.4a requires the most number of

SCs, which means that it is possible to run the design in Fig. 4.4a with any other power

flow schedule in Case 1 without exceeding the SC arm dc current stress limit. It can be

generalized that a MP-DCMMC design capable of accommodating the maximum power

transfer between the top and bottom ports is capable of accommodating any combination

of power flow between any of its ports.
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4.4.3 Case 3: Unequal DC Port Voltage Spacing

In this test case, the voltage spacings between dc ports, ∆Vj, are varying and no longer

equal. As mentioned in Chapter 2, as ∆Vj decreases, there is a point where implementing

low-stepping SCs between two dc ports is more cost-efficient. However, since the cut-

off point is difficult to define, a general guideline is adopted in this study case where

∆Vj < 0.5∆Vj+1 warrants the use of low-stepping SCs in row j. The SCs, regardless of

type, are designed with the parameters listed in Table 4.1. The number of SMs per SC

arm, however, are case dependent and listed in Tables 4.7 and 4.9 for Cases 3-1 and 3-2,

respectively. The power flow of Case 1-2-3 is selected to be the power flow requirement

throughout Case 3 for the simplicity and symmetry in its resultant MP-DCMMC design.
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Case 3-1: Varying dc port voltage at port d1

Table 4.6: Test system parameters for Case 3-1

Case 3-1 Value
Pd1, Pd2, Pd3 240, 480, 240 MW
Case 3-1-1 Value
vd1, vd2, vd3 275, 200, 100 kV
id1, id2, id3 873, 2400, 2400 A
Case 3-1-2 Value
vd1, vd2, vd3 250, 200, 100 kV
id1, id2, id3 860, 2400, 2400 A
Case 3-1-3 Value
vd1, vd2, vd3 225, 200, 100 kV
id1, id2, id3 1065, 2400, 2400 A
Case 3-1-4 Value
vd1, vd2, vd3 200, 200, 100 kV
id1, id2, id3 1200, 2400, 2400 A

Table. 4.6 lists the test system parameters for Case 3-1. The voltage rating for dc port

d1, vd1, varies from the original 300kV to 275kV , 250kV , 225kV and 200kV . Adequate

MP-DCMMC designs are derived and shown in Fig. 4.10, with the required number of

SMs per arm shown in Table 4.6. Exemplar simulation results for Case 3-1-3 are shown

in Fig. A.15, with port d2 being the slack bus.

Table 4.7: Number of SMs in SC arms for Case 3-1

Subcases N1as,N1bs,N2as,N2bs

Case 3-1-1 6, 7, 8, 8

Case 3-1-2 4, 6, 8, 8

Case 3-1-3 9, 8, 8, 8

Case 3-1-4 8, 8, 8, 8
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Figure 4.10: MP-DCMMC designs with varying vd1
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Figure 4.11: Simulation results of MP-DCMMC designed for Case 3-1-3
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Case 3-2: Varying dc port voltage at port d3

Table 4.8: Test system parameters for Case 3-2

Case 3-2 Value
Pd1, Pd2, Pd3 240, 480, 240 MW
Case 3-2-1 Value
vd1, vd2, vd3 300, 200, 125 kV
id1, id2, id3 800, 2400, 1920 A
Case 3-2-2 Value
vd1, vd2, vd3 300, 200, 150 kV
id1, id2, id3 800, 2400, 1600 A
Case 3-2-3 Value
vd1, vd2, vd3 300, 200, 175 kV
id1, id2, id3 800, 2400, 1372 A
Case 3-2-4 Value
vd1, vd2, vd3 300, 200, 200 kV
id1, id2, id3 800, 2400, 1200 A

Table. 4.8 lists the test system parameters for Case 3-2. The voltage rating for dc port

d3, vd3, varies from the original 100kV to 125kV , 150kV , 175kV and 200kV . Adequate

MP-DCMMC designs are derived and shown in Fig. 4.12, with the required number of

SMs per arm shown in Table 4.8. Exemplar simulation results for Case 3-2-3 are shown

in Fig. A.19, with port d2 being the slack bus.

Table 4.9: Number of SMs in SC arms for Case 3-2

Subcases N1as,N1bs,N2as,N2bs

Case 3-2-1 7, 6, 6, 8

Case 3-2-2 8, 12, 14, 12

Case 3-2-3 8, 12, 15, 14

Case 3-2-4 8, 12, 16, 16

60



100kV

SC75kV 11

267A

300kV

200kV

125kV

a

b
f

2400A

800A

1920A

240MW
100kV

SC75kV 12

a

b
f

267A

480MW

240MW

356A356A

623A 623A534A 534A

75kV

SC125kV 21

266A

a

b
f

75kV

SC125kV 22

a

b
f

266A

160A160A

100kV

SC75kV 13

a

b
f

267A

356A

623A

960A 960A

(a) vd3 = 125kV , ∆V1 = 100kV , ∆V2 = 75kV

100kV

SC200kV 11

400A

300kV

200kV

150kV

a

b
f

2400A

800A

1600A

240MW
100kV

SC200kV 12

a

b
f

400A

480MW

240MW

200A200A

600A 600A100A 100A

200kV

SC150kV 21

300A

a

b
f

200kV

SC150kV 22

a

b
f

300A

400A400A

400A 400A

200kV

SC150kV 24

a

b
f

300A

400A

400A

100A100A

200kV

SC150kV 23

a

b
f

300A

400A

400A

(b) vd3 = 150kV , ∆V1 = 100kV , ∆V2 = 50kV

100kV

SC200kV 11

400A

300kV

200kV

175kV

a

b
f

2400A

800A

1372A

240MW
100kV

SC200kV 12

a

b
f

400A

480MW

240MW

200A200A

600A 600A100A 100A

200kV

SC175kV 21

300A

a

b
f

200kV

SC175kV 22

a

b
f

300A

343A343A

343A 343A

200kV

SC175kV 24

a

b
f

300A

343A

343A

100A100A

200kV

SC175kV 23

a

b
f

300A

343A

343A

(c) vd3 = 175kV , ∆V1 = 100kV , ∆V2 = 25kV

100kV

SC200kV 11

400A

300kV

200kV

200kV

a

b
f

2400A

800A

1200A

240MW
100kV

SC200kV 12

a

b
f

400A

480MW

240MW

200A200A

600A 600A133A 133A

200kV

SC200kV 21

400A

a

b
f

200kV

SC200kV 22

a

b
f

400A

400A400A

400A 400A

200kV

SC200kV 23

a

b
f

400A

400A

400A

133A

(d) vd3 = 200kV , ∆V1 = 100kV , ∆V2 = 0kV

Figure 4.12: MP-DCMMC designs with varying vd3
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Figure 4.13: Simulation results of MP-DCMMC designed for Case 3-2-3
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Observations for Case 3

Comparing the various MP-DCMMC designs in Case 3 for varying dc port voltages, and

against the design in Case 1-2-2, the following observations can be made:

1. More SCs are required when dc voltage voltage spacings are unequal.

2. A dc port voltage rating vdj affects the SC design and Kj for rows both above and

below the port.

3. Unequal voltage spacings complicate SC design throughout the MP-DCMMC

4.4.4 Case 4: Additional DC Port

In this test case, system expansion requires a new port to interconnect either a 400kV

dc network or a 300kV dc network to the existing three-port test system in Fig. 4.2,

resulting in a four-port system. The maximum power flow for the four-port test system

remains to be 480MW . It is assumed that the MP-DCMMC designed for Case 2 is

already in place, and the new port is rated for the maximum power flow as well.

Table 4.10: Test system parameters for Case 4

Case 4-1 Value
vd1, vd2, vd3, vd4 400, 300, 200, 100 kV
Pd1, Pd2, Pd3, Pd4 480, 480, 480, 480 MW
id1, id2, id3, id4 1200, 1600, 2400, 4800 A

Case 4-2 Value
vd1, vd2, vd3, vd4 300, 300, 200, 100 kV
Pd1, Pd2, Pd3, Pd4 480, 480, 480, 480 MW
id1, id2, id3, id4 1600, 1600, 2400, 4800 A

Table. 4.10 lists the test system parameters for Case 4. Based on the results of Case 2,

adequate MP-DCMMC designs for Cases 4 can be derived by finding the MP-DCMMC

design capable of accommodating 480MW of dc power transfer between the top port d1

and the bottom port d4. High-stepping SCs are used in row j = 1 to connect a new
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400kV port, and low-stepping SCs are used instead to connect a new 300kV port. The

resultant MP-DCMMC designs are shown in Fig. 4.14.

Note that the addition of a dc port with higher voltage rating and the same maximum

dc power flow means that not only an additional SC row is required, additional SCs are

also required in existing rows. However, the addition of a dc port with the same voltage

rating as existing dc ports does not require additional SCs in existing rows.
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Figure 4.14: MP-DCMMC design for four-port test systems
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Chapter 5

Evaluation of MP-DCMMC as
HVDC Hub

5.1 Introduction

To validate that the MP-DCMMC is a practical and cost-effective alternative to existing

multiport HV dc-dc converters, a comparative analysis against two prominent multiport

HV DC-DC converters, the MP-DAB-MMC and the MDC-AUTO, is conducted. The

comparison is based on the semiconductor effort and magnetic requirement, converter

efficiency, fault-blocking capability, and other practical features of the converters.

5.2 Comparative Analysis

The MP-DAB-MMC and MDC-AUTO being compared are designed for the same three-

port test system defined in Section 4.4, using multi-winding transformers to establish

the centralized ac-link. The proposed SC designs for the MP-DCMMC are CCL type

converters, making it difficult to compare the MP-DCMMC with P3T type converter

such as the MDC-AUTO, due to the different ac modulation technique they each employ

when dc port voltage spacings are unequal [17], [30], [31]. However, when dc port voltage

spacings are equal (i.e., ∆V1 = ∆V2 = ... = ∆VJ), the optimal ac modulation technique

is the same for both converters and can easily be defined. Therefore, this thesis compares

the performance of the three multiport converters under various power flow requirements

while holding the dc port voltage ratings to constantly be vd1 = 300kV , vd2 = 200kV

and vd3 = 100kV for the three-port test system. A procedure similar to Section 4.4.1 is

adopted to sweep through all possible power flow combinations.
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5.2.1 Semiconductor Effort and Magnetic Requirement

Semiconductor effort is an indication of the cost of semiconductor switches (e.g., IGBTs)

required in a converter. Magnetic requirement is an indication of the cost of required

magnetics such as ac transformer or ac filter in a converter. These two indicators together

provides a general sense of how costly a converter may be. The equations provided in [19]

are used in calculations pertaining to the MDC-AUTO. The semiconductor effort of a

converter, Sconv, is defined as the total MW rating of all SMs in the converter power

circuit [16], [31]:

Sconv = ΣSarm (5.1)

Sarm = NHB,arm(vSM)(̂iarm) (5.2)

NHB,arm is the number of HB-equivalent SMs in a SC or MMC arm, which increases by

1 for each HBSM installed in an arm, and by 2 for each FBSM installed in an arm. vSM

is the capacitor voltage for each SM, while îarm is the absolute peak current through an

arm under normal converter operation. In most cases, îarm = |Iarm,dc|+ Îarm,ac.

The semiconductor efforts of the three compared topologies across various power

flow requirements are shown in Fig. 5.1. The MDC-AUTO always requires the least

amount of semiconductor effort, while the MP-DAB-MMC always requires the most.

The power flows in Fig. 5.1a and 5.1b require power transfer between top and bottom

ports d1 and d3, which according to the observation in 4.4.1, requires more SCs than

when power is only transferred between immediately adjacent ports. The MDC-AUTO

is capable of exchanging power between top and bottom ports d1 and d3 directly through

the ac transformer, therefore sees reduction in required power processing capability, and

a reduced semiconductor effort. For most of the power flows in Fig. 5.1b, the MP-

DCMMC requires the same amount of semiconductor effort as the MDC-AUTO, since

power transfer only occurs between immediately adjacent ports.
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Figure 5.1: Comparison of total semiconductor effort between MP-DCMMC, MDC-
AUTO and MP-DAB-MMC with respect to dc power flow arrangements
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The magnetic requirement of a converter, Smag, is defined as the total MVA rating

of the ac filters for MP-DCMMC:

Smag =
J∑

j=1

KjSfilt,j (5.3)

Sfilt,j = 2vwind,jiwind,j (5.4)

where

vwind,j = Îarm,ac (5.5)

iwind,j = 2ijk (5.6)

and defined as the total MVA rating of the ac transformers for the MP-DAB-MMC and

MDC-AUTO:

Smag =
J∑

j=0

Stran,j (5.7)

Stran,j = 2vwind,jiwind,j (5.8)

The magnetic requirements of the three compared topologies across various power flow

requirements are shown in Fig. 5.2. Note that the magnetic requirements are approx-

imately proportional to the semiconductor efforts, since the required internal ac power

transfer closely correlates with the total power processing capability of a converter.
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Figure 5.2: Comparison of total magnetic requirement between MP-DCMMC, MDC-
AUTO and MP-DAB-MMC with respect to dc power flow arrangements
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5.2.2 Converter Efficiency

Since the MP-DCMMC is made up of multiple SCs, the overall converter efficiency can

be estimated from the efficiencies of individual SCs. The dominant losses in a SC are the

conduction and switching losses of the semiconductors and the copper and core losses

for the magnetics. The losses of the low-stepping SC at Gv = 1 is the same as the

non-inverting buck-boost DCMMC proposed in [16] at Gv = 1, while the losses of the

high-stepping SC at Gv = 1 is the same as the buck DCMMC proposed in [7] at Gv = 0.5,

due to similarities in their power transfer mechanism. Based on the methods in [16], [31],

these efficiency at Gv = 1 can be estimated:

η(high− stepping) = 98.97% (5.9)

η(low − stepping) = 98.59% (5.10)

For power transfer between adjacent ports, the power only needs to be transferred across

one row of SC. However, if power is transferred across multiple rows of SCs, then the

converter efficiency becomes:

η(MP −DCMMC) = 98.97%Jh(98.59%Jl) (5.11)

Where Jh and Jl are the number of rows of high-stepping and low-stepping SCs, respecti-

vely. Topologies such as MP-DAB-MMC and MDC-AUTO can transfer all or most of

the power flow between ports that are not adjacent to each other through the centralized

ac-link, which tends to be less lossy than conducting semiconductor switches [31]. The-

refore, power routing and its effect on efficiency must be taken into account for multiport

converter design.

5.2.3 DC Fault-blocking Requirement

Unlike ac faults that can be interrupted at lower potentials, dc faults are difficult to

interrupt especially in overhead HVDC lines, making dc circuit breakers expensive or

unavailable for HVDC devices. Fault-blocking is the blocking of a converter in the event

of a dc-side fault, which prevents dc fault current from destroying internal semiconductors

and isolates the fault to its originating port. However, if a converter port is connected

to a dc system through an underground cable with large line inductance, or if protective
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Figure 5.3: Fault-blocking design of MP-DCMMC for a three-port test system

inductor [4] and dc circuit breaker are viable options, fault-blocking capability may still

be desirable but not critical for that particular port.

This section investigates the fault-blocking capability of the three compared topolo-

gies. The three-port test system defined in Section 4.4 will again be utilized, with every

port rated for the maximum power transfer, as described in Section 4.4.2. The maximum

power transfer is reduced to 120MW to avoid unnecessary complexity in illustrations and

simulations, and the resultant MP-DCMMC design is shown in Fig. 5.3a. The required

blocking voltage when a dc fault occurs at one of the ports for the MP-DCMMC is shown

in Fig. 5.3b - 5.3d. The red text indicates that the blocking voltage has either a reversed

polarity or an increase magnitude from the nominal case in Fig. 5.3a. If the polarity

is reversed, FBSMs are required to support the negative voltage. If the magnitude is
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Table 5.1: Semiconductor effort of MP-DCMMC, MP-DAB-MMC and MDC-AUTO for
Fig. 5.4

Without fault-blocking MP-DCMMC MP-DAB-MMC MDC-AUTO

Semiconductor effort 960 MW 1440 MW 640 MW

With fault-blocking MP-DCMMC MP-DAB-MMC MDC-AUTO

Semiconductor effort 1440 MW 1920 MW 1120 MW

increased, additional HBSMs are required.

Once a fault is blocked, the MP-DCMMC is inherently capable of allowing continuous

power transfer between certain healthy ports during fault. Fig. 5.3b shows that when

a fault occurs at the 300kV port, power transfer can continue between the 200kV and

100kV ports. Fig. 5.3c shows that when a fault occurs at the 200kV port, power transfer

between the ports above and below is interrupted. Fig. 5.3d shows that when a fault

occurs at the 100kV port, power transfer can continue between the 300kV and 200kV

ports, but additional HBSMs are required to both meet the blocking voltage requirement

and to facilitate the ac voltage modulation in SC11 for power transfer between the 300kV

port and 200kV ports.

Fig. 5.4a, 5.4c and 5.4b show the FBSM and HBSM voltage ratings for each arm

in the assumed three-port MP-DCMMC, MP-DAB-MMC and MDC-AUTO designs, re-

spectively. To achieve the same fault-blocking and continuous power transfer capability

as Fig. 5.3 for MDC-AUTO, FBSMs and additional HBSMs are required as well. MP-

DAB-MMC can achieve fault-blocking at every port using HBSMs, but requires FBSMs

for continuous power transfer between healthy ports [3], [32]. For example, when a fault

occurs at the 300kV port in Fig. 5.4c, FBSMs are required at the faulty MMC0 to pro-

vide sufficient blocking voltage without blocking MMC1 and MMC2 [32], thus allowing

continuous power transfer between the 200kV and 100kV ports. According to [32], the

ratio of required FBSMs to total installed SMs in a MMC, rFB = NFB/N , is typically

0.5. To allow fair comparison with MP-DCMMC and MDC-AUTO, MMC2 in Fig. 5.4c

is not designed with FBSMs.

Table 5.1 tabulates the semiconductor effort for each topology with and without

fault-blocking and continuous power transfer capability, calculated using the method

72



described in Section 5.2.1. When fault-blocking and continuous power transfer capability

is required, semiconductor effort increases 50% for MP-DCMMC, 33% for MP-DAB-

MMC and 75% for MDC-AUTO. The MVA ratings of the magnetics are not affected

for the three topologies, but the transformers in MDC-AUTO need to be designed with

increased insulation against the highest DC port voltage.
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Figure 5.4: SM voltage ratings for fault-blocking and continuous power transfer require-
ments
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5.3 Evaluation Summary

The MP-DCMMC can realize cost savings through reduced semiconductor effort and

magnetic requirements when compared with isolated topologies such as the MP-DAB-

MMC, while the MDC-AUTO can generally achieve further cost reduction due to the

availability of a centralized ac link. However, by dispensing with the centralized AC link,

the MP-DCMMC offers the following advantages over MDC-AUTO:

1. Truly modular structure with high scalability.

2. Decentralized controllers enabling autonomous and independent control of SCs

within MP-DCMMC structure.

3. No DC voltage stress imposed across windings.

4. Higher reliability in case of SC failure, as shown in Table 2.1.

5. Not prone to the failure of centralized ac link

Table 5.2: Converter Characteristic Comparison

MP-DCMMC MP-DAB-MMC MDC-AUTO

Cost Mid High Low

Modularity High Low Low

Converter Reliability High Low Low

DC Fault-blocking Mid High Mid

When dc fault-blocking requirement is considered, the difference in semiconductor

effort between MP-DCMMC and MDC-AUTO decreases. MP-DAB-MMC has inherent

fault-blocking capability and is capable of maintaining continuous power transfer between

any healthy port during fault, but like MPC-AUTO, failure of a MMC or the centralized

AC link can render one or more of its ports lost. A qualitative summary of the three

compared multiport HV dc-dc converter topologies is shown in Table 5.2.

It can be seen that each topology has its strength and distinctive features, and the best

option for implementation in multiport dc-dc converter topologies in Fig. 1.2b and 1.2c

depend on the system parameters, constraints and requirements. MP-DCMMC is an
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alternative method for the interconnection of multiple HVDC networks that is shown to

provide more control and design freedom than existing converter topologies, and it can

be a highly reliable and fairly cost-effective solution for HVDC applications.
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Chapter 6

Conclusion

6.1 Contributions

This thesis provides the following contributions:

1. Developing a multiport dc-dc modular multilevel converter (MP-DCMMC) that

is the first truly modular solution for a ”dc hub” that can interconnect multiple

MVDC or HVDC systems in future dc grids. When compared with existing multi-

port solutions for MVDC or HVDC grids, the MP-DCMMC has higher modularity,

is more accommodating to future grid expansions, has improved reliability by elimi-

nating the requirement of a centralized ac-link, and is more tolerant to component

failures within the converter, while remaining comparable in terms of component

cost and fault-blocking capability.

2. Developing the inverting and non-inverting variants of the buck-boost DCMMC,

which is a low-cost, high-efficiency MMC-based two-port HV dc-dc converter that

is well-suited for the interconnection of MV or HV dc systems with similar port

voltages. Generalized converter structure, analytical model and control strategy

for the two buck-boost DCMMC variants are derived and modified to suit MP-

DCMMC deployment as high-stepping and low-stepping subconverters (SCs).

3. Identifying the voltage stacking and current splitting properties of connecting MMC-

based SCs in series and parallel arrangements, and deriving an analytical model
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for the dynamics between SC voltage and current quantities and dc port voltage

and current quantities. Designing a two-layer cascaded control scheme for modular

multiport converters, which provides two advantages: 1) isolates disturbances and

nonlinearities inside each SC from the rest of the converter; 2) allows each dc port

dynamics to be tuned separately.

4. Designing a test system with test cases of operating points to validate the opera-

tion of MP-DCMMC as a dc hub in a HVDC grid. The test cases verify the ability

of MP-DCMMC to interconnect dc systems at various voltage levels, handle vari-

ous combinations of power transfer between those dc systems, and accommodate

expansions to the situated HVDC grid.

5. Conducting comparative analysis between the MP-DCMMC and existing multiport

HV dc-dc converters, which involves deriving a converter cost approximation ba-

sed on converter semiconductor effort and magnetics requirement, and deriving a

converter efficiency approximation based on SC efficiency models. The compared

converters are evaluated based on their features and most competitive benefits.

6.2 Proposed Future Work

This work provides the foundation for future work in the following areas:

1. Experimental validation of MP-DCMMC operation, including experimental valida-

tion of dc voltage conversion and power transfer between multiple dc ports without

the need for a centralized ac-link.

2. Experimental validation of MP-DCMMC reconfiguration by addition and removal

of modular SCs.

3. Experimental validation of MP-DCMMC tolerance to dc port short-circuit faults

and SC open-circuit faults.
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4. Development of multiport dc-dc converters using other types of modular SCs.

5. Real-time simulation of multiport dc-dc converters deployed in a multi-terminal dc

grid, as illustrated by the novel architecture proposed in Fig. 1.2c.
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Figure A.1: Simulation results of MP-DCMMC designed for Case 1-1-1
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Figure A.2: Simulation results of MP-DCMMC designed for Case 1-1-2
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Figure A.3: Simulation results of MP-DCMMC designed for Case 1-1-3
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Figure A.4: Simulation results of MP-DCMMC designed for Case 1-1-4
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Figure A.5: Simulation results of MP-DCMMC designed for Case 1-2-1
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Figure A.6: Simulation results of MP-DCMMC designed for Case 1-2-2
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Figure A.7: Simulation results of MP-DCMMC designed for Case 1-2-3
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Figure A.8: Simulation results of MP-DCMMC designed for Case 1-2-4
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Figure A.9: Simulation results of MP-DCMMC designed for Case 1-3-1
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Figure A.10: Simulation results of MP-DCMMC designed for Case 1-3-2
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Figure A.11: Simulation results of MP-DCMMC designed for Case 1-3-3
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Figure A.12: Simulation results of MP-DCMMC designed for Case 1-3-4
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Figure A.13: Simulation results of MP-DCMMC designed for Case 3-1-1
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Figure A.14: Simulation results of MP-DCMMC designed for Case 3-1-2
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Figure A.15: Simulation results of MP-DCMMC designed for Case 3-1-3
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(c) Arm currents in SCs

Figure A.16: Simulation results of MP-DCMMC designed for Case 3-1-4
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Figure A.17: Simulation results of MP-DCMMC designed for Case 3-2-1
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Figure A.18: Simulation results of MP-DCMMC designed for Case 3-2-2
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(c) Arm currents in SCs

Figure A.19: Simulation results of MP-DCMMC designed for Case 3-2-3
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Figure A.20: Simulation results of MP-DCMMC designed for Case 3-2-4
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