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Abstract

This thesis explores multiport modular multilevel converter (MMC) struc-
tures for hybrid connection of ac and dc systems (MP-DC2AC MMC). Salient
features of MP-DC2AC MMCs are a single converter structure, single-stage
dc-dc-ac power exchange, and a condensed converter station footprint. So far,
little information is available on the concept of single MMC structures that
can perform simultaneous de-dc and dc-ac (hereinafter de-dc-ac) conversions
at high voltage high power applications. The purpose of this work is to fill
this research gap by presenting a dynamic controller for family of MP-DC2AC
MMCs and test the controller for several power flow case studies. In addition, a
fair comparison of four MP-DC2AC MMC:s is presented for different dc voltage
steps. Based on the existing well-known MMC based topologies, four different
MP-DC2AC MMC topologies are identified by reconfiguring the modular mul-
tilevel chain links. Two of these topologies are new and therefore are the major
focus of the thesis. Four core topologies are compared based on technological
variables and operating principles. A control system is developed in this thesis
for all four converters to provide bidirectional power flow between the ports
and keep capacitor voltages balanced. The controller is then explained in de-

tail for MP-M2DC and MP-BB and extended for MP-AT and MP-DAB. To
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evaluate the performance of the proposed control strategy, extensive switched-
mode simulations are carried out to verify the proposed solutions for multiport
hybrid connections. The MP-DC2AC MMCs are promising tools for multiport
connection of future hybrid ac/dc systems and ease the hurdles for smart grid

infrastructures.
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Chapter 1

Introduction

The need for installing more renewable energy sources to replace fossil fueled
power plants is becoming a significant issue over the past decade due to the
excessive amount of green house gas emissions in the atmosphere [3]. On- and
Off-shore wind farms have become major sustainable renewable energy sources
that can reduce a tremendous amount of carbon footprints. These massive clean
sources of energy are located at remote areas and energy transmission using
conventional ac system is inefficient. Medium and high voltage DC (MVDC
and HVDC) systems are seen as preferred solutions to connect distant wind
farms to the load centers due to their lower loss over very long distances [4].
Due to the demand for a more reliable and resilient transmission backbone
for the existing ac grid, multi-terminal HVDC (MT-HVDC) systems are intro-
duced using the technology of voltage source converters (VSCs). MT-HVDC
systems are able to integrate massive renewable energy sources such as offshore
and onshore wind farms and solar power plants [5]. To date, there have been
significant number of point-to-point (P2P) HVDC lines for customer-specific
projects. Linking these P2P dc segments together to form a unified MT-HVDC
has several operational benefits (e.g. higher controllability, flexibility, reliabil-
ity and less component footprints). Nevertheless, this interconnection process

is challenging because of the following reasons



e There is no standard voltage level defined for dc systems and hence a

variety of dc voltage levels exists

e dc corridors may be incorporated by different power industry vendors and

the associated technology may not be compatible

e dc grids are based on LCC or VSC technology and certain compatibility

component is required to link these systems.

Dc-dc converters have been considered as possible solutions to unify segmented
P2P HVDC systems and build a backbone dc transmission system for ac grids.
The term “supergrid” for the European future power grid has been popular for
a decade due to the capabilities of MT-HVDC systems [6]. With the advent
of modular multilevel converters (MMCs) in 2003, the development of dc-dc
MMC is a viable option for the future supergrid because of its modularity and
scalable structure [7]. MMCs require less filtering to provide a clean sinusoidal
waveform on the converter ac side. Because of its high degree of controllability,
MMC is found to be an efficient option for simultaneous multiport dc-de and
dc-ac (hereafter MP-DC2AC) conversion [8, 9]. This methodology is doubling
the potential abilities of the existing de-dec MMCs, to i) connect P2P HVDC
lines and ii) support an external (weak) ac grid. Depending on the grounding
isolation and non-isolation technology of dc systems, the dc-dc converters are
grouped as i) isolated converters where there is a two-stage dc-ac and ac-dc
conversion using an intermediate passive component (e.g. front-to-front [10]),
and ii) non-isolated converters that are directly connected (single stage power
exchange) using solely power electronics components (e.g. LCL converters [11],
HVDC-autotransformer (HVDC-AT), M2DC and buck/boost MMC) [12]. A
schematic of de-dc-ac MMCs is shown in Figure 1.1 using two different ground-
ing connections. Depending on the structure of the converter, the returning
path of dc systems can be isolated (e.g. in MP-DAB using a galvanic sep-

aration) or there is common grounding for three ports (e.g. in MP-M2DC,



Figure 1.1: Schematic of MP-DC2AC MMCs for multiport connection of two dc and an ac
systems, with (a) isolated and (b) non-isolated dc network grounding

Onshore
ac grid

dc grid
(vendor 1)

de grid
(vendor 2)

Var>>Va
(a) (b)

Figure 1.2: Applications of MP-DC2AC MMCs; multiport connection of (a) a windfarm
(WF) and BESS at different dc voltages with local ac grid, and (b) multivendor connection
of two dc grids at similar voltage levels

MP-BB, and MP-AT).

Two possible applications of MP-DC2AC MMCs are shown in Fig. 1.2(a)
and (b). An offshore wind farm can be connected together with the onshore ac
system and a local BESS using a MP-DC2AC MMC as depicted in Fig. 1.2(a).
A MVDC collector network can be utilized for the wind farm as shown [13—
15]. The BESS is designed for a lower MVDC voltage level. In contrast,
Fig. 1.2(b) deploys a MP-DC2AC to interconnect two HVDC networks from
two different vendors that operate at similar voltage levels. As a prerequisite
for the future supergrid, dc systems from multivendors should be compatible
and interconnected to allow bidirectional power flow without malicious inter-
operation transients.

Upgrading the existing de-dc converters to de-dc-ac comes at some costs as

well. Some of the associated costs are

e Semiconductor utilization to meet the capacity for nominal power ex-



change at each converter port (dc or ac) and semiconductor switch rat-

ings

e Fault blocking capability on converter ports (dc and ac fault blocking at

the same time)

e Appropriate insulation for magnetic transformer (dc and ac voltage stress

on the core and windings)

e HVDC grounding return configuration for isolated and non-isolated con-

verters (in monopolar and/or bipolar HVDC transmission systems)

Overcoming these characteristics, MP-DC2AC MMCs are key solutions for
interconnection of bulk renewable energy sources and leveraging the reliability
of hybrid ac/dc power system. To fill this research gap, the thesis intends to
address circuit modelling and control of MP-DC2AC MMCs and show how the

power flow mechanism works for de-dc-ac conversions.

1.1 From DC-DC MMCs to DC-DC-AC MMCs

A three phase dc-ac MMC-based converter is shown in Figure 1.3. Each arm
consists of a number of SMs in series (shown in Figure 1.4(e)) and using control
systems, a three phase sinusoidal waveform is generated at the ac terminal of the
converter. Many works have shown dc-dc converters for dc voltage matching
at medium and/or high voltage levels. A comprehensive review of emerging
non-isolated dc-dc converters and their applications for hybrid dc-ac systems
are investigated in [9]. A comparison of existing dc transformers for HVDC
grids is investigated in [16].

Several MMC-based converters are identified to operate dc-dc conversion
and also have the ability to connect an external ac grid to the converter. M2DC
introduced in [17, 18] is an MMC-based dc transformer using only two subcon-

verters and a (passive) filter (F) that blocks ac components from entering the
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Figure 1.3: A three phase conventional dc-ac MMC
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Figure 1.4: Three phase generic model of DC-DC MMCs, (a) M2DC, (b) HVDC-AT, (c)
BB-MMC, (d) DAB, (e) standard arm components, and (f) s-phase filter



dc sides shown in Figure 1.4(a). Figure 1.4(f), shows a three phase zig-zag filter
that blocks ac quantities from entering the dc port. This filter is necessary for
dc-de power transfer between dc ports and differentiates M2DC from conven-
tional dc-ac MMC. Patents [19, 20] show drawings of the M2DC adapted for
asymmetrical and symmetrical ac grid interfaces, respectively. However, scant
information is provided on how these converters operate or can be controlled.
A bipolar structure of M2DC also called de-MMC is presented in [21, 22]. A
bipolar de-de converter using zig-zag transformer is introduced in [23] to utilize
the grounding of the transformer.

Another type of dc-dc converter where two MMCs are stacked in series
with mid points connected using an ac transformer for internal circulating
components is HVDC-AT that is shown in Figurel.4(b) [1, 24, 25]. The ac
transformer in this converter is rated only for a portion of the nominal power
transfer of the converter. It is shown that the ac grid can be linked to the
converter using a tertiary winding on the core of the ac transformer converter
[2, 26]. There should be a separate control loop for dc-ac beside the de-de power
transfer control loop. In [27], an extended version of HVDC-AT is presented
for de-dc and dc-ac connections. A multitasking de-dc and dc-ac converter
is proposed in [28] where the HVDC-AT is upgraded to connect multiple dc
systems with distinct dc voltage levels and an external local ac grid.

The dual active bridge (DAB) MMC is a well-known isolated dc-dc con-
verter where two independent MMCs are connected on their ac side using an
ac transformer [10, 29]. Beside dc-dc conversion, DAB MMCs shown in Fig-
ure 1.4(c) are used for other applications (e.g. HVDC transmission line power
flow controller) [30, 31].

A most recent non-isolated de-dc buck/boost (BB) MMC converter (shown
in Figure 1.4(d)) that bears similarity to the DAB MMC introduced in [32]
where the intermediate transformer of DAB MMC is replaced with direct cables.

A passive filter similar to the one for M2DC is used to circulate ac components



within converter submodules (SMs).

Figure 1.5(a) shows one practical option for power routing between two dc
systems (de; and dey) that uses a common ac grid. In this case, two separate
transformers rated at full power is required for de-dc conversion. Using a MP-
DC2AC can minimize magnetic requirements and lump two dc-ac converters
into a single dc-de-ac (isolated or non-isolated) at certain dc voltage stepping
ratio.

For decades, power tapping and ac grid interface from HVDC lines have
been major industrial research trends to extract a small portion (e.g. 5%) of
power [33]. Series and shunt power tapping are two well-known strategies to
extract power from HVDC lines [34-36]. These methods have several challenges
including a very high stepping ratio conversion that makes the insulation of ac
grid from HVDC system costly. Additionally, only a small amount of power
can be delivered. It is shown in the literature that HVDC line tapping impacts
the voltage profile of the transmission line [37]. With existing installed dc-de
MMCs, it is possible to connect an external ac grid to converter terminals using

a galvanic separation (i.e. transformer) as shown in Figure 1.5(b).
Proposed DC
{ -
. MP-DC2AC ¥

[ 1 Proposed

‘ S | MP-DC2AC
AC

AC Lines

Lines ( a)

Figure 1.5: Two possible applications of MP-DC2-AC; (a) DC; — DCy Power routing
through a common AC system, (b) AC Power Tapping from two different DC systems

The transformerless asymmetrical monopole de-de converter introduced in
[38] and the bipolar structure in [39] are variants of HVDC-AT where the ac
transformer is replaced with capacitor. The LCL dec-de MMC introduced in

[11] is actually a DAB converter where the intermediate ac transformer is re-



placed with a passive LCL filter. The converter proposed in [40] replaces the
secondary MMC with an active interfacing filter. The transformerless non-
isolated symmetrical monopolar converter introduced in [41] replaces the mag-
netic requirements in [32] with power electronic switches (MMC subconverter).
A double wye dc-dc converter where the subconverter of each pole is similar to
buck /boost MMC except the filter is replaced with semiconductor-based arms
introduced in [42, 43]. The four core structures of de-dc converter are the gen-
eral case studies and all other mentioned de-de MMC are variants of these four
topologies.

Comparative analysis for different types of de-dc MMCs considering the
semiconductor effort requirement is carried out based on semiconductor uti-
lization effort, total capacitance stored energy, magnetic requirement, fault

blocking capability, and efficiency [44-46].

1.2 Thesis Scope

A control modeling for multiport converters is presented that can reap the ben-
efits of both ac and multiport dc systems by interconnecting two dc and an ac
grids. This research project will initiate a grounding for further developments

of hybrid dc/ac at high voltage and high power applications.

e MMC-based dc transformers are classified based on their dc voltage step-

ping ratio

e The semiconductor utilization (as the major cost) and magnetic require-
ment as well as the total energy storage of the MP converters are assessed
for maximum power flow capacity and fault blocking capability using FB-

SMs at each port

e The capability of MP-DC2AC MMCs in hybrid ac/dc power flow opera-

tion are examined



Chapter 2

MP-DC2AC: Topologies,
Operation, and Modeling

The circuit modeling, dynamic states, and steady state power flow equations
for a three phase topology of MP-DC2AC MMCS are developed and steady
state equations are represented for active/reactive net power of converter arms.
Phasor diagram representation is also represented to better understand the
power flow mechanism of the topologies. A controller for dc-dc-ac conversion is
proposed for MP-M2DC and then adapted for MP-BB, MP-AT, and MP-DAB
MMCs.

2.1 Family of DC-DC MMCs with Distinct Chain
Link Configurations

The four mentioned MMC-based dc transformers (namely DAB, HVDC-AT,
M2DC, BB MMC shown in Figure 1.4) are identified to be the core structures
of MP-DC2AC MMCs [47]. Other presented converters are partly modified
versions of the four mentioned topologies, as discussed in section 1.1.

Four MP-DC2AC MMCs with the ability to exchange power between dc



ports (d; and d) and an ac port are shown in Figure 2.1. The arms are
labeled with “a” and “b” comprised of SMs connected in series.“F” represents
a filtering component that blocks ac quantities from entering the dc ports. A
three phase version of the filter is shown in Figure 1.4(f).

By rotating the MP-M2DC (ref to Figure 2.1(a)) topology and substituting
the port labels, the MP-BB (ref to Figure 2.1(c)) is achieved (with the corre-
sponding polarities being flipped). The procedure also holds for MP-DAB and
MP-AT. Note that MP-AT and MP-DAB are comprised of two conventional
dc-ac MMC. 1t is also shown in this work that the control system used for
MP-M2DC can be extended for the other three topologies with minor changes.

Taking into account the dc voltage stepping ratio G, = Vo, /Vain, the MP-
DC2AC MMCs in figure 2.1 are grouped into two types: i) buck converters
where Vg1, > Viap,, and ii) buck/boost converters where both Vyy,, > Vi, or
Viin < Vaon are possible. Buck converters are used to connect two dc systems
with significant voltage differences, whereas buck/boost converters are utilized

for dc voltage matching and for the purpose of multi-vendor compatibility.

2.2 Single Phase Leg Circuit Modeling

The single-phase representation of four core MP-DC2AC MMCs are shown in
Figure 2.2. Converters arm voltages and currents are shown with circulating
and terminal components that are suitable for dynamic analysis of the converter
and control implementation. To transform the actual values to circulating and
terminal components, the sum and difference approach is used [48, 49].

To simplify the circuit modeling, the following assumptions are made through-
out the steady state analysis: i) voltages and currents of the converter contain
dc and fundamental frequency components, ii) ac voltages with ideal sinusoidal
waveform are generated on the converter arms, iii) the internal resistances are

neglected unless otherwise indicated for a certain element, iv) output filtering
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Figure 2.1: Generalized MP-DC2AC topologies; (a) MP-M2DC, (b) MP-AT [1], (¢c) MP-
BB, and (d) MP-DAB [2]

is assumed to be ideal for both dc and ac grids, v) all converters are assumed

to be balanced three phase (6, € {0, —27/3,+27/3} for j =1,2,3).

2.2.1 MP-M2DC and MP-BB

As shown in figure 2.2, transformed arm voltages and currents of MP-M2DC
and MP-BB have similar functions. The transformation for the steady state

arm currents is as follows

11
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Figure 2.2: Single-phase circuit model of (a) MP-M2DC, (b) MP-AT, (c) MP-BB, (d)

MP-DAB
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where the subscript “c” corresponds to the circulating quantities, whereas sub-

scripts “t” and “s” are for terminal variables. Subscript “a” and “b” refers to

arms and subscript “f” represents the filter variables.
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Similarly for arm voltages the mapping is determined using the following

transformation matrix:

= - x | | MP-M2DC and MP-BB (2.2)
Vyj 211 —1 Uy

It should be noted that circulating current i.; is generated when the signal
voltage v.; is imposed and likewise vy; generates i;; and 7,;. Since the DC
voltage stepping ratio of MP-M2DC and MP-BB is different, the expression for

DC and AC components are defined separately.
It is useful to capture all input, output, and state dynamics of an MMC-
based converter. This is also helpful to derive a rapid time-domain simulation
model of the converter. To address this, a dynamic model of MP-M2DC is given

for a single phase converter that represents a large-signal dynamic model.

2.2.1.1 Dynamic Model Development

The average model of an individual SM in an MMC can be developed as shown

“omn 2

in Figure 2.3, where “vg,..” is the capacitor voltage of a SM “n”, “Cgspn” is

the capacitance, “mj,” the modulating signal associated with SM “n” in arm

2

“k” of phase leg “57. “igpy " is the current that flows in the arm. The value of

“mj;” ranges between 0 and 1 for HBSMs and for FBSMs it is —1 and 1.
Averaged arm voltage value as shown in Figure 2.3 can be approximated

by a single composite arm comprised of Ngj; connected in series. According to

Figure 2.3, the capacitor voltage dynamics for a single SM, n can be expressed

as follow:

. My .

U?ap,kj = CSAJ/[Zarm (23)
where 9y, is the derivative of the capacitor voltage and summing (2.3) over

13



For “Ngy,” submodule in
series for arm “k”
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l“’"’"*? iarm*
+

Vij | Ny | = Vi =Myj - XVcap kj

)

Figure 2.3: Averaged modeling of an arm built up of Ngys series stacked SMs with current
iarm and capacitor voltage Xveqp i; from a single SM.

+ c liarm
n l S M n - no..n )
Vcap k j e Myj.larm My Veap kj

n for all Ngjs in one arm it becomes

. Mg .
2fUcap,kj - OTanrm (24)
SM

where Cgl, = ff;ﬁ is the equivalent capacitance for one arm. Equation (2.4)
represents the dynamic model of an arm comprised of Ngp, submodules in
series. XUgqpk; 18 the sum of SM capacitor voltages derivatives for arm k& in
phase leg j. The modulating signal is shown without a summation sign so that
it reflects the conventional notation.

State equations for a single phase leg of MP-M2DC (shown in Figure 2.2(a))
are explored to capture circulating and terminal current dynamics. For this
modeling the following assumptions are considered: 1) mutual inductance of
zig-zag and coupling transformers are chosen to be very large, 2) switching
frequency occurs at substantially higher order with respect to the fundamental

frequency, 4) SM capacitor voltage sort and selection algorithm ensures voltage

balancing amongst individual capacitors within each arm.
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There are three independent voltage loops in Figure 2.2(a). Using Kirch-
hoft’s Voltage Law, the converter current dynamics and their relation with arm
voltages are derived. The state equations is expressed in a state space form as

follows:

La, =Ax;+ Bu,+ Nw (2.5)

where z; is the current state vector, u, is the input vector and w is the distur-

bance vector defined as follow:

Ty = [iag,inj,0p5)" (2.6)
Uy = [Uaju Ubj]T (27)
w = [lem Vgj, den]T (28)

the ac voltage vgy; is the rms single phase voltage of phase j. The coefficient

matrices of state space equation (2.5) are given by:

L, L, 0
L= |L,+2Ly —(La+2Ly) —2Lg (2.9)
L, —Lq Ly |
R, R, 0]
A= |—(R,+2Ry) (R.+2Rr) 2Rr (2.10)
-R, R, — 1|
1 -1 1 0 0
B=|-1 1| N=|1 -2 0 (2.11)
1 1 1 0 -1

Equation (2.5) clearly shows the dynamic relations between the input vector u,

15



and current states x; and therefore by using appropriate controller the current
state can be regulated.

For input vector w,, it should be noted that this vector contains the capac-
itor voltage states. In total, the single phase modeling system has five states
(three currents and two voltages). The relation between the u, and capacitor

voltage states is defined as the following:

u, = diag(m).x, (2.12)

where

Ly :[ngapﬁ Evlc}apj]T (213)
m =[mg;, mbj]T (2.14)

Using the sum and difference transformations defined in (2.1) and (2.2) for
currents and arm voltages, respectively, the terminal and circulating compo-

nents can be derived. Mapping of input vector u, becomes:

L*.a; = A" 2] + B .z, + N.w (2.15)

where
l’: = [icjy itj; isj]T (216)
Ty = [Uej, Uy (2.17)

and the coefficient matrices are given by
L*=LT "' A =AT' Al,=BT,'MT, (2.18)

T; and T, are the multiplication matrices defined in (2.1) and (2.2), respec-
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tively

05 05 O
1 -1 -1 MP-M2DC
0 0 1
T, = (2.19)
05 —05 0
1 1 —1| w™PBB
{0 o 1
0.5 0.5
T, = MP-M2DC and MP-BB (2.20)
0.5 —-0.5

Rearranging (2.12) and using the sum and difference matrix 7;,, the trans-

formed input vector u; becomes
ut = (T,.diag(m). T, ")a* (2.21)
where

zt =T,y = [Vej, vi5]" (2.22)

To make the notations consistent, the following (4 x 4) matrix is defined for

the modulating signals:
M = T,.diag(m). T, " (2.23)
and the transformed vector m* is defined as follows

m* = T,m = [mej, myj]" (2.24)

17



SM capacitor voltage dynamics can also be determined with the averaged

model shown in Figure 2.3. The capacitor voltage state equation can be written

as
iy = diag(m).Ceq.liag, i;])" (2.25)

where

1/C¢1 0
Coy = /Cshna (2.26)
0 —1/C),
Using the transformation approach, the mapped capacitor voltage dynamics
become:

it = Agy.[ics,i)" (2.27)

where
Agy = T,.diag(m).Cey T, (2.28)

Since the capacitor voltages are impacted by only two arm currents the resulting
A21 0

0 0
Combining the current and capacitor voltage dynamics equations, the state

space model for MP-M2DC becomes:

A%, which is a (3 x 3) matrix becomes

L* 0| |i At AL e N
= + w (2.29)
0o 1| |a A 0| | 0

Circulating and terminal currents take the following steady state values

18



based on their control principle:

ie; = Io)3 + Icos(wt + @i + 6))
irj = Licos(wt + @i + 6;)

isj - [5/3

For MP-M2DC the arm voltages are defined as follows

Vain =~
ch = (;1 + V;COS((.Ut + Pue + Hj)
Van(1 — 2G, -
Uy = M + V;g —+ ‘/tCOS(UJt + Pt + 9])

2
and for MP-BB the transformed arm voltages are given by

1+van 9
Ve = %+Vt+%cos(wt+%t+9ﬂ

_ len(l - Gv)

5 + ‘A/ccos(wt + ©ue +6;)

Utj

2.2.2 MP-DAB and MP-AT

(2.30)
(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

Similar to the procedure done for MP-M2DC and MP-BB, the arm current and

voltages of two topologies are transformed into a sum and difference frame that

provides virtual states for analysis and control system implementation. Based

on the single line diagram shown in Figures 2.2(b) and (d), respectively for

MP-AT and MP-DAB the arm currents become

19
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and the arm voltages are as follow

-0.25 0.25
0.5 —0.5
i 0 0
0.25 0.25
-0.5 0.5
0.5 —0.5
B 0 0
0 0

0 0 05 05| |i

0.25 0.25-
0 0
0.5 —0.5
0.25 0.25
0 0 1
0 0

0.5 —0.5

0.5 0.5

MP-DAB (2.38)
MP-AT (2.39)
MP-DAB (2.40)

Note that unlike MP-M2DC and MP-BB where their arm current and volt-

age states are not equal (e.g. 3 current states and 2 voltage states), MP-AT

and MP-DAB have the same number of arm current and voltage states (4 cur-

rent states and 4 voltage states) for four arms. Also, note that the virtual

circulating and terminal currents and voltages for MP-DAB are decoupled for

two MMCs due to the galvanic separation existence.
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Figure 2.4: Power Flow Components of active power ((2.41), (2.42)) and reactive
power ((2.47), (2.48)) equations for single phase leg of MP-M2DC

2.3 Steady State Power Flow Equations: MP-
M2DC and MP-BB

Figure 2.4 illustrates the power flow directions defined for active power and
reactive power components. The power flow terms are derived from the multi-
plication of arm voltages and currents defined in (2.1) and (2.2). A small V; is
required to generate the dc current i, and hence it can be neglected in steady
state power flow definitions. Similarly, to drive the ac component of 7. a small
common voltage V. common between both arms is needed to allow average ac
power transfer and this common ac voltage can also be disregarded.

The steady state power flow equations are explained for MP-DC2AC and
MP-BB and can be extended for the other two topologies. The single phase

steady state active power F,; and F,;, respectively for arms “a” and “b” in
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Figure 2.2(a) and (c) are given by

DC—-AC DC-DC
Py = PP+ PAC 4 PR 1 P4 (2.41)
DC—-AC DC-DC
P,; = PPC 4 pAC _(pbC 4 pAC) (2.42)
Yain [J, 4 (1 — 2G,) &) MP-M2DC
pbe=¢ ° ? (2.43)

Yin[(1 — G,)I. + (14 G,)%] wp-BB

Yain[(1 — 2G, ), + & MP-M2DC
ppe={ ° | :) (2.44)
Yin (1 + G,) .+ (1 — Gy)%] wmp-BB
Vi
PC = %003(%;1& — i) (2.45)
VI,
PRC = tTCOS(SOvt — Pic) (2.46)

The steady state reactive power relationships of the arms in both topologies

are as follow

% %%
Vil N X
Qaj = thm(govt - g@ic) + %SWL(SDM - %‘t) (2'47)
% %
Vi N
ij = — t2 sm(apvt — %‘c) + %31”(%% - SOit) (2~48)

The subscript “3” is used for dc-ac power flow equations and “A” is for
dc-dc power flow relationships. The power flow principle for MP-DAB and
MP-AT is extension version of the mechanism explained for MP-M2DC and is
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not explained in detail.

Based on the principle that the total average power of a switch cell must
be zero [50], this yields that according to (2.42), the average power absorbed
by the arms must be zero to avoid capacitor charge imbalance and instability.
While dc-ac average power is transferred (P£¢), a de power (PYY) is compen-
sated to re-establish the charge of capacitors to maintain nominal voltage. For
de-de power transfer (PLY), an average power (Pi¢) is exchanged between
subconverters to keep capacitor voltage differences minimized.

The Ps terms represent average power that is equally absorbed by the two
arms, which is associated with conventional dc-ac conversion [49]. The Pa
terms represent average power that is delivered from one arm to the other,
which is associated with single-stage dc-dc conversion [22, 51]. Superscripts
“dc” and “ac” mean the associated Py, Pa terms are respectively due to dc
and fundamental frequency quantities. Steady-state capacitor power balance
implies that P% + P% = 0 (dc-ac conversion) and P + P = 0 (dc-dc
conversion).

For dc-ac conversion, P& is the average power transferred to both arms
from the dc link, and P3¢ is the average ac power absorbed by both arms from
the ac grid. For de-dc conversion, Pd° is the average power imbalance between
arms caused by sending dc power from ports d; to dy, and PR is the average
ac power exchanged between arms to counteract this charge imbalance.

Equations (2.45) and (2.46) reveal that the ac components of ¢,; and i.; can
be controlled to independently regulate the arm capacitor voltages for dc-ac
and dc-dc conversions, respectively. As a corollary, the MP-M2DC and MP-
BB can independently regulate power transfer between any combination of its
three ports dy, dy, and ac. In (2.45) and (2.46), V; is the ac terminal voltage

synthesized by the converter.
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2.4 Phasor Diagram Representation

Phasor diagram for dc-dc and dc-ac power transfer can be realized. The con-
verter ac quantities are represented with RMS phasors assuming that i) the
whole system has a constant ac frequency (50/60 Hz), ii) the dynamics are
neglected during steady state operation, and iii) the three phase system is
symmetrically balanced.

There are two rotating reference frames for terminal (dg) and circulating
quantities (d'q’) that rotate at the same angular speed as shown in figure 2.5(a).
Ac terminal values, such as v; and i;, are transformed into the reference frame
that is synchronized with the ac grid voltage V, and circulating quantities are
transformed into a reference frame that rotates at the same angular speed as
the terminal reference frame, but with the phase shifting of the terminal ac
voltage V; and the transformer.

Since all three phasor values are transformed into the dq0 rotating reference
frame (the dc variables comprise the 0 components), the instantaneous arm

currents and voltages for phase j = 1 are given by

Iy Icq/
//\_/; /A_/%
i1 (t) = Lo + I.cos(pic) cos(wt) — I.sin(p;.) sin(wt) (2.49)
I Iiq
//\_L C\—/A
i1 (t) = Licos(pir) cos(wt) — Iisin(pi) sin(wt) (2.50)
i31<t) — 1g0 (251)
Vear Vegr
— —_—
Va1 (t) = Vio + Vecos(pue) cos(wt) — Vesin(pye) sin(wt) (2.52)
Via Vig
—_— —_—
v (t) = Vig + Vicos(put) cos(wt) — Visin(py) sin(wt) (2.53)
Va1 (t) = Vygcos(wt) (2.54)

where Vo and Vjy are the dc components of v.;(t) and vy;(t), respectively as

represented in the former arm voltage definitions.
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(DC-DC) (DC-AC)
(@) (b) ()
Figure 2.5: (a) MP-M2DC and MP-BB rotating reference frames dg (DC-AC conversion)

and d'q’ (DC-DC conversion), (b) AC quantities facilitating DC-DC conversion, drawn for
MP-M2DC, (¢) AC quantities facilitating DC-AC conversion, drawn for MP-M2DC

To better illustrate phasor representation of MP-DC2AC MMCs, a multi-
port power flow example is explained here where the ac phasors are represented
for de-de (dy — dy) in Figure 2.5(b) and dc-ac power transfer (d; — ac) shown
in Figure 2.5(c).

For de-dc power transfer, the dc component of v,; (V;) is added to one sub-
converter and subtracted from the other subconverter (based on the direction
of the de-de power flow) to allow the output dc current to flow. V; is propor-
tional to the resistance of the arms and zig-zag filter. Since the resistances are
assumed to be very small, V; is neglected in analysis. To compensate the dc
power exchanged between dc ports, a common mode ac voltage (V..) on quadra-
ture axis (¢') is synthesized to both subconverters for internal average ac power
exchange. This quadrature ac voltage injects an ac current in direct axis and
allows active power transfer between arms. This power flow mechanism regu-
lates the charge difference between arms. For dc-ac power flow, the terminal
ac voltage of the converter V; is phase shifted with respect to the secondary

sided ac grid voltage V, and the power flow mechanism is analogous to a simple

two-level VSC.

2.5 Arms Modulation

Arm modulation builds the required ac voltage to enable average power ex-

change between arms and the terminals (internal and external average power).
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Hence for the sake of a cost efficient power transfer, the current stress of the
arms should be minimized (i.e. the generated ac voltage be maximized). It is
valid to reserve a satisfactory margin for the ac voltage for transient dynamics
(typically 5 %).

Ac voltage magnitude of the arms is impacted by galvanic isolation of the
arms. In the case of MP-DC2AC MMCs, for MP-M2DC (and MP-BB) the ac
voltages for the pair of arms are equal and the number of SMs to be installed to
support the ac voltage for the arms in one phase leg could therefore be equal. In
contrast, for MP-DAB (and MP-AT), the ac voltage synthesized on one MMC
side is galvanically separated from the secondary one due to the presence of
a transformer path for ac current circulation. Therefore, galvanic separation
mechanism provides a degree of freedom to independently change ac voltage of
subconverter terminals.

If only HBSMs are used then the ac voltage is able to swing between zero
and the maximum dc voltage supported by cells. It should be noted that the ac
voltage is limited to the minimum dc voltage supported by arms in one phase
leg. For instance, if in MP-M2DC the dc voltage of the upper arm in one leg
supports 100 kV dc and the lower arm supports 50 kV dc, then the ac voltage
that can be supported by the arms is 50 kV. Of course it is possible to increase
this ac voltage by implementing FBSMs.

As discussed in section 2.2.1.1, the arm voltage is a multiplication of the
modulating signal generated by the control system and the sum of capacitor
voltages over a period of time. It is represented as the following

ok =k ek

arm capj

k=aband j=1,2,3 (2.55)

k

v® is the arm voltage of arm k in phase leg j, m* is the modulating signal

that consists of dc, fundamental frequency, second harmonic and even higher

terms, EVCIZM is the sum of capacitor voltage of arm k in phase leg j. During
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the steady state, the capacitor voltage is a constant value with some voltage
ripple and therefore by controlling the modulating signal, the arm voltage is
adjusted for both circulating and terminal power exchanges.

The modulating signal is composed of two components: i) circulating, m’gj
and ii) terminal, mf] variables. For certain power transfer mechanism and/or
circulating harmonic suppression circulating and terminal components are gen-

erated.

2.6 Proposed Dynamic Controller

A dynamic controller is presented that can be applied for power flow between
different ports and keeping the arm capacitor voltages balanced. The detailed
modeling of the proposed controller is given for MP-M2DC and MP-BB.

The controller is represented for voltage stepping ratios G, = 0.5 and G, =

1 for MP-M2DC and MP-BB, respectively.

2.6.1 Controller for MP-M2DC and MP-BB

MP-M2DC is a unique structure and by re-configuring the topology, other MP-
DC2AC MMCs can be developed. For instance, by rotating the topology and
replacing the terminal connection ports (and accordingly flip the polarity of
“b” arms), MP-BB is derived. In MP-AT and MP-DAB, the filter can be
removed to operate akin to the conventional dc-ac MMC. By connecting two
dc-ac MMCs through a galvanic separation, MP-DAB is developed and lastly
series stacking two conventional dc-ac MMCs and connecting their ac terminals
using a transformer MP-AT is comprised. Therefore, the controller that is used
for MP-M2DC is simply modified /replicated for other three topologies and this
is an interesting aspect of the proposed controller for MP-M2DC.

While ensuring capacitor voltages are balanced, a dynamic controller is pro-

posed that can be used for both MP-M2DC and MP-BB allowing independent

27



power transfer between any combination of the three ports (d;, da, ac). This
controller is illustrated in Figure 2.6 at G, = 0.5 and G, = 1 for MP-M2DC
and MP-BB, respectively. The control is implemented using the dq0 and d'q'0
reference frames as shown in Figure 2.5. Most of the control principles for
MP-BB and MP-M2DC are in common, except the currents I, and Iy have
different control objectives in each topology. The control for these two currents
are shown in red text in Figure 2.6 for MP-BB.

The three phase controlled currents and voltages in (2.1) and (2.2) are
transformed into the rotating dg0 and d'q'0 reference frames. A phase locked
loop (PLL) is utilized to synchronize with the external ac grid during normal
operation for dq0 reference frame. A second PLL is not needed to synchronize
d'q’ quantities (dc-dc) with ac terminal voltage V,, as this voltage is synthesized
by the converter and thus the phase angle information can be readily extracted
from control terms M,;; and M,;,. During ac grid outage due to faults or main-
tenance, a VCO is utilized to provide a fixed sawtooth angle. PI controllers for
currents (P1;) and voltages (PI,) are utilized to compensate the error of the
respective variables. The controller diagram applies for MP-BB by replacing
only the red variables as shown in Figure 2.6. L§, and L}, are equivalent

inductance and are determined as follow
Z/q/ — La qu — La/2 + LT (256)

where Ly is the ac grid interface transformer leakage inductance. Low-pass
filters are used for both arm voltages and currents to attenuate switching har-

monics at higher frequencies.

2.6.2 Control Objectives

To regulate the currents for power exchange between arms to: 1) transfer power

between ports and 2) maintain SM capacitor voltages at their nominal values,
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Figure 2.6: Control diagram of MP-M2DC and MP-BB for simultaneous DC-DC and
DC-AC power flow, the red tags are for variables that are changed for MP-BB.

different controllers are defined. The controllers are tuned for specific control
objectives. State arm capacitor voltages and currents explained in (2.29) clearly
show the relationship between input variables (i.e. modulating signals) and
states. To control the transformed current states shown in equation (2.1), the
corresponding voltages need to be generated. The parameters associated with
the circulating current controller is then derived from (2.29) for each KVL loop.

The following control objectives are considered as principle for MP-DC2AC
MMCs

e Regulate the common mode component of SM capacitor voltages, X Vg,
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Figure 2.7: Details of utilized controllers in Figure 2.6

to its nominal value, V9" where

cap
1,2,3 1,2,3
2V eap = Z 2V, cam - Z 2V, Capj (2.57)
o Nav om +Nbvnom
Voo = 25U 5 (2.58)

This is done by regulating the appropriate 0-axis current. It is assumed
that “a” and “b” arms employ the same number of SMs, and that the

nominal voltage of each SM capacitor is the same.

e Regulate the differential mode component of SM capacitor voltages, AV,q,
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to its nominal value, AVZ9™, where

1 1,2,3 1,2,3
_ a b
Achap - E[Z Z‘/capj - Z E‘/capj] (259)
J J
N /nom _ N, 1/ nom
AVrom — GVSM bVSM (260)

cap 2

This is done by regulating I.; to impose the requisite average ac power
exchange between arms. I,y is regulated to zero to avoid unecessary

reactive power circulation

e Ac modulation indices M;q and M, provide independent control of the
grid active and reactive power injections, respectively, similar to the con-

ventional dc-ac MMC.

e Proportional gain K, is added to improve output current dynamic re-

sponse [51].

A comprehensive simulation study for different power flow scenarios is ex-

plained in Chapter 3.

2.6.3 Adapting Controller for MP-DAB and MP-AT

If we take the controller utilized for MP-M2DC and implement it for two MMCs
in MP-DAB and MP-AT independently, then the converter is capable of multi-
port power transfer between dc and ac ports. Note that the implementation of
the controllers requires re-tuning of controller parameters based on MP-DAB
and MP-AT configuration. In this case, the ac grid acts as a sink node and the
control for power transfer is through the terminals of two dc systems. Detailed
mathematical expression for power flow between three ports of MP-AT and
MP-DAB is explained in [44].

Figure 2.8 illustrates the controller implementation for MP-DAB and MP-

AT. As shown, the power transfer to each port can be shared independently
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between two MMCs using the controller in Figure 2.6. Further details of power
transfer capability of MP-DAB and MP-AT are presented in simulation study
Chapter 3. !

ACref
Py I
Qref
P DC-AC Controller in
I MMC 1 [Y Figure 2.6'
¢ ¢ A
. + ACref
Contmoller in ac grid Controller in d; C | ] PE
Figure 2.6' Figure 2.6' - Q”f
ac grid + d z
- 2 Y
DC-AC | Controller in

d Ci DC-AC DC-AC ED q MMC 2 Figur 2.6'
! MMC 1 MMC 2 2 I
(a) (b)

Figure 2.8: Proposed controller configuration for (a) MP-DAB and (b) MP-AT converters

!The controllers implemented do not have the dc output power control in Figure 2.7
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Chapter 3

Simulation Results

The bidirectional power flow capability of three-phase switched models of MP-
M2DC, MP-BB, MP-AT, and MP-DAB are tested in simulation platform (us-
ing PLECS) and the proposed dynamic controller is evaluated. Four different
power flow scenarios are tested and arm current and voltages of converters
are illustrated. A reduced size of MP-M2DC is also described and power flow

simulations are presented.

3.1 Bidirectional Power Flow Validation

The converters are designed that each converter is capable of transferring rated
power at all three ports (i.e. di, do, and ac). A delta-wye three phase trans-
former with similar structure represented in [52] is utilized to interface the ac
grid. A three phase zig-zag transformer is equipped for the filter (F) block as
illustrated in Figure 2.1(c) [18].

The circuit parameters of both MP-M2DC and MP-BB are given in Ta-
ble 3.1. The parameters in MP-M2DC case study are chosen based on data
available in the CIGRE working group B4-52 report [53]. The parameters for
MP-BB are selected based on the converter design in [32]. Voltage balancing

of capacitor voltages within an arm is achieved using the sorting and selection

33



algorithm [54].

Table 3.1: Simulation parameters for MP-M2DC and MP-BB

Parameters MP-M2DC MP-BB
Vain 500 kV 400 KV
Vg, nr 300kV, 0.8 320kV, %
Gy 0.5 1
La, Lin, Lout 50,82.73,82.73 mH  75,65.6,65.6 mH
Ra, Rin, Rout 0.366,1.33,1.33 Q 0.466, 2.66, 2.66 Q
w 27 X 60 rad/s 2w x 60 rad/s
Na, Np 10, 10 20, 20
Veer, Csu 50 kV, 2.4 mF 40 kV, 4 mF

X1, X7y Im1y ImF

12%,12%, 1%, 1%

10%, 10%, 1%, 1%

@D  active power
@ reactive power

Y lpu
[
o] e
d, EE d;
Case I

-1pu
Ipu

gpg=o
N4
d EE d,

Case II

-1pu

g Ipu
. h 0.5pu
d, EE d,

-0.5pu

Case 111

t=1.5s

Bl

t=1.75s

“All AC powers at power factor = 0.95

Figure 3.1: Four Case Study Scenarios for MP-DC2AC MMCS

3.1.1 Simulation results for MP-M2DC and MP-BB

Four test cases as shown in Figure 3.1 are run to test the performance of MP-

M2DC and MP-BB using the proposed controller in Figure 2.6. These cases
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demonstrate various possible power flows between the three ports (di, da, ac)
of MP-M2DC and MP-BB to test the proposed dynamic controller. Cases I
and II test solely the dc-ac and de-dc conversion respectively, whereas in cases
IIT and IV a combination of dc-dc and dc-ac power flow conversion is verified.
The active power flow is exchanged with the ac grid at power factor of 0.95
lagging.

Figure 3.2 (case I) shows bidirectional power transfer of 1 pu between d
and the AC grid where at ¢ = 1.5s the direction of power is (d; — ac), and then
the direction of power flow is reversed at ¢ = 1.75s (d; < ac). It is clear from
dc port current plots that during steady state no power is delivered to ds. Case
I proves the capability of MP-DC2AC to operate dc-ac akin to a conventional
dc-ac MMC.

Figure 3.3 (Case II) displays bidirectional dc-dc conversion between dc ports
and since similar number of cells is equipped in each arm of a phase leg, the
dynamics of capacitor voltage look symmetrical. The dynamic performance of
the proposed controller is verified in Figure 3.3 for Case II as the capacitor
voltages and arm current dynamics are similar to [32]. Case II proves the
capability of MP-DC2AC MMC to operate purely as a de-dc converter.

Figure 3.4 case I1I verifies de-dc-ac power transfer capability of MP-DC2AC
MMCs by first applying a 0.5 pu dc-ac conversion at ¢ = 1.5s from d; to the
ac grid, and then an additional 0.5 pu power from d; to ds at t = 1.75s.

Figure 3.4 case IV demonstrates 1.0 pu power transfer from d; that is split
equally between the AC grid (0.5 pu) and d; (0.5 pu) at ¢t = 1.5s (DC-DC-AC
conversion), and then d; and dy are each commanded to deliver 0.5 pu power to
the AC grid (for total of 1.0 pu) at ¢t = 1.75s (DC-DC-AC conversion). During

all four cases, capacitor voltages are well balanced.
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lagging from d1 to the ac grid, and at t = 1:75s the direction is reversed. (a) arm currents
(b) sum of capacitor voltages (c¢) dc port currents

3.1.2 Simulation results for MP-AT and MP-DAB

In this section, the proposed controller is tested for the same power flow cases
illustrated in Figure 3.1 for MP-AT (G, = 0.5) and MP-DAB (G, = 1). The
controller is applied independently for each MMC of two converters and the

power flow mechanism is similar to the one explained in [44]. Note that for
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Figure 3.3: Case IT de-dc: At t = 1.5s 1 pu power transfer from d1 to d2, and at t = 1.75s
the direction is reversed. (a) arm currents (b) sum of capacitor voltages (¢) dc port currents

these two converters the ac grid is assumed to be the sink node and therefore
there is no need for an output dc current control loop. Parameters used for

MP-AT and MP-DAB is depicted in Table 3.2. The rated active power for both

topologies is considered to be 450 MW.

Figure 3.6, shows case I for MP-DAB. Due to the three winding transformer,

a coupling and correlation dynamics exist between three ports as shown in this
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figure arm current and capacitor voltages have a temporary dynamics when

power step change is applied and then decays to their reference values during

steady state.
In case II of MP-DAB shown in figure 3.7, two MMCs of the converter oper-
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Figure 3.5: Case IV dc-dc-ac: At t = 1.5s 1 pu total power transfer into d1 is routed evenly
to the ac grid (0.5 pu) and to d2 (0.5 pu), and at t = 1.75s, d1 and d2 each deliver 0.5 pu
to the ac grid (for total of 1.0 pu) with power factor 0.95 lagging. (a) arm currents (b) sum
of capacitor voltages (c¢) dc port currents

ate interchangeably and this is valid based on the symmetry of the simulation

results.
Case III for MP-DAB in figure 3.8 clearly shows that the dynamics of arm

currents for both time steps is similar. This is because whenever power step

39



Table 3.2: Simulation parameters for MP-AT and MP-DAB

Parameters MP-AT MP-DAB
Viin 400 KV 400 £V
Vg, nr 300KV, 1 150kV, 1
Gy 0.5 1
La, Lin, Lout 50.3,82.73,82.73 mH  50.3,65.6,65.6 mH
Ra, Rin, Rout 0.366,1.33,1.33 0.466, 2.66, 2.66 2
w 27 x 60 rad/s 2w X 60 rad/s
Na, Ny 20, 20 10, 10
Ve, Csm 20 kV, 4 mF 40 KV, 2.4 mF
X1, Xp, Imm, ImF 12%,12%, 1%, 1% 10%,10%, 1%, 1%

change is applied the arm currents are changed in a similar fashion for both
dc-de and dc-ac power flow commands.

Power flows for MP-AT requires to be coordinated between primary MMC
a and secondary MMC b. For instance, during power flow case I shown in
Figure 3.10, both MMCs participate in transferring power to the ac grid in a
similar fashion. Whereas for case II in Figure 3.11, each converter has opposite
dynamic behavior because the dc current in the secondary MMC has a negative
polarity with respect to the dc current in the primary MMC. This is explained
in detail in [45].

3.2 Impact of arm capacitance tolerance on ca-
pacitor voltage dynamics

In this section, the transient dynamics of arms capacitor voltages are studied
considering the capacitance mismatch between arms. To address this, the power
flow cases in the previous section are performed with + 25 % mismatch between
arm ‘a’ and ‘b’ (i.e. capacitance of arm ‘a’ is 1.25 pu and arm ‘b’ is 0.75 pu).
1 pu capacitance is depicted considering the capacitance values in table 3.1
as base values. The transient response of the capacitor voltage is shown in

Figure 3.14 for the second step change seen in simulation Figures 3.2-3.5. While
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Figure 3.10: MP-AT Case I dc-ac: At t = 1.5s 1 pu power transfer with power factor 0.95
lagging from d1 to the ac grid, and at t = 1.75s the direction is reversed.
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the magnitude of capacitor voltage ripples are impacted, the capacitor voltage

balancing controls ensure the average capacitor voltages remains well regulated.

3.3 Simulation results for a reduced size of MP-

M2DC

Figure 3.15, shows a modified version of MP-M2DC where the two networks
interfacing magnetics are combined in one single delta/zig-zag transformer.
Each dc port can be connected to independent dc systems or to one bipolar dc
network and a bipolar version of this converter is tested and verified in [55].
Results shown in Figures 3.16-3.19 presents similar dynamics as for MP-M2DC

cases in Figures 3.2-3.5.
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Chapter 4

Fault Blocking Capability and

Comparative Analysis

The fault blocking is explained for dc-dc-ac MMCs. Unlike certain de-dc MMCs
with inherent bidirectional fault blocking capability, the dc-dc-ac converter is
incapable of blocking faults from all ports using only HBSMs. Several fault
blocking cases are carried out using switched model of MP-M2DC (due to its
simple architecture) to evaluate faults at different ports.

A fair comparison is provided for MP-M2DC, MP-BB, MP-AT, MP-DAB
to analyze semiconductor requirements, utilization effort, efficiency, capacitive
energy storage, and magnetics requirements. This comparison is useful to iden-

tify the application of certain topologies for different dc voltage step ratios.

4.1 Fault Blocking Capability

In this section, fault blocking is explained for a conventional dc-ac MMC and
then requirements for bidirectional fault blocking is explained for de-dc and de-
dc-ac MMCs and several fault blocking case studies are examined to validate

fault blocking capability of MP-M2DC MMC.
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4.1.1 Fault Blocking in Conventional DC-AC MMCs

Due to the severe impact of dc faults on HV power electronic components, dc
circuit breakers and dc fault blocking strategies are essential to enhance HVDC
transmission reliability and security. Dc circuit breakers due to their high total
cost and immature technological progress are not widely accepted. In certain
HVDC-MMC based systems, it is possible to inherently provide bidirectional
dc fault blocking using FBSMs [56]. The conventional dc-ac MMC with HBSMs
cannot tolerate the dc fault current that flows through the uncontrolled anti-
parallel diodes of IGBT switches and hence the fault damages the converter
switches. Using enough FBSM to inject reverse voltage enables full control over
the direction of fault current by blocking switches. This comes at the cost of
installing more SMs in arms leading to more investment costs and conduction
losses.

Figure 4.1 shows faults on the dc port of a conventional dc-ac MMC consid-
ering HBSM (ref to Figure 4.1(a)) and FBSM (ref to Figure 4.1(b)) installed in
arms, assuming switches are blocked. As a rule of thumb, by installing enough
number of cells in each arm to support the healthy port voltage, the fault can
be blocked if fault current direction enters capacitor voltage positive polarity.
For HBSM-equipped dc-ac MMCs, bidirectional fault blocking is not applica-
ble. Therefore, FBSMs are required to be installed in arms. Faults on the
ac side of the MMC is mitigated using the MMC control system and is not a
big challenge (simulation results in the latter verified controllability of ac fault
currents).

Building de-de MMCs, such as DAB (with only HBSMs) provides a galvanic
separation between dc ports and provides inherent bidirectional fault blocking
capability. This is because the dc fault current has to pass through capacitors to
feed the faulty node and therefore this fault current is blocked. Several works
have shown the ability of MMC-based converters to block dc faults [29, 57].
When a de-dc MMC is to be operated as a MP-DC2AC MMC (with required
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Figure 4.1: Dc pole to ground fault current direction in a dc-ac MMC equipped with (a)
HBSMs that feeds the fault due to lack of reverse blocking voltage and (b) FBSMs blocks
the fault current by imposing the reverse blocking voltage.

design developments), the faults on the dc ports are fed by the ac grid if HBSMs
are installed, and therefore for inherent fault blocking from all ports additional

FBSMs are required.

4.1.2 Fault Blocking in DC-DC MMCs

Fault blocking requirement is explained for dec-dc MMCs and dc-dc-ac MMCs.
Fault blocking in different de-dc based MMCs requires certain strategies. Buck
dc-de MMCs, such as M2DC and HVDC-AT with enough HBSMs, are able to
block dc faults on dcy. However, for de faults on de; the fault current flows
through the anti parallel diodes. To resolve this, FBSMs are installed in the
upper arms to support a negative dc voltage equal to the output dc voltage.
For example in M2DC (similarly for HVDC-AT) with dc turns ratio Gy, the
upper arms should be equipped with G, FBSMs voltage in pu (considering the
high level dc voltage as base) to block fault current fed from the low level side
to the fault on the high level port and additional (1 — G,) HBSMs is required
for similar scenario for faults on the low level port. The lower arm on the other

hand does not require FBSMs and only needs enough HBSMs to support the
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Figure 4.2: DC-DC MMCs suited for inherent DC fault blocking using FBSMs in blue
arms, (a) and (b) requires G, FBSM in upper arm (MMC), (c¢) and (d) both have inherent
DC fault blocking capability using HBSMs

-

(@) (b)
Figure 4.3: DC-DC-AC MMCs with FBSMs installed for Full Fault Blocking Capability
output dc voltage and the net ac voltage. Details on fault blocking capability
of HVDC-AT is available in [1]. DAB and BB dc-de MMCs are proven to
have inherent bidirectional dc fault blocking using only HBSMs [10, 29, 32].

Figure 4.2 shows four core de-dc MMCs with fault blocking capability.

4.1.3 Fault Blocking in MP-DC2AC MMCs

When a pole-to-ground dc fault occurs in a MP-DC2AC MMC, the fault current
path not only comes from the healthy dc port, the ac grid also feeds the dc
fault. Hence, certain bidirectional fault blocking de-dec MMC topologies, such
as DAB and BB MMC cannot block fault currents fed from the ac grid side
with only HBSMs. As shown in Figure 4.3, all four topologies need enough
FBSMs to block faults from ac and/or dc ports.

Table 4.2 shows SM voltage requirement for four MP-DC2AC MMC topolo-
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gies with “fault blocking” capability. The number of switches in a single FBSM
is assumed to be twice a standard HBSM. The discussion on SM voltage re-
quirements is explained in section 4.2.1. As shown in Table 4.2, the required
FBSM is equivalent to the arm/MMC dc voltage. Generally, considering all
values of G,,, MP-DAB requires more FBSMs to be installed to block faults.
MP-M2DC has different SM requirement around G, = 0.5 because arms are
interfaced with different dc voltages.

For minimum requirement of fault blocking capability, it is suggested to
equip arms with a combination of HBSMs and FBSMs in series. The analysis
of combined HBSMs and FBSMs is explained in the literature [58, 59] and it
is outside the scope of this thesis.

In the following, several case studies for fault blocking is demonstrated to
show the performance of MP-DC2AC MMCs equipped with HBSMs and/or
FBSMs.

4.1.3.1 Dc to ground fault blocking Case Studies for MP-M2DC
MMC Using Switched Model Simulation

To better illustrate fault blocking for MP-DC2AC, several simulation case stud-
ies are represented here. Because MP-M2DC is a core structure for all other
topologies, all case scenarios are represented for this topology. The following
cases are carried out using detailed switched model simulations in PSCAD.
These case studies considers dc pole to ground faults on dc and three phase to

ground on ac ports for different SM arrangements in arms:

e all arms equipped with HBSMs.
e all arms equipped with FBSMs.

e FBSMs in upper arms and HBSMs in lower arms.

The parameters used in these simulations are given in Table 4.1. The upper

arms are labeled “1” and lower arms are shown with “2”. Three phase are shown
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with “a”, “b”, and “c” in the subsequent Figures (e.g. I4rm1,4 is the current of

the upper arm for phase a).

Table 4.1: Parameters for fault blocking study in PSCAD for a three phase MP-M2DC

Parameter Value
Vain, Vion 640 kV, 320 kV
VL L RAMS 367 [kV]
Prated ac grid power factor 1000 MW, 0.95 lagging
Shases Vhase 1000 MVA, 320 kV
No of SMs each arm, Capacitor nominal voltage, V,, 101, 6.34 kV
SM capacitance, Cl,, 8 mF
Rarms Larm 0.8 ©, 50 mH
KXirans 15 %

In all cases, 1 pu power is exchanged between dc ports when a fault happens
at t = 1.50 s for the duration of 300 ms and switches are blocked 80 ms after
fault is detected. Figure 4.4 illustrates three fault locations for three mentioned

switch arrangements in arms.

4.1.4 Simulation Results for Fault Blocking Implications
for MP-M2DC

4.1.4.1 Faults on dc and ac ports of MP-M2DC with HBSMs

When a fault happens on dcy, the current is fed to the faulty node through the
diodes as shown in Figure 4.5. The current is fed to the fault on dc; node based
on the significant current rise in arm currents which indicates that HBSMs are
not applicable for fault blocking in this case.

For a fault on dcs, even though the upper arm is not injecting current to
the fault, the lower arm significantly injects current to the fault as shown in
Figure 4.6. The capacitor voltages are significantly rising up due to the lack of

current and lack of capacitor voltage control during this fault.
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DC pole to ground DC pole to ground Three phase to ground
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Figure 4.4: The location and type of faults considering three different switch arrangements
in arms.
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Figure 4.7: Simulation results for three phase ac grid to ground fault when using HBSM

in all arms for three phase MP-M2DC [Blocking action]

When a fault occurs on an ac port of a MMC-based converter, the control

system is capable of controlling the current flow. Here in Figure 4.7, it is shown

how the current is controlled when the fault happens on the ac port. Power

transfer between dc ports is interrupted when SMs are blocked. Once the fault

on the ac grid is cleared the dc-dc power transfer can be resumed, it should be

noted that during the fault all SMs must be blocked.

4.1.4.2 Faults on dc and ac ports of MP-M2DC with FBSMs

This is the case that the converter is equipped with sufficient FBSMs to have

inherent bidirectional fault blocking capability. During a dc; to ground fault

as shown in Figure 4.8, following the fault all switches are blocked and arm

currents are suppressed to zero. Looking at converter terminal currents, when
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: 640 [kV] to ground fault when converter is

SMs are blocked it is as if the converter is islanded from all ports and therefore

capacitors retain the converter terminal voltage through the control.

After a fault on decs to ground, there is a dynamic response by the upper

arms to the fault and they dissipate the trapped charges of inductors into

capactiors by alleviating their voltage as shown in Figure 4.9. The converter

terminal still retains its ac voltage through control, however this time it swings

around zero dc voltage. Fault on the ac port has similar dynamic response to

the case of a converter with HBSMs discussed earlier and simulation results are

shown in Figure 4.10.
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4.1.4.3 Faults on dc and ac ports of MP-M2DC with FBSMs in

arms “a” and HBSMs in arms “b”

This case is suitable for inherent bidirectional fault blocking in a de-dec version
of the converter. However, when the converters are developed for dc-dc-ac
capability without modifications to semiconductor requirements, the converter
is unable to provide bidirectional fault blocking. The subsequent simulation
results verify this.

In Figure 4.11, it is shown that the fault on dc; is blocked and the converter
is isolated from three ports. However, for a fault on dcs to ground as shown in
Figure 4.12, the lower arms inject currents to the fault akin to the case shown
in Figure 4.6. This is because the fault current is fed through anti parallel
diodes from the common ground. Therefore, MP-M2DC with FBSMs in the
upper arm is not sufficient for fault blocking capability.

Faults on the ac grid for this case is similar to the previous two cases and

it is shown in Figure 4.13.

4.2 Comparative Analysis

A brief study of total semiconductor cost and efficiency is given for MP-M2DC,
MP-AT, MP-BB, and MP-DAB. Certain operating characteristics, such as con-
verter efficiency, fault blocking capability, and power transfer constraints poses
limitations on the utilization of certain topologies. Semiconductor cost eval-
uation is taken into account as it is one of the major cost of an MMC and
knowing this information is essential to understand the applications of MP-
DC2AC MMCs. Then a fair comparison of converter efficiencies for similar
operating conditions is explained that captures semiconductor conduction and
switching losses as well as magnetics rating and losses.

First, SM requirement is explained for each topology and then the efficiency

analysis of four topologies is described in detail. At the end, comparative

66



Converter Terminal Current [pu]

Converter Arm Currents [pu]

2.5
2.0
15
|SJaTaxe
1.0
— |
05 °
— |,
0.0 ‘ € -
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]
3 ‘ .
T o
2 — IarmZ,a .
M - Iarml,b
1 — larm2,b ||
0 1’\ — larm1,c _
- Iarmz,c
—1 vv
-3
-4
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]

2.0 .
— Vi
— Vi
15 ANAAAAAAAAAAAAAA

o
W

Converter Terminal Voltage [pu]

~
[=)]
o

=

il

W

58 1

~
N
o

~
N
o

~
o
o

o0
©
o

Converter Capacitor Voltages [kV]
2
o

=

o

o
s

620

1.48 1.50 1.52 1.54 1.56 1. .60
Time [t]
T
[ — Vcapl,a -
I — Vcapz,a |
, — Vcapl,b
— VcapZ,b a
— Vcapl,c N
— Vcapz,c |
-/
M
VUV VA
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]

Figure 4.11: Simulation results for pole de; : 640 [kV] to ground fault when using FBSM
in Upper arm and HBSM in lower arm in all arms for three phase MP-M2DC [Blocking

action]

67



Converter Terminal Current [pu]

Converter Arm Currents [pu]

T
2 35 —_— Vi

: \ . 2
. WAL R RN AL YT 2o

|
N
P
e

ST
L NMVVVY ANV
B W= & e
B l_lt -05 WWM m

|

H
L
—
—
&

Converter Terminal Voltage [pu]

2 W A Iarml,a a . 800 — Vcapl,a 7
M v \/\ fomaza g 775 f — Veapz,a |
Val L — larm1,b 4 /_LU — Veapip
° — ) 8 750 caplb |
arm2,b % / I . VcapZ,b
-2 \ V\I — larm1,c - ?6 725 —— Veprc |
— larm2,c = l I Vv
-4 \ V- 1 2700 cap2,c |
A A Y Q675
-6 g
V V\ /\ ¢ 650 l
c
_8 ] J
SV VY VVV 625 7
1.48 1.50 1.52 1.54 1.56 1.58 1.60 1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t] Time [t]

Figure 4.12: Simulation results for pole dcy : 320 [kV] to ground when using FBSM in
Upper arm and HBSM in lower arm in all arms for three phase MP-M2DC [Blocking action]

68



N
=3
S

Converter Terminal Current [pu]

o
=3
o

Converter Arm Currents [pu]

=
N
v

=
n
o

I
N
%

=
=3
S]

o
9
vl

o
w
o

o
N
o

— 1,
— Iy
—_—
; -
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]
3 ‘ .
Yy —=
— |,
2 arm2,a |
- Iarml,b
- Iarmz,b .
W — Iarml,c
0 WW — larm2,c -
) VVW
-2
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]

Converter Terminal Voltage [pu]

Converter Capacitor Voltages [kV]

3.0 — Via |
— Vo
2.5 — Vic |
2.0
15 Y YY
1.0 VV\/
“ WA
0.0
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]
T
670 il — Vcapl,a A
660 NN 'I — Vcapz,a 7
— Vcapl,b 1
650 — VcapZ,b a
— Vcapl,c
640 — Vcapz,c 5
630
620
610
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Time [t]

Figure 4.13: Simulation results for three phase ac grid to ground fault when using FBSM
in Upper arm and HBSM in lower arm in all arms for three phase MP-M2DC [Blocking

action]

69



analysis benchmark of four MP-DC2AC MMCs is presented.

4.2.1 SM Requirement

An MMC should be able to i) support the controlled voltage across the arm (i.e.
certain number of SMs are stacked in series) and ii) support the current that
flows into the arms (paralleling the arms to split current stress among them).
Based on the two aforementioned requirements, in the following the requisite

number of SMs to support maximum voltage and current stress is explained.

4.2.1.1 SM Voltage Requirement

Total required number of cells with rated capacitor voltage VZ'y/" in a single

arm to support (V724%) and (Vae) voltage is:

Vimer 4 Ve

— (4.1)
VSM

Ngy =

SM voltage requirement to support arm voltages for normal operation
(converter ports can handle rated power flow in both directions) and fault
blocking capability (redundant semiconductors to be installed) using HBSMs
(to produce positive arm voltage) and FBSMs (to produce positive/negative

voltage) is explained in the latter.

4.2.1.2 Normal Operation SM Requirement

Total installed number of SMs in a converter should be enough to operate
for bidirectional multiport power flow. This means that the power (current
direction) can be reversed in all SMs, but the polarity of injected voltage on
the arms does not need to go negative.

To better understand SM voltage requirements for normal operation, con-

sider the following example:
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Figure 4.14: Example of SM voltage requirement for normal operation of a MP-M2DC
using only HBSMs

Suppose we have an MP-M2DC that interconnects two dc systems at rated
voltages Vy1,, = 400kV and Vi, = 320kV, (G, = 0.8) and an ac grid at voltage
VE-LRMS — 215KV and the rated voltage of the SM is VI = 2kV. Assuming
normal operation for a lossless converter, the SM requirement for each arm to
support the dc (and ac) voltage(s) are shown in Figure 4.14. Using only HBSMs,
the arm voltages are always positive and the maximum ac voltage is limited to
Vi = 80kV 1. To increase the peak ac voltage magnitude beyond 80kV', the
upper arm needs to generate a negative voltage which means FBSMs should
be installed.

A similar practice can be done for the other three MP-DC2AC MMCs. A
general expression is derived based on the previous discussion that determines
the SM voltage requirement for four variants at arbitrary dc voltage ratio (G,)
which is presented in Table 4.2.

A detailed explanation of the voltage requirement for each variant is dis-
cussed in the following:

MP-M2DC Non-isolated structure of this converter forces arms to take

similar ac voltage. Moreover, the peak value of the ac voltage is constrained to

'The impedance of arm chokes is assumed small and therefore ac arm voltage is purely
differential mode, i.e., V. ~ 0 in (2.6)
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the minimum dc voltage requirement by arms at certain GG,,. As shown in Table
4.2, the ac voltage of MP-M2DC for G, < 0.5 and G, > 0.5 is the minimum
dc voltage supported by arm “a” and “b”.

MP-BB Similar to MP-M2DC, this topology is non-isolated which means
the arms ac voltage is constrained to the minimum arm dc voltage. The peak
ac voltage Vac for both arms is limited to Gy, Vi,

MP-DAB Galvanic isolated MP-DAB that decouples dc ports provides in-
dependent ac voltages for two MMCs. The maximum ac voltage on each MMC
can ideally reach to half of the DC port voltage?. In terms of voltage stress
on the intermediate transformer, for symmetrical monopole HVDC systems,
MP-DAB does not impose any dc voltage stress between the ac windings. In
contrast, for asymmetrical monopole HVDC systems there is a dc voltage stress
(equal to 50% of Vy1,,) on the windings that makes the insulation for the AC
transformer more complex and expensive.

MP-AT Although this converter is non-isolated, the ac components are
circulated through an ac transformer and hence similar to MP-DAB the ac
voltage of two MMCs are isolated. There is a dc voltage stress on the windings
of the transformer which is equal to 50% of Vyy,, similar to MP-DAB. Insula-
tion of transformer windings for the dc voltage stress is a complex and costly
process. Because the ac voltages of two MMCs are galvanically isolated, the ac
voltages of the upper and lower MMCs are independent. That means the SM

voltage requirement expression is provided for all G, values.

4.2.1.3 Fault Blocking SM Requirement

By installing FBSMs as substitutes to HBSMs, the converter is capable of
injecting negative voltage to block currents from flowing into the fault. Be-

side fault blocking, FBSMs can also increase the ac voltage modulation of the

2in practice the AC voltage is around 5 % lower than the half DC voltage to provide
ample space for dynamic response
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Figure 4.15: Example of SM voltage requirement for fault blocking in a MP-M2DC, con-
sidering (a) the minimum FBSM requirement and (b) maximum ac voltage utilization

converter to minimize the steady state current magnitude which is a great
advantage to increase the converter efficiency and power flow capacity.

To better understand the SM voltage requirement for fault blocking using
FBSMs, Figure 4.15 shows an example of MP-M2DC equipped with FBSMs.
After all, utilizing FBSMs require double number of SMs compared to HBSMs
and in a similar case the conduction losses of a FBSM-based converter is much
higher leading to a lower efficiency. The minimum number of FBSMs to be
installed in an arm or subconverter is given in Table 4.2.

Figure 4.15(a) shows the minimum FBSM requirement to block faults from
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all three ports. It is shown that arm “a” requires a negative voltage equal to
Vies = 320kV to block current flow from dy to faults on d;. For arm “b”, there
should be enough FBSMs to block faults on ds.

Table 4.2: SM Voltage Requirement for Each DC-DC-AC MMC Normalized to Vg1,

MP-M2DC G, < 0.5 MP-M2DC G, > 0.5
Arm a Arm b Arm a Arm b
HBSM G,+(1-G,) 2xG, 2x(1-G,) G,+(1-G,)

Normal
Operation

e | F'BSM Gy G, G, G,
E % HBSM  (1-G.) G, (1-Gy) (1-Gy)

/M MP-BB MP-DAB
— g Arm a Arm b MMC a MMC b
§§ HBSM 1+aG, 2 x G, 1+1 2% G,
=&

o | FBSM G, G, 1 G,
E fi HBSM 1 G, 1 G,

)

MP-AT

MMCa  MMCbh
HBSM 2x(1-G,) 2xG,

Normal
Operation

FBSM Gy G,
HBSM (1 *Gu) G?)

Fault
Blocking

Figure 4.15(b) shows MP-M2DC with fault blocking capability with max-
imum ac voltage. For this maximum ac voltage generation, 120 HBSMs are
added to the lower arm “b” to generate a large ac voltage on the converter

terminals.
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4.2.2 Arm Current Stress Constraints

Another factor for SM installation in an MMC is the arm current stress limits.
Essentially, the current flowing in a single arm is constrained to the rating of
the switching elements installed and to alleviate the current limit (accordingly
upgrade the power rating of the converter) two options exist: i) installation of
chain of SMs in parallel or ii) replace the switches with higher rms current rat-
ing. Option (ii) is a viable option when power rating is to be slightly improved,
however for significant power changes (doubling the rating power) option (i) is

a preferred option.

4.2.2.1 DC-DC MMCs Arm Currents Stresses Rated for DC-DC

Conversion

Arm current stress is explained for MP-M2DC, MP-BB, MP-AT, and MP-
DAB. The differences of MP-DC2AC and conventional de-de MMCs based on
arm current stress is highlighted. The existing de-dc MMCs is rated to handle
a dc current plus an ac current that is controlled for exchanging average power
between arms. These currents are determined based on the power balance
criteria explained in section 4.2.2.2. In such converters, the modulation signals
are controlled so that the reactive power exchange between arms is suppressed
to zero (with a minimal reactive power consumption by arm chokes) leading
to minimal current stress and enhancing power flow capacity. A summary of

arm current stresses for four topologies over a wide dc transformation range is

shown in Table 4.3.

4.2.2.2 Arm Current Stresses Limits in MP-DC2AC MMCs

As a rule of thumb for all four MP-DC2AC topologies, maximum current stress
in the arms is the sum of maximum dc current and the peak ac current during
steady state power transfer. Higher currents during transients are admissible

based on the rating of the power electronic switches utilized in the arms. The
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nominal current stress in an arm is determined based on the characteristics
of power switching cells installed. The maximum current flowing in arms of
a MMC should be lower than the nominal current stress of the arm. Using
power balance criteria for each arm, the total rated current stress of each arm
is determined [32, 60]. The switch rating determines the nominal current stress
of each arm. For example, the IGBT module “CM1200HC-90R” has nominal
current of 1.2 kA which is the maximum tolerable rms current in the collector
of the module [61].

The relationship between the average power flow components for a certain
arm can be determined as explained in (2.41)-(2.42) and for reactive power flow
as in (2.47)-(2.48). A unity power factor is assumed (i.e. cos(¢y — ¢ir) = 1)
and hence no reactive power is exchanged with the ac grid. Using appropriate
PLL controller to synchronize the converter with the ac grid for external ac
quantities (i.e. dg0) and the reference frame for internal ac quantities (i.e.
d'q'), the average ac power exchange between the upper and lower arms in
MP-M2DC also operates at power factor unity (i.e. cos(¢w: — ¢ic) = 1 and no
reactive power exchange between the arms). For four MP-DC2AC topologies,
this mechanism applies and therefore the relationship is explained for MP-

M2DC. For each arm, the net power is set to be zero and hence

PXLJ)C—I—PgC—FPgC—FPﬁC:O for arm a (42)

PZ?C—FPgC—PADC—PAAC:O for arm b (43)

By replacing the values from (2.43)-(2.46), the expression for arm currents is
then developed. The maximum arm current stress in arm “a” of MP-M2DC is
then determined as

I,

arm,a

o ” I,
Jmez |Ic+ItH_’[c+ 5': ([c—|—
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where m is the modulation index of the converter defined as follows

m(t) = mg. + mcos(wt) (4.5)
.V
len ( )

Similar approach is done for arm “b” and hence the maximum arm current

stress becomes:

~ S Eny (4.7

3m

. I,

;T;%E,b = ’]c - ]t|+|Ic - E|: (]c

Similar equations to (4.4) and (4.7) can be derived for other three MP-
DC2AC MMCs.

In the subsequent sections, semiconductor utilization based on the maxi-

mum current stress for de-dc and de-de-ac MMCs is explained for four topolo-

gies considering a unity power factor for dc-ac power transfer.

4.2.2.3 DC-DC-AC MMCs Arm Currents Rated for MP-DC2AC

Conversion

Operating as a de-dc-ac converter, the maximum current stress for MP-M2DC,
MP-AT, and MP-BB can become higher than the solely de-dc conversion under
certain power flow conditions. This is because the power transfer between ports
renders the current distribution among arms and therefore certain arm faces
higher current stress. For instance, in MP-M2DC the lower arm current stress
changes since there may be power transfer directly from port ds to the ac grid
(i.e. no dc current flows in the upper arm). If the rated power is required to
be transferred from dy to the ac grid then the switch rating of the lower arm
should change accordingly. This is also the case for MP-M2DC at G, < 0.5 for
the upper arm during d; to ac grid power transfer that poses higher current

stresses on the arm leading to the requirement for higher switch rating (or
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parallel structuring).
The maximum arm current stress for four MP-DC2AC MMCs is summa-

rized in Table 4.3.

Table 4.3: Maximum Arm Current Stress for Different Values of G, for four DC-DC-AC
MMCs Normalized to Ig1,

MP-M2DC G, < 0.5 | MP-M2DC G, > 0.5 MP-AT

arm a arm b arm a arm b MMC a MMC b
DC-DC only | Irlpu] | (35%)  3(1z%) 3 () 3 34
MP-DC2AC | Imesipu) | (26+) & 3 e | g &

MP-BB MP-DAB

arm a arm b MMCa MMCb
DC-DC only | Ine*[pu] | (25%) o 3 &
MP-DC2AC | I7ie=[pu] | (3£%+) & 3 &

4.2.3 Comparative Analysis Based on Semiconductor Uti-

lization Effort

A comparison is conducted based on the semiconductor requirements for each
topology to meet the required arm voltage and current stress. An approximate
semiconductor cost of each converter at a certain GG, for de-dc-ac power flow is
given. For this comparative analysis, the following assumptions are considered:
i) all converters are assumed to be lossless and switching, conduction, and
magnetic losses are neglected. ii) Number of SMs in each phase are the same
(i.e. semiconductor utilization is calculated for one phase and multiplied by the
number of phases). iii) it is assumed that the SMs internal capacitor voltage
balancing is controlled using the sort and selection algorithm [54].

A parameter () is defined to represent the total SM requirement to support
maximum voltage on the arms and the current stress to provide rated power
transfer. This parameter is an indication of the maximum power capacity to

transfer rated power between different converter ports. Similar parameter is
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defined in [44-46]. Having the maximum arm current stress

Im%% and SM

arm

voltage requirement Vv, A for different values of G, is calculated for four

topologies and considering normal operation and fault blocking capability as

well as current stress limits for de-dec and MP-DC2AC functionalities.

The

comparison is shown for normal and fault blocking capabilities and also to

realize the necessary changes required when an existing de-dc MMC is to be
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Figure 4.16: Semiconductor effort requirement for different values of G, where X is nor-
malized by Vgin-Igin
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shows the normalized value of A\ vs GG, where the base power is Vyy,,.141,. For
a three phase converter, A is defined as follows:

A = (N VS Tes 4 Ny Ve 1o, ) (4.8)

SM,a**arm,a

[m(zm

mav is the maximum current that an arm can carry based on the IGBT char-

acteristics. The rated power delivery by the converter is determined assuming

that the arms carry the maximum current. Vg, is the maximum voltage re-

quirement for arm “a” or “b”. As shown in Figure 4.16, the semiconductor
effort for normal operation of MP-DC2AC is higher than that for conventional
dc-dc converters for all G, values. This is because of the higher arm current
stress when an ac port is connected. Comparing fault blocking capability, MP-
DC2AC requires even more SMs (FBSMs) to provide fault blocking capability
which makes it even more costly compared to dc-dc MMCs. As shown, G, = 0.5
is assumed to be an optimal operating condition for MP-M2DC and MP-AT

which is valid according to similar implications by similar comparison practices

in the literature.

4.2.4 Maximum power delivery from each port of a DC-
DC MMUC operating as a MP-DC2AC MMC (at

the design development)

Assume a de-de MMC rated for dc power conversion is to be utilized for MP-
DC2AC (without employing additional SMs to meet the incremented arm cur-
rent stress), then the maximum power that can be delivered from each port
of the converter considering the current stress limit is to be evaluated. For a
MP-DC2AC, port three different power flow routing exist: i) DC'1 <> DC2, ii)
DC1 + AC, and iii) DC2 < AC. Figure 4.17 illustrates the three possible
power flow directions.

If A of the converter is determined for DC1—DC2 (Apc1-pc2) then at all de
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-

DC, < AC DC, & AC

o
DC, DC, <> DC, DC;

Figure 4.17: Three power flow paths between dc and ac ports of a DC-DC MMC functioning
as a DC-DC-AC MMC

turns ratios (G,) the rated power can be exchanged between two DC ports (See
red lines for four topologies in Figure 4.18). For DC'1 — AC power exchange,
the value of A that represents the semiconductor utilization (Apci—ac) is eval-

uated using the procedures described in section 4.4. Therefore, the relation

ADc1-DcC2

of
ADC1-AC

shows at what values of GG, the value of A\pc1_pce is higher than
Apci—ac that means at certain G, the converter is actually over utilized for
DC1 — AC conversion and therefore it can deliver power higher than the rated
value (e.g. at G, = 0.2 for DC'1—AC in MP-M2DC P = 1.353P,41¢q). It is clear
from Figure 4.18 that at certain dc stepping ratio (G,) the maximum power

flow capability is lower than the rated value due to under utilization of semi-

conductors (e.g. at G, = 0.8 for DC1 — AC in MP-M2DC P = 0.3382P,44cq)-

4.2.5 Comparative Analysis Based on Efficiency and Mag-

netic Requirements
The previous comparison is based on semiconductor requirement of convert-
ers when multiport de-dc-ac conversion is of interest. In the following, a fair

comparison of the four MP-DC2AC MMCs is considered for two common dc

stepping ratios taking into account switching, conduction, and magnetic losses
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Figure 4.18: Maximum [pu] power transfer from each port of MP-DC2AC MMCs normal-
ized to Prated = Vain X Ia1

to evaluate efficiencies. With full rated power transfer capability, magnetic re-
quirement is also considered for the four MP-DC2AC MMCs. Note that three
winding transformer for MP-DAB and MP-AT should be rated for rated power
and the zig-zag transformer in MP-M2DC and MP-BB should be rated for
the maximum rms line to line voltage times the maximum rms current flow-
ing through the inductors. Representing a fair comparison of all topologies is
to some extent challenging due to the different operating mechanisms. Simi-

lar comparative practice is done for de-dc MMCs in [45] and for multiport dc
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hubs in [46]. So far, no work has shown a fair comparison of the four MP-
DC2AC MMCs for multiport de-dc-ac conversion regardless of the technology
of installed semiconductors.

In the following, the comparison of four topologies is represented based on
the assumption that all semiconductors utilized are similar (HBSM)? and the
comparison of hybrid connection of SMs is out of the scope of this thesis. Losses
of arm chokes and transmission lines are neglected. The ac voltage of arms in

four variants is maximized with HBSMs installed.

4.2.5.1 Magnetic Requirements for MP-DC2AC MMCs

As shown in Figure 2.1, all four topologies have interfacing magnetics with dc
(zig-zag transformer) and ac (two or three winding transformers) grids. These
magnetics should be designed at full power transfer capability.

The magnetics rating is determined based on the maximum rms voltage

and current flowing through the winding and is defined as the following:

—[grms /orms - \[p_M2DC & MP-BB

\/§ max max
Srated,3¢ — (49)

9
Z[orms Y/ prms MP-AT & MP-DAB

\ 2 max max

Srated3¢ is the three phase MVA the magnetic to be rated, I£7™ and V,¢/rms
are respectively the maximum single phase rms current and winding voltage in
one phase of the magnetic. The coefficient \% is to determine the three phase
requirement of the magnetic considering the current flowing through two series

coupled inductors and coefficient g is for a three phase times three windings.

3Except for MP-M2DC and MP-AT at G, = 1 FBSM is only utilized for average ac power
exchange.
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Figure 4.19: HBSM and FBSM configuration with labels representing power electronic
components for better illustration of conduction and switching losses formula

4.2.5.2 Efficiency

The dominant losses in the converter are associated with switching, conduction,
and magnetic losses and therefore for four topologies at certain dc voltage
stepping ratio the losses are calculated and the converter efficiency obtained.
In general, for power electronic losses, namely switching and conduction losses
the following equations are used similar to methods developed in [32, 44, 45].
For conduction loss calculation in one SM (Peongsa) the following equations

are used

PCOTLd,f = d(vm,OI((Liﬁm,n + Rw]c%rm,n,rms) T = Tl? Dy (410)

Pcond,y = (1 - d)<vy70[gfm,p + Ry[(frm,p,rms> Y= T27 D2 (411)

Pcond,SM = Z Pcond,:c + Z Pcond,y (412)
z Yy

d is the average duty cycle that the switch is turned on, 77,75 and their an-
tiparallel diodes Dy, Dy are the switches in one SM (ref. Figure 4.19). n and p
represent the direction in positive and negative, respectively the current flow-
ing in the switch and V, and V, o and R, are the forward voltage drops and

resistance of IGBTs and diodes.
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Switching losses are calculated using the following formula

(
Igfm,nVSM(e%n + e’%ff) Tl
sw 1% Vswep, D,
P,, = ]J;T armp " (4.13)
Ly Vou (ef + ) T
\ ngl,TLVSMeD,TT D2
Paysy = PLL+ P2 4 pDy oy pD> (4.14)
e and e;f ! are the energy dissipated during turn-on and turn-off actions of

IGBTS, ep, is the diode reverse recovery energy. 1"/ and V"¢/ are the current
and voltage references of the test conditions. f** is the average frequency
of switching actions for each arm and can be determined using the following

equation

A

2Vae
Z Vnom

cap

Y=k fo( ) (4.15)

k5 is the marginal scalar quantity (it is set to 1.2), f,, is the fundamental
frequency (here it is 60 Hz), V,e the ac voltage of the converter.

The magnetic loss is composed of copper and core losses of the magnetic
structure and it is assumed to be 0.5% of their MVA ratings [45]. The detailed
derivation of magnetic losses based on the core design and winding architecture

of the magnetic is not in the scope of this thesis.

4.2.5.3 Operational Comparative Case Study

To better illustrate the comparison of efficiency and losses, a case study is
presented for two different dc voltage step ratios (G, = 0.5,1.0) for the MP-
M2DC, MP-BB, MP-AT, and MP-DAB. Table 4.4 shows the parameters for this
case study. Each topology is equipped with enough number of SMs to support
full rated power transfer at all three ports (d;, da, ac). Three different power

flow scenarios between three ports is evaluated (dc-ac, de-de, and combined
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de-dc-ac conversion).

Table 4.4: Case study parameters for comparative study

Parameter Value
Viain, Vaon 400 kV, G,x400 kV
RMS Viin
Vi 95% x Ve
G, 0.5and 1
Prated - ac grid power factor 360 MW, 0.95 lagging
Shases Vbase 360 MVA, 400 kV
Capacitor nominal voltage, Vi, 2 kV
SM capacitance, Cy,, 3.2 mF

The parameters for switching and conduction losses are derived from [32]
using the CM1200HC90R IGBT. Table 4.5 depicts the total magnetics rating,
number of SMs for a 3ph converter structure, total semiconductor utilization
effort, total capacitive energy storage, and the efficiency of four topologies
considering three power flow scenarios for G, = 0.5 and 1. The power losses for
efficiency calculation considering three cases is shown in Figure 4.20. Magnetics
requirement for MP-M2DC and MP-BB is the same and this is because the
rated current flows into the zig-zag transformer. The previous study on the
magnetic requirement for buck/boost de-dec MMC in [32] is much lower than
what is determined for MP-BB (dc-dc-ac version of buck/boost de-de MMC)
because the current that flows through the coupled inductors is much lower.
Therefore, a high magnetics installation for MP-BB is required for transferring
rated power to the ac grid.

The comparison of four converters in Tables 4.5 and 4.6 conveys that for
G, = 0.5 applications, MP-M2DC is considered to be the best option as it
has the highest efficiency considering different power flow orientations as well
as the lowest semiconductor and magnetics costs among four topologies. For
G, = 1.0, MP-M2DC and MP-AT require FBSMs to be able to operate as

FBSMs generate ac voltage (with zero dc offset) to enable power exchange
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Table 4.5: Comparative analysis results for four variants for G, = 0.5

MP-M2DC MP-BB MP-AT MP-DAB
Total magnetics
rating (MVA) (1214379) (0+568) (0+568)
1214379

(SZigZag+STrans) ( )

Required SM for 3000 2400
3-ph converter 1800 (HBSMs)  ypegg) 1800 (HBSMs) - prpay e
Semiconductor

utilization effort 3240 4860 3240 4320

3-ph (MW)

Capacitive energy

storage (kkJ /MVA) 30.4 50.6 30.4 40.53
> Case | 98.77 % 98.69 % 98.77 % 98.77 %
S
= Case 11 99.14 % 98.05 % 99.06 % 97.96 %
&GE) Case III 99.22 % 98.82 % 99.16 % 98.66 %

with the secondary arm(MMC).

Figure 4.20, shows that for case II (de-dc conversion) MP-DAB and MP-BB
have the highest losses among converters and this is because full rated power is
flown through all semiconductors (all power electronic devices are in operation).
Also, in the same case MP-AT and MP-BB at G, = 1 has no magnetics losses

this is because no current passes through transformers.
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Table 4.6: Comparative analysis results for four variants for G, =1

MP-M2DC MP-BB MP-AT MP-DAB
Total magnetics
rating (MVA) (121+379) (04568) (0+568)
121+379

(SZigZag+STrans) ( )

Required SM for 1200 (HBSMs) 2400 1200 (HBSMs) 2400
3-ph converter + 600 (FBSMs) (HBSMs) + 600 (FBSMs) (HBSMs)
Semiconductor
utilization effort 2880 4320 2880 4320

3-ph (MW)

Capacitor energy

storage (kJ/MVA) 30.4 40.53 30.4 40.53
Z Case 1 98.89 % 98.7 % 98.89 % 98.77 %
=
= Case 11 99.25 % 98.63 % 99.42 % 98.26 %
% Case III 99.08 % 98.81 % 99.17 % 98.73 %
Gv =0.5 Gv =1
MP-DAB ] MP-DAB | D
= AT I ve-AT S —
S vp-pn I w55 [T |

MP-M2DC I MP-M2DC | I

0 0.5 1 1.5 2 0 0.5 1 1.5 2
MP-DAB | BRUEYNY D
= MP-AT | MP-AT | | | ]
& wes — RRERETE— |

MP-M2DC - MP-M2DC | -

0 0.5 1 1.5 2 0 0.5 1 1.5 2

MP-DAB ] MP-DARB | ] ]

= st ie-AT —
& wrsn yEgs—— |

MP-M2DC | | MP-M2DC | ]

0 0.5 1 1.5 2 0 0.5 1 1.5 2
P /P [%] PP rated [0

loss ~ rated loss ~ rated

“:l Conduction Loss [l Switching Loss [Illl Magnetics Loss ‘

Figure 4.20: Converter losses comparison of topologies in Fig. 2.1

88



Chapter 5

Conclusion and Future Work

The future power grid is anticipated to comprise HVDC grids overlaid with
conventional ac networks, blending the best traits of both dc and ac tech-
nologies. This hybrid dc-ac grid is capable of linking together existing two-
terminal HVDC lines and MTDC systems, and interconnecting segmented ac
grids. HVDC transmission will be the backbone technology although MVDC
will likely also play a key role, e.g., collector networks for off-shore wind farms.
The transition to a highly meshed hybrid dc-ac grid from present-day ac domi-
nated networks (which contain a relatively sparse number of HVDC lines) offers
several potential benefits, such as improved grid flexibility and security, a lower
risk of cascaded blackouts, and enhancement of transient stability.

Possible topologies for multiport de-dc-ac MMCs for hybrid ac/dc power

systems are identified.

5.1 Thesis Contribution

The contributions of the thesis are summarized as follows:

e A family of four MP-DC2AC MMC topologies are presented that permit
multi-directional power exchange between two dc systems and an ac net-

work using a single converter structure, i.e., without deploying separate
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dc-dc and dc-ac converter stages.

e The MP-M2DC and MP-BB topologies are analyzed in this work, which
represents the first comprehensive study of these de-dc-ac MMCs.

e Analytical equations are derived that govern the internal de-dc and dc-ac

power transfer mechanisms.

e A generalized dynamic controller is proposed for both topologies that
allows independent power transfer between any combination of the three

ports while keeping capacitor voltages tightly regulated.

e Converter operation and efficiency of the proposed controls are validated

via time-domain simulations of detailed switched models.

e A comprehensive comparative analysis is done for all four MP-DC2AC
topologies considering semiconductor count, capacitance energy storage,

efficiency, magnetics, and semiconductor utilization effort.

5.2 Future Works

The proposed controller with four MP-DC2AC MMCs presented in this re-
search work are suitable foundation for future works in both power electronics

and power system analysis. A number of tentative future works are as follow:

e Experimental validation of MP-M2DC operation and control and observ-

ing arm dynamics during different power flow cases

e Examining fault blocking capability of MP-DC2AC MMCs using experi-

mental prototype
e Study and analyze MP-DC2AC MMCs with hybrid FBSMs and HBSMs

e Derive the small signal linearized model of a three phase MP-DC2AC

MMC to gain deeper understanding of converter dynamics
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e Analyze the operation of MP-DC2AC MMCs in a large test system con-
sidering multiple integrated HVDC and ac systems

e Study the frequency and damping response of MP-DC2AC MMCs to

transient stability on ac grid

e Provide a novel hybrid ac/dc power flow algorithm for large systems con-

sidering the presence of hybrid MP-DC2AC MMCs
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