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Abstract

This thesis develops a time averaged model (TAM) and a dynamic phasor model
(DPM) of a generalised modular multilevel converter (MMC) structure that can be used
to represent four different MMC topologies. These four topologies include two different
classes of next generation MMCs that are garnering attention for use in hybrid AC/DC
power systems: (i) DC/DC/AC MMCs that combine DC/DC and AC/DC conversion
stages into a single converter structure, and (ii) DC/DC MMCs. The former enables
controlled power exchange between two DC systems and an AC grid while the latter is
a key building block of future DC grids. A TAM is developed in the af0 frame that
includes all dynamics in a converter, barring switching harmonics. This model is useful
when detailed studies of the converter dynamics are required, but the long simulation time
of the switched model is an impediment. A DPM is then derived from the TAM that takes
into account multiple harmonic components to ensure an accurate representation of the
practical converter behaviour across a wide range of operating points. This model permits

the elaboration of a steady-state solution procedure to solve for the full state solution at
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an arbitrary operating point, enabling systematic study of the DC/DC/AC and DC/DC
MMCs using industry standard numerical software tools. Extensive simulations and
steady-state analyses are carried out to investigate the converters’ behaviour, including
how the current stresses and capacitor voltage ripples change due to varying parameters

such as DC and AC systems power flows.
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Chapter 1

Introduction

1.1 Background

In the last couple decades of energy research, DC transmission has gathered a great
amount of interest from academics and industry all around the world. This can be
seen by the increase of this topic in recent literature; the journal papers containing DC
transmission as a subject have almost tripled the last twenty years compared to the
whole of the last century, going by the search results in the IEEEXplore digital library.
The reason is not because DC transmission can supplant AC transmission, the latter
being well suited for many of its current applications, but because recent research seems
to indicate that the future requires a combination of both of these technologies (AC
and DC). High-Voltage Direct Current (HVDC) can be used for very long transmission
distances, to interconnect unsynchronised AC networks, to transmit more power than AC
in a comparable corridor size, and for power quality functions in existing and future grids
[1]. Another very prominent application for HVDC revolves around the ever-increasing

renewable energy systems; the underwater transmission of energy harvested from off-shore



wind farms [2]-[4], the transmission of PV energy without the need of AC conversion [5],
6], and connections to BESSs [7], [8]. More recently, the development of multiterminal
DC systems and DC grids using HVDC is being pursued [9]-[11]

Despite its many benefits, challenges arise for the use of HVDC when several con-
nections are to be made. Most of the previously mentioned applications require only a
sending end and a receiving end, called point-to-point, and their operation and design
are well understood [12]. However, as more sources and uses for energy are added to var-
ious locations, an evolution beyond basic point-to-point connections is inevitable. This
becomes even more so the case when the existing AC grid is taken into consideration.
Interconnecting multiple DC sources and loads, as well as including the existing AC grid,
is a very active area in recent research. Such blending of DC and AC transmission tech-
nologies has been envisioned for the future of energy distribution in Europe, dubbed a
supergrid [13]. This type of network is projected to be able to extend through a very
wide area, incorporating HVDC transmission to support the existing HVAC grid, and be
able to meet the ever increasing energy needs [14].

The interconnection of AC and DC links, to form what might well be the hybrid
AC/DC power system of the future, comes with several challenges. One of the most
prominent of these is the power conversion needed between AC and DC systems, and be-
tween different DC voltage levels. To achieve these conversions, power electronic convert-
ers are required. There is a myriad of converters capable of achieving AC/DC conversion,
but for the purpose of HVDC only recent advancements in semiconductor technology al-
low some to be of consideration. Line commutating converters (LCCs) have been around
for decades and are a mature technology, with high efficiency, and still recently being
used in transmission projects around the world [15]; however, they suffer from the fact
that rely on the AC system for commutation and absorb reactive power, as well as that

power reversal requires the inverting of the voltage polarity. Voltage source converters



(VSCs) don’t have any of the aforementioned disadvantages; moreover, they excel at
controllability of power direction are therefore well suited for DC grid applications. Two
and three level VSCs have the shortcoming of only being able to endure medium voltage
rating before the large amount of series-connected semiconductors, usually IGBTs, start
posing challenges such as high switching losses, reduced efficiency, and EMI problems
[13].

Another type of VSC that has been gaining a lot of popularity since its inception is
the modular multilevel converter (MMC) [16], a converter that distributes capacitors in
the converter structure, instead of having them in parallel with the DC link, as illustrated
by Figure 1.1a. For each phase in the converter there are two valves, or arms, each of
them made up by N series cascaded submodules, each submodule a low-voltage DC/DC
chopper cell with a capacitor. The output voltage of this converter has N+1 levels,
giving it the ability of providing waveforms that are very close to a sinusoidal. Thus,
the required filters at the output are considerably smaller than other VSCs. It also has
low dv/dt, given the large number of steps in the AC waveforms, and can achieve high
efficiency due to low switching losses.

Each of the N stacked submodules shown in Figure 1.1a, rated for a relatively low
voltage, on the order of a couple of kilovolts, provides one either positive or negative step
in the AC voltage, which results in a multi-level AC waveform that is very similar to a
sinusoidal one. The submodules can be half-bridge or full-bridge, Figure 1.1b, the latter
having the ability to operate in all four quadrants, in which both positive and negative
voltages can be obtained in the submodule terminals, regardless of current direction [17].

It is widely considered that, for the upcoming need of interconnecting DC and AC
grids, as well as the connection of different DC power systems, the MMCs is one of
the most important converter technologies, and it’s the reason they have been eagerly

researched [13], [17]-[19]. The principle of this converter can also be applied to make
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Figure 1.1: Conventional AC/DC MMC (a) three-phase topology, (b) standard submod-
ule configurations

DC/DC converters, as will be discussed in the next section, but it is one more of the

advantages making the MMC an attractive tool for the future of HVDC transmission.

1.2 MMC Topologies for Future DC and Hybrid AC/DC
Power Systems

As previously stated, the MMC is the VSC of choice for HVDC grids. The AC/DC
MMC has been well studied and its modelling and behaviour can be found in many

papers, e.g., [20]-[24]. The application of the MMC concept to DC/DC conversion is,



on the other hand, much more recent and therefore not as well developed as the for-
mer. Several structures using MMCs have been investigated in published works with the
objective of DC/DC conversion for use in HVDC. MMC type topologies that offer simul-
taneous DC/DC and AC/DC conversion have also recently emerged. These “multiport”
converters are ideally suited for hybrid AC/DC power systems applications.

1.2.1 DC/DC Converters

One of the first MMC based DC/DC converter topologies proposed for an HVDC
network is based on the well-known dual-active-bridge or front-to-front (DAB or F2F)
topology [25], which was firstly investigated in the early 2010s [26]. The general topology
of this converter is shown in Figure 1.2. As its name indicates, this converter is based on
the principle of the dual-active-bridge, where two AC/DC MMCs are coupled through
their AC sides by an AC transformer. The name front-to-front is used as a reference to the
back-to-back converter configuration [27], in which two AC/DC converters are connected
through their DC sides, to make an AC/AC converter. The DAB-MMC converter has
been intensively studied, and many works on it can be found where its operation is
described and analysed, e.g., [28]—[30]. The basic principle is that the DC power in one
of the ports is converted in its totality to AC power, which then goes through voltage
conversion in the transformer, then rectified back to DC by the other MMC. It can be
seen that this conversion is a two-stage conversion, meaning that this converter will have
twice the conduction and switching losses of a one-stage AC/DC conversion process. An
advantage, however, is that it will have galvanic separation between the two DC ports.
By selecting an appropriate turns ratio in the transformer, both buck and boost operation
can be achieved, and since the AC section of the converter is completely internal it’s not

bounded by any frequency requirements of the AC grids, nor by its waveform. It also



Usm| Lsm, Hsm, Usmy | Ysmy | Hsmy

Usm,| Usm| Ysm, Usma| Hsme Hsm
{ SMyi| 7 SMNI} i SMNJ ‘[SMNz SMyz2| = SMn» ‘
pobof o om b bk

VdCl(D - \ / . (_)de
e it
SM] 1 [ SM] \‘ [ SM] ) SMI } [ SMl \J

[
ﬂSMz] “SM, | L sm,

SM,

]
SM, | SsM, Y SMZ}

-
J

%
:{SMNJ :(SMNI\‘ j:Sl\-/[m] ’_\ESMNZ iSI\-/INz\‘ —(SI\-/[NZ}
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offers bidirectional power flow.

Another topology for DC/DC conversion that uses the AC/DC MMC as a building
block is the HVDC autotransformer (HVDC-AT), first introduced in [31] and whose
general structure can be seen in Figure 1.3. As shown, the converter consists of two
MMCs connected in series on their DC side, and their AC links are coupled together via
a transformer. The first DC voltage, V4.1 or high-level DC voltage, is formed by the sum
of both MMCs’ DC voltages, while the second DC voltage, V4.0 or low-level DC voltage,
is made by the lower MMC’s DC voltage. The internal AC link is there to exchange
average AC power between the two MMCs for capacitor voltage balancing; this power
exchange, however, needs to be only a fraction of the dc power transfer, and therefore
the power conversion is less than the full power conversion to be expected from the F2F

converter.
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The HVDC autotransformer is therefore a non-isolated partial power processing topol-

ogy, where

‘/ch)
P,=(1- Py 1.1
(1-72)- (1)

dcl
is the power processed by the AC transformer. This converter is suitable for DC/DC

applications in HVDC grids, while offering significant potential savings in capital cost



and losses relative to the F2F MMC; however, it does not provide galvanic separation,
and DC fault blocking requires full-bridge submodules in the upper MMC [32].

In [33], a non-isolated DC/DC structure called tuned filter modular multilevel dc con-
verter (TF-MMDCC) is proposed in which the power balance between the phase arms
is maintained by a secondary power loop. The topology, shown in Figure 1.4, was also
proposed by other research groups around the same time [34], [35] and is now commonly
referred to as the Modular Multilevel DC Converter (M2DC). This converter bears struc-
tural similarity with the conventional MMC AC/DC converter, but requires an added
filter in its output that has the purpose of blocking AC currents from going through to
the second DC side. Internally circulating AC currents are needed to balance the capac-
itor voltages as in the case of the HVDC-AT, but without the use of an AC transformer.
The filter can be implemented in different ways, including magnetics, passives, and active
filtering. The magnetics solution is shown in Figure 1.4, where a zig-zag transformer is
used. In [36] it is specified that the M2DC’s intention is to work as a step-down, or a buck,
converter. The M2DC can be used in a symmetrical monopole structure and employ the
use of full-bridge submodules (FBSM) to achieve both step-up and step-down operation,
known as buck-boost operation, and also to provide DC fault blocking [37]. Similar to
the HVDC-AT, the M2DC is a non-isolated partial power processing topology where the
amount of internal AC power processing is shown in Equation (1.1). A comparison be-
tween the mentioned converters (F2F, HVDC-AT, and M2DC) can be seen in [18], and a
comprehensive overview of other non-isolated MMC-based DC/DC converters that share

commonalities with the HVDC-AT and M2DC can be found in [19].
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Figure 1.4: M2DC [33]-[35] with magnetics solution for the filter

1.2.2 DC/DC/AC Converters

All of the DC/DC converters described in Section 1.2.1 use internal AC currents to
shuttle average AC power between arms for the purpose of capacitor power balancing.
This suggests the potential to “tap” into this AC circuit for enabling power exchange
with a local AC grid. i.e., to add an AC port to the existing DC/DC MMCs. The F2F
and the HVDC-AT already have a transformer that, by adding windings, could be used
to interconnect an AC grid [32], shown in Figure 1.5a and 1.5b, respectively. Of course,
the price paid is increased transformer size and design complexity. The M2DC can also

be endowed with an AC port, as shown in Figure 1.5¢c, where a transformer is added in



parallel with the filter block [36].

Patent [38] describes an M2DC where the AC port is instead taken at the converter
midpoint. In [39], a delta/zig-zag transformer is used to combine the AC transformer and
filter for the M2DC in Figure 1.5¢. The resulting compact DC/DC/AC M2DC structure
is shown in Figure 1.5d, where the total MVA rating of the delta/zig-zag transformer
is less than the total MVA rating of all magnetics in Figure 1.5c. In [40], a generalised
DC/DC/AC structure using a centre-tapped transformer is presented, that gives rise to
two new topologies that could be used in future hybrid AC/DC power systems. The
generalised topology is shown in Figure 1.5e, where three DC ports, d1-d3, can be used
to connect to either a bipolar DC grid or two different DC grids. The control of these
topologies allows for independent exchange of power between its DC and AC ports, and
the state-space model is provided in [40]. In [41], four different multiport DC/DC/AC
MMCs are presented; these include the three topologies in Figure 1.5a - 1.5¢, and a fourth
new topology, shown here in Figure 1.5f, which is equivalent to the buck-boost MMC in

[42] with a transformer added for AC grid interconnection.

1.2.3 Availability of Analytical Models

For the study of new converter topologies, the mathematical modelling is a very
useful tool; it allows for the creation of well-tuned controls to be made and permits the
evaluation of the topology without having to resort to building a physical model. The
conventional DC/AC MMC has been well studied, and has models and controls made
for them that can be found in the literature, e.g. [20]-[24]. Since the HVDC DC/DC
converters in Section 1.2.1 and the multiport DC/DC/AC MMCs in Section 1.2.2 are
relatively new, little literature regarding their modelling and control is available.

When a converter is modelled, there is usually the question of how detailed the mod-
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Figure 1.5: Examples of three-phase DC/DC/AC MMCs; (a) based on F2F MMC, (b)
based on HVDC-AT [32], (c¢) based on M2DC [36], (d) Bipolar MMC with delta/zig-
zag transformer [39], (e) Generalised DC/DC/AC chain-link structure [40], (f) multiport
buck-boost converter [41]
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elling will be, and this usually brings into question how much of the electronic compo-
nents, namely switches, are to be included. Figure 1.6 [43] shows a depiction of different
types of modelling accuracy that can be employed during the modelling of a converter,
depending on the type of study. Making a fully detailed model, i.e. modelling every single
semiconductor in the converter, would ideally be the best for all types of studies, since
it would provide a completely faithful representation of the converter; nevertheless, this
model would be very complex and computationally challenging even for a two or three
level VSC. For an MMC, which has a much higher number of components, and therefore
nodes in the admittance matrix, it would be very difficult if not impossible. Detailed
equivalent models and switching function models still take into account the switching of
the components, but do not model each submodule individually; these models are useful
for electromagnetic transient studies and fault analyses [44]-[48]. An averaged model is
made by replacing the semiconductors in a model with an equivalent controlled voltage
or current source. The averaged model will naturally lose the information on individual
switching cells, as well as the influence of diodes, and neglect the high order switching
harmonics. However, it is a very good for accelerated simulations, controller design,
and as a basis for creating a state space dynamic model [49]-[51]. In [52], a detailed
explanation can be found regarding the modelling of DC/DC MMCs. This includes the
large-signal dynamic model, and it is a good example of a full detailed model. Another
example of modelling of DC/DC MMCs can be found in [53], where the averaged and
the switched converter models of a single string of a DC-MMC are compared.

A very useful technique when modelling converters is the dynamic phasor model,
first introduced for power electronic applications in [54] and more formally referred to
as generalised averaging method. For linear control design and eigenvalue analysis, a
linear time-invariant model is required; however, often, the averaged model of an MMC

converter will have time-varying state variables at steady-state. This is because of the
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Figure 1.6: Different detail in models for converters [43]

existence of multiple frequency components in the converter. To tackle this, the concept
of dynamic phasors can be used, in which the time-varying waveform is to be approxi-
mated with the coefficients from a Fourier series expansion. In other words, the sinusoidal
quantities can be represented with phasors that are allowed to change over time. This
becomes useful since in steady-state the equations that represent the converter dynamics
will become time-invariant [55]. To illustrate, Figure 1.7a shows a simple RL circuit con-
nected to an AC voltage source, with a switch that closes at t=0.02 seconds. Figure 1.7b

shows two plots: the upper plot shows the time domain current i(¢); the lower plot shows
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three current components that correspond to the dynamic phasor model of i(¢). The DC
component, solid plot, can be seen overshooting after the switch closes, then converging
to zero. The dashed and dotted plots show the AC fundamental components of i(t)
broken into cosine and sine components with amplitudes X (¢) and Y(¢), respectively,
[56]. Observe the three states in the dynamic phasor model of i(t) become DC valued
(i.e., time-invariant) at steady-state. If the X (¢) and Y (¢) plots were to be multiplied by
cos(wt) and sin(wt), respectively, and summed with the DC component, the resulting
waveform would be i(¢). This method is widely used in converter analysis, for it provides
very useful information of the converter operation and permits a more detailed control
design than the conventional time averaged model. This modelling technique has been

recently adopted in MMC studies [57]-[61].
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Figure 1.7: Dynamic phasors visualisation using series RL circuit

1.3 Thesis Scope

The most recent research in power systems suggests that interconnecting different DC
and AC systems is to be a very important part of the future. However, at present, little
work has been invested towards the development of analytical models for newest types
of DC/DC/AC converters using MMC technology. This thesis aims to fill this gap.

This thesis first develops a time averaged dynamic model of a single-phase generalised
DC/DC/AC MMC structure. A three-phase model is then synthesised from the single-
phase model. A dynamic phasor model that includes multiple harmonic components is
then developed from the state-space representation of the three-phase model, in which

the state variables are time-invariant at steady-state. From this one model, four different
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converter models are derived, two of which are DC/DC/AC, and two are DC/DC. Solu-
tion procedures, to solve for the input variables required for different operating points,
are then developed for each converter. Using these solution procedures, steady-state

analysis for each converter, in different operating points, are carried out.
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Chapter 2

Power Transfer Mechanisms of

DC/DC and Multiport DC/DC/AC
MMCs

In this chapter a summary of the operation principles for the conventional DC/AC
MMC, the DC/DC MMC, and the multiport DC/DC/AC MMC will be presented. The
power transfer mechanisms for each of these topologies are also discussed.

For the purposes of this chapter only the steady-state operation of the converters is
considered. Other assumptions employed in this chapter are: (I) The converter compo-
nents are assumed to be ideal and lossless, by which the input power equals the output
power, (IT) The number of submodules employed in every converter is large enough to
guarantee ideal sinusoidal waveforms, (III) The voltage sort and selection algorithm [22],
[62] is used to balance the voltage in the capacitors within each arm, (IV) Only DC and

fundamental frequency AC components are considered.
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2.1 Conventional AC/DC MMC

As stated in Chapter 1, many studies on the conventional AC/DC MMC have been
carried out and its operation is well understood [20]—[24], [43], [63], [64]. Here a brief
overview of the principle of operation of the AC/DC MMC is presented.

Figure 2.1a shows the conventional single-phase AC/DC MMC structure, where the
upper and lower arms can be seen comprising the leg of the converter. Correspondingly,
each arm has a designated current, i, and 7;, while the current that goes into the leg
from the DC source is termed I, and the current that goes to the AC system is named
1s. To describe how the submodules are able to produce the different voltage levels that
compose the AC voltage, the half-bridge submodule operation is described. The half-
bridge submodule consists of two IGBTS, each of them with an antiparallel diode, and one
capacitor. The two semiconductors are operated in a complementary manner, which is
to say, when one has a gating signal on 1(ON), the other one has a 0(OFF). This entails
that, for a half-bridge submodule, there are four useful switching states Figure 2.1b
shows these four states of the submodule, while Table 2.1 provides an explanation of
what happens in each of them. To form the AC voltage waveform, the capacitor on each
submodule can either be inserted (S;, S3) or bypassed (Ss2, S4). The resulting waveform
for each submodule can be seen as having two levels, and by stacking hundreds of them
the many levels of the MMC can be achieved. It is also clear that the voltage provided
by the submodule can only be positive, the direction of the current ig;; notwithstanding.

While the number of capacitors to be inserted in the upper and lower arms is specified
by the modulation technique, such as space vector modulation, multicarrier sinusoidal
pulse-width modulation, and nearest level modulation, determining which capacitors

from each arm to be inserted is also something that needs to be addressed. Given

18



Ve O

Vsm
Ve
S1 S2 Sy So
S3 Sy S3 54
t
(a) (b)

Figure 2.1: (a) single-phase DC/AC MMC, (b) useful switching states of half-bridge
submodule and waveform produced by each state

Table 2.1: Practical switching states of the half-bridge submodule

States in Figure 2.1b  Capacitor State D; Dy igy flows through vgep

Sl(‘i‘iSM) Inserted 1 0 D1 +ve
So(+isn) Bypassed 0 1 Q2 0
S3(~isnr) Inserted 1 0 Q1 +v,
Sal(-isnr) Bypassed 0 1 D, 0

that there could potentially be hundreds of capacitors in each arm, these capacitors will

change their voltage depending on which are inserted and the direction of current into
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the capacitor. Since the goal is to maintain the capacitor’s voltage as close to their

rated value %, there is the need for active balancing via control. Many techniques have
been proposed for the balancing of the capacitor’s voltage, although the most common
is called “sort and selection algorithm” [22], [23], [65]. In this method the voltage of
each capacitor is measured and then a sorting takes place which makes an order of the
capacitors that will be inserted depending on the direction of the arm current.

The arm voltages in the MMC of Figure 2.1a can be described as:

vy (1) :V;C + Veos(wt), (2.1)

o Vdc

— Veos(wt), (2.2)

where V is the peak magnitude fundamental frequency voltage, which assuming the

Vae

ge. Accordingly, the arms’

use of half-bridge submodules can take values between 0 and

currents are:

A

iu(t) =Ige + écos(wt +6;) (2.3)
i(t) =l — écos(wt +6;) (2.4)
is(t) =Icos(wt + 0;) (2.5)

where [ is the peak magnitude fundamental frequency current.

In the analysis of MMCs, a common practice is to map the voltages and currents
of the MMC into a coordinate system which decouples the terms that relate to the
external AC system and the internal MMC quantities, and by doing so, separates the DC
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and fundamental frequency components. This system is called sum-difference or “¥>A”
coordinate system [62], [66]. After being transformed to this new domain, the voltages
and currents can be referred to as the ones that are common to both arms () and the
ones that are differential to each arm (A). The current and voltage transformation of the
quantities Equations (2.1) to (2.4) for the single-phase MMC in Figure 2.1a are defined

as:

s 2L 0 o] [
ial |1 =10 0]]4
= L (2.6)
(%> 0 0 5 5 Vu
_’UA_ _0 0 % —%_ _Ul_

The XA domain parameters in Equation (2.6) are illustrated in Figure 2.2. For the
single-phase MMC, the abstract XA quantities ideally consist of DC and fundamental

frequency components as follows:

iy =Ige (2.7)
Ve

Vy = 2d (28)

iA :fAcos(wt + QZA) (29)

va =Vacos(wt). (2.10)

As noted by Equations (2.7) to (2.10) and Figure 2.2, the ¥ terms are both common
to both arms and DC quantities, whereas the A terms are differential to both arms and
AC fundamental frequency quantities.

The YA reference frame is also useful for examining the DC/AC conversion process.
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Figure 2.2: YA transformation of the single-phase MMC, where the quantities from
Equations (2.1) to (2.4) are transformed through Equation (2.6). The dotted, green
terms represent DC quantities and dashed, red terms represent fundamental frequency
components

For the conventional AC/DC MMC, the average power absorbed by each arm can be

calculated as follows:

1 (T o Vielse  Val

P, :?/ UE+UA)(ZE+?A>dt: d2d + A4Acos(6’m) (2.11)
I L Val

P - T/ vy — va)( ZZ_A)dt Vd2d +VA4Acos(9m). (2.12)
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Since the arms have only capacitive energy storage, at steady-state P,=F,=0, there-

fore:
VeI ge Val

P,=PF = d2 de — _ A4ACOS<QZA). (2.13)

Thus
Py =—P, (2.14)

where
Pdc échlc[clc (215)

Val

Proe = Pprig 222 ¢os(0;0). (2.16)

Equation (2.14) represents the arms power balance requirement for a single-phase

AC/DC MMC. This implies that, assuming the grid is absorbing power, the arms inject

Pye

average power of =4

per arm to the AC systems via the modulated AC quantities. It is
also worth noting that both arms process the same amount of power, splitting the full
input DC power between them. Thus, in the XA domain, the AC/DC power transfer

mechanism is purely a common mode (X) component, as shown in Figure 2.2.

(2.17)

Pa =0. (2.18)
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Figure 2.3: M2DC with YA currents and voltages, where dotted, green terms represent
DC quantities and solid, blue terms represent a combination of DC and AC quantities

2.2 DC/DC MMC

The M2DC, described comprehensively in [33], [67]-[69], is a DC/DC MMC that can
transfer power between two DC systems. Figure 2.3 illustrates the currents, voltages, and
average power exchange between arms of the M2DC. The AC quantities synthesised in the
arms do not exit through the midpoint of the converter, where a filter prevents anything

but DC quantities from reaching the second voltage source, but are used to exchange
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average AC power between the upper and lower arms to maintain power balance of the
submodule capacitors. The DC step ratio G, is used to indicate the voltage ratio between

the two DC sources as

(2.19)

and can take values from 0 to 1 for step-down operation. The YA quantities in

Figure 2.3 ideally consist of DC and fundamental frequency components as follows:

1 A
ig = (1 — 20 ) [dc + [ECOS<UJt + 912) (220)
) —V;Cl + Vgcos(wt + 0,x) (2.21)
. Lc
in :Giv (2.22)
1 ~
VA = 5= Gv> Vier + Vacos(wt) (2.23)

From Equation (2.20) it can be seen that, for the M2DC, i5x; now has both AC and DC
components, while in the conventional MMC (see Equation (2.7)) it was only DC. This is
because the AC quantities no longer exit through the middle point. However, it can also
be seen that iy is purely AC at the step ratio of G,=0.5. Equations (2.21) and (2.23)
show that the arms’ voltages have both » and A terms are comprised of DC and AC
components. The ratio G,, as in the case of the currents, sets how the DC voltage is
split between the terms.

To maintain steady-state power balance for the submodules’ capacitors, the M2DC’s

arms have to exchange average power between them.
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Assuming Va > V5!, the average power absorbed by the upper and lower arms can

be calculated as follows:

A, A

1 /T VAL

P, = /0 (vs + va)(is + in)dt = (1 — Go)Vaer Lue + ——cos(0;x,) (2.24)
1 /T "N

P = T/o (vs — va) (i — in)dt = —(1 — Go)Viger Ly — Ya > c0s(b;s). (2.25)

From Equations (2.24) and (2.25), it can be observed that P, = —P,. This indicates
that average AC power in one arm has to be shuttled to the other arm in order to maintain
submodule capacitor power balance. Since the arms have only capacitive energy storage,

at steady-state P, = P, = 0, therefore:

VAL

(1= Gy)WVierlge = — AQ > cos(b;s). (2.26)

Thus, by defining;:
Pdc éV;lcljdc (227)

N
P2 VAQ > cos(05), (2.28)
we have:

(1 - Gv)Pdc = Pac- (229)

IThis assumption is valid for small arm choke impedances
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Equation (2.29) represents the arms power balance requirement for the M2DC. Since
this power is now differential mode to the arms in a single leg, P A now exists in Figure 2.3,
when it didn’t in the conventional AC/DC MMC. No common mode power exists for this

converter, therefore:

Py, =0 (2.30)

Pa :<1 - Gv)Pdc (231)

These equations are in contrast to Equations (2.17) and (2.18) for the AC/DC MMC.

2.3 DC/DC/AC MMC

As mentioned in Chapter 1, the M2DC can be adapted to include an AC port [36],
[38], and several such topological variations can be found in the literature [39]—[41].
This converter fulfils the energy conversion objectives of the two converters presented in
Sections 2.1 and 2.2 simultaneously. Because of this, its behaviour is also described as a
simultaneous behaviour of those two. Figure 2.4 illustrates how these powers, currents,
and voltages would look for a single-phase M2DC with an AC port. As it can be expected,
the voltages and currents present in this converter are a combination of the quantities
present in the AC/DC and DC/DC converters in Figures 2.2 and 2.3, and can be defined

as:
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Figure 2.4: M2DC with AC port, showing XA currents and voltages, where dotted,
green terms represent DC quantities; dashed, red terms represent fundamental frequency
components; and solid, blue terms represent a combination of both

is; =Ige + Incos(wt + b;5) (2.32)
Uy zvdd + Vgcos(wt + 0,5) (2.33)
in =Iny + Ingcos(wt + 0;n,) (2.34)
VA = (; — Gv) Vier + Vcos(wt). (2.35)

In this case, to maintain the balance in the submodule capacitors, the arms have to

send average power to the AC system and they need average power shuttled between
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them. For these reasons, the M2DC with an AC port requires simultaneous existence of

Ps. and Py terms:

py = e (2.36)
2
Pa =(1 — G,)Pdc. (2.37)

Table 2.2: Currents’ harmonic components and power transfer mechanisms for each of
the conversion cases

Current AC/DC  DC/DC  DC/DC/AC

is, DC  AC+DC* AC+ DC
in AC DC DC + AC
Average Power AC/DC  DC/DC  DC/DC/AC
PE VA; [AA - VA, fA
PA - VAJ fE ‘A/A7 fE

*Exists when G, # 0.5

Table 2.2 summarises the harmonic components of iy, and in present in AC/DC,
DC/DC, and combined DC/DC/AC conversion. It also shows the arms’ average powers,
Py, and Pa, present in each conversion, and their constituent harmonic components.
Each of the currents fulfils a role in each of the conversion cases. Since ia represents the
current that exits through the midpoint in all cases, this current regulates external power
injection in all cases, whether it be real and reactive power injection to the grid when

AC conversion is present, or DC power when DC/DC conversion is being performed.
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2.4 Regulation of Capacitor Voltage and External
Network Power Injections

Regulating the capacitor voltages of the upper and lower arms is an objective that
must be accomplished by the converter, as briefly mentioned in Section 2.1. This can be
accomplished by appropriate control of ¢x;. For this purpose, the targets of this regulation

are defined as:

1 1

EV;?@P’E :az‘/cap,upper + izmap,lower (238)
1 1

Z:‘/cap,A :iz‘/cap,upper - iz‘éap,lowera (239>

where XVeup upper a0d XVeap jower Tepresent the sum of the submodule capacitor volt-
ages for the upper and lower arms, respectively.

In the case of AC/DC conversion, the objective is to regulate XV,,, 5, by means of the
DC component of ix;. When DC/DC conversion is present, XV.q, A is to be regulated by
the fundamental frequency component of ix. It can be noted that the role of either the
DC or the fundamental frequency component of the currents in the AC/DC conversion is
fulfilled by the other component in the DC/DC conversion. E.g. the regulation of ¥V, »
is fulfilled by the DC component of iy, in the AC/DC conversion, and the equivalent task
in DC/DC conversion, the regulation of 3V,,, a, is realised by the fundamental frequency
component of is. The same symmetry occurs with the power injections to the external
DC and AC grids. Table 2.3 summarises these points, where the superscript indicates
with “dc¢” or a “1” if the component is the DC or the fundamental frequency component,

respectively.
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Table 2.3: Currents’ harmonic components and powers for each of the conversion cases
Regulation Objective AC/DC DC/DC DC/DC/AC

Pgrid7 Qgrid ZIA - ZlA
P - ide %
SVeap,s i - i
SVeap.A - is i%s

2.5 Multiport MMC Structure for Simultaneous
DC/ DC/ AC Conversion

This thesis is focused on simultaneous DC/DC and AC/DC conversion using MMCs,
a topic of emerging interest for the future of power systems. For this purpose, the
modelling of a converter that can interconnect two DC ports and an AC port, akin to the
structure presented in Figure 2.4 is the first objective in this work. On the early stages
of this enterprise it became clear that a single unified model could be applied to four
different converter structures. Figure 2.5 illustrates these four topologies; two of them
are for DC/DC/AC conversion, and two are for DC/DC conversion. Figure 2.5a and 2.5¢
are three-phase topologies with two DC ports and one AC port, suitable for DC/DC/AC
conversion and termed multiport DC/DC/AC (MP-DCDCAC) and bipolar DC/DC/AC
(BP-DCDCAC) converters, respectively. Figure 2.5b and 2.5d are two DC/DC converter
topologies that result from removing the AC port from the aforementioned structures, and
are called multiport DC/DC (MP-DCDC) and bipolar DC/DC (BP-DCDC) converters,
respectively.

As it can be seen in Figure 2.5, the four topologies all use the exact same base

converter structure, marked by a dotted square, which allows the use of the same unified
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Figure 2.5: MMC topologies under study in this thesis: (a) MP-DCDCAC, (b) MP-
DCDC, (¢) BP-DCDCAC, (d) BP-DCDC

base model for all of them by only redefining the voltages in the DC ports (d1-d3) and
redefining the external AC grid connections. This can easily be done in the model with
minimal changes. The base structure identified in Figure 2.5 is the primary point of

interest of the next chapter, in which a unified mathematical model is obtained for it.
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Chapter 3

Converter Dynamic Modelling

In this chapter, a generalised time-averaged three-phase dynamic model for the four
converter structures firstly identified in Figure 2.5 and now shown here in Figure 3.1a,
is developed. This process is carried out starting with a single-phase leg model and
progresses to a complete three phase model for a representative converter structure. From
this benchmark model, a multi-harmonic dynamic phasor model (DPM) is the derived.
The model derivation is carried out using the MP-DCDCAC structure, Figure 3.1b, as the
base topology to obtain the unified model that is later used to simulate all four converter
structures shown in Figure 3.1. The validation of the developed models is carried out
using a combination of PLECS, a time-domain software for power electronics circuits

simulation, and SIMULINK, a MATLAB-based graphical programming environment.

3.1 Time-Averaged Model

This section presents the process of developing a three-phase unified model in the

a0 reference frame that represents the general structure of Figure 3.1a. This process is
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Figure 3.1: Target converter structures for modelling: (a) Unified general structure, (b)
MP-DCDCAC topology, (¢) BP-DCDC topology, (d) MP-DCDCAC topology, (e) BP-

DCDC topology
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Figure 3.2: Average models for upper arm: (a) individual j** submodule, (b) composite
arm with N series-cascaded submodules, (¢) compact representation of upper arm

done by using the MP-DCDCAC topology, shown in Figure 3.1b, and the model is later
adapted to the other three topologies in Figure 3.1. The developed time averaged model
(TAM) is validated with a switched model.

3.1.1 Single Phase Leg for DC/DC/AC Conversion

A time-averaged model for the submodules in the MMC arm is shown in Figure 3.2,
taking for this example the upper arm [70]. A single submodule can be averaged over one
switching period as shown in Figure 3.2a, where represents the voltage of the capacitor,
CSM, of the jth individual submodule in the upper arm, where j can take values from
0 to N; m represents the modulating signal for the arm, that can take values between 0
and 1, assuming the use of half-bridge submodules. Figure 3.2 illustrates how a single
submodule can be represented as a voltage source controlled by the modulating signal that
submodule would receive and the voltage a capacitor would have subjected to a current
source controlled by the current in the arm and the modulating signal. Figure 3.2b
illustrates the same methodology applied to the entire arm of N cascaded submodules,

summing all the capacitance of one arm, Cg},, and its voltage, XV* . Figure 3.2c shows

cap*
a compact representation of the upper arm time averaged module.
The single-phase leg for DC/DC/AC conversion to be modelled is shown in Figure 3.3,

where the currents and voltages are presented in the YA domain, as presented in Sec-
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ds

Figure 3.3: Time-averaged model of a single-phase leg for DC/DC/AC conversion

tion 2.1. Differential mode arm current ia, first introduced in Figure 2.2 in the previous
chapter, corresponds here to in = 7a; + ia. Which is the sum of the external AC and
DC networks’ currents; iy, vy, and va are the same as previously introduced in Equa-
tion (2.6). Three differential equations, from three different KVL loops, are written to

represent the current dynamics and their relation with the arms’ voltages as:
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d (. | lng | lnt - lag | ia d,.
L,— 29 ) " ( 29 ) L,—
7 (zz + 5 + 9 + R, (s + 9 + 5 + ddt(zm) (3.1)

+Ra(ine) + Vaee — Vaer + Vo +Va =0

L2 (in— 22— 20) 4 R, (s — 22 - 2) - Ldjt(m

—Ra(int) = Vi + Ve —Va =0

(3.2)

d . . d . .
Ls%(zAg) + RS(ZAQ) - Ld%(lAt) - Rd(zAt) - ‘/dCQ + V:zc + VE) = 0. (33)

In an effort to simplify the system in Equations (3.1) to (3.3) and decouple as many
states as possible, three new equations are obtained by: adding Equation (3.1) and
Equation (3.2); subtracting Equation (3.2) from Equation (3.1); solving for 4 (is¢) in the
previously obtained equation and replacing its value in Equation (3.3). The resulting
equations are written in state-space form as:

d

la(xi):an-xi—%b-ujtn-w, (3.4)

where the state, input, and disturbance vectors are respectively defined as:

T T

T
Xi—[’iz iAg iAt:| , u= [UE UA:| , W = |:‘/dcl Vch Vac % . (35)

The state-space matrices in Equation (3.4), I, ai1, b, n, are given by:
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_2La 0 0

l=10 L, La+2L4
0 e 4 Ly 0
_—2Ra 0 0

an=1, 0 —R, —R(R, + 2Ry)
0 —(ghgh + ) — (M5 - Re)

L (3.6)
-2 0

b=10 —2
i 0 _Lfode
_ 1 0 0 0

n = 1 -2 0 0
Laing (1 - La2f2de> -1 —1

At this moment, the system in Equation (3.4) does not include the capacitor voltage
dynamics, nor the modulating signals that are the inputs of interest. The equations that
govern the capacitor voltages and currents, shown in Figure 3.2b for the upper arm, can

be written for either arm as:

Vugt =My - SV (3.7)
.G, "
mu/l . 'Lu/l :N ill . <E‘/caél) s (38)

where C,;; and N,/ represent the upper or lower arm submodule’s capacitance and

number of submodules, respectively. Each of the three terms in Equation (3.7) can also
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be represented in the YA domain with the following transformation:

1 Ty

2 : (3.9)

1
2] [TL

NI= N

where x can be v, m, or £V,,,. By doing so, v, in Equation (3.7) can mapped into

YA domain parameters vs, and A for both arms as:

Ve| |ms mal| |XVeaps (3.10)
VA ma Mmy EVcapA

[Vs, VA]T in Equation (3.10) can replace u in Equation (3.4) to introduce the mod-
ulating signals into the model. The multiplication of the modulating signals matrix in

Equation (3.10) with b in Equation (3.6) results in:

—2m2 —2mA
a1z = —2ma —2my, : (3.11)
—2L —2L
() ma (228) me

At this point, only the capacitor voltage dynamics are missing. By substituting the

YA domain values into Equation (3.8) for each arm, the resulting equations become:

, ) ) C,\ d

ms e ma) (i 52+ 5) = () G (Vo 4 EVopa) (12
. 7 7 C,\ d

(my —ma) (22 — % — gt> = (N> i (XVeaps — EVeapa) - (3.13)

Equations (3.12) and (3.13) can be written in matrix form as:

Caxv = Q91 * Xj, (314)

39



where x, = [XVeup s SVeapal?, and:

Cu  Cu
c = Ny, Ny,

Cr Cr

LNL Np

- (3.15)
ms, + ma mE‘gmA mz-lQ-mA

21 =
ms — ma m22mA mz2mA

By including Equation (3.11) and Equation (3.14) into Equation (3.4), the set of
differential equations that represent the time averaged arm current and capacitor voltage

dynamics of the single-phase leg DC/DC/AC converter in Figure 3.3 can be written in

state-space form as:

d | x; [tay, 1"la X; In
= . + M , (3.16)
dt Xy clag  Oguo Xy 0244
where:
T
Xi = |y iAg iAt] s (317)
- T
Xy = | SVeapy: EVCQPA] , (3.18)
- T
w = Vdcl Vch ‘/;LC Vb] . (319>

3.1.2 Three-Phase Converter for DC/DC/AC Conversion

The set of differential equations in Equation (3.16), that represents the single-phase
converter in Figure 3.3, can be used to develop a three-phase model as shown in Figure 3.4.

The state variables x; and x, in Equation (3.16) represent a single phase; by triplicating
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d Ra Lg R Lz,

O dy Ry Ly KXo Lo

Vaa d. Rg Ly Re L,
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Vdc2C_>V C_)Vdcz,CCD | | Ve,

a

ds

Figure 3.4: Three-phase structure for DC/DC/AC conversion

these state equations, the three-phase converter model can be expressed as:

d (3.20)
dt Xy C7'As Opue Xy O6a8

d | X L7'A;, L7'Ap| | X LN
" w|.

where the uppercase matrices in Equation (3.20) contain the information of their low-
ercase counterparts in Equation (3.16), augmented to represent the three-phase converter,

in this manner:

u 0 0
U=10 u 0]. (3.21)
0 0 u

The state and disturbance vectors in Equation (3.20) are now defined as:
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T
Xi_ iEa iZb Z.Ec 2.Aga Z-Agb Z.Agc 2.Ata Z.Atb 7;Atc:|

[ T
Xy = SV, YV SV SVae SVas szc} (3.22)

T

W = Vdcl Vch—a ‘/2102—17 Vch—c Vac—a Vac—b ‘/ac—c

The structure in Figure 3.4 has now three phases, which was the objective; however,
the structure has at the moment three sources of DC voltage as the second DC port,
which is unwanted. Now that the model has three phases, the magnetics filter (zig-zag
transformer) presented in Section 2.1 is the ideal interface between the converter and the
second DC port. The voltage source Vj, which represent a voltage common to the ab,c
phases, is also undesirable in this model. Before making any such changes, the system

can more easily be modified by transforming it into the well-known aS0-frame [71].

3.1.3 «af0 - Frame Mapping

The Clarke transform is the method through which a system in abc-frame can be

mapped into the af0-frame, and is defined as:

[y

O wiN

T, = (3.23)

|
im Gl L
W= wiN w“

Wl

Each of the quantities in Equation (3.20) that are expressed in terms of the abc-frame,
the fifteen state-variables, the six modulating signals, and the three-phase grid voltages,

are mapped into the a0-frame as:
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Xa,BO = Tc . Xabca (324)

where X, 30 and X . represent vectors of three quantities in the a30-frame and abc-
frame, respectively. Therefore, in Equation (3.20) every instante of abc quantities can be

replaced with a0 quantities by:

Xope =T, Xopo. (3.25)

After the substitution, every set of three equations is pre-multiplied by Tz. This will

yield a model whose state variables and modulating signals are all in the af0-frame, in

the form of:
i Xiag0 B L™1Ay, LT3 ATy Xiag0 e I, Nago Vel
dt X a0 C T A Ty ! O66 X vap0 Oz1 Oz7 | | Wago
(3.26)
where
T
Xiaﬂoz iEa iEb iZc Z‘Aga Z‘Agb Z‘Agc Z‘Ata 7;Atb iAtc]
- T
Xmmzzgazwbzgczmazmbzm4 (3.27)
- T
WozﬂO - Vdcl Vvdc2fa V;lc27b Vd027c Vacfa V:chb Vacc] .

T3 and T5 are 9x9 and 6x6 matrices, respectively, with diagonal T matrices. N,go is
the same as its abc counterpart in Equation (3.20), but removing the first column. I, is

a column vector defined as:
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Figure 3.5: Three-phase structure for DC/DC/AC conversion

IUZ()01001001T. (3.28)
In the new system of Equation (3.26), the o and /3 components of the currents sum to
zero when not in the phase legs, meaning that only 0 sequence quantities enter the DC
rails. Taking advantage of this phenomenon, three important modifications are made
to the topology in Figure 3.4, since now only the equations that represent the zero
components of the currents will be affected. The modifications are: (i) eliminate Vj
and leave the AC network neutral point floating, (ii) include a zig-zag transformer as
the interface between the converter structure and only one dy port, and (iii) include line
impedances for each of the three DC ports.
Modification (i) is applied by deleting from the model the sixth column from Nz,

as well as the input Vy from W,go. In the structure, this amounts to removing the
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zero-sequence path from the AC network to the bottom DC rail of the converter. By
doing this, the state variable iag0 ceases to exist, for there is no path for it to circulate.
Therefore, the sixth column of the A;1 and A,1 are removed, as well as the sixth row of
the whole model. The resulting system is reduced from fifteen to fourteen state variables.

Modification (ii) requires that the existing impedances that connect the three Ve
sources and the converter be replaced with the equivalent model of a three-phase zig-zag
transformer, shown in Figure 3.5. A zig-zag transformer is characterised by winding
resistance, R, leakage inductance, L., and magnetising inductance, L,,. These three

parameters can replace existing inductances L; and Ry (in Figure 3.4) as:

Lg=2L. +3L,, (3.29)

Ry =2R,. (3.30)

The -L,, term in Figure 3.5 is required to properly model the zig-zag transformer,
but this term is only seen by the current iay, as it is positioned after the three legs of
the transformer have converged into one. The impedance to be added in port dp will
similarly only be seen by the same current, and in the same manner, the impedances to
be added in ports d; and d3, modification (iii), will only be seen by current isg. This
makes adding them to the model relatively simple. Since the only affected parts of the
model will be the third and ninth columns and rows, it’s simple to rewrite the equations
of the KVL loops including these terms, much like in the first section of this chapter.
The final structure is shown in Figure 3.5, while the final af0-frame model including all

the aforementioned changes, is given by:
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d | X; Ay A X; N

‘ _ | 4 wl. (3.31)
bl x: Ao Opge| | X, O3

(2

where

All = LilAil; A12 = L71T3A>{2T371; AZl = CiszAngzil' N = LilN*. (332)

)

In Equation (3.32), the matrices with an asterisk represent their counterparts in
Equation (3.26), after going through the three aforementioned modifications.

The state and disturbance vectors in Equation (3.31) are defined by:

T
Xi =lisa ixs ix0 iaga ings iAta IAlg ZAtO]

- T
X, =SV, SVas Vi SVae SVag EVAO} (3.33)

r T
W* - V;lcl V;l02 Vacfa Vacfﬁ VacO:| :

The A and N matrices defined in Equation (3.32) are provided in full in Appendix A.

Note that Figure 3.5 now exactly matches the model of Figure 1.1(b). The transition
to the af0-frame has permitted several changes to be made to the converter in a simple
manner, as well as it permits a more streamlined analysis than in the abc-frame; however,
the af0-frame is a stationary reference frame, which means that the states in the model
are time-varying at steady-state. Solving for an equilibrium point, %X = %X » =0,
would not yield any useful information, as the only solution it could provide would be a

trivial one, with zero power transfers.

A further transformation could be applied to the model in Equation (3.31) that would
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make the states DC-valued at steady-state, the well-known dq0 transformation. This
transformation, however, would not solve the problem on its own, because although
said transformation involves a rotating reference frame, it could only make one harmonic
frequency DC-valued. If the dq0-frame were to be used, multiple synchronous dq reference
frames would be required. Instead, the af0-frame offers a more elegant solution while
also capturing unbalanced converter operation (can capture both positive and negative
sequences). The concept of “dynamic phasor modelling”, as introduced in Section 1.2.3,
is applied to achieve the conditions required for solving the system for equilibrium points

instead. This process is presented in Section 3.2.

3.1.4 Three-Phase Converter for DC/DC Conversion

The model in Equation (3.31) can be used to accurately model either version of the
DC/DC/AC converters with minor changes. To properly model, however, either version
of the DC/DC converters, a bigger change has to be made to the model in Figure 3.5,
and naturally in Equation (3.31) as well. The rows and columns that represent the AC
network, i.e. all the terms related to iag, have to be removed from the model. This

results in a reduced model that is represented as:

_ 28 + { «

i X?r Allr A12r X; Nr } (334)
dt X Aoy Ogus | | X7 065 s

where the subscript “r” means a reduced version of Equation (3.31), where the three-
phase AC grid in Figure 3.5 has been eliminated. In Equation (3.34), matrices Aj,,
and N, are obtained by removing the fourth and fifth row, matrix As;, by removing the
fourth and fifth column, and matrix Ay, by removing the fourth and fifth columns and

rows, from their respective counterparts in Equation (3.31). The reduced state and input
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vectors are defined as:

T
X;'kr—[iza 158 1x0 Ata LAt LAtO
(3.35)

T
W: = {V;lcl ‘/2102} .

3.1.5 Model Validation

In this section, the validation of the developed models is carried out by comparing
switched PLECS models of the MP-DCDCAC and BP-DCDC topologies in Figures 3.1(b)
and 3.1(e), respectively, with their respective time averaged models in Equation (3.31)
and Equation (3.34). All the simulations are run using open loop control. The open
loop modulating signals are obtained by a solution procedure that will be explained
in Chapter 4. Given this, the modulating signals are not specified here, and only the
operating points for which the converters are set to validate them and their parameters
are given. The simulations are carried out using the PLECS blockset in Simulink. The
switched model used for the MMC arms was the one provided in the PLECS’ demo
“HVDC Transmission System with MMCs”.

Table 3.1 shows the parameters used for the two simulations. The MP-DCDCAC
converter is rated for 480 MW, and the operating point for this simulation is one in
which half of its rated power is being transferred from the first DC port to the second
DC port, and the other half is transferred to the AC port with a 0.9 power factor. The
BP-DCDC converter is rated for 384 MW, and the operating point for this simulation is
set to a transfer of 18% of rated power from the first DC port to the second DC port.
In both cases, a disturbance at t=2s in the form of a reduction of power transferred of

50% for the AC and 10% for the second DC port is triggered to demonstrate matching
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of both models during steady-state and dynamic response.

Figure 3.6 and Figure 3.7 show how the waveforms for the time averaged and switched
models of the MP-DCDCAC and BP-DCDC, respectively, have an excellent match in
both simulations. To provide a more compact notation in the waveforms’ results, the
voltage state variables, i.e. YJvy, and Yv,, are referred to only as vy and va. It’s worth
noting that the current that goes through the dy port is equal to three times the state
variable ip;. Figure 3.8 shows the upper and lower arm voltage of phase a for both
simulations, where the stepped voltage change from the switched model is contrasted by
the smooth curve of the averaged model. Since a high degree of matching between the
averaged and switched models is expected, as it has been shown in many works, i.e. [46],
[51], [70], [72]-[74], the model is determined validated by confirming the excellent visual

matching between the two models.

Table 3.1: Simulation parameters for the switched/averaged simulations

Parameter MP-DCDCAC BP-DCDC
w, few* 2760 rad/s, 10kHz 2760 rad/s, 10kHz
Ly, Lo, Ly, Lo, Ly 82 mH,0,40 mH, 50 mH, 20 mH 80 mH, 80 mH, 0, 50 mH, 0
L, Ly, 9.8 mH, 28 H 9.8 mH, 28 H
Ry, Ry, R, Re, R 219,00 10,040,060 210,21000Q,040,00
Ry, 0Q 0.1 Q
C.,CL 20 mF 10 mF
Ny, Nyp, 38 38
Ve, Vaeo 400 kV, 200 kV 76 kV, 76 kV
Peak L-N V. 180 kV -

* Carrier frequency for the SPWM for the switched model
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3.2 Dynamic Phasor Model

In this section, the steps taken to develop a DPM of the MP-DCDCAC system given
by Equation (3.31) are shown. This DPM can then be used, with minor modifications,
to derive DPMs of the three remaining converter structures in Figure 3.1c - Figure 3.1e.
All four DPMs are validated against their timeaveraged counterpart models developed

in Section 3.1.

3.2.1 DPM Derivation for DC/DC/AC Conversion

The principle of dynamic phasors, introduced as generalised averaging method in
[54] and applied to MMCs in [57]-[61], can be described as an averaging tool used to
approximate time-varying waveforms with a Fourier series expansion that includes the
time-varying nature of the waveforms in its complex coefficients. The approximation of
a time-varying signal, x(¢), can be represented, for an arbitrary accuracy and on the
interval (¢-T), as [54]:

+n
z(t) ~ Y (@)i(t)ere =TT, (3.36)
k=—n

where k represents integers of the harmonics, n the range of harmonics to be con-
sidered for the Fourier expansion, wy, = 22, s € (¢ — T,t), and (z)(t) represents the
complex Fourier coefficients, or the dynamic phasor of z(¢). Instead of using the complex
exponential representation, the use of sines and cosines is adopted in this work, to allow
the direct use of real quantities.

According to Equation (3.36), it is necessary to choose which harmonics are to be

modelled. To pick which harmonics are to be selected for this converter, the system in

Equation (3.31) is simulated in open-loop, with the control inputs chosen to approximate
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a realistic operating point. The resulting waveforms indicate that the dominant harmon-
ics for the states in Equation (3.31) can be categorised based on their a0 components.

Table 3.2 summarises the findings for these simulations.

Table 3.2: Dominant harmonic components for each a0 frame component in system
Equation (3.31)

afB0 component DC 1% 2nd 3rd

o X X
15} X X
0 X X

Therefore, the states in Equation (3.31) are to be approximated by a combination of

DC and AC harmonic components as follows:

isa(t) I cos(wt) + I5Esin(wt) + T2 cos(2wt) + I2Lsin(2uwt) (3.37)
ing(t) %Iggcos(wt) + Isin(wt) + I%"Bcos(th) + IZ5sin(2wt) (3.38)
iso(t) ~I% + [g(')cos(?)wt) + I35 sin(2uwt) (3.39)
inga(t) IAHgacos(wt) + ]i;asin(wt) + IAHgacos(Zwt) + ]Agasm(th) (3.40)
ings(t) [Agﬁcos(wt) + Inggsin(wt) + IA 45008 (2wt) + IX, gsin(2wt) (3.41)
inta(t) Iﬂiacos(wt) + Ixr sin(wt) + [Autacos@wt) + I35 sin(2wt) (3.42)
in(t) =IE, + Igllocos(?)wt) + I35 sin(2wt) (3.43)
ineg(t) %Iill‘fﬁcos(wt) + Ixgsin(wt) + ]A‘Lﬁcos@wt) + IXygsin(2wt) (3.44)
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Yusa(t) %E\/;Hcos(wt) + SVatsin(wt) + EVEHCOS(th) + BV sin(2wt) (3.45)
Yosp(t) =XV gcos(wt) + SVig sin(wt) + EVZBCOS(2wt) + SVig sin(2wt) (3.46)
Yvso(t) ~XVEs + EV?’[‘,‘COS(ZSwt) + YV sin(2wt) (3.47)
Yuaa(t) %EV”‘ L cos(wt) + BVatsin(wt) + ZVA” cos(2wt) + LVEEsin(2wt) (3.48)
Yoap(t) EVAECOS(MQ + SVagsin(wt) + EVAgCOS(2wt) + SVRgsin(2uwt) (3.49)
Yuao(t) ~EVE + ZVAOCOS(gwt) + YViETsin(2wt). (3.50)

The control inputs follow the same pattern, with their components assigned as follows:

Mo (t) Mz” cos(wt) + Mytsin(wt) (3.51)
myg(t) ME%cos(wt) + My sin(wt) (3.52)
miso(t) =M (3.53)
Maa(t) :Mi” cos(wt) + MALsin(wt) (3.54)
mag(t) =M Igcos( t) + Magsin(wt) (3.55)
mao(t) =M. (3.56)

The only disturbance terms in the model that require conversion into the DPM are
the AC sources, which are assigned fundamental frequency components, as they are
assumed to be purely sinusoidal. Note that each harmonic is represented by a set of
parallel (cosine) and a perpendicular (sine) component. The uppercase average values,
e.g. Iﬂqﬁ( ) and MEH (t) are DC valued in steady-state. Also note that time dependence

of the dynamic phasors is not explicitly shown for compact notation, e.g. Mg (t) and
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My5(t) are equivalent to Mg and My, respectively.

To obtain the equations for the dynamic phasors, Equations (3.35)-(3.54) are substi-
tuted into Equation (3.31), then the corresponding multiplications are performed. After,
the equations are separated into those that contain sines and cosines with the same fre-
quency, and the system is solved for each of the dynamic phasors, e.g. %Ié”a(t) process
is extremely tedious, albeit quite straightforward. A detailed tutorial of this process can
be found in [70], [73].

The resulting DPM in the af0-frame respresenting the structure in Figure 3.5 is

presented as:

—~% —

v 21 22222 v 22x5
where:

X, =[ I, it 2 LRl ik RlorEbord ool (3.58)
G SR i U D (B N R v I
R Iy Ihis Tag Tais 1850 Lo IR |

X, =[ oval st vl vzt svil vt sl sves (3.59)
Covde syl syt sl syl syl syl
L SVAly BVAL SVRL SVEL svis sVl SRS ]

W' =] Via Vaex Voly Vil Vi Vs . (3.60)

The system in Equation (3.57) contains 52 states, shown in Equation (3.58) and
Equation (3.59), 6 disturbance terms, shown in Equation (3.60), and 10 modulating
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signals, which are embedded in the state matrix. The states and disturbance matrices in

Equation (3.57) are given in Appendix C.

3.2.2 DPM Derivation for DC/DC Conversion

The DPM for DC/DC conversion is obtained in the same way the DC/DC three-phase
model in Section 3.1.4 is derived, which is by reducing the DC/DC/AC DPM. The rows
and columns that represent the AC network, i.e. all the terms related to grid current

Ing, are removed from Equation (3.57). The resulting DPM is represented as:

—~—x%

d X, Avllr Aer X, NT N*:|

i |z |~ |4 +
X Aoty Og2z00| | X 02245

ur

(3.61)

ur

where the subscript “r” means a reduced version of Equation (3.57), where the three-
phase AC grid parameters have been eliminated. In Equation (3.61), matrices Ao, and
N, are obtained by removing rows 12" to 19", matrix A, by removing columns 12
to 19", and matrix A;;, by removing both columns and rows 12 to 19* from their

respective counterparts in Equation (3.57). The reduced state and input vectors are

defined as:
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X, =[ 2vil mvdt sl mvdt svll svild svel svgs (3.63)

I
Covde syl syt sl syl syl

L SVAly BVAL SVRL SVEL svis sVl svEL ]
W, =] Vier Vi | (3.64)

The system in Equation (3.61) contains 44 states, shown in Equation (3.62) and
Equation (3.63), 2 disturbance terms, shown in Equation (3.63), and 10 modulating
signals, which are embedded in the state matrix. The state and disturbance matrices in

Equation (3.61) are given in Appendix D.

3.2.3 DPM Validation

In this section, the validation of the developed DPMs is carried out in the same way
as the validation in Section 3.1.5. In this instance, however, the switched model is not
used to compare the DPM, having demonstrated that the TAM is an excellent match for
the switched model, this validation is performed by comparing the TAM and the DPM.

For this validation, one set of results is shown for each of the four topologies in
Figure 3.1. Table 3.3 shows the parameters used in each simulation. The parameters
have been chosen to demonstrate the versatility of the DPM when it comes to the number
of submodules in the upper and lower arms, as well as the capacitance of each submodule.

For all four cases, the capacitances are selected to maintain the energy storage of the
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converter at an approximate of 50%. For the case of DC/DC/AC conversion in both
topologies, 1 pu power is being transferred from the first DC port to the second DC port
and AC port, split equally. For the DC/DC conversion in both topologies, 1 pu power is
being transferred from the first DC port to the second DC port. The disturbance is also
presented as a power reduction of power transferred of 50% for the AC and 10% for the
second DC port, triggered at t=2s.

Figures 3.9 to 3.12 show the results for the four simulation cases, comparing the
averaged model with the DPM. Tables 3.4 to 3.7 make a comparison of the most important
harmonic components for the state variables in each case. The superscript in the state

variable indicates which harmonic component is being compared.
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Table 3.3: Simulation parameters for the averaged/DPM simulations

Parameter MP-DCDCAC MP-DCDC
Pratea 480 MW 480 MW
w 2760 rad/s 2760 rad/s
Ly, Lo, Ly, L, Ly 82mH,040 mH, 50 mH, 20 mH 80 mH, 80 mH, 0, 50 mH, 0
L, L, 9.8 mH, 28 H 9.8 mH, 28 H
R1, Ry, Ry, Ry, R 219Q,09,19,0.4Q,0.6 Q 21Q,09,19,04Q,00Q
Ry, 0 0
C.,Cp 10 mF, 12 mF 10 mF, 12 mF
Ny, Np 200, 180 200, 180
Viets Vaea 400 kV, 200 kV 400 kV, 200 kV
Peak L-N V,, 180 kV N/A
Parameter BP-DCDCAC BP-DCDC
Prated 768 MW 384 MW
w 2760 rad/s 2760 rad/s
Ly, Lo, Ly, Lo, Ly 82 mH,82 mH, 0 mH, 50 mH, 20 mH 80 mH, 80 mH, 0, 50 mH, 0
L., L, 9.8 mH, 28 H 9.8 mH, 28 H
Ry, Ry, Ri, Ry, Re  210,210Q,090,049,060Q  219,210,00Q,04Q,00
R, 0.1 Q2 0.1 Q
C.,Cp 18 mF, 18 mF 9 mF, 9 mF
N,, N, 200, 200 200, 200
Vi1, Ve 320 kV, 320 kV 160 kV, 160 kV
Peak L-N V,, 180 kV N/A
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Figure 3.9: MP-DCDCAC; DPM and averaged model simulation results
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Table 3.4: MP-DCDCAC State Variables Steady-State Comparison
State Variable TAM DPM  Percent Error

L [Ak] 431434 42331 1.92%
ihgalApk] 97673 983.829 0.72%
Ve (V] 5.18522  5.08545 1.96%
V2 [kVye]  3.02994 3.1145 2.72%
Vi KV, 713196 7.28104 2.05%
V2 [kVy] 248198 2.33423 6.33%
ide [A] 204.045  205.262 0.59%

%, [A] 403.964 399.974 1.00%
Ve kV] 399.998 400.002 0.00%

Table 3.5: MP-DCDC State Variables Steady-State Comparison
State Variable TAM DPM  Percent Error

iL o [Apk] 1353.38 1353.01 0.03%
Ve (Vi) 25.4928  25.4843 0.03%
V2 [kVie] 112191 1.12269 0.07%
VA [kVe]  3.04729 3.04717 0.00%
V2, [kVi]  4.65869 4.65561 0.07%
ide. o [A] 800.296  800.291 0.00%
VidelkV] 400 400 0.00%

It can be noted that the DC/DC cases have excellent matching between models, and
the DC/DC/AC is also very good; however, Appendix E shows the same operating points
in which the capacitance is decreased. In the case of the DC/DC/AC conversion, the

matching worsens with the decreased capacitance, and hence with increased capacitor
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voltage ripple. The same does not occur with the DC/DC conversion cases, which sug-
gests the accuracy of the model is not nearly as sensitive to capacitance selection. A
reason for this could be the presence of decoupled harmonics in the AC/DC and DC/DC
conversions that cross couple when DC/DC/AC conversion occurs. This suggests that,
for an even more precise model for the DC/DC/AC conversion, a more comprehensive
spectrum of harmonics has to be selected when developing the DPM beyond the frequen-

cies considered in Equation (3.37) to Equation (3.50).

Table 3.6: BP-DCDCAC State Variables Steady-State Comparison
State Variable Avg DPM  Percent Error
i50[Apk] 663.555 661.217 0.35%

iAgalApk]  1569.41 1571.61 0.14%
VL [EV,]  1.96597  1.8981 3.58%

]
]
V2. [kVie]  2.74241 2.85204 3.84%
]
]

[
VL KV 5.155  5.18667 0.61%
V2KV 2.2955  2.18447 5.08%
ie [A] 417.659 418.142 0.12%
i, [A] 801.887 800.001 0.24%
Vie[kV]  400.009 400 0.00%

3.3 Chapter summary

In this chapter, two time-averaged state-space models were developed that can be
used to represent the four converter structures in Figure 3.1a - Figure 3.1e. Two of the
topologies are for DC/DC/AC conversion and the other two are for DC/DC conversion.

The developed TAMs are time-variant and therefore solving for a steady-state operating
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Table 3.7: BP-DCDC State Variables Steady-State Comparison

State Variable Avg DPM  Percent Error

i3 [Apk] 1430.35  1430.11 0.02%
Ve [k V] 35.423  35.4162 0.02%
Va1V 0.879617 0.880158 0.06%
VA Vo] 1.11742  1.1147 0.24%
VR, [kVe]  5.89186  5.88948 0.04%

i%0[A] 800.016  800.004 0.00%
VdelkV] 320 320 0.00%

point other than the trivial case of zero power transfer is not possible; moreover, clas-
sical linear state space analysis tools cannot be used given the states are time-varying.
To overcome this challenge, two different multi-frequency DPMs in the alpha-beta-zero
reference frame are developed from the TAMs that yield time-invariant states (i.e. DC-
valued states) at steady state. The stationary reference frame is exploited as it helps
decouple harmonic content within the converter.

The TAMs are validated against detailed switched converter models in the software
PLECS, with excellent matching shown for all four converter structures, i.e., for both
DC/DC/AC and DC/DC conversion. The DPMs are then validated against the TAMs
with very good results demonstrated during both steady-state and dynamics. It was ob-
served that the accuracy of the DPMs for DC/DC conversion is, for all practical purposes,
insensitive to capacitive energy storage, while, interestingly, the accuracy of the DPMs
for DC/DC/AC conversion is a function of converter internal stored energy. Therefore,
capacitance selection for the DC/DC/AC models should ensure that a minimum amount
of stored energy is maintained, otherwise, excessive capacitor voltage ripple will result,

which can deteriorate the model accuracy.
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Tables 3.8 and 3.9 provide a summary of the developed TAMs and DPMs, respectively.

Table 3.8: Summary of developed time-averaged models

Converter State-Space Model Model Matrices
Equation (3.31) Appendix A
MP-DCDCAC o Set Ly — 0, Ry =0
Equation (3.34) Appendix B
MP_DCDC ® Set L2 == O, RQ =0
Equation (3.31) Appendix A

BP-DCDCAC e Set V.1 as the sum of the two DC net-
works, and V. as the second DC network
e Set Lt = 0, Rt =0

Equation (3.34) Appendix B
BP-DCDC e Set V.1 as the sum of the two DC net-

works, and V. as the second DC network
e Set Lt = 0, Rt =0

Table 3.9: Summary of developed DPMs

Converter State-Space Model Model Matrices
Equation (3.57) Appendix C
MP-DCDCAC o Set Ly — 0. Ry —0
Equation (3.61) Appendix D
MP-DEDC o Set Ly = 0, Ry =0
Equation (3.57) Appendix C

BP-DCDCAC e Set V4.1 as the sum of the two DC net-
works, and V. as the second DC network
e Set Lt = 0, Rt =0

Equation (3.61) Appendix D
BP-DCDC e Set V.1 as the sum of the two DC net-

works, and V. as the second DC network
e Set Lt = 0, Rt =0
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Chapter 4

DC/DC/AC and DC/DC

Converters Case Studies

In this chapter, a systematic solution procedure to obtain the modulating signals for
a specified operating point for the two DC/DC/AC and the two DC/DC converters is
firstly introduced. By using this algorithm, steady-state waveforms for each of the four
converters are shown for different operating points, and an analysis of the converters’
operation is given. Studies are carried out to examine the response of the converters to

a step-change in one of the parameters.

4.1 DC/DC/AC Conversion

This section covers the systematic solution procedure and the studies carried out that

relate to DC/DC/AC conversion.
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Figure 4.1: Process to obtain modulating signals using TAMs

4.1.1 Challenges in steady-state analysis using TAM

The TAMs developed in section 3.1 provide near perfect matching of the switched
model of the generalised converter structure, and are useful for detailed converter dy-
namics analysis. To obtain the specific steady-state operating points in the converter,
however, the TAMs are not directly useful, since their states are time-varying at steady-
state and therefore analytically solving for ‘é—f = 0 is not possible. Solving the TAM
system of equations by setting the derivatives of the states to zero would only give the
trivial answer of zero power flow between the ports. Moreover, the process of finding mod-
ulating signals for the TAMs would look something like the process shown in Figure 4.1,
a process that doesn’t give accurate results, and is extremely time consuming.

The states of the DPMs, on the other hand, are DC valued at steady-state, and are

da

therefore ideal to use a solver to solve %¢ = 0 for any desired operating point, including

solving for the associated equilibria modulating signals.

4.1.2 Steady-State Solution Procedure

The simplest way to operate the converters, as shown in Section 3.1.5 and Sec-

tion 3.2.3, is open loop modulation where fixed control inputs are used. This necessitates
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the open loop modulating signals that yield the desired operating point to be known
before running the simulation. To do this, a mathematical software such as Matlab, can
be used to find the equilibrium point at which the system meets the specified criteria.
This method is successfully applied in [70], [73].

The DPM allows solving for the desired open-loop steady-state control inputs, since
the state variables are all constants at steady-state. This means that the system of
differential equations that can be used to represent both DC/DC/AC converters, Equa-
tion (3.57), can be solved to obtain the control inputs by specifying that the derivatives

of the states are zero, which can be represented as:

All IZ{IQ Xv*

Ay Ogpe0| | X

N | 71—
+ w } = 0. (4.1)
02245

To solve a system of nonlinear equations, as the one shown in Equation (4.1), the
number of unknown variables has to be equal to the number of equations. The system in
Equation (4.1) contains 52 equations and 68 unknown variables (52 states, 6 disturbance
terms, and 10 modulating signals), assuming that all converter design parameters have
been specified.

The 6 disturbance terms, i.e. the external DC and AC port voltages, are specified
by the desired operating point. Since the objective is to have all 10 modulating signals
as outputs of the solution procedure, 10 of the other variables need to be specified. The
10 modulating signals, shown in Section 3.2.1 in Equation (3.51) - Equation (3.56), are

given here in column vector format:

T
_ 1 1 c 1 1 .
M= Mgl My M MY Mg Mal MY My MY M| - (42)
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The solution procedure should yield modulating signals that produce balanced three-
phase converter voltages and currents. For this to be accomplished, the eight modulating

signals that are either o or § quantities, must satisfy the following constraints:

My, =M (4.3)
MY =ML (4.4)
ML = — My, (4.5)
Mys = — My (4.6)

Only one of the four relationships in Equations (4.3) to (4.6) needs to be explicitly
specified, and the remaining three relationships will be an outcome of the solution proce-
dure. As an example, both terms in Equation (4.3) can be set as being the same variable
in the model. This forces the solver to provide balanced quantities for the other three
sets of modulating signals, while simultaneously reducing the number of variables that
need to be specified from 10 to 9.

The remaining 9 “free” variables can be specified in whatever way is convenient for
the desired converter operation. In this work, for the purpose of DC/DC/AC conversion

in both MP and BP structures, the 9 variables are specified as follows:

o I:L and Ié'g: These two states partially comprise the first harmonic component
of the circulating current iy, responsible for capacitor charge balancing between

arms. The desired operation of the converter includes no reactive power circulation
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between the arms to maximise conversion efficiently, and therefore:
11 1]
i =rnl=o. (4.7)

o [ é”ga and [ ééﬂz These two states are related to the real power flow into the AC port.

These are set to achieve a desired P injection into the AC grid, P3¢ as:!

Picss
IS ) ac, . (4.8)
9 9 V3 Vae,L1.rRMS
« I3, and Iégﬁ: These two states are related to the reactive power flow into the AC

port. These are set to achieve a desired @ injection into the AC grid, Quc34, as':

RS £ P, S R 4.9
9e 98 \/g : Vac,LL,RMS ( )

o I4,: Represents one third of the average current that will flow into the dy DC port,

controlling the desired DC power flow into that port, P,., according to:

(4.10)

o BV and V5 These states are specified to ensure balanced submodule capacitor

voltages in the upper and lower arms, according to:

rated

SVde — 2” (Nu + Np) (4.11)
rated

NV — 21’ (N, — Np). (4.12)

Woltage Vie . rus is directly related to the peak AC grid voltage a3 components contained in the
W vector in Equation (4.1).
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Figure 4.2: Solution procedure visualisation

Figure 4.2 provides a visualisation of the solution procedure. After specifying the
nine values as shown, a mathematical solver such as Matlab can be used to solve the
values for all the modulating signals that would provide the specified operating point,
M, which can be used to run the simulation of the converter.

Another advantage of the solution procedure is that it also outputs the values for
all the other unspecified states at that equilibrium point. Those values can be used to
systematically study the converters’ steady-state operating point, as will be elaborated

below.

4.1.3 MP-DCDCAC Steady-State Analysis

In this section, the solution procedure presented in Section 4.1.2 is used to find the
modulating signals required to perform the simulations for six arbitrary steady-state

operating points for the MP-DCDCAC converter. Figure 4.3 shows the MP-DCDCAC
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Figure 4.3: MP-DCDCAC converter with current direction convention

converter that is simulated using the DPM, including the conventions for the current
directions. The first DC network, connected between ports d; and ds3, will henceforth be
named NWy; in the same manner the network connected between ports dy and ds will
be called NW,, and the AC network will be called NW,.. The convention for the powers
flows to each of the networks, i.e. Py 1, Puc2, and P, is that a positive sign means that
network is providing power to the converter. Because of these current flows, F;.; and

P2 can be defined as:

Pieq =Vaen - ig; (4.13)

Pier =Vaeg - i35 (4.14)

The MP-DCDCAC is rated for 480 MW, and for all six operating points the NW;
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voltage is set to Vg1 = 400kV. The NW, voltage, V.1, is set depending on the ratio Gy,

introduced in Section 2.2 in Equation (2.19).

4.1.3.1 400/200kV (G,=0.5) Converter Design

Figures 4.4 to 4.6 show the simulation waveforms for three different port power injec-
tions for the MP-DCDCAC at G, = 0.5. The waveforms shown are the upper and lower
phase a arm currents, the upper and lower phase a sum of capacitor voltages, the cur-
rents entering NW,c, and the three DC port currents. The peak value of the NW,.;_x
voltages are set to 180 kV. Table 4.1 lists the parameters used for these simulations.

Figures 4.4 and 4.5 display simulation results where active power transfer between
the external DC and AC systems is performed. Figure 4.4 shows a case where 1 pu power
is being transferred from NW; to NW, and NW,., being split equally. Figure 4.5 shows
a case in which NWj receives 1 pu power, while NW; and NW,, provide 0.8 and 0.2 pu
power, respectively. The DC power transfers are clearly visible through the DC ports
currents. In both cases, the AC grid currents are comprised of first and second harmonic
currents, being the latter much more noticeable in the second case, as the first harmonic
content is much lower.

The first case presents an equal combination of Ps;, and Pa converter power transfer
mechanisms, as expected from the explanation in Section 2.3, whereas the second case,
which is mostly DC/DC conversion, shows Py as the more prominent power transfer
mechanism. In both cases, the capacitor voltages are balanced at 400 kV as desired.
The third case, Figure 4.6, demonstrates zero power flow between the three networks.
There is practically no current flowing through the DC and AC ports; however, a small
amount of current is still circulating in the arms, to maintain a balance of the capacitor’s

voltages. The DC component of the arm capacitor voltages is 400 kV as expected.
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Table 4.1: Simulation parameters for MP-DCDCAC using G,=0.5

Parameter Value
w 2760 rad/s
Ly, Lo, Ly, Ly, Ly 82 mH, 40 mH, 50 mH, 20 mH
Le, Ly, 9.8 mH, 28 H
Ry, Ry, Ry, Ry, R 219,180,0.4 0,06
R, 0.1
Cu, CL 10 mF
Ny, Ny 200
Peak L-N V. 180 kV

-1000 +

120
\

\
Z 4004

380

1000 -,

Figure 4.4: Steady-state MP-DCDCAC DPM waveforms for G,=0.5 (400/200 kV);
Pdc,lz1 pu, Pdc,? =-0.5 pu, Pac =-0.5 pu
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4.1.3.2 400/320kV (G,=0.8) Converter Design

Figures 4.7 to 4.9 show similar port power injections for the MP-DCDCAC converter
as Figures 4.4 to 4.6, but now utilising a DC voltage ratio G,=0.8. These simulations
demonstrate the capability of the DPM to utilize a different number of submodules for
the upper and lower arms, contrasting to the previous three cases in the previous section,
where they were equal. This means that the DC component of ¥V,,, at which the
capacitor’s voltage is balanced will be different for each arm in this section. The converter
parameters used in this section are listed in Table 4.2. The number of submodules
used in each arm are selected to support the maximum DC+AC voltages each arm will
be subjected to, at 2 kV rated voltage for each submodule. This means that the DC
component of ¥V,,, for the upper and lower arms is set to 160 and 400 kV, respectively,
as dictated by Equation (4.11). The peak value of the NW,. ;_n voltages are set to 80
kV, since assuming the use of half-bridge submodules this is the maximum peak that can
be synthesised by the arms.

In the case of equal splitting of the power between NW, and NW,., Figure 4.7 shows
a common nmode DC component in the arms’ currents not present in the 400/200 kV
case, given that G, is no longer 0.5, as expected by the information in Table 2.2, in
Section 2.3. It can also be noted that, in this case, there is DC current exiting through
the d3 DC port, given the new voltage balancing requirements for this operation. The grid
currents retain the expected first harmonic component behaviour that were present in
the G,=0.5 cases, although the second harmonic component is relatively much smaller.
Once again, Figure 4.9 demonstrates the ability of the DPM to achieve a zero-power
transfer operation, in which a small amount of AC average power is transferred between
arms to maintain capacitor voltage balance, and a very small amount of third harmonic

current can be seen in the DC ports.
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Table 4.2: Simulation parameters for MP-DCDCAC using G,=0.8
Parameter Value
w 2760 rad/s
Ly, Lo, Ly, Ly, Ly 82 mH, 40 mH, 50 mH, 20 mH
Le, Ly, 9.8 mH, 28 H
Ry, Ry, Ry, Ry, Ry 210,19,049Q,06 0
R, 0.1
Cu, CL 8 mF, 18 mF
Ny, Ny, 80, 200
Peak L-N V. 80 kV
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Figure 4.7: Steady-state MP-DCDCAC DPM waveforms for G,=0.8 (400/320 kV);
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4.1.4 BP-DCDCAC Steady-State Analysis

In this section, the solution procedure presented in Section 4.1.2 is used to solve
for the modulating signals required to enable open-loop simulations for three different
steady-state operating points for the BP-DCDCAC converter. Figure 4.10 shows the BP-
DCDCAC converter that is simulated using the DPM, including the conventions for the
current directions. This topology is called bipolar because the DC port d; is at a positive
potential and the DC port d3 is at a negative potential, whereas in the MP topology d;
and dy were at a positive potential, and d3 was grounded.

The first DC network, connected between ports d; and ds, will henceforth be named
NWjy; in the same manner the network connected between ports dy and d3 will be called
NW,, and the AC network will be called NW,.. The convention for the powers flows to
each of the networks, i.e. Py 1, Pic2, and P, is that a positive sign means that network
is providing power to the converter.

The BP-DCDCAC is rated for 768 MW, and this converter is ideal for interconnecting
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two DC networks that operate at the same voltage level, i.e. bipolar grids. Because of
this, for all three operating points, the voltages for NW; and NW, are set to 320 kV,
while the peak value of the NW,. ;_x voltages are set to 320 kV.

It must be noted that a minor difference exists between how one of the specified
variables in the solution procedure is set differently for the BP-DCDCAC compared to
the MP-DCDCAC. The variable 14, in Figure 4.2 does not represent the same port power
transfer mechanism for the BP topology in Figure 4.10 as it did for the MP topology in
Figure 4.3. For the latter, it was the average current that was exclusively injected into
the second DC network. For the BP topology, 14, represnts the average current that
flows into the common point between the two DC networks. Therefore, pecifying this
variable does not directly specify the power flowing in or out of the second DC network.

To address this situation, once again the XA domain is used to simplify the expla-
nation and analysis of this conversion. Instead of having F;.1 and P2 to express the
powers in and out of the first and second DC networks, P,y and Py a are used to repre-
sent the common mode and differential mode of the powers exchanged between the DC

networks themselves, respectively. The mapping between these quantities is defined as:

Piex| 11 | Faca (4.15)
Pica 1 =1 |Puo

Given the DC current common to all three converter’s legs, i.e. 3- I and assuming
both DC networks have the same voltage level, i.e. Vi = Viee = Vie, Paes and Py a

can also be defined as:
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Pies =2(3 - I&)WVa, (4.16)

Pdc,A :Igcto ' V;ic (417)

Since Igcto is proportional to P A and Ig% is proportional to Py, it is now easy to
set in the solution procedure Py, A through 19, and have I be an outcome that will set

P, 5. The parameters of the converter used for these simulations are shown in Table 4.3.

Table 4.3: Simulation parameters for BP-DCDCAC

Parameter Value
w 2760 rad/s
Ly, Lo, Ly, Ly, Ly 82 mH, 82 mH, 50 mH, 20 mH
L., L, 9.8 mH, 28 H
Ri,Ry,R;, R, Ry 2.1 0,210,04Q,0.6 Q2,010
Ry 0.1 ©
C., Oy, 10 mF
Nu, N, 320

4.1.4.1 320/320kV (G,=1) Converter Design

Figures 4.11 to 4.14 show the waveforms for four different port power injections for
the BP-DCDCAC. The waveforms shown are the upper and lower phase a arm currents,
the upper and lower phase a sum of capacitor voltages, the currents entering NW,., and
the three DC port currents. The last plot also includes the current 3(/g5), as it can be
of use to understand the powers being transferred between ports for this converter.

Figure 4.11 presents a case in which NW; and NW, each supply 0.5 pu power (col-
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lectively 1 pu) to the NW,.. This case is analogous to a conventional AC/DC converter,
and the waveforms are what would be expected of such a conversion. For example, the
arms contain large negative sequence second harmonic component that sums to zero at
the DC rails. It is interesting to note that, out of all operating points presented in this
chapter, this is the only one in which the currents in NW,,. do not present a second
harmonic component, possibly due to the fact that no DC/DC conversion is occurring.

Figures 4.12 and 4.13 show the simulation waveforms for the operating points in
which the power transfers are Py.1=0.25 pu, P 2=-0.5 pu, FP,.=0.25 pu and Py 1=-
0.6 pu, Py.2=0.5 pu, FP,.=0.1 pu, respectively. Both present the arms’ currents and
voltages harmonic spectrum that are expected from both theory and the results of the
MP-DCDCAC converter for simultaneous DC/DC/AC conversion. The grid currents are
a combination of first and second harmonic, and the converter presents both Ps, and Pa
power transfer mechanisms, the latter being much more noticeable in the case shown in
Figure 4.13, as DC/DC conversion is the dominant conversion in this case. It is also
interesting noting the inversion of DC currents sign between the two cases, given both
DC networks switching their operation, be it providing or receiving power.

Figure 4.14, as with the MP-DCDCAC, demonstrates zero power flow between the
three networks. The results are similar to the zero-power flow case of the previous section,
noting the small amount of first and second harmonic current in the arms to maintain
the capacitor’s voltage balance, and the small third harmonic current in all DC port

currents. In all cases, the capacitor voltages are balanced at 640 kV, as desired.
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4.1.5 Varying Parameters Studies

Another useful application for the DPM in Equation (4.1) and solution procedure de-
veloped in section Section 4.1.2 is that it can be used to explore the converters’ behaviour
in response to changing parameters. This can be accomplished by running the solution
procedure many times while step-varying one or several of the specified quantities, and
collecting the data of interest in each iteration. This section presents a few examples of
this use for the MP-DCDCAC converter of section Section 4.1.3, for G,=0.5 and G,=0.8,
utilising the parameters of Table 4.1.

Figure 4.15(a) and (b) show how the peak current stress and the percent capacitors
voltage peak-to-peak ripple in the upper and lower phase a arms, respectively, change
while varying the power flow into NW, while having 0.5 pu fixed power flow into NW.,
meaning that power out of NW; changes accordingly, for G,=0.5. Figure 4.15(c) and (d)
carry out the same analysis but having 1 pu fixed power provided by NW;, and varying
it from 1 pu into NWy, to 1 pu into NW,., meaning that in all instances Py. o + FPp.=1.
Figure 4.15(a) and (c) present the peak arms’ currents in two ways: (i) only the DC
components and (ii) DC plus AC components. The DC only curves are useful to visualise
average power transfers. Also, the difference between these two curves is the AC stress.
Figure 4.15(a) shows that in both extremes of the graph the arms’ peak current stress
is caused only by AC components, at -0.5 pu power flow to the NW, for the upper arm
and 0.5 pu for the lower arm. Figure 4.15(c) demonstrates how the arms are subjected
to a different stress pattern that in Figure 4.15(a), given that in this case the upper arm
is always processing 1 pu power from NW;. The voltage ripple in the arms’ capacitors
in Figure 4.15(b) and (d) resemble the shape of their respective arms’ currents. The
converters are usually designed to keep this peak-to-peak ripple below 10%, meaning that

the full loading operation of this converter might require the choosing of the capacitors

88



Amms peak current stress with Pac=0.5 pu Capacitor voltage ripple in the arms with Pac=0.5 pu
1400 T T T T T T T T 9 T T T T T T T T T

T —&—iua(DCHAC) L Upper arm
*** —+—ila(DC+AC) [ B Lower arm
1200 - iua(DC) 1 sl
*** # - ila(DC)
¥, P K]
1000 F¥, oF =1
Fx ; =3
o ¢ 271
*, c
— ** o
< 800 *e g
e e
5 - 3
3 600r o2 a
o2 o )
ggaﬁ' *40&*_* sy
400 Pk, P g, 8
T b '
e
ab
0 I . . . . Tt 3 I I I I . I I I I
-05 04 03 02 01 0 01 02 03 04 05 05 04 03 02 01 0 01 02 03 04 05
DC power flow into NW2 (pu) DC power flow into NW2 (pu)
Amms peak current stress with Pdc1=1 pu Capacitor voltage ripple in the arms with Pdc1=1 pu
1500 T T T T T T T T 1" T T T T T T T T T
m}_’a\ ] —e—iua[DmAC) Upper arm
Ry ooetessesoscansnessennonesad iaDCAG) b or toneraml |
% i iua(DC)
* #-- ila(DC)
# 2
" * g
1000 ¥ # =
*, ** =
< *e # g _|
= Y # g7
= ¥ a
@ % % x
£ % # 5 |
3 * * @ 6
Q % P4 g.
# 2
500 *** Jral x 57
o % # L i
**** o **** o 4
**** # ****
*+*** St *****
Fhgy ***** 3r
"y #
| | | .****%#***; | | | | | | I | | | |
o * 2
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
DC power flow into NW2 (pu) DC power flow into NW2 (pu)

Figure 4.15: Loci of steady-state studies for G,=0.5 for the phase a upper and lower
arms: (a) arms’ peak current stress with P,.=0.5 pu; (b) percent capacitor voltage ripple
with P,.=0.5; (c) arms’ peak current stress with P;.1=1 pu; (d) percent capacitor voltage
ripple with P;.1=1 pu

to be above the 501\5—“;/ energy storage selected for these studies.

Figure 4.16 shows the studies presented in Figure 4.15 but with G,=0.8, as discussed
in section 4.1.2.2. The patterns of the loci are similar in both sets, as they tell of the
behaviour of the converter in those situations. The biggest differences can be found in
that the lines for the upper and lower arms no longer intersect in the middle of the graphs
for the P,.=0.5 cases, and a shift towards the right side of the graph in the P;,=1 pu

cases for the quantities representing the lower arm. All four figures demonstrate how
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Figure 4.16: Loci of steady-state studies for G,=0.8 for the phase a upper and lower
arms: (a) arms’ peak current stress with P,.=0.5 pu; (b) percent capacitor voltage ripple
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this converter design is impacted by the limited AC voltage available with half-bridge
submodules in this case, since a very high current is required to satisfy the power flows.
Figure 4.16(a) shows the stress in the lower arm is very high when the power flows only
from NW; to NW,., while a similar thing is shown in Figure 4.16(c) when the power flows
from NW; to NW,.. Figure 4.16(b) and (d) demonstrate the high peak-to-peak voltage
ripple in the arms in the same cases. This information can be used to take decisions

during the converter design as to whether prevent these scenarios of high current stress,
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or perhaps employ full-bridge submodules in the upper arm.

4.2 DC/DC Conversion

This section covers the solution procedure, steady-state operating point analyses, and

varying parameters studies for the DC/DC converters.

4.2.1 Steady-State Solution Procedure

The system of differential equations that can be used to represent both DC/DC
converters, originally presented in Section 3.2.2 as Equation (3.61), is represented here

as:

Al 1r ngT X:r NT =%
b A [ g g
A21r 022:)022 X 02215

ur

(4.18)

The derivatives of the states are set to zero in Equation (4.18), as this is the objective
of the solver to obtain the modulating signals which serve as control inputs for the
simulations. The solution procedure for the DC/DC converters is the same as the one
presented in section 4.1.2 for the DC/DC/AC converters, the only difference being that
the system in Equation (4.18) now contains 44 equations and 56 unknown variables (44
states, 2 disturbance terms, and 10 modulating signals), assuming that all converter
design parameters have been specified.

The disturbance terms, i.e. external DC port voltages, are specified by the desired
operating point. Once again, the objective is to have all 10 modulating signals as outputs
of the solution procedure, which again requires 10 specified terms. The difference in this

case is that the four AC grid parameters that were being specified for the DC/DC/AC,
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Equations (4.8) and (4.9), can no longer be specified given the lack of an AC port. One
way to reduce the number of variables that need to be specified is to use the remaining
three relationships presented in section 4.1.2, equations Equations (4.4) to (4.6), since
only Equation (4.3) was used in the DC/DC/AC solution procedure, reducing the number
of unknowns to 11, only requiring one more to be specified.

To solve this, a constraint in the form of one more differential equation is added to

the system in Equation (4.18), given by:

(VXC]lOC + VAdI?O)(MXl)lc + Mé'('x) - VAac == O (419)

Equation (4.19) provides a constraint in the possible values of Mé& and Mi”a ,by
stressing that the parallel component of the upper arm’s AC voltage has to be collinear
with the reference vector (0°). The rest of the specified values are the same as the ones

given in Figure 4.2.

4.2.2 MP-DCDC Steady-State Analysis

In this section, the solution procedure explained in section 4.2.1 is used to find the
modulating signals required to perform the simulations for six different steady-state op-
erating points for the MP-DCDC converter. Figure 4.17 shows the MP-DCDC converter
that is simulated using the DPM, including the conventions for the current directions.
The first DC network, connected between ports d; and dsz, will henceforth be named
NW;; in the same manner the network connected between ports do and d3 will be called
NW,. Since in these converters only two networks are present, the definition of the op-
erating points only provides the power being supplied by NW;, Py, and a positive sign
means NW; is supplying power.

The MP-DCDC is rated for 480 MW, and the voltages for corresponding to the DC
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Figure 4.17: MP-DCDC converter with current direction convention

ports NW; to NW, vary in the different GG, scenarios.

4.2.2.1 500/250kV (G,=0.5) Converter Design

Figures 4.18 to 4.20 show the simulation waveforms for three different port power
injections, Pj.1=1 pu, Ps.1=-1 pu, and P;.1=0 pu, for the MP-DCDC at G\=0.5. The
waveforms shown are the upper and lower phase a arm currents, the upper and lower
phase a sum of capacitor voltages, and the three DC port currents. Table 4.4 provides
the parameters used for these simulations.

Figures 4.18 and 4.19 demonstrate active power transfer between the DC ports, as
it can be appreciated by the DC port currents. The common mode arm’s current is

exclusively AC current, while the differential mode current is exclusively DC, as expected.
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Since this is DC/DC conversion under G,=0.5, the DC component of both arms’ currents
is the same value, around 320 A, but opposite signs for upper and lower arms. Figure 4.20
demonstrates a situation of no power being exchanged between DC ports, and the only
visible waveform is a small AC component in the arms’ currents to maintain capacitor

voltage balance. In all cases, the capacitor voltages are balanced at 500 kV as desired.

Table 4.4: Simulation parameters for MP-DCDC using G,=0.5

Parameter Value
w 2760 rad/s
Ly, Ly, L;, L,, L, 82mH, 40 mH, 50 mH, 20 mH
Le, L, 9.8 mH, 28 H
Ry, Ry, Ry, Ry, Ry 219,180,049, 0.6
Ry, 0.1 ©
Cu, Cr, 8§ mF
N., Np 250
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4.2.2.2 400/320kV (G,=0.8) Converter Design

Figures 4.21 to 4.23 show the same port power injections for the MP-DCDC con-
verter as Figures 4.18 to 4.20, but now utilising G,=0.8. The waveforms shown are the
upper and lower phase a arm currents, the upper and lower phase a sum of capacitor
voltages, and the three DC port currents. Table 4.5 provides the parameters used for
these simulations.

Figures 4.21 and 4.22 show cases with active power transfer between DC ports. As
in the waveforms in the previous section, the arms’ currents differential mode current
is exclusively DC, however in these cases there is also a DC component in the common
mode current. This corresponds with the information in Table 2.2, in Section 2.3, where
it was stated that a DC common mode current would exist if G, #0.5. A very small

component of third harmonic current is present in the arms’ currents and voltages, a
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component often neglected in the phasor modelling of DC/DC converters, as its effect
is almost negligible. Figure 4.23 demonstrates a situation of no power being exchanged
between DC ports, and only AC current in the arms to maintain capacitor voltage balance
is noticeable. In contrast to simulations in Section 4.1, the DC port currents show no sign
of third harmonic current in the zero-power transfer scenario. In all cases, the capacitor
voltages are balanced at 160 and 400 kV for the upper and lower arms, respectively, as

desired.

Table 4.5: Simulation parameters for MP-DCDC using G,=0.8

Parameter Value
w 2760 rad/s
Ly, Lo, Ly, Ly, L, 82 mH, 40 mH, 50 mH, 20 mH
Le, L, 9.8 mH, 28 H
Ry, Ry, Ry, Ry, Ry 21Q,180,0.4Q,0.6 Q
Ry, 0.1Q
Cu, Cr 12 mF, 14 mF
Ny, Np 80, 200
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Figure 4.21: Steady-state MP-DCDC DPM waveforms for G/,=0.8 (400/320 kV); Py 1=
1 pu
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Figure 4.22: Steady-state MP-DCDC DPM waveforms for G/,=0.8 (400/320 kV); Py.1=
-1 pu
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Figure 4.23: Steady-state MP-DCDC DPM waveforms for G,=0.8 (400/320 kV); Py.1=
0 pu

4.2.3 BP-DCDC Steady-State Analysis

In this section, the DC/DC solution procedure presented in Section 4.2.1 is used to
solve for the modulating signals required to enable open-loop simulations for three dif-
ferent steady-state operating points for the BP-DCDCAC converter. Figure 4.24 shows
the BP-DCDC converter that is simulated using the DPM, including the conventions for
the current directions. This converter topology can be considered as an inverting topol-
ogy, contrasting with the more common DC/DC conversion in which the DC networks
are linked by non-inverting topologies [19], [33], [34]. The inverting DC-DC topology
in Figure 4.3 (without the AC port) is used as the core building block of the multiport
DC/DC converter in [9].

The BP-DCDC is rated for 384 MW. For all three operating points the voltages
for NW; and NW, are set to 320 kV, consistent with a bipolar DC grid application.

99



la1 iuai
Evcapiua + + +
Vdcl R, R, R,
L. L, L.
I d2 o .
It —
142 L J
R, 2R, ZR,
| ;La %La L.
Vdc2<->
Evcal)ila@‘-l— @'-l_ @‘-I—
ilz,
ds Ra. L2, Y
— W
143

Figure 4.24: BP-DCDC converter with current direction convention

Table 4.6: Simulation parameters for BP-DCDC

Parameter Value
w 2760 rad/s
Ly, Ly, Ly, L,, L, 82 mH, 8 mH, 50 mH, 20 mH
Le, Ly, 9.8 mH, 28 H
Ry, Ry, Ry, Ry, Ry 2.1 8,21Q,0.4,0.6Q,0.1Q
Ry 0.1
Cu, Cr, 8 mF
N., Np 320
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The differences between the solution procedure of the MP-DCDCAC and BP-DCDCAC
explained in Section 4.1.4 apply here as well. Table 4.6 shows the parameters used in

these simulations.

4.2.3.1 320/320kV (G,=1) Converter Design

Figures 4.25 to 4.27 show the same port power injections for the BP-DCDC as the
cases for the MP-DCDC. The waveforms shown are the upper and lower phase a arm
currents, the upper and lower phase a sum of capacitor voltages, and the three DC port
currents. Table 4.6 provides the parameters used for these simulations.

Figures 4.25 and 4.26 show the scenarios where full pu power is being transferred from
NW; to NW, and the reversed operation, respectively. As in the previous cases in this
DC/DC conversion section, the waveforms in these two cases are mirrored, demonstrating
bidirectional power flow. It’s interesting to note that in both cases the term 3(I&) is
zero. As mentioned in Section 2.3, DC/DC conversion requires only Pa as power transfer
mechanism, and contrasting to the simulations for the BP-DCDCAC converter, 14 has
no effect in this conversion. This means that Pa alone, and by extension idsy, can explain

which network is supplying and which one is receiving power.
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4.2.4 Varying Parameters Studies

As in Section 4.1.4, the DPM in equation Equation (4.18) and the revised solution
procedure is here used to demonstrate the converter’s behaviour in response to changing
parameters. This section presents a few examples of this use for the MP-DCDC converter
of Section 4.2.2, for G,=0.5 and G,=0.8, utilising the parameters of Table 4.4 for the
G,=0.5 and Table 4.5 for the G,=0.8 cases.

Figure 4.28 shows the four studies performed in this section, in all of them the power
flow is varied from 1 pu power received by NW; to 1 pu power received by NW,. Fig-
ure 4.28(a) and (b) demonstrate how the peak current stress and the percent capacitors
voltage peak-to-peak ripple in the upper and lower phase a arms, respectively, change
while varying the power flow, at a ratio of G,=0.5. These plots show symmetry about

the P;.1=0 operating point, which is expected according to the literature in DC/DC
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Figure 4.28: Loci of steady-state studies for the phase a upper and lower arms: (a) arms’
peak current stress for G,=0.5; (b) percent capacitor voltage ripple for G,=0.5; (¢) arms’
peak current stress for G,=0.8; (d) percent capacitor voltage ripple for G,=0.8

conversion with this G, ratio, as presented in [70]. Figure 4.28(c) and (d), meanwhile,
show the same parameters but with a ratio of GG,=0.8, and, as expected, the upper and
lower arms are no longer subjected to the same stresses. These results can be used to
properly design a practical converter, i.e., if the currents in the arms exceed the limits
of the devices to be used, or if the voltage ripple is to be kept within a certain limit, the
proper measures can be taken by analysing the operating ranges to which the converter

will be subjected, and designing accordingly.
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4.3 Chapter Summary

In this chapter, the derived DPMs for the four topologies of interest in this thesis
have been subjected to steady-state and varying parameters studies, for different DC step
ratios GG,. For the steady-state studies, different operating points have been simulated for
each converter, where the power injections to the external networks have been specified,
and waveforms for several steady-state quantities in the converters are examined. For
the varying parameters studies, a variable in the operating point is step-varied through
a predetermined range with the goal of observing how these changes affect converter
performance, i.e. capacitor voltage ripple and current stress in the arms. In all cases,
the converters’ behaviour validates the theoretical information presented in Chapter 2,
including the harmonic components that are required in specific converter’s tasks, and
the power transfer mechanisms present in DC/DC and DC/DC/AC conversion processes.

The shown studies are only a small sample of all the studies that can be performed
using the DPMs, which provide insight into the operation of these novel converters, and

demonstrate the versatility of the developed models.
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Chapter 5

Conclusion

As DC transmission gathers increasing interest as another viable way for transmission
and distribution of power, hybrid AC/DC grids appear to be the power system of the
future. The technology to link AC and DC systems, as well as different levels of DC
systems, will become ever more crucial as the currently AC dominated transmission and
distribution systems require interconnection with HVDC and MVDC systems. MMC
converters with the ability to simultaneously perform DC/DC and AC/DC conversions
are attractive devices that can help realise future highly meshed hybrid AC/DC grids.
This thesis has undertaken the task to develop and validate benchmark models that the
research community can utilise to study the emerging classes of DC/DC/AC and DC/DC
MMCs.

5.1 Contributions

This thesis provides the following core contributions:
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1. An af0-frame TAM of a generalised MMC structure is derived that includes mul-
tiple harmonic components to capture the different power transfer mechanisms in-
volved in AC/DC and DC/DC conversion processes. This unified model is used to
represent two different DC/DC/AC MMC topologies; minor modifications are then
made to adapt this model to represent two different DC/DC MMC topologies. All
four TAMs permit the user to specify all the impedances in the converters structure
and at the ports, as well as balanced or unbalanced networks’ voltages, and values
for arms’ number of cells and capacitances, which can be different between the up-
per and lower arms. This provides a wide range of versatility for converter studies,
and improves on the conventional modelling of converters, where upper and lower
arms’ capacitances and cell numbers are traditionally set to be equal. The derived
TAMs show excellent agreement with PLECS switched model simulations.

2. The aforementioned benchmark aS0-frame TAM can be used by researches to study
the DC/DC/AC and DC/DC classes of MMCs. This thesis uses the TAM to derive
a unified a0 DPM that accounts for DC through third harmonic components,
providing a time-invariant (at steady-state) non-linear model that can be used for
a wide range of studies not easily performed with the TAM. These models offer
the same versatility provided by the TAMs. Similar to the TAM, the unified DPM
is then manipulated to create four different models for DC/DC/AC and DC/DC
MMCs, which show very good agreement with the derived TAMs. This thesis
focuses on using the DPMs for steady-state operating point analyses of the four
different MMC topologies. Interestingly, this work reveals the DC/DC/AC DPMs
accuracy is somewhat sensitive to the chosen capacitance in the cells, suggesting an
even broader spectrum of harmonic content has to be selected for the DPM when
a small amount of converter internal energy storage is desired. The DC/DC DPMs

did not demonstrate any such sensitivity to internal energy storage.
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3. A comprehensive solution procedure is formulated that allows a user to solve for
any desired operating point for the DPMs, yielding the full set of open-loop mod-
ulating signals and full state solution, while only requiring the user to input basic
data such as port power injections and terminal voltages. This is not possible to
achieve using only the TAMs. The solution procedure is essential to exploiting the
DPMs for study of the converters’ steady-state operation in a systematic manner,

as demonstrated with various case studies in this work.

5.2 Future Work

This work presents groundwork for more research into DC/DC/AC MMCs to be
made. The developed models provide a sound foundation for future work in HVDC,

MVDC, and hybrid grids. A few tentative future works include:

1. Experimental validation of the DC/DC/AC and DC/DC DPMs, and investigation
into the potential to adapt the solution procedure equations to real-time predictions.

2. Investigate the addition of harmonic components to the modulating signals embed-
ded in the DPMs to study capacitor voltage reduction techniques and suppression
of unwanted harmonic currents.

3. Carry out small-signal stability studies and explore the use of conventional linear
control design tools such as root locus and bode plots, via linearization of the
DPMs.

4. Study the capabilities of the presented models utilising full-bridge submodules.

5. Investigate the use of the DPMs for accelerating simulation of their switched-model

counterparts.
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Appendix A

DC/DC/AC TAM Matrices

The following matrices are for the DC/DC/AC TAM given by Equation (3.31). To
reduce the size of the given sub-matrices, several constants are defined as C,,, , where
“xx” describes the type of constant, i.e., “RL” for a constant with units of resistance times
inductance, and “y” takes values of 1,2,3... depending on how many variables share the
same unit type. Since the A sub-matrices are of considerable length column-wise, they
are divided in several matrices that are numbered with a superscript with only one digit,
counting from left to right. The model in Equation (3.31) is repeated here for reference

as:

d | Xz Ay Al | X N
dt X* A21 0616 X* 06:1:5
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Covr =12+ 9LyLy + 9Ly Ly +9LyLe + 6L1Le + 6LyLe + 6LoLe + 4LaLe + 3LyLg 4+ 9LyL,
Cra = 3(3L Ry — BLoR —LaRi—L,Ro + LoRy)
2L, + 3Ly,
Lg+ 4L +6Ly,

Croz = 2LgLy + 3Lalyy + Lol + 4L, Ly + 6Ly, L,
Criz = 9L, Ry — 9LyRy + 3L Ry — 3L,R; — 3L,Ry + 3LoR, — 12L,R, + 12L,R, + 18L,R, — 18L,R, — 18L,R, + 18L.R, + 12L,R,, — 12L,R,,
Criz = 9Ly Ry + 9LoR, + 3L Rg + 3LRy + 3LyRy + 3LoRy + 181, R, + 18L,R, + 12L1 Ry, + 12L,R,, + 2LoR, + 12LoR, + 8LoR,,

Crn =

A:lz = [1‘.1:1[2 A;fz]

_ 2Mgo + My, My My
2L, 2L, Lq
_ Mz _ 2Mzo + Myq _Mzp
2L, 2L, L

3Myq(Ly — Lo) —2Mya €y
2L, (2L, + 8L,)Cpy,
_ (2Mpo + Mpo)(2Le +3L1)

3Map(Ly — Lo) — 2M5pC
2L (2L, + 8L, )Cpyn
Mpp(2L, + 3Ly)

a
3Mpqo(Ly — Ly) — 2M5oCy
2Lg(Lg +4L)Cpyr
2Myo(2L, +3L,,)

‘1 CLLZ CLLZ CLLZ
A, = Map(@Lo + 3Lm) (Mo + Mao)@Le +3Lm) 2Mp(2Le +3Lm)
Map(2Lo + 3Lm) _ _ 2Map(Le +3Lm)

CLLZ CLLZ CLLZ

_ LS(ZMAO + MA::) MAHLS _ ZLSMArX
CLLZ CLLZ CLLZ
Criz Criz Criz
Mya(ls — L) = 3LaMaq () 3Mup(ly = L) = 3LaMag (52) 300 (L — L) — 3LaMa (£52)

La(2La + 8Le)Cpyz

La(2Ly + 8L )Cpyz

L(2Lq +8L,)Crus

o _ (3li+3Lay ¢ 3Ly +3Lp + 121 (3Ly — 3L,)?
””2_( 2Ug+1 )( 2L, + 8L, ) 4L (L + 4L,)
c 3Ly +3Ly+12L 1\
L_( 2L, + 8L, + )( at4le)
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Mg
I,
Mg Myg
- 2La - Lﬁ C
M — 2M 4o Cy,
Mo + Msa Mo+ Mo 3Myo(Ly Lz),; )Cru
T T c L, (L + 4L, )
— 2Mﬂ.ﬁ L 2L, + 3L,
—Ly) (2L,
M&B 3M ﬁ(Ll 2 ZME'X
2L, 3 (2Lq + 8L)Cpuz *TL]
Ly = Lp) = 2My, 0y 211:\‘; p(2Le + 3Lm) 2My5p(2Le + 3L
- 5
TR T m G
2La (2L, + 3Lp,) 2L, + 3L, M
“ Myq) (2L, + Mz )(2L, 2LsMze
o * ¢ (2Mz0 Cue T
_ LL - L
Myg(2L, +3L,,) MggLg 2LsMzp
g =P s *C— .
iz _ —_— L +
A%, Cue Cuia ) t 51—2-)
Ls(2Mso + Mra) oMo * Mra (L~ La) = 3Labso (75
—T 7TL + L 3Myo(Ly Cru h
-1 2 SLe) P
Mepls L) = 3LaMyp (-7%) La(2La +
Chy L) 3Mya(y — Lo
L L+ Ly B + 8L.)Cpya
L) —3LGME"(LG+2 La(2La i3, A3 (Nu)(M g+ Mzg)
Ly —L, i3, A%, A3 A M)
3Mpq(Ly ) 02, A3, A3 Msp) =75 —2M, e
La(2Lg + 8L )Cpy Ay =AY, 423, A2 ( El) (Mg — My i (2M o+ My — 2Mgg —
“ “ * Msg) — (T
. 4 My — 2Myy — Myy) v Mg+ My + 2Mg + i )(MM M)
Mgg + Mg, ) — (m) (#Hae (46 ) ( (_) (M“” + MEB) - (4 M 5= Mrﬁ)
- )(ZMAOJrMAHJrZ B (Nu)(MABJrMEB) Myp + Mygg) — ( [)( ’ + 2Mgy + Mzq)
( ( )(M"ﬁ e~ v (Maq — M) (4Cu)( v )+ ( o )(2M4°+ M
Cl aci) Max “ 4
) (Mg + Mye) = (4”) My + 2Myo + Mya) NI  Maa = 2Mz = M )(Maa Mzp)
( ) )(2Man+ a ( t) (2Myo + M) + (5
Msa) *( 4c ( =) (Mag
jiL, = + Maq — ZMyo — )(MAB Myg) Aru
A )(ZMIJﬂ Nu +Mzg) - (ﬁ
acl (7) (Myp ( )(M Mya) (m)(MAﬁ,Mm)
_ e — N
+ Msq) — 2C1
() O+ Me) + (5 (o) Otaa + 1 (357) ¥ap — M)
o )-zg
(ﬁ) (Mag + Msg (ZN ) ) (Myo — Myg)
)~ \za
Nu)(M + My, 2 )
— N1 Mse
(zcu _) My
iz _ o)+ 1
A3, (&) (M + My, EZNE ) (Mg — Myp)
AL
(N )(M4a+ Msg) ZN:)(MAa Myo) ( )(MAB Mgg) :
el ~\sc1 Mg
(3] tao 43100+ (55 ~(52) ¥ap + M) (Nus (2Mao + Maq + 2Ms + My
o) *\gey
+ Maq+ ZMgo + Mre) NI 2Mao + Maa = 2Ms0 = My M ) (Map = Mzp)
Mgg) +(;V )(ZMM (SCI)( A )(MAB + Mzg) +( i[ + M)
Za. _
N (2Myo + Myq — 2Mgg — ( )(MA.B Msg) ( M) - ( u) (Mg 2y — M)
(Sa) (N ) (ap w0 = 5 - Myo) (sci) or™ (ﬂ) (Mo + Mae =
8Cu, — My +Msa) = g
( )(M““ +Mra) ¥ ( i\": (Mg + Mye — 2Mgo — My Nu) (2Mpo + Myq + 2Mgo )— (ﬂ) (Map — Myp)
— 20 T M 8CL
Mo + Msy) — (sc ) (s ﬂ) (Mar + Myp " gy
1M o + My +2My N“)(MM*ME”) ( l)(MAB M)
A (gza) @ N Mep) ~ (5 ) ) Mg+ Msp) — (g7 Msa + 2Mso + Mza
(gci) (Mas = ( N ) (Mag — My (sL‘u " ( Nu ) (2Mao +
8Cl. ) T\gcu
(_) (Maq + Mso) — (5 My, + 2Mgy + Mg, Wy o+ My — 2Myg — My C ) (Map — Mep)
iz A
Ms,) + (évct) (#Mao (afi) ( ( ) (Mg + Mzp) + ( o + Mgg)
(2Mao + My = 2Mo = ad )(Mﬂﬁ ~Vae) sCu Mgg) — (gCu) (Map 2My — Myg)
(g(jl) NN (Mg + Msg) — 8Cl y ( )(MA.B MY 2Myo + My, —
(sm)( 2 - ( m!) (Mg — M e 8cl o+ ) (ﬁ)( )
Le 0
(C )(MM*M:“ E['VCE)(ZMM+MM,2MN (N”)(zMAa"'MA"-F = )7(£)(MAB’MEE
- Nw
. +2Mzo + Myo) = (gcl Mzg) . (N ) (o M
. = Mag Nu + My,
ASy (&) (2My + l;v Myp) - ( Cu) (Map
8Cu (scl) (Mag — NI ) (Maa — Msa)
( ) (Mag + Msa) = (ﬁ
BCu

8C1L
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Nu
() Maa+ Mza) + (37) (Mea = M)
Nu NI
(H) (Myp + Mgg) + (ﬁ) (Myg — Mgg)
Nu NI
X (m) (Mao + Myo) + (m) (Mo — Myo)
Agl =l N
u N1l
(35s) M+ M) = (577) Paa — Ms)
Nu NI
(3) Map + Msp) = (357) Mg — M)
Nu NI
(m) (Mag +Mgo) — (ﬂ) (Mag — Mgo)
0 0 0 0
0 0 0 0
3Ly + Ly + 4L, + 4L, 3(Ly — Ly) .
20 3La(La + 4Le)Cpua
-1
0 0
Ly + LoCpys
-1
0 0 0
Ls+ LaCpy
La
0 0 0
Cut
Lo
0 0 0
Criz
_ 3y —Ly)
3Ly + L, T, 72 . .
Cu (Lq +4Le)Cpy
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Appendix B

DC/DC TAM Matrices

The following matrices are for the DC/DC TAM given by Equation (3.34). To reduce
the size of the given sub-matrices, several constants are defined as Cygy, where “xx”
describes the type of constant, i.e., “RL” for a constant with units of resistance times
inductance, and “y” takes values of 1,2,3... depending on how many variables share the
same unit. Since the A sub-matrices are of considerable length column-wise, they are
divided in several matrices that are numbered with a superscript with only one digit,
counting from left to right. The model in equation Equation (3.34) is repeated here for

reference as:

— r + |:W*

i X; Allr AlQr X; Nr } (B 1)
dt XZ A21r 06936 X;k; 06:05 ’
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Rﬂ
4 0 0 0 0
Lq
Ry
0 -2 0 0 0 0
La
U 0 _ CRLI 0 0 CRLZ
A - 20y, 4Cpq
Tl 0 0 ~Fa — 4Ry 0 0
L, +4L, + 6L,
—R,— 4R,
0 0 0 0 e Tw
L,+4L, + 6L,
C C
0 0 _ RL4 0 0 _ RL3
CLLI ZCLLI-

Crr = 9LiRy + 9LoR; + 3LyRy + 3LoRy + 3LyRy + 3LoRy + 12L,Ry + 12L.R; + 18L.Ry + 18LRy + 2L R, +8L.R, + 12L(R,
Copn= L4+ 9L Ly + 9L, Ly +9LyL, + 6LyL, + 6LyL, + 6LoL, + 4LgLe + 3L,L, +9L,L,

Cris = 3(3L Ry — 3LR —LoRi—LyRy + LoRy)

Criz = 9L1Ry — 9LoRy + 3L Ry — 3LoRy — 3LyR, + 3LoRy — 12L Ry + 12L,Ry + 18L,R, — 18L,R; — 18L,R, + 18L Ry + 12L,R,, — 12L,R,,
Criz = 9LiRy + LR, + 3L Ry + 3LaRy + 3LyRy + 3LaRy + 18Ly Ry + 18L,R, + 1214 Ry, + 12L,R,, + 2LoRy + 12L,R, + 8L,R,,

_ 2Mgq + Mz, _ Mgg _ Mz,
2L, 2L, L,

_ My _ZMzo + Mza _ Mz
2L, 2L, L,

3Maa(Ly — Ly) = 2My, G,
2Lq(2Lg + BLy)Cruz

Alzr = [A.%Zr A%Zr]

3Myp(Ly — Ly) — 2MypC,
2L, (2L, +8L.)Cron

3Mpo(Ly — Lp) — 2ZMyoCy,
2La(La +4Le)Cpyp

Aty =  Ls(2M gy + Myg) Mgl 2LMy,
Criz Criz Criz
Magls L (2Mag + Mya) _ 2LsMag
CLLZ CLLZ CLLZ
Li+ L Li+ L Ly+ L
3Myq(ly = L) = 3LaMaa (P F)  3Msp(ly = L) = 3LaMag (F-7F)  3Mso(ly — L) = BLaMyo (-7 F)
La(2La + 8Lo) Cry La(La + 8Lo)Cryz La(2Lg + BLo)Crz
p 7( 3L1+3L2)( 3Ly + 3L, + 12Lt)7 (3L, — 31,)?
PUZ T 2L, + 1 2L + 8L, 4Lg(Lg +4Le)
3Ly +3Ly+12L,
"( 2L, + 8L, +1)(‘L“+4L")
_ 2Mypt Myg My My,
2L, 2L, Ly
_ Mg _ 2Myg + Myg _ Myg
2L, 2L, L,
3Myq (Ly = Ly) = 2MaaCy 3Myg(Ly — La) = 2MyeCy Mo (Ly = L) = 2MaoCy
” 2L4(2L, + 8Lo)Cour 2L, (2L, +8L)Cpy> 2L, (Lo + 4L.)Cruz
Arzr = _ Ly(2Mzp + My,) MzpLs _ 2LsMgq
CLLZ CLLZ CLLZ
Msgls _Ls(@Mso + Myo) _2LsMsp
CLLZ CLLZ CLLZ
Li+1L L+ L L+ L
3Maally — Lz) — 3LaMyq (T-75)  3Map(l — Lo) — 3LaMyp (T F)  3Mao(Ly — Lo) = 3LoMyo (7-55)
La(@La +8Le)Coua Lo(2L, + 8L)Cru2 La(2Ly + 8L.)Cru

i = [Al1 12 i13 j14
Apir = [Ad] A3, AR, Al
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il
Ay

13
Azlr

Nu N1 Nu
(35) 2Mao + Maq +2Mso + Mz) = (37) Moo + Maq = 2Mzo — M) (agy) Map — Mo — (o) Mg + M)
Nu Nu
() Mo = M) = (o) g + M) (o) @M+ M+ 2Mg + M) = (7)Mo + Mo~ 2My = M)
Nu Nl Nu NI
(i) M + M) — (575) (M — M) (35) (Mag + Msg) = (57) (Mg — M)
Nu Nl
(1) Mo+ Maq — 2Ma — M) + (g1 ) Moo + Mo+ 2Msg + M) ~ (o) (Mg + Mg~ ( ) (M — Mzp)
(4Cu) (Mag+ Myg) — (m)(i\«tM Myp) (m) (2Myg + My, — 2Mgy — Mzg) +( )(2M40+ My + 2Mgg + Mz)
(35) Mo+ Mo + (377) (Ml = M) (355) Map + Msp) + (35) (g = M)
Nu NI N
() e e = (5) s mz)] [(3) Ot a0+ (35) 01— M):a)}
|/ Nu NI |/Nu
I( son) Mg + M) = (57) Mg = M:B)| I(m) (Mg + M)+ () (Mag M) |
Nu NI N NI
| (a0) Mao + Ms0> = (377) (Moo = Mso) | | (325) (a0 + Mzo) + (577) (Mo — Mo !
Ay = |4l =
(Y (gt M) + () 5| Y 0y M) — () W~ M|
1\2¢u 2cl 1\acu 4cl |
|/Nu NI |/ Nu NI |
(g2 0+ M0+ (37) = e0] (i) s+ )~ () 00—
Nu NI
l(z o) (M Meo) + () (g — o | l(m) (Mao+ Mzo) — (77) (Moo = M)
NI u Nu
(o) (Mo + Mo~ Mg~ M)+ (o) (2 + M + 2M + M) (5 (M + M) — () (Mg — M)
u Nl Nu
~ (o) (M + M)~ (SC[) (Mg~ Myg) (g7) 2Man + Maq = 2Msg — Mso) + (o) (2Mag + Mg + 2y + M)
Nu u 1
(3e) (e + M) + (357) (M — M) () g + M) + (575) (Mg — M)
Nu u
(o) (2 + M+ 2+ M) — () (2 + Mg — 2Mo — M) (o) Mg — M) — (o) Mg + M)
Nu Nu NI
(m) (Mag — Mzp) — () (Map + Mzp) () (@Mao + Mg + 2Mzo + Mz) = () (2Ma + Mg — 2Mso — M)
NI NI
(55) M+ M) = (575) Mo = M (3s) (Mas + Msp) ~ (55) Mg = Meg)
0 0
0 0
3Ly + Lo + 4L, + 4L, 3(Ly — Ly)
20y 3La(Lg + 4Le)Cpy
] 0 0
N, = 0 0
0 0
0 0
_30a—1y)
3L, + L, "
Cu (Lg+4Le)Cpy
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Appendix C

DC/DC/AC DPM Matrices

The following matrices are for the DC/DC/AC DPM given by Equation (3.57) . To
reduce the size of the given sub-matrices, several constants are defined as C,,, , where
“xx” describes the type of constant, i.e., “RL” for a constant with units of resistance
times inductance, and “y” takes values of 1,2,3... depending on how many variables
share the same unit. This model includes second and third harmonic components for
the modulating signals, but due to time constraints they were not investigated in the
thesis’ body, and are always set to 0 for simulation purposes. The model in equation

Equation (3.57) is repeated here for reference as:

~ %

. _ ~11 12 il [W } 7 (C.l)
X, Ao 09000 | | X, 02245
i | A A A A A AR Al
[0 AR A3 A2 A3 A% AY
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Ra o o o o o o]
L,
Rq
w0 —-2 0 0 0 0 0
Lq
R,
0 =% 20 0 0 0 0
Lq
R,
0 0 20 --2 0 0 0 0
ALl — Lq
11 Ra
0 0 0 0 -7 -w 0 0
a
Rq
0 0 0 0 P 0
Lq
0 0 0 0 0 0 -2 20
a
R
0 0 0 0 0 0 P R
L,
[ [0]axs ] [ [0]16x3 ]
| Cret 0 0 | | Crua 0 0 |
IZCLLI I I LL1 I
_'12: C -22: C
A=), R 3w [T o LR
I 20y I I Crry I
C C
| © 3w — R“J | 0 0o =
2Cy, Cria

Criit = 9L1R; + 9LaRy + 3L1Ry + 3LgRy + 3LaR, + 3L4R2 + 12LRy + 12L Ry + 18L¢Ry + 18LiR; + 2LgR, + 8LRg + 12L:R;
Cys = 12+ 9LyLy + Ly Ly +9LyL, + 6L 1Ly + 6LyLy + 6LyLy + 4LoLy + 3L,Ly +9LyL,
Crea = 3(3L Ry — 3LRy + LiRy — LaRy — LRy + LgR5)

[0]11x4
R; + R,C
K aCpui o 0 0
Lg+ LaCpyy
Rs + RaCpu1
- w _— 0 0
AB = Ls+ LyCpy
R, +R,C
0 0 _'s a-PU1 2w
Ly +LaCppn
0 0 20 _Rs * Ralpun
Ls + LaCpyy |
[0]xa 1
_ LsRa - LaRs 0 0 0
Criz
0 _ LsRa - LaRs 0 0
AB = Criz
1 0 0 LsRa — LaRs 0
Cria
0 0 0 LsRaC LgRs
LL
[0]7:c4 4
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[0]15xa
Rs + REICPU
— —w 0 o
L+ LoCpyy
Rs + Ralpun
- — 0 0
All= ¢ Lg + LaCpyy
0 0 _ Rs + RaCpyy e
Ls + LaCpun
0 0 20 _ Rs+ RaCpyy
Ly + L,Cpyq
[0]414
_ LsRa — LaRs 0 0 0
Criz
o LRk, i )
A = Criz
- 0 0 LsRa - LaRs 0
Criz
LRy — LaRs
’ ° 0 T Cue
[0]314
[0] 114
2L4Ry — Ra(2L, + 3L
a‘‘*w ﬂ( e m] 0 0 U
Cria
2L, R, —R, (2L, + 3L
15 0 aw ﬂ( e m] 0 U
Ayl = Crra
. ) 2LgRy — Ry(2Ly + 3Lp,) .
Criz
\ . . 2L4R, — Rg(2L, + 3Ly)
Criz
[01414
LeRg + 4LsR,, + 2LoR,,
— —w 0 0
Criz
LRy + 4L;Ry, + 2LR,,
w - 0 0
425 = Criz
i o . LRy + 4LR, + 2LaR,, s
Criz
o o v | LyRa LRy + 2LaR,,
Criz
[0]714
c 2L, + 3L,
PUL = T L Al el
Lo+ 4L ,+6L,,
Cip =2LgL, + 3L Ly + Lyl +4L L + 6Ly, L
[0] 154
2LaRy, — R (2L, + 3L
attw ﬂ( e :m) U U 0
Criz
y . 2L,R, — Ry (2L, + 3L,,) . .
Al = Criz
. . 2L4R, — Ra(2L, + 3Ly) .
Cria
. . . 2L, R,y — Ry(2L, +3L,)
Criz
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[0] 44
LsRg + 4LsRy + 2LaRyy
- —w 0 0
Criz
Y _ LRq +4L,Ry + 2LaRy o o
26 — Criz
1 o . LRy + 4LsRy + 2LaRyy 5
- —2w
CLLZ
o . e LR + 4LR,, + 2L,R,,
CLLZ
[0]31(4
[0]gxa [0]16x3 1
Creiz 0 0 _ Crea 0
_ 4Cp1q _ 2Cp1
A}l = Criz A2 = 0 _ Criz 30
4Cppy 20
Cri2 Cre3
0 0 0 3w -
4Cppq 2Cpp4 ]

Criz = 91Ry — OLoRy + 3L R, — 3L,Ry — 3L,Ry + 3LoRy — 12L Ry + 12L R, + 18L,R, — 18L,R, — 18L,R, + 18L,R, + 12L,R,, — 12L,R,,

Cuiz = OLyRy + 9LoR, + 3L Ry + 3LRy + 3LyRy + 3L Ry + 18L, Ry + 18L,R, + 121, R,, + 12L,R,, + 2L, R, + 12L,R, + 8L.R,,

oy Mp AR AR A A Ay A AR AW
Ap=|Af A AR Ay AN A AR AN AR A
Af; A AR AY AR A A3 AR AR AR
_M§ Mg, _ ME
L, 4L, 4L,
mi g5 mit
4L, Ly 4L,
g mal it M3
2L, 4L, 4L, 2L,
M Mg Miy il
4L, 2L, 2L, 4L,
Mgy Mz
4L, 4L,
Mgz 7M§g
4L, 4L,
Mg _M;;
4L, 4L,
1
Mz Mgp
4L, 4L,
M;:I;(3(L1 - Lz]) . M;élr CL M&;(3(L1 B Lz)) . M;;-CL
8Cpy (I3 +4L,L,)  4Cpy, (12 +4L,L,)  8Chy, (123 + 4L,L,)  4Cy, (14 +4L,L,)
MigB3(Ly = Lp)) Mgq Cy M3z €,  MErB(Ly — Ly))
8Cpy (LG +4LaLe)  4Cpy (LG +4LgL,) 4Cpy (L3 + 4LgL,)  8Cpy (L + 4LaL,)
MizBUi— L) MG Mia(B(Li—Lz))  MpC,
| 8Cpy (I3 +4Lale) 4Cpya(L2 + 4Lale) 8Cpy2 (L2 + 4LgLls)  4Cpy (L2 + 4Lale)]
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3L, + 3L, 3Ly + 3L, +12L¢
Cpiz = ( )(

(3L, — 3L,)?
2L, +1 2Lg + 8L, ) 4L(Lg + 4L,)

C_(3L1+3L2+12Lt 1) v
vE\T 2, rer, ) (atile)

My Mgy My M
2L, 4L, 4L, 2L4
Mz M3 Mgy Mg
4L, 2L, 2Lg  4lLg
Mdc
_ Mo 0
Lq
0 _ Mg
Lﬁ
Msp Mg
F12 _ 4L, 4L,
12 ML Ml
_ Msp ip
4L, 4L,
0 0
0 0
MiaB(Li— L))  MgpC Miz(3(Li—Lp)  MizC,
8Cpu2(L% +4Lale)  4Cpya(Li +4Lgle)  8Cpya(li + 4Lale)  4Cpya(Ly + 4Lgle)
M BULi—L))  MuG MigC,  MEzGB(Li—Ly)
8Cpua(la +4Lale)  4Cpun(L3 +4Laly)  4Cpua(Lh + 4Lale)  8Cpya(Lh + 4LaLe)
Miz(3(Ly — Ly)) M;q Cy

B Mp(B(Ly — L) Mg Co
8Coun(L3 + 4LaLe)  4Cpup(LG + 4Lale)  8Cpya(L3 + 4Lal,)  4Cpy (L3 + 4Lal,)]
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MZII

R Mg
4L, 4L,
MZ; Mgy
4L, 4L,
Mgy _M§§
4L, 4L,
Mg Mz}
4L, 4L,
Mg MG Mz
L, 4L, 4L,
A13_ M)% Mgg Mz‘zgf
12 — — —
4L, L, 4L,
My Mg Mg M
2L, 4L, 4L, 2L,
Miz M3t Mz Mgy
4L, 2L, 2L, 4L,
Mip(3(Li—L2) Mg} Cy ML, — L)) M35Cy
8Cpua(LE +4Laly)  4Cpyz(L3 + 4Lole)  8Cpyz(L% + 4Lale)  4Cpyz (L2 + 4LgLe)
Mip(Bla = La)) Mz} Cy M3FC, _ MEFBU L)
8Cpua(lh +4Lale)  4Cpu(L3 + 4Lole)  4Cpyr (L3 + 4Lgly)  8Cpyy(LE + 4LoLy)
MigBUi—L))  MgC Myp(BUi—L))  MgpC
8Cpua(L +4LaLe)  4Cpup(L3 + 4Lol,) BCpup(Lh+ 4LgL,)  4Cpyz(LE + 4LoL,)]
11
Mzg Mz
4L, 4L,
Mg Myp
4L, 4L,
0 0
0 0
My Mg Miz M3
2L, 4L, 4L, 2L,
_Mp Mg Mo | M
) 4L, 2L, 2L, ' 4L,
Az = Mgs .
-
Mdc
0 _0
Lo
MEEGB(Li— L) Mz C, MizB(Li—Ly) MZ5C,
8Cpu2(I2 +4LaLe)  4Cpyz(L3 + 4LgLe)  8Cpuz (I3 + 4Lale)  4Cpyz(L3 + 4LoL,)
MLy —L3)) Mg} Cy Mjz C, MU~ L)
8Cpy2(I% +4LgLe)  4Cpyp(LE + 4Lal,) 4Cpyz (L% + 4LaLe)  8Cpy (L3 + 4LgL,)
Mi(3(Ly — Ly)) M35 Cy Myh(3(La — L2)) Mgzp Cy

8Crua(1 + 41,1 4Cpy (12 + 4L,L,)
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8Chyz (L5 + 4laly)  4Cpy (I3 + 4LoL,)]
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110 20
_ Mra _ Mra
Lo 2L,
My M3
La 2L,
M M)
La 2L,
Mg Mgz
La 2L,
10 2l
-~ Mrﬁ _ ME.B
La 2L,
My Mg
La 2L,
21 1l
M M
La 2L,
M Mg
La 2L,

3MEE(Ly — Ly) Msc, MEV(3(Ly — L)) M3 CL

g
2L,
_udt
2L,
g
2L,
il
2L,
Mg
2L,

2zl

_ Mz
2L,
Mz
2L,

1l
Mz
2L,

M3l (3(Ly — L))

Ma Cu

20pun (1 + als)  Coua(IZ + Lale) 2Cpyp(LE + 4LaLly)  2Cpys (U + 4lgL,)
MLy — Ly) M C, MAS(3(Ly — Lp) mgsc,
2Cpya(L% + 4Lgly)  Cpya(Li 4+ 4LgLe)  2Cpya(LE + 4LgLe)  Cpyz (L3 + 4LgL,)

3Mag (L — Ly) M35 Cy

2Cpyz(LG +4Lale)  2Cpya(LG + 4LgLe)

0

MEG (3(Ly — L2))

M5 CL

20pp (L2 + 4LaL,)
Mz
4L,
MAZII
o
L, 4L,
M M3
4L, 21,
30 1]
MAO Mil.rx
2L,

dc
MA{I

4L,
M3z
4L,
Mjp
4L,
Mi%
4L,
Myp
4L,

Mz Cy

Cpyz (L% + 4LgLe) |

8Coya(L% + 4LaLy)  4Cpya (LG + 4LaL,)
Miz (B(Ly — Ly))

4Cpyy (L% + 4LgLy)  8Cpya (LG + 4LaL,)

Mjz C

2Cpya (L3 +4L,yL,) - Cpya (L3 + 4L4Ly) 0
Mg _ M
L, 4L,
Mz
4L,
_mmiL
2L, 4L,
Mz My
TaL, 2L,
2l
M3}
4L,
s = i
4L,
Mjg.
4L,
Mz
4L,
Mz (3(Li— L) Mgy Cy Miz(3(Ly — L))
8Cpya(Le +4LaLle)  4Cpya(Ly + 4LaLe)
MpaB(ly—Lp)) Mja Co M3z G,
8Cpya(La +4Lale)  4Cpy2(Lg + 4Lale)
M7z (L — L)) M3; Cy MZa(3(Ly = L3))
8Cpy2(Ly +4Lale)  4Cpya(L + 4Lale)
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8Chy2 (1% + 4LoLy)  4Cpya (LG + 4LaL,)]
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Mo Mg Mgz My
2L, 4L, 4L, 2L,
Miz Mg M3y My
4L, 2L, 2L 4L
MS5
- 0
Lﬂ
Mdc
0 _ A0
Ly
1l
Mg Mg
7= 4L, 4L,
Mg My
41, 4L,
0 0
0 0
Ma(3(Ly — Lg)) Mjqa Cy M3z (3(Li—Ly)) MizCy
8Cryz(L2 +4LaLe)  4Cpyn(L2 +4Lal.)  8Cpyp(L3 +4Lol.)  4Cpyz(L3 +4LoLe)
Mzy((Ly —Lp)) Mg Cy M}z C, _ Mi(3(Ly — Ly))
8Cpyz(L2 +4LoLe)  4Chun(L2 +4Lole)  4Cpyp(L3 +4LoL,)  8Cpyz (L3 + 4Lyl
Miz(3(y—L2)) MG MzaB(Li—Lp)  MuC
8Cpy (12 +4L,L,) 4Cpy (L3 +4L,L.) 8Cpy (L3 +4L,L,) 4Chy. (134 + 4L L))
2l
Maj My
4L, 4L,
2|l
Mz Mg
4L, 4L,
My M
4L, 4L,
M Myp
4L, 4L,
_ M Mg Mix
L, ' 4L, 4L,
_ M3z M5 M,
4L, L, 4L,
My Mig Mz Mg
2L, ' 4L, 4L, 2L,
Miz M3t M3y | Mg
4L, 2L, 2L, 4L,
Mzp(3(Li—Lg)) Myp Cy Mz (L —L2)) Mj5Cy
8Cpyz(L +4Lale)  4Cpyz(L2 +4Lole)  8Cpyp(Lh + 4LaLe)  4Cpyp(LE + 4LLe)
MpBLi-L) MG MipC,  Mg(3(Ly— L))
8Cpya(Lh +4Lale)  4Cpup(L3 +4Lal,)  4Cpyp(Lh+4LaLe)  8Cpyp(L +4LoLe)
Mig(3(Li—Ly)) MGG, MZ5(3(Ly — L2)) M Ce
8Cpyz(I4 +4Lale)  4Cpyp (L + 4Lgl,)
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8Coua (I + 4Lole)  4Cpyp(I2 + 4lL,)]



Ml

a8
4L,
Mg
4L,
0
0
M3y Mg
2L, 4L,
Mix Mg
N 4L, 2L,
A = Mg
La
0
MGy —L2)) My C,
8CPUZ(L%1 + 4LaLe) 4CPU2(L%1 + 4La’!‘e)
MgpB(li= L)) MG
8Cpya(I% +4Lgly)  4Cpy (12 + 4L,L,)
Mip3(Li—L2)) MG
8Cpya(14 +4L L) 4Cpy, (L2 + 4L,L,)

Wy ]
4L,
1l
MAB
4L,
0
0
Mi;  Mjg
4L, 2L,
May  Mag
2L, ' 4L,
0
_Mi§
Ly
MIF(3(Ly—Ly)) M5 Cy
8CPU2(L%1+ 4LaLe) 4CPU' (Lﬁ + 4Lal‘e)
MypCo  MggB(Ly— L))
4Cpya (L + 4LaLe)  8Cpya (13 + 4LoL,)
MypBli—La) MGy
8Cpya (L + 4L4L,)  4Cpyy (L2 + 4L,L,)]

Mg MR M

Lg 2Lq 2L,

Mg Miz M

Lg 2L, 2L,

MG Mg  Mi

Lq 2L, 2L,

Mg Mz _Mi

Lg 2L, 2L

1l 21

My Mg M

Lg 2L, 2L,

2|

My MZ} Mg

Ly 2L, 2L,

B Mj'g B Mj:j‘. B Mz

Lg 2L, 2L,

M3 Mg Mz

Ly 2L, 2L,

3MES(Ly — L) MEsc, M3l —1) M3 c, MEF(3(Ly —La) MisC,
2oy (L2 + 4gly)  Cpua(l3 + 4LoL.) 2Cpy (L3 +4LgL,)  2Cppp(L% + #LoLy) 2Cpu(Lh + 4LeL)  2Cpyn (12 + 4LgLy)
3MEY(Ly — L) M C, ME§(3(Ly — Ly) mgse,

2Cpu2(L2 + 4Lale)  Cpuz(LE + 4Lale)
3M3g(Ly — Ly) M3z Cy

2Cpy (L2 + 4Lale)  Coy (L2 + 4LoL,)
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2Cpu2(L3 + 4Lale)  Cpyz(L3 + 4Lale)

0

ME§(3(Ly — Lo)) Misc,

0 _
2Cpy (L +4Lale)  Cpy (L3 +4LaLe) |
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[ MES(4Le+ 6Ly) MPE! (2L, + 3Ly,)

M2l (2L, +3Ly)
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CLLZ 2CLLZ 2CLLZ
M2 (2Le + 3Lm) MS§ (4Le + 6Ly) ML (2L, + 3Lym)
2CLLZ CLLZ 2CLLZ
M3V (2Le+3Ly) My (2L, +3Ly)  Mir (2L, +3Lp) M3y (2L + 3Ly)
CLLZ 2CLLZ 2CLLZ CLLZ
_ Miz(2Le +3Lm)  M3g (2Le +3Lm)  Mjg 2Le +3Lm)  Myg (2Le + 3Lm)
2CLLZ CLLZ CLLZ 2CLLZ
Mjg (2L, +3Ly) M35 (2Le + 3Lp)
2CLLZ 2CLLZ
M3z (2L, +3Lpy,) Mjp (2Le +3Ly)
2CLLZ 2CLLZ
Myp (2L, + 3Lyy) MLk (2L, +3L,)
2CLLZ 2CLLZ
M35 (2L, +3Ly) My} (2L + 3Lpm)
2CLLZ 2CLLZ
[ M3l (2L, +3L,) Mi'@2L,+3L,)  M}E(2L,+3Ly,) MEF(2Le+3Lp)]
CLLZ ZCLLZ 2CLLZ CLLZ
M (2L, +3Ly,) M3FQ2L. +3Ly,)  Mil(2L, +3Ly) M3 (2L, + 3L,)
2CLLZ CLLZ CLLZ ZCLLZ
M5 (4Le + 6Lp) 0
CLLZ
0 _ ME§ (4L + 6Lyy)
CLLZ
Myp (2Lg + 3Ly,) M}h (2L + 3Lpy)
2Cio 20y
MG (2Le + 3Lay) My (2L + 3Ly)
2CLILZ 2CLILZ
0 0
0 0




123 _
A‘lZ -

A24 _
A12 -

Mpj (2Le +3Lyy,) Mi5(2Le + 3L,,)
2CLLZ 2CLLZ
M35 (2L, +3Ly,) M3j (2Le +3Lm)
2CL.[.Z 2C!..L
Mg}'j (2L, +3L,,) Mg (2L, + 3Lyy)
2CL.[.Z 2CLL2
Mj5 (2L +3Ly,) My (2L, + 3Ly,)
2Cy, 20y,
_ ME§ (4L + 6Ly) | M3y (2Le + 3Ly) M2L(2L, +3L,,)
CLLZ 2CLLZ 2CLLZ
M2:(2L, + 3Ly,) MES (4L, + 6L,y)  MR) (2L, + 3Ly)
2CLL2 CLL 2CLL2
M35 (2Le + 3Ly) | My (2Le +3Lwm)  Miz(2Le +3Ly) Mg (2Le + 3Lm)
CLLZ 2CLLZ 2CLL CLLZ
Miz (Lo +3Ly) Miy(2L,+3Ly)  Mig (2L +3Ly)  Myg (2L, +3Ly)
2CLL CLL CLLZ 2CLL2
My (2Le + 3Lm) My (2L + 3Lyy) 1
2CLL2 2CLL2
Myz (2L + 3Lyy) My (2Le + 3Lp,)
2 CLLZ 2CLL2
0 0
0 0
_ MF(2L, +3Ly) N Mpy (2L +3Ly) Mz (2L +3Ly)  MZg(2L, + 3Ly)
CLL 2CLLZ 2CLLZ CLL
Mg (Lo +3Lp) M35 (2Lo +3Lm) Mgg (2Le +3Lm) | Mag (2Le + 3Ly)
2CLL CLLZ CLLZ 2C.LLZ
Mg (4L, + 6Ly,) 0
CLL

MES (4L, + 6Ly,)

0
CLL .
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 Mjg (4Le +6Ly)  Mjy(2Le+3Ly) Mz (2Le + 3Lp)]
CLLZ CLLZ CLLZ
MM (4L, +6L,) M3L(2L,+ 3L,) M2! (2L, + 3L,,)
CLLZ CLLZ CLLZ
M2 (4L, + 6L,y,) M3 (2L, +3Ly) M} (2L, + 3L,,)
CLLZ CLLZ CLLZ

M3 (4L, + 6L,,)

MAL(2L, + 3L,,)

M;! (2L, + 3Ly)

CLLZ
Mg (4L, + 6Ly)

’CLLZ
- M3 (2L + 3Ly)

CLLZ
M2 (2L, + 3L
AR (2L, + m)

CLLZ
My (4L + 6Lyy,)

’CLLZ
M?2% (2L, + 3L
.-ﬂ,ﬁ’( et m)

CLLZ

CLLZ
Mg (4Le + 6Lm)

CLLZ
M;g (2L + 3Lp)

| My QL+ 3Lm)l

CLLZ
M5 (2L + 3Lyy)

CLLZ
M2 (4L, + 6L
_ .:1,(3( e T6Lp)

’CLLZ
M5 (2Le + 3Lp,)

CLLZ
Mg (2Lg + 3Lpy)
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CLLZ CLLZ CLLZ
[ MZE (4L, + 6L,,) M3 (2L, + 3Ly) M2 (2L, +3L,y,)
CLLZ 2CLL2 2'CLL2
MZL(2L, + 3L,,) MES (4L, + 6L,,)  M2) (2L, + 3L,,)
2 CLLZ CL L2 2 CL L2
M3} (2Lg + 3Ly) Mg (2L + 3Ly)  MiE (2L, +3Ly) Mis(2L, + 3L,,)
CLLZ 2CLL2 2'CLLZ CLLZ
ML (2L, +3L,) M3F(2Le + 3Ly,)  Ma) (2L, +3Ly) Mgl 2L, +3L,)
2CL!..Z CLLZ CLLZ 2'C!...[.Z
Mzj (2Le + 3Ly) Mz (2Le + 3Lm)
2C!..!..Z 2CLLZ
MZ5 2L + 3Ly,) Mzp (2Le +3Lm)
2Cy2 2C12
Mg (2L + 3Lp) M3z (2L, +3Ly,)
2CLLZ 2C.'_..[.Z
M}j Lo + 3Ly) Mgp (2L + 3Lp)
2'C!..!..Z 2CLLZ
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I
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[ M2l (2L, +3Ly,) M) (2L, + 3L,y)

MEL(2L, +3Lpy) M3$ (2L, + 3Lpy)]

CLLZ 2CLLZ 2C.[.LZ CLLZ
Miz (2L +3Lm) My (2Le +3Lm)  Mzg (2L +3Lm) Mgy (2L +3Ly)
2CLLZ CLLZ CLLZ 2CLLZ

MES (4L, + 6Ly,) .
CLLZ
. MES (4L, + 6Lyy)
CLLZ
Mg (2Le + 3L) MiE (2L, +3Ly)
2CLLZ 2C.[.LZ
_M§§ (2Le + 3Ly,) Mg (2Le + 3Ly,)
2C112 20112
0 0
0 0

Mz (2Le + 3Lp,)

M2z (2Le + 3Lpy,)
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2Cy2 20112
MZg (2Le + 3Ly) Mzj (2Le + 3Ly)
2C.0 2Cp2
Mgp 2Le + 3Lm) M3 (2L, +3Lay)
2CLLZ 2CLL
Mz (2Le + 3Ly) Mgfy (2Le + 3Ly)
2C, 20,
MES (4L, + 6L,,) M2\ (2L, + 3L,,) MZL(2L, +3L,,)
CLLZ 2C.[.L 2CLL
| M2} (2L, + 3Ly,)  ME§(4Lo +6Ly) Mgy (2L, + 3Ly)
2C112 Criz 2CLr2
M35 (2L, + 3Ly) N Mgy (2Le +3Lm) Mgz (2Le+3Ly) Mg (2L, +3Lp)
CLL 2CLLZ 2CLL CLL
M}r(2L, +3L,) M3F(L.+3L,)  M3l(@2L,+3L,) M} (2L, +3Ly,)
2'CLL2 CLL CLLZ 2'CLLZ




1210 —
A12 -

M;g. (2L, + 3L,,)

2 CLLZ

2Cu
0
0

M3z (2Le + 3Ly)

Mg (2L, + 3Lp,)
26'!..LZ

Mg (2L, + 3Ly)
2CLLZ

0
0

M3 (2Le +3Lm) | Mgy (2Le + 3Lm) Mgz (2Le + 3Lm) M3y (2Le + 3Lm)

CL L2

2CLLZ

2Cy
11 31 31 1l
M5y (2L +3L,,) Mz (2L, +3Ly) Myy (2L, + 3L,,) My, (2L, +3L,,)

CLLZ

CLLZ

2C112
MEE (4L, + 6L,,)
Cirz
0

[ Mgy (4L, + 6Ly)

MEl 2L, +3L,,)

CLLZ

2Cr2
0

Mg§ (4Le + 6Lyy)
CLLZ

B MEL(2L, + 3Lm)]

| CLLZ CLLZ CLLZ |
MLt (4L, +6L,) MZL(2L, + 3Ly) M2 (2L, +3L,,)
B CLLZ CLLZ B CLLZ
M2 (4L, +6L,)  Mil (2L, +3L,)  Mir(2L, +3L,)
a CLLZ a CLLZ a CLL

MZL (4L, + 6Lyy,)

MiL(2L, + 3Ly)

MY (2L, +3Ly)

CLLZ
Mgp (4L + 6Lyy,)

CLLZ
Mgg (2L + 3Lyy,)

CLLZ
MZE (2L, +3L,,)
. B e m

CLLZ
| Mg (4Le + 6Lp,)

CLLZ
2L
M5 (2Le + 3Lm)

CLLZ
M2} (2L, +3L,)|

Criz Ciio Cria
| MZj (4L, +6L,)  Mgp (2L, +3L,)  M3j (2L, +3Ly)]
Criz Criz Crp
M2} (4L, +6Ly)  Mi(2L, +3Ly)  Mih (2L +3Ly)
Criz CiL CL
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_2Mf 2M45 Ls th',‘{ Ls MELL,
CLL 2CLLZ 2CLL2
MEEL, 2M“L M,
2CLL CLL 2C.L.L
MibL, MiLLg ML, M3SLs
Ciiz 2Cy 2C1 Cria
Migls Mgl MigLs My Ls
2Cy, Criz Ciia 2C
M3 Ls M3z Ly
ZCLLZ 2C;12
M35 Ls MZE. L,
2C;, 2C
Mjg Ly MM L,
2Cy 2C;;
My Ly Mg L
2CLLZ 2CLL2
3Mgd (Ly—Ly)  Muh B(Li+ L) +2L)  3Mir(Ly—Ly) Mz (3(Ly+Ly) +2L,)
4Cpys (1% +4Lale)  ACpya(L3 + 4LgLe)  4Cpy (I3 +4Lgly)  4Cpy (L3 + 4LgLe)
3MZ, (Ly— L) Mz, (3(Ly + Ly) + 2L,) e (L1 — Ly) pa B(Ly + L) + 2L,)
4Cpy (Lﬁ +4L,L,) -'-}C'J.;Uz(l,fI + 4LgL,) 4CPU (LZ + 4LgL,) 4Cpy (LZ + 4L,L,)
Miz(Li—La)  Miz(3(Lai+ L) +2La)  3Mzg(Li—Ly)  Mig (3(Ly +Lp) +2La)
4cpu (L% + 4LgLe) 4cpuz(L£ +4LgL,)

4Cpy (IZ + 4LgL,)

2 CL Lz

3M5q (Ly— L2)

3
Mol
CL L2

MLy

4Cpy (LE + 4LgL,)

1
Mia Ls
2 CLLZ

Mai Ls

CLLZ

2MEEL,

CLL

0

Mj}} L,
2 CLLZ

M g Ls
2CLL2
0

0

_ Miz (3(Ly + Lp) +2L,)

_Migls

2Cy

Migls

CL L2

My Ls
CLL

Myo Ls

2CL L2

2

0

2MYS L,

CLLZ

ML
ZCLLZ
M‘lll L
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2CLL2

3Mfz (Ly — Ly)

0
0

_ Miz (B(Ly + Ly) +2Lg)

4Cpyz (L% + 4LgLe)
3Mzh (L1 = Lo)

4Cpya (L% + 4LgL,)
MjY (3(Ly + Ly) + 2Lg)

4Cpya (L% + 4LgLe)

4Cpy (LG + 4LglLe)

Mg (3(Ly + L) + 2L,)

3Mzz (Ly — Ly)

3Mjz (Ly— L)

4Cpyy (12 +4L,L,)

ACpy (12 + 4L,L,.)
M3% (3(Ly + Lp) + 2Lg)

4Cpyo(LE + 4L,L,)
3Mzh (Ly — L)

 4Cpyo (L2 + 4L,L,)
ML (3(Ly + Lp) + 2L,)

4Cpy (1% +4LgLe)

4Cpy2 (LG + 4LaLe)
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4Cpyp (1% + 4LoLe)

4Cpy2(LG + 4Lole)
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B

3Myg (Ly — L)

MZ" (3(Ly + L) + 2L,)

mE) L ML |
2012 20y
M35 Ly Mzg
2012 2CLL2
My Ls M 35 L
2ELLZ 2C!..a[.z
M5 Ls Mg L
2C!..LZ 2CLL2
2MASL, My L Mz L
CLLZ ZCLLZ 2CLL2
ML, 2M§§Ls My L
20,1, C Cuz 20w
MioLs  MagLs MisLs ML
CLLZ 2CLL2 2CLLZ CLLZ
MELs Ml MijLs Mg Ls
2CLLZ CLL CLLZ 2CLL2
3Mgh (Ly—Ly)  Map 3Ly + L) +2Lg)  3M3p(Ly —Ly) My (3(Ly + Lp) +2Lg)
4Cpy, (LZ +4LgL,) 4CPU2 (L2 + 4L,L,)  4Cpyp(I3 + 4LoL,)  4Cpy (I3 + 4LoL,)
3Mgh (L —Ly) My B(Ly+Ly) +2Lg) Mip(3(Ly+Ly)+2Lg)  3ME5(Li—Ly)
4Cpy, (Lg +4LgL,) 4c,,uz (L2 + 4L,L,) ACpyo(L% + 4LgL,)  4Cpyy (L2 +4L,L,)
Mg (Li—Ly)  MZF(3(Li+Ly)+2Ly)  3Mpp(Ly —Ly) Mz (3(Ly +Lp) +2Lg)
[4Cpyo (L2 + 4LoL,)  4Cpy (L2 + 4LgL,)  4Cpy (Lﬁ +4LgL,) 4CPU2(L5 +4L,L,) |
My L Mz Ls T
2CLLZ 2CLLZ
ML My L
2CLLZ 2CLJ[.Z
0 0
0 0
MgLs  MjgLs MizLls MigLs
CLLZ 2CJ[.LZ 2CLLZ CLLZ
MLy MiL ML, Myl L
T 202 Cus Cirz 2Cppz
_2M4GLs 0
CLLZ
0 _2MfGLs
CLLZ

3MZ5(Ly — L)

M35 (3(Ly +Lp) +2Lg)

4CPU2(L2 +al,L)
3Myg (Ly— Ly)

4c,,U2(L2 +4L,L,)
Ml" (3(Ly + Ly) + 2Ly)

4Cpy (LG + 4LyLe)

M5 (3(Ly +Ly) + 2L,)

4Cpyo (L3 + 4LgL,)
M;5 (Ly — Ly)

4Cpy (L%I + 4LaL9]
Mg (L1 — Lp)

4Cpuz(£ﬁ + 4LgL.)

 Mi5 3Ly + Lp) + 2Lq)

4Cpyy (L3 + 4L,L,)

3Myp (Ly — Ly)

" 4Cpy (L2 +4LgL,)
Myp (3(Ly + Ly) + 2Lg)

4Cpy (LG +4LoLe)

4Cpy2 (LG + 4LqLe)
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4Cpuz(£ﬁ +4LoL,)

4Cpu (LG + 4Lale)



I
[ST-

2mil L ML MGl
Ciiz Criz Criz
2MjgLs MigLy ML
ELLZ CLLZ ELLZ
_2Ma L Mg Ls _MiEL
Criz Criz Criz
_2MBL ML Mg Ls
Ciiz Ciia Criz
_2MzhLe ML ML,
CLLZ CLLZ CLLZ
2MIE L, MEL, ML
B Ciia Ciia - Criz
72Mjg L 7MA“L‘;L5 7Mj§L5
CLLZ CLLZ CLLZ
2Mig L Mg L _ MihL
CLLZ CLLZ CLL
IME(L, — L) MESGBLy+ 3Ly +2L)  3MEh(Ly — Ly) M3 3Ly + 3Ly +2L,)  3MEF(Ly—Ly)  M3(3Ly+ 3Ly +2Ly)
Cpy (L +4LgLe) B Cpya(L + 4LgLe) 2Cpyz (L + 4Lqle) B 2Cpy (L + 4Lgle) 2Cpy (L + 4LolLe) B 2Cpy (L3 +4Lqle)
3MaN(Ly — L) M (3Ly +3Ly 4+ 2Ly)  3MES(Ly —Ly)  MSS(3Ly + 3Ly + 2L,) 0
Crua(lh +4Lale)  Crua(lh + 4Loly) Cru LA+ 4Lale)  Cpy (L& +4Lgly)
3IM3F(Ly — L)  Mag(3Ly +3La +2La) IMEE(Ly — L) MES(3Ly + 3Ly + 2L,)
Coy (L3 +4Laly)  Cpy (LG + 4LoLe) 0 Coy (L3 +4loly) CpyalZ +4Lgly)
2MG§Ls Mg L MZz Ls ]
Cir 2C12 2Cys
21 d 21l
_ Mz‘r:( Ls _ ZMZ‘I}C 5 MEa L's
20, Crr 20112
MigLs  Mgg L MizLs  MigLs
Cip 2Cy; 20y, Cy
ML, M3FL, M3 Mo Ls MEL L
2C112 Cre Cuz 200
2|
My 58 Ly M B L
MEFLs Mgg L
2Cy 2Cys
11l
Mz,ﬁ’ Ly MEB L
2Cy 2Cy
11l
ME.B Ly MEB L
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Appendix D

DC/DC DPM Matrices

The following matrices are for the DC/DC DPM given by Equation (3.61). To reduce
the size of the given sub-matrices, several constants are defined as C,,, , where “xx”
describes the type of constant, i.e., “RL” for a constant with units of resistance times
inductance, and “y” takes values of 1,2,3... depending on how many variables share the
same unit. This model includes second and third harmonic components for the modu-
lating signals, but due to time constraints they were not investigated in the thesis’ body,
and are always set to 0 for simulation purposes. The model in equation Equation (3.61)

is repeated here for reference as:

o

d Xir 121117” Av12r X; Nr N*:|

@z |~ |a x| w
X A21r 0223322 X 02215

ur ur

(D.1)

‘11 — "{Iﬂr ‘iﬁr lO_Jllx4 lﬂ_jl.Sx'i ‘iﬁr‘
T l0l2s AT AT AT, AL
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To maintain the same model nomenclature than in the DC/DC/AC DPM, Cp s
remains as it was in the original model, but in this case it is defined as follows and its

units are only one “L”.

CLL2 = La + 4Le + 6Lm
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Appendix E

Accuracy of DC/DC/AC DPM

The accuracy of the developed DC/DC/AC DPMs in Chapter 3 was found to be
susceptible to the amount of internal energy storage in the converter, i.e., it is influenced
by the capacitance selection. The lower the capacitance selected, the worse the accuracy
became. Here are presented the results of the validation simulations in Section 3.2.3,
using the parameters in Table 3.3, but reducing the capacitance in the arms from 50 %
to 30 . These results show how the DC/DC/AC converter models are sensitive to

MW *
internal energy storage, while the DC/DC converter models are not.
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Table E.1: MP-DCDCAC State Variables Steady-State Comparison Using 30

State Variable TAM

DPM  Percent Error

L [Ak]  445.747  412.093 8.17%
ihgalApk] 970983 992.357 2.15%
Ve [kVik]  9.1587  8.18674 11.87%
V2 [kV,i]  5.87866 6.74617 12.86%
VALKV 122899 12.7744 3.79%
VR, [kV,e]  4.64023 3.75481 23.58%
ide [A] 201.436  205.38 1.92%
ide [A] 418186 400 4.55%
Vel V] 400.013 400 0.00%

kJ
MW

Table E.2: MP-DCDC State Variables Steady-State Comparison Using 30 %

State Variable TAM

DPM  Percent Error

iL o [Apk] 1610.07 1610.22 0.01%
Vi [EVie]  39.6904  39.694 0.01%
V2 [kVie]  1.73437 1.73496 0.03%
Vi [kV,e]  5.66615 5.66808 0.03%
V2 [kV,i]  5.74896  5.74865 0.01%
ide [A] 799.989  700.981 0.00%
Ve kV] 399.99  399.999 0.00%
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Table E.3: BP-DCDCAC State Variables Steady-State Comparison Using 30 z\%v
State Variable — Avg DPM  Percent Error

ik, [A] 660.18  652.9 1.12%
i alA] 1773.44  1780.03 0.37%
VL [kV 3.19855 3.00139 6.57%

]

V2,[kV]  5.60515 591054  5.17%
]
]

VL [kV 10.2753  10.3741 0.95%
VE [kV 3.92826  3.61007 8.81%
ide [4] 469.463  471.003 0.33%
i, A] 805.826  800.022 0.73%
<31% 40027 400 0.07%

Table E.4: BP-DCDC State Variables Steady-State Comparison Using 30 %
State Variable  Avg DPM  Percent Error
iy, [A] 1288.6  1287.68 0.07%

VL [kV] 553164 55.2419 0.13%
V2 [kV] 144153 1.43979 0.12%
Vi [kV]  1.72325 1.67467 2.90%
VE[kV] 107167 10.736 0.18%
ide [A] 799.894 799.958 0.01%

V&LV 319.995 319.997 0.00%
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Figure E.1: MP-DCDCAC; DPM and averaged model simulation results using 30
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