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ABSTRACT

MODULAR MULTILEVEL CONVERTERS WITH MODULE-LEVEL ENERGY
STORAGE FOR MEDIUM VOLTAGE APPLICATIONS

by

Bora Novakovic

The University of Wisconsin-Milwaukee, 2021
Under the Supervision of Professor Adel Nasiri

This dissertation is on Modular Multilevel Converter (MMC) converter design and analysis
and its integration with energy storage at the low voltage module-level. The developed
converter concept and topology can be used in various applications especially for the
support of intermittent renewable energy resources. The general converter structure is
analyzed and extended to include integrated energy storage suitable but not limited to
medium voltage applications. The behavior of the idealized structure is analyzed to obtain
equations that govern general converter behavior and identify possible control loops. Detail
mathematical switching model is developed for the MMC converter with generalized
module structure. The switching model is averaged to obtain a large signal model and then
reduced to obtain lower order models suitable for sizing and optimization. Open and
compensated closed loop current control is proposed and extended to include feedback
loops needed for full control of integrated energy storage. General sizing procedure with
the optimization aspects is then proposed and used on the example system to obtain the
converter structure parameters. The example system models are then used to fine tune the

control and structure parameters and investigate the converter behavior.
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1 Introduction

1.1 Problem Statement

The trend for power electronics systems is to move to higher power voltages and control utility
grid power and energy. Various power converter topologies have been proposed and developed
for medium voltage and high power systems. One major issue is that energy storage systems
are typically developed and operated at low voltage and an efficient means for integration
with medium voltage systems is required. The focus of this research is the analysis of
Modular Multilevel Converter (MMC) converter topology and integration of energy storage
to create power and energy flexibility. The main purpose of this analysis is to investigate the
modifications to the MMC topology and necessary control that will facilitate the possibility of
energy storage integration. This will make the converter suitable for the high power medium
voltage systems that require higher level of decoupling between the input and output power
flows. The decoupling between the input and output power flows is commonly associated
with modern renewable energy systems grid tie converters, especially for wind and solar.
While it is not limited to the renewable energy systems applications, this converter topology
aims to solve the same set of challenges commonly associated with converters used in modern
wind turbines and large solar fields. To put the problem in more practical framework the
challenges and the solutions will be treated from a wind energy system standpoint. The
energy storage and the converter will therefore be designed to assist with the power by the

new grid connection codes for renewable energy.



1.2 Motivation

There is a need for integration of energy storage systems at various levels of power conversion
systems to improve reliability, flexibility, and stability. MMOC topology enables medium
voltage power conversion using widely available low-voltage power switching devices. In
the same manner, low-voltage energy storage systems can be conceptually integrated with
MMC converter to offer energy storage and energy conversion in a single converter. MMC
topology is a complex converter in regard to hardware and control. Adding energy storage
adds flexibility to converter but increases complexity. This dissertation performs detail
analysis, formulation, control, and simulation of the new concept. The developed converter
can help with better control of energy from renewable resources and ultimately increase their

penetration.

1.2.1 Large Wind Energy Systems

The percentage of renewable energy systems in the total world power generation is constantly
increasing 7], [8]. With the increase in number of large offshore wind farms, the size of the
individual wind turbine is increasing as well. At the end of 2016 the average power rating
of a single wind turbine was about 2MW [8]. Individual offshore wind turbines of SMW are
available and power levels of 10MW-20MW are being researched [9], [10], [11]. The increase
in the power conversion system size introduces new technical challenges into electrical, me-
chanical and control subsystems design. For wind energy systems these challenges can be

summarized in several groups:

1. Intermittent and unpredictable nature of the wind energy can affect the power system



stability in a negative manner on many levels. Large power production fluctuations
can change the grid frequency, voltage or even destabilize the entire power system.
This is especially true in cases when wind accounts for a large percentage of the power
production in a utility grid. Such utility grids usually do not have enough conven-
tional generators that would provide a sufficient amount of inertia and counteract
sudden changes in power delivery from the wind. Problem of intermittency and un-
predictability is common for wind and solar power systems. As a consequence, utility
companies with high percentage of renewables impose strict power quality codes for

such systems [12], [13].

. Fault ride through capabilities are required by the new grid connection codes for all
renewable energy systems. Fault ride through requirements dictate the behavior of a
grid connected power converter during the short term grid faults. Fault ride through
behavior is an important aspect of any grid connected system, specially the power
generating systems. To maintain power grid stability and to prevent the sudden loss
of large amount of power production, it is important to keep the power generating
system on line during short faults and low voltage conditions [5]. The fulfillment of
these requirements can be challenging for the systems that rely on sensitive power

electronic converters like modern wind turbines and Photovoltaic (PV) systems.

. Ancillary support requirements for reactive power and grid frequency are also included
in the most new grid connection codes for renewable energy systems [5]. Implemen-
tation of these requirements requires that the system always has power and energy

reserve in order to be able to support the grid in cases of low voltage or low frequency



conditions. This requirement conflicts the intermittent nature of wind and PV systems.

4. Steady increases in wind turbine size and power created a number of design challenges
for the electrical subsystem. These challenges are mostly related to high current ratings
and the efficiency of the power conversion system. For wind turbines this is additionally
complicated due to the limited space in the nacelle. High power wind turbines nowadays
have full back-to-back conversion systems in excess of 5 MW but they still operate on
690V in most cases. To achieve power levels so high, power converters have to be
paralleled. Paralleling and high current ratings negatively affect efficiency, size and

economical aspects of the system [14].

5. The power conversion system of wind turbine is usually in the nacelle, high off the
ground. Furthermore, offshore wind farms are usually far from the shore and are not
easily accessible for repair. Difficult access to the system in conjunction with projected
lifetime of a common the wind turbine, which is about 20 years, makes the reliability

and fault tolerance specially important issue for the wind energy systems.

1.2.2 Renewable Energy and Storage Systems

If properly integrated with the power converter, energy storage system can provide a level
of power decoupling between the power exported to the grid and the power coming from the
renewable energy resource. This power decoupling can be helpful for solving the problems
associated with fault ride through, ancillary support requirements and intermittency. As a
consequence, wind and solar energy systems and energy storage systems complement each

other very well [13], [15], [16].



Fault ride through challenges are easier to solve if the energy storage system is integrated
into a renewable energy system. This is specially true for the wind energy. Power decoupling
provided by the integrated energy storage can be used to isolate and protect the mechanical
system of the wind turbine from the grid faults [17].

Energy storage can be used to provide extra power needed to emulate inertia or support
the grid frequency [18]. Without the energy storage, renewable energy systems have to be
moved off their optimal operating points to maintain power production margin needed for
ancillary services. This is known as power curtailing in the available literature.

Power curtailment is also used when for some reason energy coming from the renewable
resource cannot be exported to the grid. This condition can be encountered in cases of low
power demand or lack of transmission capacity.

As it forces the system off its optimal point, power curtailment decreases the overall
efficiency and the affordability of renewable energy. With the use of energy storage, the
power flow from the renewable resource to the grid become decoupled, which can reduce
or completely mitigate the need for power curtailment [19], [20]. Furthermore, with the
properly designed energy storage the excess energy can be stored and used when needed.

When talking about wind turbines and energy storage systems one can notice two parallel
trends, the size and the investment into individual wind turbines is continuously going up
while the price of energy storage technologies goes down. Furthermore, energy storage sys-
tems are becoming more reliable, more affordable and more widespread. As a consequence,
joining the wind energy systems and energy storage systems in various ways became more
attractive research area [17], [21].

Integrated wind energy system and energy storage system is known as Wind Energy



Conversion and Storage System (WECSS) in the available literature [22]. While somewhat
covered in the literature, integrated wind energy and energy storage systems are still not
common in industry. However, one can argue that the technology will eventually come to
a point when the benefits from the integration of the energy storage within a wind turbine

will overcome the drawbacks of the increased price and complexity of the system.

1.2.3 Medium Voltage Wind Energy Systems

While the individual wind turbines power rating have increased steadily over the years, the
majority of generators and power converters inside individual wind turbine remains at low-
voltage levels, below 1kV. For the systems above 0.75MW low-voltage power converters are
usually paralleled to achieve the appropriate current rating as shown in Figure [1] [14].

Parallel arrangement of low-voltage power converters is used in many commercial high
power wind turbines as most commercially effective solution. However, for the wind turbines
above 3MW this arrangement is affecting efficiency and reliability of the power conversion
system. As an example, a 3MW wind turbine requires a number of converters connected
in parallel to handle 2500A of the output current per phase. High current levels dissipate
relatively high amount of heat in the converter semiconductors and conductors of the gen-
erator and the step-up transformer. This creates a cooling problem in the narrow space of
the wind turbine nacelle. One way to solve the dissipation problem is to move to medium
voltage levels to reduce the current ratings of the conversion system.

Although medium voltage technology is mature for motor drives, it is still not common
for wind energy systems [14]. As a result, some manufacturers are trying to migrate their

wind energy systems to medium voltage levels of up to several kV. The use of medium
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Figure 1: Power conversion system arrangement inside the common low-voltage high-power
wind turbine. To achieve desired power level, the power electronics converters are usually
paralleled.

voltage generators and power converters improves the system efficiency as it allows the use
of a single power converter and eliminates the need for low-voltage converter paralleling but
it also introduces new design issues.

One of the major problems with medium voltage converters is silicon semiconductor
device breakdown voltage. To overcome this issue multilevel converter topologies are used
for medium voltage power electronics systems. For these topologies, the voltage stress on
the semiconductor device usually reduces proportionally to the number of levels. As a
result, each semiconductor device switches only a fraction of the total DC bus voltage.
Multilevel converter topology solves the semiconductor breakdown problem but increases
the complexity of the system and sometimes reduces the reliability with the larger number
of active components that can fail.

In general, medium voltage power conversion systems are more challenging to design
because of the more severe requirements for the insulation system and higher voltage stress
on the active components. Increase of the insulation system complexity and voltage stress

on the components affects all parts of the conversion system from the generator to the



control system. Protection circuits, data-acquisition circuits, gate-driving circuits, DC bus
capacitor banks and power supplies are harder to implement for medium voltage than for
the low-voltage converters. It should be noted however, that all additional engineering and
design efforts become more justified as the power level increases due to the increase in the
system cost and size.

It seems that the wind industry has reached the power levels where the use of medium

voltage conversion systems becomes justified and more commercially viable [14], [23].

1.2.4 Multilevel Converters and MMC

For traditional two-level power converters the maximum DC bus and maximum input voltage
are limited by the breakdown voltage limitation of the semiconductor switching devices. For
conventional two level typologies each switch has to withstand the full DC bus voltage. To
overcome the breakdown limitations of the semiconductor switching devices and to increase
the output waveform quality, most medium voltage power electronic converters use some
sort of multilevel topology. For multilevel topologies the DC bus voltage is evenly spread
among the switches that generate the individual voltage levels, the more the levels the higher
the total DC bus voltage can go with the same semiconductor switches. The trade-off is of
course the use of additional switching and accompanying components.

Most traditional multilevel topologies have quadratic dependence between the number
of levels and the component count (i.e. number of diodes in the diode clamped multilevel
converters or capacitors in capacitor clamped multilevel converters is proportional to the
square of the number of levels) [24]. High component count increases cost and complexity and

decreases the converter efficiency. This makes conventional multilevel converter topologies



with number of levels greater than five somewhat unattractive in the industry unless they
are necessary.

One of the converter families that allow linear increase of converter complexity with the
increase of levels is MMC. One of the most important properties of the MMC family of
converters is their modular nature. The number of converter levels is increased by simply
adding identical modules, which are completely identical and interchangeable. As a result,
this converter topology has become very interesting for medium and high voltage systems
that require higher number of levels [25], [26].

If used in high-power wind-energy systems, the desired power level is achieved by in-
creasing the number of modules connected in series as illustrated in Figure [2l This may be
viewed as dual approach to the parallel connection of converters given in Figure [I} In this
way the operating voltage of the system is increased while keeping the current at relatively
low levels, which in some cases increases the efficiency of the system. If the system is oper-
ated at medium voltage levels that are high enough, the same voltage can be used for the
power transmission and the grid connection transformer from Figure [I] can also be avoided.
This makes the overall system lighter and potentially more efficient.

Due to its modular nature the MMC topology can be varied and augmented in many
ways. For this study the modification of interest changes the structure of the basic module
of the converter to include an energy storage system. Although the MMC topology has been
mentioned in the literature for the use with the energy storage systems and wind energy
systems separately, as will be shown later in the text, it has not been investigated for the

use in Wind Energy Conversion and Storage Systems (WECSS).



MVDCT >
A A O A & &

Low Low Low Low Low Low
voltage voltage voltage voltage voltage voltage
module module module module module module
Low Low Low Low Low Low
voltage voltage +*+ | voltage voltage voltage c=+ | voltage
module module module module module module
voltage 3 K Voltage
generator U V Vi V Grid
Low Low Low Low Low Low
voltage voltage voltage voltage voltage voltage
module module module module module module
Low Low Low Low Low Low
voltage voltage voltage voltage voltage voltage
module module module module module module
MVDC- >

Figure 2: Power conversion system arrangement inside the proposed medium voltage high
power wind turbine. To achieve desired power and voltage levels, MMC converter modules
are connected in series.

2 Literature background

This section will focus on the research publications related to the MMC converter topology
or rather a family of converters that are usually referred under the name MMC. In order to
provide the base for the proposed topology modification, an attempt will be made to outline
the main branches of this family of converters and show their distinct characteristic and
most suitable application.

Attention will also be given to the renewable energy systems, energy storage uses and
the applicable grid codes in order to provide the background for the proposed topology

modification and its potential usefulness and feasibility.
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2.1 MMC Background

Growing demand for high and medium voltage grid tied power electronic conversion systems
and medium voltage motor drives in the 1990’s and early 2000’s inspired an entire family
of very similar multilevel converter topologies. The main characteristic of these converter
topologies is their modular nature, which allows expanded voltage and power range and over-
comes the limitations imposed by the semiconductor switching element breakdown voltage.
The modularity in this case refers to the series connection of identical cells or modules that
create multiple converter levels. Converters that belong to this family of topologies can be
easily recognized in the literature as they usually have label "modular", "stacked" or "cas-
caded" together with "multilevel" in their names. Although the term MMC appeared later,
some researchers classify all these similar modular converter topologies and their variations
under this name [27].

The main advantage of the modular multilevel converters compared to the non-modular
multilevel topologies like diode or capacitor clamped voltage source converters, is slower
increase of power carrying components per additional converter level. Modular topologies
usually have linear increase in the component count per level compared to the quadratic
increase for non-modular topologies. Besides the number of power components per level, for
large number of levels, modular topologies tend to be less complicated and in some cases
more efficient.

Although modular topologies have definitive advantages for multilevel converters with
high number of levels, they have a disadvantage for the applications that can be implemented

with simpler multilevel topologies with low number of levels. For the low level count, modular
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topologies tend to require more components per level than non modular. As a result, these
topologies are still rarely considered for the applications that operate at low voltage and
lower range of medium voltage.

The point where the component count advantage tilts to the modular topologies is usually
when the number of levels reach seven or more. This point depends on the particular type and
implementation of the stacked or modular multilevel converter and can be significantly higher
for some variants. As a result, they are suitable for systems that operate at high voltage
and upper range of medium voltage levels where the maximum reverse blocking voltage of
available semiconductor devices dictates the requirement for relatively high number of levels.

One of the first modular multilevel converter structures was proposed by Hammond
in 1995 [1], [28], [29]. This topology finds its inspiration in medium voltage drives and
is commonly referred to as Cascaded H-Bridge (CHB) topology. The proposed multilevel
voltage source converter was aimed to be cheaper and better performing than the current
source topologies commonly used in medium voltage drives at that time. The topology uses
isolated outputs of a multiple winding transformer to supply individual converter cells. A
cell of the converter is implemented as low voltage full-bridge inverter supplied by a 3-phase
diode bridge rectifier. The full-bridge cell outputs are connected in series to form multilevel
phase legs. Phase legs are then Y-connected to supply the motor as shown in Figure

Using this approach, medium voltage drive can be implemented using standard, low
voltage semiconductors making the entire power switch and gate driver circuit cheaper. In
fact, the drive described in the original publications uses low voltage 480V rated 3-phase
supplied full-bridge converters as cells and then uses three cells in series to generate 2.3kV
voltage supply for the medium voltage motor [1].

12
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Figure 3: Multilevel structure proposed by Hammond for the use in medium voltage drives [1.
In this case proposed output voltage is 2400V and the cells operate at standard 480V.

The main drawback of the Cascaded H-Bridge converter is the expensive and rather com-
plicated multiple output 3-phase transformer. The system implemented using this topology
also cannot operate in all four quadrants, i.e. if the motor enters a generating mode, the
active power cannot be delivered to the grid.

One can also argue that this topology is not completely modular in nature. Adding more
levels requires not just adding more identical modules in series but also requires modification
of the multiple winding transformer, which is an integral part of the converter. For this reason
the cells were not marked as modules in Figure [3]

The idea of the modular multilevel topology was pushed a bit further with the "Multilevel

Cascade Inverter" proposed in 1995 by Peng et al. for Flexible AC Transmission Systems
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(FACTS) applications, specifically for the VAr generation [30]. This topology is composed of
completely identical modules and the number of levels can be extended by just adding more
modules in series. The topology uses stacked full-bridge converters as modules and needs one
full-bridge converter for additional level. As a result, N-level inverter can be implemented
using 4N diodes and 4N semiconductor switches. In the original paper the inverter was
proposed in two different configurations: Y-connected configuration shown in Figure — (b)

and A-connected shown in Figure [4]- (c).
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Figure 4: Cascade multilevel structure first proposed by Peng et al. (a) - Module structure.
(b) - Y-connected converter configuration. (c¢) - A-connected converter configuration.
Although this inverter seems very attractive for the medium voltage applications that
could benefit from a large number of levels and high quality output waveform, the topology
has one interesting drawback - it does not have a DC bus in the classical sense. Instead,
the DC bus is divided among converter modules. Furthermore, each module DC bus has
to be isolated from the rest of the modules. As a result, inverter supply implementation is
somewhat challenging. In fact, if we use multiple winding transformer to supply the modules

of the Y-connected configuration shown in Figure |4]- (a) we will end up with the converter
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topology very similar to the one proposed by Hammond.
In a number of follow-up papers related to the Cascade Multilevel Converter Topology

authors argue that the topology can be used for the applications:

e Where individual DC bus voltage can be maintained through the full-bridge output.
These applications include phase shifting, reactive power support - Static Var Gener-

ators (SVG) and harmonic filtering [31], [32].

e Where the isolation between DC sources naturally exists. Examples of such systems

are PV and fuel cell grid tie converters [30], [33].

The idea that finally introduced a truly modular multilevel AC to DC and DC to AC
converter topology was proposed in 2002 by Marquardt et al. and is illustrated in Figure
[34]. The topology was proposed in an effort to create network inter-tie system suitable
for FACTS applications and high power, high or medium voltage power transmission and
distribution systems. An obvious trend up to this point was to reduce the module complexity
and increase modularity of the topology by utilizing symmetries available in the standard
three-phase grid supply. The arrangement in Figure 5| seems to have reached the optimum
in this regard. The members of the MMC family of converters that were proposed after
usually represent a combination, rearrangement or the adaptation to a new application of
the previous three ideas. Although usually considered as the origin for most of the multilevel
converters that belong to MMC family, topology in Figure [5|can also be seen as the successor
of the previously mentioned topologies illustrated in Figure |3| and Figure

As with the previous converters the main benefit of the M2LC topology is its modular
nature and the linear increase in the component count with the increase in the number
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Figure 5: Back-to-back structure implemented with MMC' converters with the DC bus pro-
posed by Marquardt et al. and named Modular MultiLevel Converter (M*LC') by the authors.
(a) - Half bridge module (cell) structure. (b) - MMC back to back structure showing the sub-
structures commonly called "converter arm" and "converter leg” in MMC' terminology.

of levels. Although the idea seems very similar to the previously mentioned Cascaded H-
Bridge converter and Multilevel Cascade Inverter given in figures [3] and [4] it has a number

of important differences:

M?LC topology allows the simplest module topology (half-bridge + capacitor)

M?LC topology has single, common high-voltage DC bus.

M?LC topology uses half bridge modules instead of H-bridge modules common for

most stacked or cascaded converters.

M?LC does not have a DC bus supply for individual modules, but can be supplied

through the high voltage DC bus.
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e M?LC topology was the first modular topology of its kind to be suitable for high
and medium voltage back to back conversion systems and operation in all four PQ

quadrants without the use of transformer of any kind.

Since the early 2000s acronym MMC has become the common term in the literature for
many variations of the modular multilevel topology including M?LC' and cascade modular
multilevel converter mentioned above [27], [35]. It may be argued that there is a level of
confusion regarding the topology names and naming conventions in the literature dealing
with this topic. Different topologies sometimes share the same name and same or very
similar configurations have been referred under different names. For example, same or very
similar configurations can be found in the literature under different names like: MZLC,
double star MMC configuration, M2C, MMC configuration with a DC bus, Chainlink, etc.
[25], [27], [36], [37]-

The line between MMC and CHB seems to be particularly vague as well. For example,
many authors consider converter from Figure 4| and similar structures a part of MMC family
if they do not have external supplies to the DC bus of the modules. If every module DC bus
has external power supply, it is usually considered to be a CHB converter. The converter
from Figure [ is considered MMC even if the modules have independent external supplies.
Classification and naming convention attempt was given in a publication by Akagi [38]. In
this publication the author classified most of the mentioned topologies under the name -
Modular Multilevel Cascaded Converter (MMCC).

Over the years the topic known as MMC has become very broad and includes dozens

of various multilevel topologies with different practical importance and field of application.
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Furthermore, the converter itself has become integrated with the higher level system to
such extent that it cannot be treated or analyzed on its own. Excellent example of this
can be found in wind and solar applications of the MMC topology. The following sections
will attempt to outline at least some of the directions the above mentioned converters have

evolved to.

2.2 MMC Applications and Modifications

MMC topology and its variations have been investigated in the literature for many applica-
tions mostly for high power, medium and high voltage systems. Applications can be divided
into several groups where each group introduces a distinctive characteristic and some modi-

fication to the MMC topology. MMC applications can therefore be classified as:

e Grid support applications including various Static Synchronous Compensator (STAT-

COM) systems
e Grid inter-tie applications
e HVDC applications
e Medium voltage motor drive applications
e DC/DC conversion systems
e Converters solar PV systems
e Converters for wind energy systems

e Energy storage applications
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e Other applications

2.2.1 Grid Support Applications

The idea of using the MMC topology for grid support device and STATCOM applications has
been extensively analyzed in the available literature. One of the earliest modular topologies
was proposed by Peng et al. for the use in a medium voltage static VAr generation system
as mentioned in previous section [30]. Akagy et al. pointed out early on that the MMC
topology allows design of medium and high voltage STATCOMs without the use of a step-
up transformers. This makes high power medium voltage systems of this kind lighter, smaller,
cheaper and more efficient in most cases [39]. Ota et al. further extended the research of the
STATCOM applied MMCs with the control system analysis, different modulation techniques
and balancing algorithms that allow improved current Total Harmonic Distortion (THD),
current control and capacitor voltage balancing [40], [41].

The application of the MMC converter topology for grid support inverters, STATCOMs
and similar applications usually does not require an external supply, but only internal storage.
As a consequence, most of these systems do not have DC bus and have similar structure as

the converters shown in Figure [4]

2.2.2 Grid Inter-tie Applications

The flexibility of the MMC structure allowed AC to AC conversion systems and grid inter-
tie converters to evolve in a couple of directions. One line of converters uses back-to-back
MMC structure with the common DC bus and the other uses AC to AC MMC arrangement

converter without the DC bus.

19



The original converter structure with the DC bus, introduced by Marquardt et al. and

shown in Figure , was proposed for a three-phase to three-phase grid inter-tie system [34].

Similar system with more levels was later analyzed by Lesnicar and Marquardt for a three-

phase to single-phase grid inter-tie [25]. This configuration with the DC bus can easily be

extended to link two multi-phase systems with arbitrary number of phases.

Glinka and Marquardt also showed that the same MMC structure (or M2LC as these

authors call it) can be used for the AC to AC power conversion if the DC terminals are

connected to the AC supply eliminating the DC bus in the system as shown in Figure @ [26].
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Figure 6: Structure of the AC to AC MMC topology without the DC bus proposed by Glinka
and Marquardt.(a) - Module (cell) structure. (b) - Single phase AC to AC converter. (c) -
MMC' 3-phase AC to AC structure.
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MMC converters without the DC bus proposed by Glinka and Marquardt shown in Fig-
ure [6] allows connections between single-phase and multi-phase systems but not between two
multi-phase systems. Compared to the structure in Figure | for the same application they
have significantly less modules but are more difficult to analyze and control. Furthermore,
this AC to AC topology requires full-bridge switching arrangement in each module which
could make the total semiconductor switch count equal or even higher for the same number
of levels.

Structure that allows connection between two three-phase systems is shown in Figure
and was introduced much later in 2011 by Baruschka and Mertens as a "Hexverter" topology
[2]. This converter has half of the module count compared to the three-phase back-to-back
structure illustrated in Figure [5| with the same number of levels. While the capacitor and
module count is half of the converter in Figure 5] Hexverter still requires full bridge modules

making the equivalent semiconductor count equal.

2.2.3 HVDC Applications

Modular nature and series connection of modules makes the MMC topology suitable for
high voltage power conversion systems commonly found in High Voltage Direct Current
(HVDC) transmission applications. Besides bulk power transmission over long distances for
conventional power grid and power production, HVDC systems also found their application
in modern renewable energy power production system like large off-shore wind farms and
remote solar fields.

First commercial HVDC transmission systems appeared in 1950s as a result of advance-

ments in power electronics and increasing demand for electric power and long distance trans-
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)
Figure 7: MMC based 3-phase AC to AC converter structure known as Hexverter [2].

mission systems. These early HVDC systems were supplied by high power high voltage two
level converters implemented with mercury-arc vacuum tubes. To achieve the voltage rating
mercury-arc tubes were usually connected in series to create HVDC switches, or valves as
they were called at the time that could operate at voltages of hundreds of kilo-Volts. With
the introduction of semiconductor switches and the invention of thyristors in 1970s, mercury-
arc tubes in the HVDC converter valves were replaced by a rather complicated series-parallel
connection of large number of thyristors [42]. To facilitate proper high voltage operation of

the entire switching structure thyristors had to be protected and balanced by the special
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snubber circuits [43], [44]. Finally in 2010 HVDC valves were replaced by MMC converter
arms, implemented with Insulated Gate Bipolar Transistor (IGBT) semiconductor switches.
In this way the two-level converter topology was replaced with the multilevel MMC structure
shown in Figure [5] [45].

MMC topology offers better power quality and higher HVDC conversion efficiency than
conventional two level converters as demonstrated in a paper by Allebrod et al. [46]. Further-
more, high number of switches in a two level HVDC converters makes the MMC approach
comparable in complexity and cost. As a result, relatively expensive and complicated MMC
topology found its first commercial implementation in the area of HVDC power transmission
systems. The first large commercial MMC system and the first MMC based HVDC trans-
mission systems was commissioned in the Bay of San Francisco, between San Francisco and
Pittsburgh CA in 2010. The system is rated at 400MV A with 216 + 16 modules (cells) per
arm and DC transmission voltage of £200kV [27], [47], [45].

HVDC transmission systems usually carry significant power to or from the local power
systems. As a result, outages can have serous negatively effects on economy and grid stability.
In general, when it comes to large power transmission systems besides efficiency and power
quality, reliability is among the most important aspects of the system. Fault management
and fault ride through is therefore a highly important topic in the field of MMC based HVDC
transmission systems and has inspired a great number of publications and MMC topology
modifications.

MMC topology with the DC bus given of Figure p}(b) is vulnerable to the DC faults if
used with the modules shown in Figure f}(a). In case of the DC fault, series connection

of the anti-parallel diodes will rectify the AC input and will feed the DC fault arc until
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the entire converter is disconnected from the AC side supply or until the diodes fail. To
avoid over sizing of the anti-parallel diodes, high current rating bypass thyristor shown as
S3 in Figure [8(a) is usually added to each module. This high current thyristor protects
the converter from damage until the AC side circuit breakers act and disconnects the entire
system from the supply [48]. If the system has to be disconnected from the grid and powered
down, each fault can cause a significant downtime. As a result, this kind of MMC converters
systems are not suitable for overhead DC transmission systems where faults may be frequent
and intermittent.

A solution that makes the MMC converters more suitable for overhead transmission was
proposed by Li et al. |[3]. The authors proposed a minimal modification to the module
topology shown in Figure [8}(b) that allows quick recovery from non-permanent DC faults.
Added thyristors S3 and S4 protect the converter switches from high fault currents, shunt
the DC bus and allow the fault arc to extinguish. If the fault persists, the converter and the
system still need to be disconnected from the AC grid supply.

Another solution that makes the MMC converter shown in Figure [5}(b) and the HVDC
transmission system completely fault tolerant and fault ride through capable is analyzed by
Kontos et al. [49]. In this case authors used full-bridge modules as shown in Figure [9}(a)
instead of half bridge modules given in Figurds}(a). full-bridge module facilitates the control
over AC and DC side currents and makes the MMC converter AC and DC fault tolerant. The
price is highly reduced efficiency as the current path contains twice as many semiconductor
switches.

To mitigate the problem of decreased efficiency a number of module variations were

proposed over the last decade. The guiding idea behind most of these modifications was to
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Figure 8: Simple fault capable modules. (a) - Half bridge module with the fault bypass
thyristor. (b) - Fast fault recovery module modification proposed by Li et al. [5]

combine multiple modules into one and eliminate the redundant switches while maintaining
the fault tolerant capability. This reduces the losses caused by the increased number of
switches in the current path and effectively creates fault tolerant multilevel modules for the
MMC topology.

One of the first such modules was proposed by Marquardt and was named clamp-double
module. This module combines two half bridge modules into one. Compared to the equiv-
alent connection of half-bridge modules, the losses are increased by one additional switch
per two modules shown as S5 in Figure O}(b) [50]. Switch S5 is normally ON and is turned
OFF only during the fault handling situations. When the S5 is OFF, the current path is
not symmetric during the positive and negative half cycle of the current, which means that
the blocking voltages is not symmetric during fault handling. The module can block full DC
bus amplitude for negative half cycle of the input current and only half for the positive [51].

Module topology in Figure[9}(c) was proposed by Li et al. and can block full DC voltage
for positive and negative current half cycle. The module has one additional switch S6 and
higher losses than clamp-double module. Switches S5 and S6 are always ON in normal
operation [52].

Topology in Figure @-(d) was proposed by Zhang and Zhao and can also block the full
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DC bus voltage on the input but requires switch S5 and diode D1 with doubled voltage
ratings [53]. For this module, switch S5 is always ON in normal operation.

Module in Figure [9}(e) was named T-Type and was proposed by Zhao et al. as an
efficiency improvement to the clamp-double module topology given in Figure O}(b) [54]. As
can be seen from figures [9}(b) and [0} (e), T-Type module topology has one diode less than
the clamp-double module but suffers from the same asymmetric blocking voltage for positive
and negative half cycle.

A number of other arrangements were also proposed that were based on combining a
number of full bridge and half bridge modules into one. These modules are sometimes called
mixed modules. The simplest one is shown in Figure O}(f) and covered in a publication by
Adam et al. [55].

Other more complicated module topologies are also possible and were proposed in the
available literature but they usually do not bring any significant advantage compared to
using full bridge modules for the MMC converter structure shown in Figure [5}(b). A survey
of some of the fault tolerant MMC module topologies that were proposed up to 2015 can be

found in a publication by Nami et al. [56].

2.2.4 Medium Voltage Drives

One of the predecessors of the MMC topology, mentioned in Section and shown in
Figure [3| was proposed by Hammond for medium voltage drives [1]. For this converter each
individual module has its own supply, which is the main feature that separates this converter
from the MMC family of converters. Without a supply for each module, DC bus voltage

must be maintained by the module internal capacitance. As the current flowing through the
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Figure 9: Some of the fault tolerant module topologies: (a) - Full-bridge module. (b) - Clamp-
double module. (c¢) - Three-level module. (d) - Series connected double module. (e) - T-Type
module. (f) - Mized module.

module capacitors have strong first and second harmonics for the MMC converter topologies,
maintaining DC bus voltage relatively constant at lower operating frequencies requires higher
capacitance in each module.

Frequency dependent capacitance requirement for module DC bus creates a number of
challenges for the application of MMC converters in variable speed drives. Capacitor voltage
stability at low speed and standstill operation and consequently the stability of the entire

converter operation is a serious issue that was initially described by Antonopoulos et al. back
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in 2009 [57]. Year later in a publication by Hagiwara et al. it was pointed out that stable
operation of the MMC drive requires capacitor sizing for the worst case of the particular
application and torque limiting control at lower operating frequencies in order to avoid
module overvoltage problems, especially during the machine startup [58].

One of the first control system based solutions that allows stable operation of the MMC
drive through the entire range of frequencies was proposed by Antonopoulos et al. in
2010 [59]. The proposed control algorithm adjusts output reference voltages for the con-
verter arms in order to control the total energy stored in the converter leg and to balance
the energy between upper and lower arm. As a consequence, DC bus voltage in each mod-
ule is maintained within limits. The trade-off of this approach is the introduction of, so
called, circulating currents in order to move the power between arms of the converter leg.
Circulating currents flowing between converter leg and the DC bus or between two converter
legs are unwanted in normal operation as they introduce additional losses and do not con-
tribute to the converter output. In fact, a significant number of publications are dedicated
to the suppression controllers for circulating currents in HVDC and grid connected MMC
converters [60], [61], [62]. The circulating current control for MMC based drives helps with
capacitor voltage imbalances but it reduces the output power capability of the drive and
torque production at start-up an low frequencies. As a consequence, instead of capacitor
banks the semiconductors have to be over-sized.

Circulating current control has been covered extensively in the literature. For example,
the circulating current control has been extended for the a0 frame of reference and described
in more detail by Kolb et al. [63]. The same concept was used by Baruschka et al. to help

balance the module voltages for the drives application of the MMC based AC to AC Hexverter
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topology mentioned in previous section and illustrated in Figure [7| [64]. The application of
the circulating current control in conjunction with space vector modulation for the MMC
based drive was described by Brando et al. [65].

Another interesting approach that does not require any modifications to the basic MMC
topology illustrated in Figure [5| but modifies the approach to the structure control in order
to allow stable low frequency operation was proposed by Mertens and Kucka in 2016 [66].
This approach treats the MMC structure as a two level converter. The arms of the converter
are treated as high voltage switches and the output voltage is formed by effective two level
modulation. In this mode of operation modules and module DC bus capacitor banks serve
only during the switching transition and have a much higher base switching frequency than
what is observed by the effective two level output. Therefore, for the most of the waveform
period the current flows only through the semiconductors completely bypassing the module
DC bus capacitors. This approach does, however, require fairly stiff high voltage DC bus.
In cases where a back-to-back MMC structure is used, the DC bus is maintained again by
the totality of arm module capacitances in the circuit at each particular instance.

Most of the publications that deal with MMC applications to electric drives focus on the
control system investigations for the already proposed MMC topology variations. Although
not as nearly as abundant in new ideas, another line of solutions to the problem of low
frequency operation is the modification of the MMC converter structure. One example of
such approach is given by Du et al. In this approach the authors introduced a bypass arm
in each leg of the MMC converter that will help in balancing the capacitor energies within

the converter [67].
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2.2.5 DC to DC Conversion Systems

Several MMC topology applications and modifications have been inspired by the medium
and high voltage DC to DC power converters. These converters are mostly investigated for
the application in Medium Voltage Direct Current (MVDC) transmission systems which are
gaining in research interest and popularity with the development of diversified power sources
and power conversion systems.

While HVDC transmission systems have been in utilization for a while, MVDC trans-
mission is not yet that common. However, it has been shown in the literature that MVDC
transmission and distribution systems may have a number of benefits for the applications
where the source naturally has a DC output, for smaller isolated power systems with highly
diversified sources and loads requiring a number of power conversion stages and for the
systems that have large number of interconnected power electronic converters. These ap-
plications include renewable energy systems, some microgrid applications, industrial power
supply systems, naval power systems, electric trains, and others [68], [69], [70].

Dual Active Bridge (DAB) arrangement is the most straightforward way to implement a
structure like MMC in a DC to DC converter. A number of researchers covered this topic
over the last decade. In one of the earlier publications, Kenzelmann et al. investigated
isolated DC to DC converter that uses DAB equivalent topology with H-bridge switching
structure implemented with MMC converter legs as shown in Figure The converter
can be optimized for high voltage and high frequencies, which can significantly reduce the
size of the MMC capacitor banks and the isolation transformer 7'1. Authors investigated

this converter structure for fault handling in HVDC systems. Besides galvanic isolation
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this converter offers a level of protection from the faults on the secondary DC side of the
structure. In case of a fault the DAB converter can be turned off, which completely blocks

the power flow and collapses the DC voltage quickly until the fault is cleared [71].
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Figure 10: Isolated dual active bridge DC to DC converter implemented with MMC' struc-
tures.

Depending on the system size, the approach of turning the converter off may cause long
restart times. This may be unwanted for the systems that need strict fault ride through
requirements. To solve this problem, Jovicic and Zhang investigated the control system for
the MMC based 3-phase dual active bridge converter. The authors analyzed the behavior of
the system under fault conditions and proposed a control system that will allow fast recovery
of the power converter and active control of the fault current limits in case of DC faults [72).

Besides the isolated dual active bridge DC to DC converter, non-isolated versions have
been proposed in the literature as well. Dual active bridge linked with LCL filter element has

been proposed by Wang et al. [73]. Other topologies that use MMC structures have also been
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investigated. In most cases these topologies were derived from Buck, Boost, Flyback or other
standard topologies. The semiconductor switches for the standard topologies can be replaced

by the MMC leg that serves as a high voltage multilevel switching structure [74], [75].

2.2.6 Applications Solar PV Systems

Application of MMC for solar PV converters has two main directions proposed in the available
literature. First and the most straightforward approach is to use the MMC as a regular grid
connected inverter with a solar field connected to the converter DC bus [76|, [77]. Applicable
standards limit the maximum DC bus voltage of the solar converters to 1.5V . This seriously
limits the benefits obtainable by using the MMC converter topology and makes other simpler
topologies more attractive.

Second approach uses MMC based grid tie converters for solar PV systems that integrate
solar panels directly in the DC bus of the MMC modules as shown in Figure [11}(a). This
approach was analyzed by Stringfellow et al. [78]. Although very similar in structure, the
configuration from Figure [11}(b) is considered to be a CHB converter [79).

Integration of PV panels in the MMC modules offers some advantages but also has several
serious drawbacks. The main advantage of this approach, advocated throughout literature,
lies in finer maximum power point tracking capability. The converter interfaces with a
solar panel strings or even individual panels as opposed to the interface with the entire
solar field. This enables finer operating point control for each solar panel and alleviates
efficiency problems related with partial shading and temperature differences across the PV
field [80], [80].

The approach of connecting PV panels directly to the MMC modules has a number of
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drawbacks and limitations that are directly linked to the nature of the MMC topology:

e The maximum system voltage is usually lower than 1.5kV for solar PV systems to
accommodate for the panel isolation ratings and applicable standards. The fact that
the converter cannot be implemented for medium or high voltage defeats the purpose
of using the MMC topology to some extent. The use of parallel modular topologies

seems much more appropriate for this application.

e Panel to ground voltage is alternating in this arrangement, which can cause undesired
ground leakage currents. To solve this problem an isolation transformer is necessary.
The isolation transformer can be on the grid connection, or in an isolated DC to DC
converter integrated in every module of the MMC converter as proposed by Perez et

al. [81].

e Low maximum system voltage limits the number of levels and /or the MMC module DC
voltage, which in turn may increase losses and reduce the system efficiency compared
to the more conventional grid tie converters.

33



e The current flowing through the module DC bus of the MMC converter has a dominant
AC current component. If left unfiltered, this may additionally heat the PV panels,

which reduces the efficiency and may cause damage.

2.2.7 Converters for Wind Energy Systems

The first interests for the MMC topology application in wind energy systems appeared after
the MMC has been recognized as an ideal solution for HVDC transmission systems. Remote
offshore wind farms require long distance transmission systems to the main land electric
grid and it may be beneficial to move to HVDC transmission in some cases. The same
reasoning can be applied in cases when the onshore wind farms are far from the points of
power consumption.

The practical limits for the High Voltage Alternating Current (HVAC) power transmission
from a remote wind farms and the point when it may be more beneficial to use HVDC
transmission for offshore wind farms was analyzed by Sharma et al. [82]. The authors
compared the losses in the system and analyzed the impact of the cable and its length
on the conventional HVAC and the MMC based HVDC transmission system used for long
distance power transmission from an offshore wind farm. The conclusion was that the MMC
based HVDC systems becomes more efficient for the exemplified 180MW wind farm if the
transmission line length exceeds 100km.

Nanhui project in China is one of the first large scale implementations of MMC converter
topology for wind energy systems. In this case the MMC converter was used for the HVDC
transmission link between the on shore wind farm and the rest of the power system. The

system consists of 11 wind turbines connected to the electric grid through an AC transmission
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line and 8km long HVDC cable powered by the MMC converters. Description of the system
can be found in the publication by Jie et al. [83]. The authors analyzed the operation of the
system and described its features including reactive power support and fault handling.

Besides in the point to point HVDC transmission systems the MMC converter has also
been proposed for the multi-terminal DC networks for the power transmission and intercon-
nection of wind turbines in a wind park. A system of this type was analyzed by Wenig et
al. |84)].

Another interesting application of the MMC topology for wind energy systems was pro-
posed by Zhang et al. In this case wind turbines are integrated into individual MMC modules
making the entire wind park one large and fairly complicated power converter. The potential
issues related to the practical implementation of the system as large as this one were not
mentioned in the paper [85].

Application of the MMC back to back structure similar to the one shown in Figure
(b) was also considered for the application in wind energy systems. Wang et al. used this
structure to connect a wind turbine to the medium voltage AC grid [86]. The authors also
proposed a solution for low speed operation and low voltage ride through. For low speed
operation they used circulating current injection, which is a widely accepted solution for this
problem. For low voltage ride through they used braking choppers distributed throughout

modules.

2.2.8 Energy storage applications

The MMC topology can be suitable for bringing energy storage to medium and high voltage

systems. This seems particularly true for battery, supercapacitors and ultracapacitors storage
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technologies. DC outputs from these storage systems are hard to protect from faults once
the total voltage of the stacked storage elements exceeds 1000V due to the lack of convenient
fusing elements above this voltage level. If the MMC topology is properly modified, energy
storage systems can be distributed throughout the converter modules. In this way the
maximum voltage level for the energy storage systems remains at the maximum voltage of
the individual module DC bus, which can be designed to be well below 1000V. This means
that the storage system can still be protected using common low voltage fusing systems or
conventional DC circuit breakers while achieving medium or high voltage levels of the entire
energy storage/power converter system. The fault protection and fault handling capabilities
on the high voltage terminal points can be designed into the converter topology itself, which
is not overly complicated for the MMC family of converters, as shown in Section [2.2.3

Modular multilevel systems with energy storage system integrated into individual mod-
ules have appeared in the literature in the last decade and have been proposed for various
applications. For example, Kawakami et al. used a form of cascaded H-bridge multilevel
topology which they referred to as MMCC to integrate battery energy storage system into
an inverter structure [4]. Simplified block diagram of the proposed system topology is shown
in Figure . The investigation of this energy storage/inverter structure was the result of an
effort to solve the power quality problems caused by the intermittency of the solar PV energy
resources. Large energy storage system that can be implemented using this form of power
converter can be tied to the medium or high voltage network and used for power smoothing,
load shifting, frequency support and other ancillary services in order to improve stability of
the power grid.

As can be seen from Figure battery energy storage system is integrated directly into
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the DC bus of each MMCC module through a precharge and fusing circuitry. The storage
system peak DC voltage can be below 400V, allowing the use of conventional DC fuses while
the AC output voltage of the system can easily exceed 1.5kV. The precharge circuit allows
the converter to have a quick black start. Module DC buses can be precharged at once from
the storage and the complicated sequential precharge for each module can be avoided.
MMC structure with DC bus, also known as M2?LC, has also been investigated for the
energy storage systems. For this converter topology the modules are usually connected
through half bridge switching structures. Therefore, the current flowing through the module
DC bus and energy storage elements has higher AC component. For this reason, authors
usually chose to connect the energy storage system to the module DC bus through a DC
to DC converter as shown in Figure [I3] In most cases the DC to DC converter topology
of choice is buck-boost. For example, Vasiladiotis and Rufer have investigate the balancing
algorithm for this form of distributed energy storage system |87]. Similar system has been
proposed by Trintis et al. for the use as an UPS system for future HVDC meshed grids [88§].

The authors proposed Buck-Boost converter for the non-isolated system and DAB converter
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in the case when the batteries need to be isolated from the rest of the system.
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Figure 13: M?LC based energy storage system with the energy storage integrated into the
module CD bus through a DC to DC converter. (a) - Integration of battery energy storage
in the DC bus of the converter module. (b) - Overall system topology (3-phase case).

Although the topology shown in Figure is more common, authors also considered
using the direct connection of energy storage system into the module DC bus for the M2LC
converter structure as shown in Figure [[4 Zhang et al. have proposed such system for the
power smoothing application in the wind energy system and investigated the optimal energy

storage operation modes for this application [89].
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Figure 14: M?LC based energy storage system with the enerqy storage integrated directly
into the module DC bus. (a) - Integration of battery energy storage in the DC bus of the
converter module. (b) - Ouverall system topology (3-phase case).
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Another way of integrating energy storage into the M?LC' structure is through a passive
filter network. Wersland et al. concluded that the use of fairly complicated passive resonant
filter for this purpose may be attractive in cases when high reliability of the system is
required [90].

A large part of the current text will also deal with the passive filtering design and com-
ponent sizing for the energy storage application of the MMC converter. Summarized in-
vestigation of the filter and energy storage sizing from the current text can also be found

in [01].
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Figure 15: M?LC based energy storage system with the energy storage integrated into the
module DC bus through a passive filter. (a) - Integration of battery energy storage in the DC
bus of the converter module. (b) - Overall system topology (3-phase case).

MMC topology has been investigated in other arrangements for the energy storage sys-
tems. Interesting example of the MMC topology application for the energy storage systems
was proposed by Hagiwara and Akagi. The authors used MMC based isolated push pull
converter to connect a battery string to the power grid [92]. Another interesting application
of the MMC-like topology for electric vehicles storage systems was proposed by Zheng et
al. The authors placed one battery cell in each converter module and used the converter
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structure to improve balancing, control the charging of the batteries and even provide a

single phase AC output to drive the electric motor [93].

2.3 Renewable Energy, Energy Storage and Grid Tie Codes

Previous sections outline evolution of the MMC topology through applications and research
publications. As can be seen from the limited sample of literature publications presented in
the previous sections MMC topology has highly diverse application base and is convenient
when topology modifications are necessary to adjust the structure of the converter for a
specific application.

The following section will outline the evolution of grid connection codes that are the
reason for the increased interest for the integration of wind energy systems and energy
storage. Furthermore, from the text below it may be inferred that integrating energy storage
to any renewable energy generator or large grid connected system might be of interest in the

future.

2.3.1 Renewable Energy and Grid Connection Code

Renewable energy resources like wind and solar PV have a significant and uncontrollable
variability over time. Although long time variability can be forecasted to some extent, short
time variations are usually completely random and cannot be predicted. Unpredictable and
variable energy availability creates difficulties for the utility grid energy dispatching and can,
under extreme conditions, lead to grid instabilities.

Control systems used for the energy harvesting from wind and solar radiation in most

cases aim to extract maximum amount of energy available at any given time. As a result,
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the power production can swing fairly quickly from zero to full rated power. In the past
these swings were treated by the utility companies as if they were caused by the changes in
virtual loads. Depending on the relative size of the renewable energy source, these sudden
variations can have different levels of negative effects on the utility grid. The effect can go
from minimal voltage or frequency variations to large changes in frequency and voltage that
can cause entire power plants to lose grid connection. Once this happens it can cause chain
of generator disconnections that can affect large zones of a power grid and cause serious
power outages [94] [95].

Increase in the percentage of power generated by variable power renewable energy sys-
tems like wind and solar PV inspired the evolution of more strict generator interconnection
standards and requirements. Federal Energy Regulatory Commission (FERC) orders related
to renewable energy or variable energy sources can serve as a source of information about
rather complicated interaction between free energy market, incentives for alternative (renew-
able energy sources) and the evolution of grid connection requirements for renewable energy
sources.

A number of FERC orders for generator interconnection procedures play a particularly
interesting role in the development of the renewable energy in the United States. These
orders were issued to promote open market for renewable energy systems and to make the
power grid and network operators more welcoming to the renewable energy power plants and
their distinctive properties, most of all their variable and unpredictable power output. At
the same time the requirements for the renewable systems themselves evolved from almost
no regulation regarding the power quality to the requirements for the Low Voltage Ride
Through (LVRT), reactive power and frequency support.
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Since FERC orders 888 & 889, renewable energy power plants were allowed to use trans-
mission networks and sell the energy on the open market. The same order allowed the
transmission providers to charge transmission penalty fees to the power plants that deviate
more than 1.5% from their scheduled power production. This penalty was almost unavoid-
able for renewable energy power plants and forced them to sell power to the market that
could tolerate the deviations. FERC order 2000 mandated real time balancing that allowed
minute to minute power dispatch and enabled higher penetration of renewables. FERC order
2003 finally made no distinction between renewable energy and conventional power genera-
tors. This caused large increase in renewable energy generators and prompted a revision for
the interconnection procedures in FERC order 661, which required grid utility companies to
provide standard requirements for the connection of large wind generator units. The order
addressed LVRT and Supervisory Control and Data Acquisition (SCADA) requirements for
wind energy systems as well. Finally, in 2016 FERC order 827 withdraw the exemption of
the wind generators to provide reactive power support they had since 2003 [96].

A number of FERC orders give special treatment and incentives to the systems that can
provide ancillary services and support grid stability. For example, FERC order 755 promotes
fast response for the frequency regulation services and encourages "pay for performance"
approach for the service providers [97]. Order 819 allowed the sale of Primary Frequency
Response (PFR) on the market-based rates. This served as an incentive for the systems
that will support the grid stability and allow higher penetration of variable power renewable

energy power plants [98].
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2.3.2 Energy Storage and Grid Connection Codes

Energy storage systems received special treatment in 2013 with FERC order 784. This order
focuses on ancillary service providers and the way the ancillary services can be procured.
The order promotes precision and speed of the resource providing the service and regulates
energy storage systems as premium service providers. With this order renewable generators
are allowed to provide ancillary services as well [99).

Adding energy storage to the renewable energy power plants can improve the power
quality from the renewable energy generators. If the energy storage is large enough it can
even make the renewable energy power plant dispatch-able [100]. As a result, from the new
grid connection codes mentioned above, integrating energy storage into the renewable energy
power plant can make the entire system more profitable. Besides using the energy storage
to improve the output power quality and satisfy the grid connection requirements, it can be
used to provide ancillary services as well. As a result, if designed properly, future renewable
energy systems can serve as grid stabilizers rather than grid stability risk factors.

The benefits from integrating energy storage into renewable energy system can be ob-
served from two sides. From the renewable generator standpoint, integrated energy storage
provides a number of capabilities to the integrated system, including power smoothing, an-
cillary support services and possibly even dispatch-ability. These capabilities can greatly
improve the usability of the integrated renewable generation/storage system, the quality
and market value of the energy it delivers.

From the energy storage standpoint, appropriate integration with modern renewable

energy generators can provide shared high performance grid connection inverter, controls
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and protection devices that can lower the overall cost of the storage system deployment and

usage.

2.4 Wind Energy Systems and Energy Storage

Short outline of the existing approaches for the integration of wind energy systems and
energy storage systems will be provided in this section.

The first mention of the integration of wind energy and storage systems go way back.
In a paper from 1968 Bruckner et al. investigated the economic advantages of integrated
energy storage and energy conversion systems. The analysis was done from the economic
standpoint and the energy storage was proposed as a mean to meet peak demand, allowing
the smaller and more economical conversion system in general. The authors concluded that
the energy storage could be of great help in cases when the available power production does
not meet the peak demand, which is especially pronounced and can happen very often with
the renewable energy systems like wind and solar. In this publication the authors were
proposing hydrogen from water electrolysis as the energy storage system and acknowledged
that the energy storage technologies were not developed sufficiently at the time for large
power production systems [101].

The idea of integrating energy storage systems with wind power evolved further in 1980s
when combined wind turbine and diesel generator systems became a convenient way to
power remote areas that do not have easy access to he utility grid. In the series of articles
from 1989 Davies et al. proposed the use of a flywheel energy storage system in order to

balance demand and supply in a small Fair Isle community powered by wind and diesel

44



generators [102], [103].

For a period of time in the early late 1980s and 1990s a combined wind-diesel systems were
a fairly live research area. Many publications from that time were investigating the problems
related to the integration of wind energy with the diesel generator systems. Majority of these
publications were proposing the integration of energy storage with wind and diesel generators
for "power buffering" [104], [105]. Interesting overview of the battery energy storage systems
of that time and the possibilities for their application in wind-diesel systems was given by
Manwell and McGowan [106].

In the same period, fair number of research papers were published about integrated
systems of smaller wind, solar PV and diesel generators with battery storage. These systems
were investigated mostly for the supplies of smaller remote loads like communication repeater
stations. The combination of these resources provides reliable source of energy while at the
same time maintains good battery lifetime making the system if this kind ideal for the supply
of hard to reach loads that require low maintenance and high reliability [107], [108].

Most of the combined systems mentioned above are tightly coupled and usually have a
common control system that regulates the voltage, regulates the frequency and dispatches
generators or storage system as required. From the standpoint of integration, the combina-
tion of renewable generating and storage systems evolved in two ways from this point.

In one direction we have loosely coupled systems of more independently controlled genera-
tion systems of various kinds and energy storage devices working together in order to achieve
highly efficient, independent and reliable system. These systems have evolved under the con-
cepts of microgrids and distributed generation systems that appeared in 2000s [109] [110].

To achieve high level of grid independence and fuel supply independence, modern microgrids
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always have a significant portion of renewable generation that usually includes at least one
wind generator and some form of energy storage system [111], [112].

The other direction goes for more integrated renewable energy generators and storage
systems. These systems usually have singe renewable generator like solar PV array, solar
field, wind generator or wind farm and some form of storage. For these systems energy
storage is usually included in order to compensate for the variability and intermittency of
the renewable generators and to help the system meet the new renewable energy grid codes.
For the wind energy and energy storage systems of this kind there is also two levels of
integration. In the first level the energy storage is integrated as a part of the wind farm and
in the second level the energy storage system is integrated in a single wind turbine.

For systems that integrate energy storage at the wind farm level, the problems are usually
linked to the energy storage sizing, dispatching and optimal operation of the wind farm and
storage system as a whole. In most cases these systems have independent grid tie converters
with low level controllers while the entire systems has a higher level control that allows
dispatching of storage and wind generators. The optimal energy storage size can be hard
to determine as the wind generator behavior depends on the season of the year, time of
the day and even the landscape and terrain where it is located. High level control strategy
can also be quite challenging to formulate as it is influenced by many factors including
standards, economical aspects of operation, current energy and service prices and of course
fairly unpredictable wind behavior.

An example of the control system formulation and the description of challenges involved
can be found in a couple of papers by Teleke et al. The authors have analyzed the behavior,

storage requirements and control strategies for a wind farm with integrated energy storage
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from a fairly high level power dispatching perspective [113], [114].

Systems that integrate energy storage on the level of a single wind turbine usually have
different challenges. Although the dispatching, power smoothing and optimal operation of
energy storage are still very important, high level of conversion and control system integration
introduces a new set of challenges. The coupling between wind and energy storage systems
is in most cases done on the DC bus of the back to back converter. This allows sharing of
common grid tie converter and may increase system efficiency and lower the system cost,
but it also complicates the control system.

The controller has to deal with mechanical aspects of the wind turbine, electric generator,
energy storage and grid tie converter. The minimum requirement for the electric generator
control is to have appropriate torque/speed control algorithm, which takes the reference from
the higher level maximum power point tracking controller for the wind turbine. Maximum
power point wind turbine control algorithm needs to adjust the pitch and yaw angles to
maintain the optimal wind energy extraction. Energy storage controller needs to maintain
appropriate state of charge for the storage system and adjust the power flow from the wind
generator to the grid and storage in order to satisfy the control objectives. The formulation
of these control objectives is an entirely separate topic as mentioned above. The grid tie
converter has to export commanded power to the grid and take care that the grid conditions
and faults impact the rest of the system as little as possible. Wind turbine - storage system
of this kind was analyzed from the controls perspective by Strachan and Jovcic in a couple
of papers. The authors described the controllers for each mentioned subsystems, modeled

the entire system and analyzed its performance [115], [22].
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2.5 Conclusion of Background

It can be concluded from previous chapters that medium voltage conversion system may
be necessary for the largest wind turbines in the near future due to the constant increase
in their size and power. Research publications and grid codes also suggest that renewable
energy systems like wind turbines and the grid they are connected to can benefit from energy
storage integration. On the other hand, it has been shown that the MMC converter topology
is suitable for medium-voltage and high-voltage levels. Modifications that integrate energy
storage into the MMC structure have also been proposed in many variations. The natural
conclusion is to bring energy storage, MMC structure and medium-voltage wind energy

systems together, which is the main motivation for this dissertation.

3 Terminology

Before the start of the converter analysis, complicated and modular nature of the MMC
converter structure requires the formulation of some conventions in the sub-structure naming
and variable marking. This is even more pronounced by the desire to introduce additional
level of complexity by integrating energy storage into the converter at the module level,
which is the main focus of this dissertation. The following passages will attempt to outline
a set of naming and marking rules that will be used throughout the text in equations and
drawings.

Basic building blocks for the MMC topology, legs, arms, and modules (sometimes called
cells in the available literature) are marked in Figure [16|in the basic three phase converter

arrangement with the DC bus. The converter structures without DC bus usually have one
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arm per leg while the converter structures with DC bus have two: top (upper) and bottom
(lower) arm. The MMC converter legs are arranged in appropriate manner in order to create
multi-phase converters. The output node of the converter leg is between two arms, as shown
in Figure . Arm impedances Z,;, Z,, etc. model filter inductors or filter inductors with

lumped up parasitic inductances and resistances of the converter arm power structure.
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Figure 16: High level representation of the three phase MMC structure with DC bus showing
the main building blocks of the converter: legs, arms and modules

Each converter arm contains two or more modules. Modules are the basic building blocks
for the MMC converter. Generalized structure of the MMC module is shown in Figure
The structure of the module can be divided in switching, filter and storage sections.

Switching section contains commutation structure - a number of switches responsible for
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redirection of the current flow and generation of module output voltage. The current can
flow through the module filter and storage section or can be bypassed through the module.
On average, module output voltage can be pulse-width modulated to any voltage between
0V to the full voltage of the module DC bus v¢y.

The role of the filter section is to filter out the DC current [, for storage section. Analysis
of MMC converters in the available literature do not treat energy storage independent from
the filter section. Storage/filter devices in the basic MMC topology are usually implemented
as fairly simple electrolytic capacitor banks that do not require filtering of the AC current
components. For the modules that aim to integrate battery storage systems current filtering

may be necessary and consequently separate storage and filter sections might be necessary.

3.1 Naming Rules

For the MMC topology the number of modules and the number of levels can be very high.
Furthermore, the number of levels becomes a variable in the topology analysis, which becomes
a bit different and more complicated from the analysis of conventional multilevel topologies
with fixed number of levels and number of components. As a consequence, in the graphic

representations of the converter some elements and components will be indexed and will not

Module
ix if im l
Storage + Filter + Switching +
Section |3 Section | (Commutating) | Vm
Section

Figure 17: Generalized structure of the MMC module and its building blocks: switching
section, filter section and optional storage section.
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be shown directly in the schematic diagrams. However, it will be assumed that they exist in
the circuit.

To simplify the schematic diagrams the markings of the components within the identical
modules will show only module level (simplified) names. To identify individual components
or variables within the topology in the equations, the module level names will be appended
with converter level descriptors. This makes naming and indexing of the objects important
and it is worthwhile to set indexing and variable naming rules. The rules that will be followed
in the rest of the text are outlined in the following paragraphs.

Variables and measurements are identified using lower or upper case letters v, ¢, ¢, e, p
and s for voltages, currents, charge, energy, power and switch states respectively. Lower case
will denote time domain instantaneous values while the uppercase will be used for s domain
or frequency domain values. If needed other letters for the specific values and additional
explanation will be added in the accompanying text. Measurements and variable are further
identified by the component they refer to or by the schematic marking. Depending on the
position of the measurement, schematic marking will at least contain identifier mentioned
above and module and/or converter level descriptor.

Component name is the string of letters and numbers used to identify an object within
the converter structure. Objects are identified using upper case letters L, R, C, Z, X, and
Q@ for inductor, resistors, capacitors, impedance, reactance and switch objects respectively.
If needed additional component will be described in the accompanying text. Objects are

further identified by the module level and converter level descriptors.

e Module level - Module descriptor determines the position of the object inside the
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module structure. It consists of a letter and a number. The letters s, f or ¢ are used
to denote storage, filter and commutation section of the module for the generalized
module structure shown in Figure [I7 Numerical index is used to further describe
the object within the section of the module. For example, filter section capacitor 3
will be marked as Cy3. If an object is within a module it will have both object level
and converter level descriptors in the equations and the accompanying text but the

converter level descriptor may be omitted in the diagrams.

e Converter level - converter level descriptor determines the position of module or an
object within the converter structure. This descriptor has a letter-letter structure as

follows:

— First letter identifies phase leg using letters (a,b,c, A, B, C...)

— Second letter identifies arm using letters x for upper and y for lower arm

— Ending number identifies the module number within converter arm
For example the filter section capacitor 3 in the 6! module of the top arm in the phase
a leg will be referred to using Cysq6 in the equations. Voltage across this capacitor

will be refereed to using Vi sz If an object is unique for the converter arm leg or the

entire structure it will have converter level descriptor only.

An example of the schematic markings with abbreviated names and full names that will
be used in the text and equations to identify each component and variable within the MMC
converter is given in Figure

Variables for circuit currents will be associated with a reference positive direction that
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Figure 18: Schematic diagram of the conventional three-phase MMC converter with examples
of the abbreviated and full names used for the components and variables in equations.

will be marked in the schematic and will be same for each module unless otherwise noted.
Voltage variables will always associated with markings on the schematic designating reference

positive and negative node that will be same for each module unless otherwise noted.
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If indexing is used in the equations, the index variable will be placed in brackets. For
example, the state variable of the n'* commutation switch in the k** module of the top

(upper) arm of the phase a leg will be named as sgc[az[s-

4 Basic Equations for MMC Converter Leg

This section will outline basic MMC equations. Structure from Figure will serve as a
starting point for the analysis. In order to simplify the structure from Figure following

assumptions will be used for this section unless otherwise noted.

1. Switches and interconnections within the converter are ideal. This means that all
parasitic inductances, resistances and capacitances are neglected or lumped up into

arm impedances. IGBT commutation is instant and without delay. Diodes are ideal.

2. The DC bus feeding the converter is behaving as ideal voltage source maintained by
another converter or power source. This assumption holds for single-phase and multi-

phase systems.

3. All module filter (and storage) capacitors C; are charged to equal initial voltage.
The initial DC bus capacitor voltage of the modules is such that appropriate switch
arrangements can produce voltage in the range from zero to Vpe across each of the

converter arms.

4. Pulse Width Modulation (PWM) frequency is high compared to the important har-

monic components of arm and output currents.

5. Module DC bus capacitors have infinite capacitance.
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Figure 19: Single phase leg of the MMC' converter connected to the infinite DC bus.
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Assumption [I] allows the replacement of IGBT transistors and anti-parallel diodes from
Figure [19 with ideal switches. Capacitor banks are treated as ideal capacitors and conductors
as ideal electrical connections.

Assumption 2| eliminates the interaction between the legs of the converter. As a conse-
quence, the modeling can be limited to a single phase for the investigation of the internal
dynamics of a converter leg. This allows transition from the structure shown in Figure
to the structure from Figure 9 In general, for MMC the total DC bus of the modules or

the voltage reach of the converter arm is:

VDCaxm(t) = Z VC’flx[i] (t)
1=1

VDCaym (t) = Z VCfly[i] (t)
=1

If the system is symmetric [1| can be rewritten as:

VDCawm(t) - VDC’aym(t) - VDCm Z VDC (2)

Assumption [3|about the charge of the module DC bus capacitors ensures that the output
voltage can swing from rail to rail of the input DC bus supply (—Vpe/2 to +Vpe/2). Equa-
tion gives the relationship between DC bus voltage and initial module DC bus capacitor
voltages for phase leg of the converter that meets this requirement. Note that the voltage
of the module DC bus should be equal or greater than the external DC bus voltage in order

to fully control the currents within the converter leg. For this approximation the DC bus is
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equal among modules and the total arm module DC bus is just above the external DC bus:

VDC’m
Veria(t) = i

VDCm
N

Ve (t) =

Assumption 5| allows the operation of the converter in the open loop, without monitoring
and balancing controls for the module DC bus capacitors. This assumption hides some of
the important converter dynamics and will be used only to draw a number of conclusions
about the basic converter operation.

Infinite capacitance capacitors can be replaced by voltage sources having the voltage
equal to the initial capacitor voltage given in Equation . The string of modules in the
converter arm in Figure [19] now consist of only ideal voltage sources and ideal switches. As
the current path through the modules always exist (through ideal IGBT switch or ideal anti
parallel diode). The entire string of arm modules from Figure 19| can be replaced with the
ideal controlled voltage sources as shown in Figure [20] This is one of the simplest models of
the MMC commonly used in available literature [35], [60].

The total sum of DC voltages of the inserted modules from Figure [I9| will determine the
converter arm voltage in Figure General relation for the arm voltages of the converter

leg shown in Figure [19|can be expressed with equations and .

N
USWaz(t) = Z'UCflax[i] (t)sax[z}(t)y Sazxli] € {07 1} (4>
=1
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Figure 20: Simplified model of the idealized phase leg of the MMC' converter.

N
Vsway(t) = Y V0 s1ayi)(D)Sayii (1), Sayp € {0, 1} (5)
i=1

Sazfi] and S,y are the module commutation section states for the modules of the upper
and lower arms of the converter leg respectively. The commutation section state is 1 when
the module is inserted into the string of arm modules generating the output voltage and 0
when it is shorted out. It can be noted that commutation section state formulated in this
way does not depend on the implementation and the number of switches in the module but
can be derived (expressed) from module switch states or even module switch gating states

and current polarities.

4.1 Modulation Index Definition

In order to link the modulation index of the module PWM outputs with the total arm
voltages v,, and v,, it may be good to observe sums in equations and using the

reasoning given below:
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e The modulation index is defined as a normalized output averaged over one switching
period. Normalized in this case means the ratio between actual output and maximum

achievable output obtainable by the allowed switching states.

e In case of the MMC converter the maximum voltage is achieved when the switching
state is "inserted" for the entire switching period (e.g. sq,p(t) = 1 for t = kT...(k +

1)T,).

e Consequently, it can be concluded that the duty ratio of the insertion switching state
(or duty of the state s, = 1 as defined above) of the MMC module during the switching

period is equal to the modulation index at the time of sampling for that module. This

is expressed in () and (7).

T az(i t

maaigr) = 22200 oy € fur, (n 1)) ©)
ToNnay(t

ML) = 2200 o0 e o, (0 1T )

e Duty of the insertion switch of the MMC module can be obtained from switch state

using equations (8) and (9)



e As the entire converter structure acts as a low pass filter, in this approximation it can
be assumed that the higher harmonics in - are not of interest and that the arm
voltages can be approximated by their filtered versions. A moving average filter as

shown in and is convenient for this propose.

t+Ts/2
Uax = Z / UCflaa:[i] (t)sax[i] (T)dT (10)

=1 Ts/2

4Ty /2
Vaz(t) = Z / Ve Fray(i) (t) Sayps) (T)dT (11)

=1

e For a well-designed MMC structure the output of the filtering section of the module can
be approximated as constant during one switching period. The ripple on the output
of the module DC bus (or filter section) should be small in any case compared to the
total DC bus voltage and the ripple in case of the MMC is mostly at Grid frequency
fundamental. Furthermore, for the current approximation, under Assumption [2| the

module DC bus is constant. As a result, vof1aq0:)(t) and vefiay(t) can be taken out

of the integrals in and (1))

1 t+T5/2
UCflam[i](t)F[T/2 Sax[i](T)dT (12)

<
I
8
—~

~+
~—

I

N 1 t+Ts/2
Ua:r Z UCflay[z] T / Sayli] <7-)d7- (13)

i=1 t=Ts/2
e By comparing - (9) and - it is possible to link the arm voltages and
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modulation references as given in and ([15)).

N

an(t) = ZUCflax[i] (t)max[z] (t) (14)
Vay(t) = Z VG frayli) () Mayli) (1) (15)

Note that voltages are now expressed using normalized continuous (modulation) refer-
ences Mgy (t) and meyp (t). For each module the PWM references can be expressed as a
sum of average references and the disturbances as given in and . Average references
Maz(t) and mg,(t) are common for all modules in the same arm and are the consequence of
a common control strategy that generates the output voltage. Individual, module specific
modulation reference disturbances mauz) and maqy(t) are the consequence of the finite
switching frequency, asymmetry in the structure, the switching strategy, module voltage

balancing and other factors.

N

Vaz(t) = Z Ve fazli] (t) (m,w(t) + MAaxli (t)) -
i=1 (16)

- Z UCflax[z] maa: + Z VC f1axli] mAax[i] (t)

Vay(1) =D 00 p1ayfi) (1) (May (1) + Maaygs (1)) =
i= (17)

= Z Ve frayli) (1) May () + Z Ve f1ayli] ()M aay(i) (1)
i=1
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The average modulation index is the same for all modules within one arm and can be

taken out of the sums as shown in and

N N
Vax (t) =Mz (t) Z UC’flax[i] (t) + Z UCflam[i] (t)mAaz[i} (t> =
i=1 i=1

N

=Mz (t)VDC’axm =+ Z VC flaxli] (t)mAa;r[i} (t>
=1

N N
Vay(t) =My (1) Y 00 p1ayi (1) + D Ve rayi) (D Maaygs (1) =
=1 =1
N

=My () VDCaym + Y 00 1ay(i) () Mrayi) (1)
=1

(18)

If the converter output follows the control strategy well enough it can be argued that the

disturbances in the PWM references cancel each other in the string of modules making the

converter arm and that the sums Zf\il Ve f1aafi) (1) Maaap () and Zf\il M 101 () Dayi] (t) can

be neglected. If that is the case, equations and can be rewritten as shown in (20))

and (21

(20)

(21)

Under the assumptions [3| and [5| given above equations and can be rewritten as

shown in and (23)).
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Vag (t) ~ VDCmax (t) (22)

Vay (1) = VDeiay (1) (23)

4.2 Circuit Equations

Analysis of the circuit from Figure [20] will be performed in s domain at this point. Fairly
simple Equation (24)) can be used to describe the dependency between the output voltage
v, and output current i,. Capital letters are used to denote the complex domain values
equations below and they correspond to the lowercase letters denoting time domain variables

used in the schematic given in Figure [20}

Va(8) = Zag(s) - 1a(s) + Vag(s) (24)

Relation that links output and arm currents for the circuit shown in Figure [20] is given
in Equation (25). Besides the components making the output current upper and lower
arm currents contain components of the circulating current. In this analysis, circulating
current is assumed to be the current closing through both arms of the converter leg. This
current contains useful input DC current necessary for the power conversion and a number

of harmonic components.
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For the analysis of the converter operation, it is useful to express the arm currents in terms
of circulating and output current components of the converter leg. To make the relations
as general as possible and to account for the fact that arms belonging to a leg of a MMC
converter do not have to share the output current equally a new variable can be introduced.
This variable can be named Sharing Factor (k) and can be seen as the fraction of the output
current carried by the upper arm of the converter relative to the total output current. Note
that the sharing factor is a real and not a complex number. The interpretation can be seen
in Figure where k; is used to scale vector /, in order to obtain arm currents I, and I,
with selected circulating current I.,. Note that besides the fundamental represented with
the vectors given in Figure there will also be other harmonic content in the arm and
output currents as well as DC component in the circulating current.

Equations that express arm currents in terms of sharing factor, output and circulating

currents are given in and (27).

Lo (8) = La(s) + koIo(s), ke <1 (26)

'(l'ks)Ia

k], < (k)L L

= > Ia

kI, I, I, ai
(a) (b)

Figure 21: Phasor diagrams for the leg currents and its output and circulating current rep-
resentations for the fundamental frequency. (a) - For the circulating current with arbitrary
phase. (b) - For the circulating current in phase with output current.
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Ly(s) = La(s) — (1 — k) La(s), k<1 (27)

Circulating current can be expressed in terms of upper and lower arm currents by rear-
ranging equations (25), and (27). The result is given in Equation (28). The same result
can be obtained from (a) by applying triangle similarity to scaled vectors along [,, and

I,, adding up to I,.

Tea(8) = (1 = ko) Lz (8) + kslay(s) (28)

Arm currents are the consequence of the voltage applied across the arm impedance as

expressed in equations and .

[ax(S) B Zam(5> (29)
Ly(s) = VZZy—y((j (30)

With the help of Kirchhoft’s Voltage Law (KVL) and Figure [20| the relations that link

controlled voltage sources and arm impedance voltages can be written as:

Vbow(8) = Vau(8) = Vzau(s) — Vzag(s) — Vag(s) =0 (31)

— Voy(s) 4 Vay(s) + Vzay(s) = Vzag(s) = Vag(s) = 0 (32)
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Vbee(s) + Vpey(s) = Vpe(s)

Vbea(s) = Vpey(s) = AVpe(s)

Equations emphasize that the DC BUs imbalance may exist and that DC supply in
general does not have to be balanced around ground. However, for the most of the analysis

it will assumed that Vpe, is equal to Vpe, and that AVpe(s) is 0. By combining equations

- with (29), and the following relations are obtained:

Vaa(s) = Vay(s) = —2Vag(s) + AVbe(s) + Lea(s) (Zay(5) = Zaa(s))
(34)

L(8) (ko Zao () + (1= k) Zay () + 220y (5)

Vaa(8) + Vay(s) = Vbo(s) = Lea(s) (Zay(5) + Zas(s))
(35)

—1I,(s) (ksZax(S) —(1— kS)Zay(S))
Several important conclusions can be drawn from equations and (39)):

o If the leg impedances are equal Z,,(s) = Z,y(s) = Z,, the output current depends only
on the output node voltage, the difference between the controlled voltages V. (s) and
Vay(s) and DC bus imbalance as illustrated in Equation ([36). As the DC bus imbalance
is usually small, this suggests that the output current can be controlled by controlling

the difference of the arm voltages.
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Vaa(5) = Vay(s) = =2Vag(s) + AVpa(s) = La(s)(Za(s) + 2Za4(s)) (36)

e If the sharing factor is k; = 0.5, which means that the output current is equally shared
between the upper and the lower arm of the converter leg, the circulating current
depends only on the DC bus voltage and the sum of the converter arm voltages. This
can be easily proved from Equation (37)) which is derived from with the assumption

that Z,,(s) = Zuy(s) = Z,.

Vi (8) + Vg (5) = Voo(s) — 2Za(5)Lua(s) — 2(ks — 0.5)La(5) Za(s) (37)

e The influence of the circulating current and sum of the arm voltages on the output
current increases as the sharing factor goes away from ks = 0.5. In other words, the
coupling between circulating and output current increases if the sharing of the output
current is unequal between the arms of the MMC converter leg and the control of the

converter becomes a bit more challenging.

e Equations and can be used to derive no load conditions for the converter and
control references. No load condition when I, = 0 and I, = 0 require the following

conditions to be true:

Vaz(8) — Vay(s) = =2V, (s) + AVpe(s) (38)
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Vaz(5) + Vay(s) = Vo (s) (39)

e Observing equations (36]) to leads to the conclusion that the feedback controller
for this converter in its simplest form will have to be able to control at least DC

components and the components at the frequency of the grid voltage generator v,,.

Presence of AC and DC components within converter legs that have to be controlled using
a same set of inputs complicates the controller design to some extent. For now, references
for the voltage sources v,, and vy, will be derived and used for the analysis of power flow

between converter legs and converter modules.

4.3 Arm Voltage References

Equations and can be used to derive control references for the arm voltages V,, and
Vi for the steady state, zero circulating current and zero output current (no load conditions).

In this case there are no voltage drops across impedances Z,,, Z,, and Z,,. Solving for V,,

and V,, results in equations and (41)).

Vi (8)

I0=0,Ica=0 Vbea(s) = Vag(s) (40)

Vay(s)

[a=0,lca=0 Vbey(s) 4 Vag(s) (41)

Terms in equations and should be actual measurements of Vpcy, Vpey and V.
Note that V,, is AC voltage, usually 60Hz and Vpe,, Vpey are DC in the ideal case and are
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equal to Vpeo/2.

Deviations in the reference values from the no load values given in and cause
output and circulating current to be greater than zero. In the ideal case the amplitude of
these deviations is significantly smaller that the amplitude of the signals given in and

. It can be assumed that these disturbances take the form of factors V,s and V,A as

shown in and ([43)).

Vials) = Voa(s) = Vao(s) + 3Vax(s) = 5 Vaa(s) (42)
Vio(s) = Voey(5) + Vgls) + Van(s) + 3Vaa(5) (43)

Substituting and in and and solving for V,y. and VA results in equa-

tions and that link disturbances Vs, and VA with circulating and output currents.

Vaa(s) = —lea(8)(Zay(s) = Zax(8)) + La(8) (ks Zaa(s) + (1 = ks) Zay(s) + 2Z04(s))  (44)

Vax(s) = —lea(8)(Zay(5) + Zaa(5)) = La(s) (ks Zax(s) — (1 = ks) Zay(s)) (45)

If arm impedances are equal Z,, = Z,, = Z, and sharing factor ks = 0.5, equations

and can be simplified into equations and (47).

Vaa(s) = 1a(5)(Za(s) 4 2Z44(s)) (46)
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Vas(s) = —Lea(s)(2Za(s)) (47)

Equations and indicate that in the that circulating current can be controlled
with the factor V,5(s) and that output current can be controlled with the factor V,a.

Equations , , and can be used to obtain references for the arm voltage
voltage sources V,, and V,, from Figure [20] for the desired circulating and output currents

and known voltages V,, and Vpc.

4.4 Power Flow
4.4.1 General Equations

From the previous section it can be seen that the simplest model of a single leg of the MMC
converter still contains at least five power sources (four if DC bus is counted as a single
source). In order to have the output current as factor in the analysis, in the previous sections,
currents were transformed from a natural set of coordinates corresponding to arm current to
another set of coordinates corresponding to the output and circulating current. Furthermore,
arm voltage sources will have AC and DC components both in voltage and current waveforms.
As a result, the power flow within the structure can get quite complicated.

Starting from a structure given in Figure [20[ and using equations for arm voltage control
references and from the previous section and assuming that Vpc, = Vpey = Ve /2
it is possible to evaluate the power delivered by all supplies in the circuit of one MMC
converter leg.

Note that the power is instantaneous and signals are in time domain in the following
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equations. For consistency of notation all supplies will be observed as power producers and
all impedances as power consumers. The sign of the power will determine the direction of
actual power flow.

Power delivered from the output supply is given in (48).

Pag(t) = —Vag(t)ia(t) (48)

The power delivered from the DC supplies Vpe, and Vpey, is given in Equation (49)).

oo (t) = P () P, (0 = Voo Bic(®) + (b = 5 ) Voclial) (49

Expressions for the power delivered by the top and bottom arm of the converter are given

in and (51)). The equations are derived with the help of (26), and ([42)), (43).

DPvae (t) = —Vgaz (t)lax(t) = %VDC<t>ica(t>

_ %VDc(t)ksz’a(t)

+ Vag (t)ica(t) (50)

+ Uag(t)ksia (t)

_ %Uax(t) (ica(t) + Eyia(t))
1

+ 50 (1) (ica(t) + hisia(1))

71



1

Puay () = —Vay (t)1ay(8) = = 5 VDo (t)ica(t)

+ Vool — k)ia(t)

— Vqyg (t)ica(t)
(51)

+ Uag(t) (1 — ks)iq(t)

1

— 50us(t) (iealt) = (1 = k)ia(2))

_ %M(t) (iea(t) — (1 — ky)ia(t))

Note that the terms for DC bus voltage Vpe () and grid voltage v,,(t) in and are
references generated by the arm voltage control based on the measurement of these voltages.
The references are fed to the arm voltage sources and it is assumed that the voltage of
the arm source follows the references ideally. For the sake of simplicity measurements and

references are not distinct here.

The following conclusions can be drawn from equations - (B1):

e Irom (48]) and can be concluded that the input and output power can be decoupled
if the arms share the output current equally (ks = 0.5). In this case DC bus power does
not depend on the output current, at least not directly. Output power is completely
supplied by the converter arms and their internal energy storage. If the sharing is not

ideal the output current will have direct influence on the input DC bus power.

e Instantaneous DC bus power from Equation and first two terms in and
add up to zero. It can be concluded that these terms describe the instantaneous power

transfer from DC bus sources to the arms of the converter.
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e Second term in (49)) and second terms in (50)) and add up to zero as well. When
ks = 0.5 second term in disappears but the second terms in equations and
(51) remain. This suggests that in addition to the power exchange between DC bus and
arms, second term in equations and also describes power exchange between
arms carried by the output current. To evaluate the amount of this power exchange
second terms in equations and can be rewritten as shown in and (53).
If expressed in this way, the sign of the terms indicate which term describes power
transfer between converter arms and DC bus and between converter arms themselves.
The arms should receive power from the DC bus and this is indicated by the minus

sign. The terms that describe exchange between arms will have alternate signs.

- 3VeObiint) = 5 (K. = 5 ) Voo(tia(0) = {ocin)  (52)

+ SVoe(t)(1— ku)iat) = —% (k - %) Voct)ia(t) + 3 Vocia(t)  (53)

e Third term in (50) and also describe the power exchange between converter arms

but this portion is carried by the circulating current.

The physical explanation of the power exchange between arms can be found in the
referent directions of the arm voltages and currents. From Figure 20| it is obvious that
arm supplies v,, and v,, cannot contribute to the output power with the same sign.
Depending on the output current direction and the output voltage one arm will deliver

and another will receive a portion of power carried by the output current. The size
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of this portion will depend on the output voltage as well as that will dictate the arm
voltage source values. The fact that one arm is delivering and another receiving a
portion of the power carried by the output current can be viewed as power exchange
between converter arms. This logic is in part dictated by the choice to analyze the
converter in terms of circulating and output currents and not in terms of upper and

lower arm currents.

Equation and fourth term in and add up to zero. These terms describe

the transfer of power from the arms to the output.

By adding equations , , and all terms except last two in equations

and add up to zero. As a result of the power conservation law, it can be
concluded that these two terms represent the power delivered to the arm impedances
Zap and Zg,, in Figure as the only remaining option. Another way of looking a
this is that this is the power for the control effort. The arm sources act on the arm

impedance voltages to maintain the desired arm currents.

It is convenient to assign a variable to each of the power components in the arm in-

stantaneous power from and as shown in equations and (55). Terms used in

equations and can be found in (48], and (56)-(58). Besides DC bus power

ppc and output power pag, terms pae, pz,, and pz,, describe the power exchanged between

the converter arms, control power delivered to the upper arm and lower arm impedances

respectively.

1

Puae (t) = _§pDC (t) + Pae (t) - kspag (t) + PZ,. (t) (54)
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1

pvay (t) = _§pDC(t) - pae(t) - (1 - ks)pag(t) + pZa,y (t) (55)
(1) = g (Oica(t) — FVoD)ia(t) (56)
1 , .

Pz, (t) - ?UaE(t) (ZCa(t) + ksza(t)) (57)

- §UCLA(t) (ica(t) + ksia(t))

1
Zayt :——Uagt icat — 1—]€5 iat
Pz, () ? (1) (iealt) — ( )ia(t)) (58)
- §UaA(t) (ica(t) - (1 - ks)za(t))

4.4.2 Converter Arm Power Balance

Analysis above applies to instantaneous power flow within the converter. To evaluate the
power balance additional assumptions are necessary. As the converter is analyzed in a grid

tie structure, it can be assumed that:

e Grid voltage will have pure sinusoidal waveform. It is assumed that the grid voltage
term wv,,(t) in the references creating arm voltages in - is harmonic free. In
case there are harmonics in the actual grid voltage, they will cause harmonics in the

output current.
e Grid current will have a dominant fundamental with higher harmonic content.
e Circulating current will have DC component and a number of harmonics.

e DC bus is constant.
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The assumptions mentioned above about the power carrying waveforms are summarized

in Table

Table 1: Power carrying waveforms

Waveform approximation Description
Vag(t) = Vagrcos(wyt) Grid supply voltage
7]
ia(t) = Incos(wgt — Oa1) + Z Lopcos(hwgt — O,p) Grid current
h=2
Vbe(t) = Vpe DC bus voltage
7]
Gea(t) = Leao + Z Iancos(hwgt — Ocan) Circulating current
h=1

Higher current harmonics in Table [1| are given with respect to the grid voltage (funda-
mental) frequency. Harmonic limit H is chosen as a range of interest and can be somewhere
between grid fundamental and switching frequency. The assumption about harmonic content
here is made only to investigate the effects these might have on active (DC) and reactive
(AC) power components within the converter.

Applying the waveforms from Table [1] to the output power Equation (48]) results in
(B9). All terms in Equation except for the first represent reactive power components.
First term in is a active power component that describes the transfer of power from
arm sources to the output. Second term describes the transfer of reactive power from the
converter arms to the output. Last two terms can be seen as harmonic power components

describing the harmonic power exchange between the converter arms and the output.
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Pag(t) = — Vag(t)ia(t) =
1
+ 5%91]alcos(9a1)
1
+ §Va91[a1005(2w9t —041) (59)

H
1
+ Z §Vagl]ahcos ((h+ Dwyt — 6,1)
h=2

H
1
+ E 5‘/agljah005 ((h — 1)wgt — 0a1)
h=2

Applying the waveforms from Table[I|to the DC bus power Equation (49)) results in (61]).

. 1 ,
ppc(t) =+ Vpc<t>lca(t) + (kis — 5) VD(j(t)Za(t) =
+ VDC]C(IO
H
+ Z Vel eancos(hwgt — Ocap) (60)
h=1
1

+ (ks — §)VDcIalcos(wgt —041)

H
1
+ (ks — 3) hz_; Ve Iancos(hwgt — Bap)

The first term in active power transfer from DC source to the converter arms. The
remaining terms describe reactive power flows that move energy between arms and the DC
source. In case of ideal sharing (ks — 0.5) last two terms tend to zero.

Applying the waveforms from Table [I| to the arm exchange power Equation ([56) results

in (61).
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Pae(t) = + vag (E)iea(t) — Vo (t)ialt) =

4
+ Vg1 Leaocos(wyt)

1
— ZVDC]alcOS(CUgt —04)

H
1
— E ZVDCIahcos(hwgt — Oan) (61)
h=2

H
1
+ E §Va91[cah608((h + 1)wgt — ecah>
h=1

H
1
+ g §Vagl]mhcos((h — Dwgt — Ocan)
h=1

There are couple of rather important takeaways from Equation (61)):

First two terms in (61) are always there and are the consequence of the converter
operation. These cannot be avoided and the energy storage within arms should be

sized to handle them.

Third term in (61]) is the consequence of output current harmonics and can be limited

by the converter design.

Last two terms in are the consequence of the circulating current harmonic compo-
nents which can be controlled and can be avoided or at least limited by the converter

design.

Last term in Equation suggests possible active power exchange between converter
arms when the converter is operating. This can be done by injecting an AC component

in the circulating current at the frequency of the output fundamental as indicated in
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Equation (62)).

H
1 1
Z §Vagl]cahcos((h — Dwgt — Ocan) =+ §Vaglfcalcos(—9m1)
h=1
" (62)
+ Z §%gllcahcos((h — Dwgt — Ocan)
h=2

The direction of the power flow can be controlled by the angle 6.,; between the fist

harmonic of the circulating current and the output voltage fundamental.

Components pz,, and pz,, are a bit harder to analyze in this manner. These components
represent the instantaneous power delivered by the arm supplies in order to force the desired
current through impedances Z,,, Z,, and Z,,. All power components related to the these
impedances will be frequency dependent, including the ones in the "active power" category.
For the purpose of power balance investigation, the total active power delivered by the
converter arms to the impedances Z,,, Zqy and Z,, will be marked as pg,, and pg,,. It can
be assumed that this power component will be small compared to the rest.

As can be seen from the previous analysis MMC converter arms act as energy hubs
that receive power from the DC bus and deliver it to the arm impedances and the output.
The energy storage in the arms is usually very limited so the proper balance of power flow
between DC bus, converter arms and output must be maintained at all times to ensure system
stability. Special care must be taken when dealing with harmonic components that can carry
DC (active) power components. By collecting all non-alternating terms from equations

and it is possible to write the equations and for the active power balance
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within the converter.

1 1 1
Poaq (t) = _§VDCIcaO + §%gljcalcos<_ecal) - ksi%gljalcos(eal) +pRM (t) =0 (63)

1 1 1
pvay (t) = _§VDCIcaO - §%g1[calcos(_ecal) - (1 - ks)i%gljalcos(eal) +pRay (t> =0 (64)

Do, () and m in equations and stand for average values. First and third
term describe active power transfer from the DC bus to the output. Last term represents
losses in the leg impedances and the second term describes power transfer between arms.
Second term can be controlled and unless the power transfer is desired should be 0 either by
forcing the amplitude of the fundamental of the circulating current to 0 or the phase angle
to m/2.

If the converter control is designed to maintain the balance expressed in and
then the storage in the converter arms only needs to deal with the reactive and harmonic
power components. The size of energy storage needed for reactive component will determine
the minimum amount of DC bus capacitance in each module of the converter arms.

Although the reactive power requirements will determine the minimum amount of energy
storage the relationship is not simple. The energy storage has to be large enough such that
the nonlinear loop (arm reactive power) — (energy storage voltage variation) — (circulating

and output current harmonics) — (arm reactive power) within the converter does not have
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unstable modes. To attempt to model this loop, more detailed model of the module and arm
is needed.

Equations and can also be used to complete the control reference equations
in and (45). Equations and link the output and circulating current. Using
Equation , in cases when ks = 0.5. it is possible to calculate the needed circulating

current for desired output current in order to maintain power balance.

1 Vo

1 PRas + PRay
072 Vne

I,
Vbe

I,1c08(041) + (65)

In the equation above cos(6,;) is the power factor of the converter output. It is obvious
that the second terms in and should be zero.

In case when k, # 0.5 second terms in and cannot be zero and the fundamental
of the circulating current can be used to achieve power balance. If and are rewritten
as and the value of the fundamental of the circulating current can be linked with

output current as given in (68). Note that even in this case still stands.

1 1
- §VDCIca0 + §Vagllcalcos(—9a1)

11 1 1
- §§Vag1[a1005(9a1) + (5 - k‘s)ﬁ\/agl]alcos(Gal) (66)
+ PR, (1) =0
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1 1
- §VDCIcaO - _V:lgl]calcos(_aﬂ)

2
11 1 1
— 55‘/119110,1003(6(11) — (5 — ks)avagllalcos(gal) (67)
+pRay<t) =0
1
I.q1€08(—0cq1) = —(5 — kg)I11c08(0,41) (68)

4.5 Low Switching Frequency Considerations

For the analysis of the MMC given above the assumption is that the modules are balanced
through switching actions either by modifying the duty (insertion time) or the order of
insertion of the modules. In both cases it is important to facilitate frequent exchange of
states on each module so that the energy exchange can be controlled properly.

In cases when the switching and balancing action frequency is comparable to the funda-
mental or the first harmonic of the converter, the power flow within the converter cannot be
observed as shown above. In this case the amount of energy absorbed by the module will
highly depend on the phase between the modulation carrier and the arm current (the point
where the module gets inserted in the string relative to the peaks of the current sine wave).

In this case it is possible to encounter a situation where one module will constantly be
inserted near the peak of the sine wave and have large energy exchange while and other
modules may be always inserted near zero crossing have almost no energy exchange. The
situation will change with each change of the current phase angle (power command) which

is highly unpredictable. The balancing in this case becomes highly involved task.
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The modules will receive or deliver a relatively large and unpredictable quantum of energy
that has to be absorbed by the module internal capacitors. Sorting balancing algorithms
work well in this case but the internal capacitance of the module will have to be based
on the largest quantum of energy that the module can ever exchange. This quantum of
energy will depend on maximum duty of the module or balancing period and absolute peak
of the current. The converter behavior becomes extremely nonlinear during transients when
stability is of importance and hard to analyze.

While it is still possible to create fine sinusoidal waveforms with large number of levels
and low switching frequency, the control and analysis of the converter will be fairly different
and will be left for future study. The modulation index for each module will not follow
the average modulation index in the same way as presented in Chapter [£.I] Due to the
unpredictability mentioned above, tight control of values within the converter module by the
means of modulation index will be very hard and the internal storage will be very hard to
balance.

It will be assumed here that the switching frequency is at least ten times higher then the

fundamental of the output current.

5 Converter Model

Previous section outlined the equations that describe the fundamental behavior and defined
the operating point for the MMC converter. As in the previous section this section will deal
only with one leg of the converter. Assuming that the controller is capable of full control

over circulating and output current, analysis done on one leg and the single phase system
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can easily be extended to any kind of multi-phase arrangement. The MMC converter leg

structure that will be analyzed in this section is fairly general and is given in Figure 22]

l -
+ Module 1 U +
+
Sy
V/‘
Linear storage
and filter section Sz
vax
. i .
G Module N U H
N n
S1
V/-
Linear storage
ilter secti Sz D
and filter section

Module 1

Linear storage

and filter section

VDC ¥

Module N

Linear storage

and filter section

Figure 22: General structure of the MMC converter leg. Module structure is arbitrary as
long as it gives well filtered filter section output vy.

The approach here will be to go from general module equations and then incorporate
them into arm and leg equations. The equations for three structures that are of interest:
conventional module, module with battery energy storage and module with ultracapacitor

energy storage will be derived in the next section.
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5.1 Converter Module Equations

In most of the available literature, switching section is defined as a part of the module
as illustrated in Figure and previous sections of the current text. This is true when
observing the MMC converter as a mechanical structure as switching section of each module
also belongs to the mechanical assembly of the module. To make the module equations more
straightforward, the switching section will not be modeled as a part of the module but as a

part of the converter arms in the next section.

Mechanical Module
Module model

|Storage | * Filter |i +
. | Section Vs | Section vy

Figure 23: General structure of the MMC' converter module. The switching section is modeled
within the converter arm equations, as a result, the module is illustrated with switching section
grayed out.

To obtain the equations that link module currents and module voltages it will be useful

to assume that:

e Module storage and filter section are linear or that they can be linearized around the

operating point defined by the state of charge.
e All modules have identical internal structure.

In case above mentioned is true, general module equations can be represented with the

system of differential equations in general matrix form given in (69).
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in(t) = Afo(t) + Bfif(t) + Efllf(t)

dt (69)
Uf(lf) = Cfo(t) + Dfif(t) + Ffllf(t)

Matrices A¢, B, C¢, Dy, E¢ and F¢ are common for all modules. However, each module
has its own set of states x¢, current input s, voltage output vy, and a set of other inputs
ug(t) if needed. These matrices will depend on the module implementation. Models for the

few module implementations of interest will be given in the following text.

5.1.1 Implementation #1 Module Equations

Circuit diagram used to derive the equations for the generic MMC module without the
switching section is given in Figure 24 In this case the module equations need to model only
the module capacitor bank and module internal losses. It will be assumed that the module
buswork inductances can be neglected. Capacitor C; in Figure models capacitance of
the DC bus capacitor bank. Resistance R, models internal resistance of the capacitor bank
and any other input current dependent losses in the system. Resistance Ry, can be used to

model the leakage commonly associated with Al electrolytic capacitors or internal loads on

—AAMN——
+ =5 +
i
= VCfl Vf

Figure 24: Circuit diagram of a generic MMC module. Resistance model internal resistance
of the capacitor bank and leakage/balancing circuit.

the module DC bus.
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The set of equations that describes the circuit from Figure [24]is given in (70).

d 1 1

—Vcf = — v + At
dt ! RpCr T Cpy Y

(70)
vy =vcp + Ry

After examining and it is possible to define matrices A, B¢, Cy and Dy for the

system from Figure 24 as shown in (71)). In this case the model has only one state and the

matrices are actually scalars represented as 1x1 matrices. Additional inputs ug(t) do not

exist in this case. As a consequence, matrices Ef and F¢ are also empty and are not listed

in (71).

S R

5.1.2 Implementation #2 Module Equations

Circuit diagram of the structure that will be used to model the module with integrated
battery energy storage is given in Figure 25] The battery model incorporated in Figure
represents the one time constant dynamic model usually associated with Li-ion and other
batteries. It is assumed that one time constant model is good enough for the purpose of this
study [116], [117].

The differential equations that describe the circuit from Figure [25] are given in (72)).
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R, Cy, => Ves2 Cy >VCﬂ Vi
Vh _'l'_
Battery energy storage Filter

Figure 25: Circuit diagram of the module with integrated battery energy storage.

energy storage s modeled.

d 1. 1 .

avcfl = —C—flls -+ C—fllf

d 1 .

%’UCsl = _mUC‘sl + C—Slls

iis = LUCf1 — L?Jcs1 _fat Bt Rf2is + Rﬂif ! ()
dt L L L L L

Battery

(72)

After examining Equations from and it is possible to define matrices A¢, By,

Ct, Et, Fr and Dy for the system from Figure The matrices are given in (73). Input

ug(t) is in this case a scalar representing the battery voltage. Matrices Ef and F¢ are also

scalars but are represented as single element matrices in ([73)).

1 1
0 0 o o 0
Af = __1 1 Bf = Ef =
O RSQCSQ Csl O O
1 _ 1 _Ra+RptRpo By _ 1
_Lf1 Lf1 Lfl ] _Lfl_ i Lfl_

Cr = |:1 0 —Rf2:| Df:Rf1+Rf1 Fe = |:0:|
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5.1.3 Implementation #3 Module Equations

Circuit diagram of the structure used to model the module with integrated ultra-capacitor
energy storage is given in Figure [26| It is assumed that the acceptable ultra-capacitor
modeled includes capacitance Cy; with internal resistance Ry and leakage or internal load
discharge resistance Rg. In most cases Rg will be a very small load making this resistance

very high.

Rz Ly Ry

~ <IM +
Ry, * Rp f
.- + V/
R, C, 1_:> Vet C/2T> Ver

UC energy storage Filter

\

Figure 26: Circuit diagram of the module with integrated ultra-capacitor enerqy storage.

The differential equations that describe the circuit from Figure [26] are given in (74]).

d 1 . n 1 .

—Vop = ———ls + =1

dt 7T ot T on !

d 1 1

— Vsl = ————Ves] + ——1is 74
dtvc 1 ngCﬂvc 1 0811 ( )
d . 1 1 Rgi + Rys + Ryo Ry

dtls - Lfl Vcri1 Lfl Vos1 Lfl ls + Lfl Ly

After examining Equations from and it is possible to define matrices A¢, By,
Cy and Dy for the system from Figure 26 The matrices are given in (75)). Input ug(t) does

not exist in this case. As a consequence, matrices E¢f and F¢ are also empty and are not

listed in ([75]).
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Cy1 Cr1
A = 1 1 Bf =
0 Rs2Cf1 Csl 0 (7 )
5)
1 1 _ Rsi+Ry3+Ryo Ryo
_Lf1 Ly Ly ] _Lfl_

Cr = [1 0 —Rf2:| Df:Rf1+Rf2

5.2 Converter Arm Equations

The next step is to describe arm voltages V,, and V,, and their dependence on the arm
currents i,, and iq. To do this it is necessary to define the operation of the switching
section. For the converter implementation given in Figure 22| switching states s,,[; and sqy;

have the same meaning as in Chapter |4] and are defined as:

® Sazfi]> Sayfi) 1 equal to 0 if the module ¢ is shorted out in the string of modules making

the converter arm.

® Saufi], Sayli) 1S equal to 1 if the module 7 is inserted in the string of modules making the

converter arm.

With the switching states defined as above, the switching section always inserts the
module in the same way and that it cannot invert the polarity of the filter section with
respect to the module terminals.

If the switching states of the switching section are defined in terms of module arrangement
in the converter arm (inserted, shorted out, inverted...) and the switches are assumed to be

ideal the model does not depend on the switching section implementation and the number
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of switches. For the switching section types that have Full Bridge or some more complicated
implementations switching state definitions can be extended to include negative numbers or
even fractions.

Having in mind the definitions of the switching states given above and the module equa-
tions given in (9], arm voltages for the structure shown in Figure 22| can be expressed with
Equation . Note that and equations describing modules given in previous sections
refer to one module of interest only. To denote all modules within the converter, marking

system described in Section is used in the following equations.

N

Vaz (t) = vaaz[i}(t)sax[i] (t),  Saa € {0,1}
Vay() =D Vsaylil () Saypi (1), Saygiy € {0,1}
i=1

Similarly, currents i o, and if4y[ can be expressed as in (77)):

ifam[i] (t) = iax@)sax[i] (t)a Sazxi] € {Oa 1}

i fayli) (1) = Gay(t)Saypi (t),  Saypy € {0, 1}

Assuming that the variables from equations and are given in a vector forms
as shown in - arm voltage expressions can be converted to and arm current

expression to (82]).

91



SaX(t) =

Vfax(t) =

ifax (t) =

Saz[1] (t)

Saz[2] (t)

Vfaz[1] (t)

Vfaz[2] (t)

_Ufax[N] (t)

Z‘fa:p[l] (t)

i fazf2) (1)

_Sax[N] (t)

_ifax[N] (t)

Say(t) =

Viay (t) =

ifay (t) =

Say(1] (t)

Say(2) ()

_Say[N] (t)

Vfay1] (t)

Vfay(2) (1)

ifay[l} (t)

i fay[2) (t)

_’Ufay[N} (t)

_ifay[N] (t)

Vaz () = SaxT(t)VfaX(t>

Vay(t) = SayT(t)Vfay (t)
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ifax (t) = Sax (t) lax (t)

ifay (t) = Say (1)iay(t)

To link equations describing modules it is necessary to extend to include all mod-

ules within the arm. This can be done with the help of the marking system described in

Section The system of equations describing one converter arm now becomes:

d .
%Xfax(t) = Afafoax(t) + Bfaxsax(t)za:c (t> + Efaxufax(t)
d

%Xfay(t) = AfayXtay (1) + BraySay (1)iay(t) + EgayUgay (1)

Uax<t) - Sax(t)TCfafoaX(t) + Sax(t)TDfaxSax(t)iax(t) + sax(t)TFfaxufax(t)

Vay(t) = Say(t)TCfayXfay(t) + Say(t)TDfaySay(t)iay@) + Say(t)TFfayufay(t)

(83)

(84)

Vectors Xgax and Xga, are aggregate state vectors for all modules within an arm and

are consisting of concatenated state vectors given in for each module within an arm.

Similarly, vectors ugx and ug,, are aggregate optional input vectors for all modules within

an arm. The structure of both vectors is given in . Assuming that the vectors in

are m-dimensional, vectors Xg.x and Xgay

93



Xfax —

Xfax[1]

Xfax[2]

Xfax[N]

Xfay|[1]

Xfay[2]
Xfay —

Xfay[N]

Ufax =

Ufax|1]

Ufax[2]

Ufax[N]

Ufay =

Ufay 1]

Ufay|[2]

Ufay[N]

(85)

Matrices Agx and Ag,y are block diagonal matrices consisting of identical blocks given

in (69) and specified for different module implementations in (70)-(82). Their structure is

shown in . If the module state vector x; is m-dimensional and there are N modules

within a leg these matrices dimensions are m/N x mN.

Agaxy 0
0 Afax[2]
Afax =
0 0

Afax [N]

Afay =

Atay[N]

(86)

Matrices Bgax and Bygax are given in . If the module state vector s is m-dimensional

and there are N modules within a leg these matrices are m/N x N dimensional.
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B fax[N]

Bay|N

(87)

Matrices Cgax and Cgyy are given in 1} These matrices are used in the equations for

the output voltages of the filter outputs of each module. If the module state vector x¢ is

m-dimensional and there are N modules within a leg these matrices are N xmN dimensional.

Cfax =

Crax[N]

Cfay =

Cray[N]

(88)

Matrices Dyax and Dgyy are given in (89). These matrices are used in the equations for

the output voltages of the filter outputs of each module. If the module state vector x; is

m-dimensional and there are N modules within a leg these matrices are N x N dimensional.
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0

D faalnv |

D fay(1] 0
0 Dyayp
0 0

D.fay[N}

(89)

Matrices Egx and Eg,, are given in . These matrices are used in the equations in

case there are "auxiliary" inputs to the module filter equations besides the module current.

If the module state vector x is m-dimensional, there are k auxiliary inputs and there are N

modules within a leg these matrices are Nm x Nk dimensional.

Efax =

Efax1]

0

Efax[2]

Efax [N]

Efay =

Etay[1) 0
0 By
0 0

Efay|N)

(90)

Matrices Feax and Fy,y are given in (91]). These matrices are used in the equations in case

there are "auxiliary" inputs to the module filter equations besides the module current. If

there are k auxiliary inputs and there are N modules within a leg these matrices are N x Nk

dimensional.
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Feax[y) 0 0 Feayp] 0 0
0 Ffax[2} 0 0 Ffay[2] 0
Ffax = Ffay - (91)
0 0 - Ffax[N] 0 0 e FfaY[N]

5.3 Integrated Switching Model

Next step is to integrate the module and arm equations into differential equations modeling
the converter leg. To simplify the derivation of the differential equations for the structure
from Figure 22| and for the sake of continuity it is convenient to start from and

derived in Section [4.2|for the simplified version of the converter leg. The system of equations

from and is rewritten in (92)).

Vaa(5) = Vay(5) = = 2Vig(5) + AV (5) + Lea(5) (Zay(s) = Zaa(5))
) (F Zan() + (1 = K)oy (5) + 27,(5))
(92)
Vi (s) + Vay(s) =Vpc(s) — Lea(S) (Zay<8) + Zax(s))

— 1a(5) (ks Zao(s) — (1 = k) Zay(s))

Expressions from can be relatively easy converted to a set of linear differential
equations if it is assumed that the impedances Z,,, Z,, and Z,, consist of resistive and

inductive parts only as shown in (93)).
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Var(5) = Vay(5) = — 2Vag(5) + AVpo(s)

+ Lea(8) ((Ray + $Lay) — (Raz + SLaz))

— I,(8) (ks(Raz + $Laz) + (1 — k) (Ray + 5Lay))

— Iu(8)(2(Rag + 5Lag)) (93)
Vaa(8) + Vay(s) = + Vpo(s)

— Iea(8) ((Ray + 5Lay) + (Rag + 5Laz))

- Ia(s) (ks(Raa: + SLaa:) - (1 - ks)(Ray + SLay))

VDCQC(S) + VDcy(S) = VDC(S)

VDCz(S) — VDcy(S) = AVDC<S)

After the conversion into time-domain and into a matrix form, system from can be

expressed as shown in - (97).

d

. —1 . -1 -1
%laco = _LacoRacolaco - LacoKnycoVaxy - LacoKVincoVain (95)
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UDCx(t) 7
Ve (1) Geq ()
Vaxy(t) = Vain(t) = Upcy(t) laco(t) =
Vay(t) ia(t)
Vag(t) - (96)
1 -1 -1 1 2
Knyco = KVinco =
1 1 -1 -1 0

Rax - Ray kSRax + (1 - ks)Ray + 2Rag
Raco =
Ram + Ray ksRaz - (1 - ks>Ray
- (97)
La:p - Lay ksLax + (1 - ks)Lay + 2Lag
Laco =
La:c + Lay ksLaz - (1 - ks)Lay

Equations (95)-(97) are written in terms of output and circulating current, which was
convenient for the power flow investigation in the previous section. However, for this section
it may be more convenient to work with arm currents. The equations in terms of arm
currents can be obtained from the circuit directly or by applying coordinate transformation
to equations (95)-(97). The transformation between circulating and output current and arm
currents is outlined in Equation (98).

1 ks laz ica leq laz

Tixy = ; = Tixy ; - ’:[‘ixy_1 (98)

1 _(1 - kS) Zay ia ia Zay

Multiplying with K(,iyco and applying to — results in equations —.
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d
. _ -1 . -1 -1
_laxy - _LaxyRaxylaxy - Laxyvaxy - LaxyKVinxyVain (99)

dt

G0z (1) -1 0 1
iaxy(t) = KVinxy == (100)
oy () 0 -1 -1

R, — Ryz + Ry —Ryq
_Rag Ray + Rag
- (101)
Laxy _ Laa: + Lag _Lag
_Lag Lay + Lag

Equations (99)-(10I) can now be linked with arm and module equations given in (83)
and (84)). The result is shown in equations (102)-(105). Note that the matrices are aggregated
one step further. In the indices of terms used in the equations, , denotes that the matrices
belong to the equations for the filter/storage section of the a-phase modules. Terms with
indices , or , alone denote only upper or lower arm while term indexed with ., denotes

matrices aggregated for the whole converter leg.
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d, _ _ .
—laxy = — (La}:yRaXy + La)zysgxy (t)DfaxySaxy (t)) laxy (t)

dt
- (L;;ys;rxsf(t)cfaxy) Xfaxy (t)
(102)
- (L;;ysgxy(t)Ffaxy) Ugaxy ()
- (L;):yKvinxy) Vain(t)
d .
Exfaxy (t) = Afaxyxfaxy (t) + Bfaxysaxy (t)laxy(t) + Efaxyufaxy (t) (103)
Afax O Bfax O Efax 0
Ataxy = Braxy = Efuxy =
0 Afay 0 Bfay 0 Efay
- - - - - (104)
Cfax 0 Dfax 0 Ffax 0
Cfax)’ = Dfaxy - Ffaxy =
0 Cfay 0 Dfay 0 Ffay
Xfax(t) ufax<t) Sax<t> 0
Xfaxy (t) = Ugaxy (t) = Saxy (t) = (105)
Xgay (t) Uy (1) 0 sylt)

Based on (102)) and (103) it is possible to assemble a non-linear switching State-Space

model of the MMC converter leg:

101



d iaxy - (L;,}yRaxy + L;)}ysgxy (t)DfaxySaxy (t)) - (L;)}ysg‘xy (t)cfaxy> iaxy
Xfaxy Bfaxysaxy (t) Afaxy Xfaxy
- (L;)zyKVian) - (L;}ysg‘xy (t)FfaXy) Vain
0 Efaxy Ufaxy

(106)

5.4 Large Signal Model

The state matrices of switching model given in (106 are time variant, input dependent and
only piece-wise continuous and for these reasons not really suitable for any other analysis
except for time domain transient simulations. To continue the analysis of the converter, the
first step is to get rid of the switching states and create a continuous model, usually referred
to as large signal model.

The large signal model can be extracted from (106) using the procedure similar to the
one described by Erickson et al. in [118]. Erickson et al. used linear ripple approximation
to factor out switching states and express the equations in terms of duty ratio which is the
control variable for the circuitry investigated in their work.

Similarly, for the analysis in this text the behavior of the converter will be approximated
by the piece-wise linear solution. For the simpler notation, the system from can be

rewritten in more compact form as in ((107)).
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Xa(t) = Aa(t)Xa(t) + Ba(t)Ua(t) (107)

The procedure described by Erickson et al. in [118] applies to a DC/DC converter
with only two switching states. MMOC converter in contrast can have very large number
of states. As a result the linear ripple approximation outlined in |118| will not be directly
applicable to MMC and the procedure will have to be generalized to some extent. Modulation
plays important part in the modeling shown in [118]. As a result, before the model can be

formulated PWM specific to the MMC must be investigated.

5.4.1 MMC Modulation Aspects

In the case of DC/DC converter analyzed [118] linearizing solution and factoring out switch-
ing states from the model is straightforward as the converter has only few possible switching
states and a rigid structure. The linearization could be done across one switching interval.
This allowed the authors to model the converter in terms of duty ratio instead of the switch-
ing states. In the case of the MMC converter the procedure will be different due to the

following considerations:

e The number of levels in the MMC converter and consequent different switching states
can be very high. Conceptually the number of levels can be infinite and so can be the

number of switching states.

e In contrast to DC/DC converter where the large signal model can be expressed using
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the duty ratio, the MMC converter model will have to be formulated in terms of

modulation index.

Modulation index and its relation to the switching states will depend on the modula-

tion type and the balancing algorithm. In order to "extract" modulation index from

switching states, proper observation period has to be identified. For MMC converters

one can distinguish between effective switching period (7%, ) and component or module

switching period (7}) as illustrated in Figure 27 and Figure 28 Effective and module

switching periods can be described in the following manner:

The effective switching period is visible from the output terminals and is the effect

that determines the output ripple.

The module or component switching period (or just switching period) is the
switching sequence period seen from the standpoint of one module and in case of

simple module implementations from the standpoint of the switching component.

Effective and module switching periods are not the same for most implementations

of MMC converter and the relation of the two will depend on PWM type.

In the case of the phase-shifted carrier PWM illustrated in Figure 27 the module
switching period is the period of the carrier. If the carrier phase shifts are uniform
and the number of modules in the converter arm is N, the effective switching
period is easily identified as Ts/N. The effective switching period can also be
easily identified as a width of the lowermost triangles from the carrier waveform

illustrated in Figure Balancing is in this case linear and will not influence
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switching pattern but will be reflected in the modulation index extracted from

the switching states.

Carrier /\
/ )
Mod. Index ><
\
t
Ss
4l
S3
Sy
S |7 L
3s; t
It
T Tan T t
T, T, T

Figure 27: Ideal phase-shifted PWM. The graphs illustrate: carrier, approrimately constant
modulation indez, individual module PWM and aggregate output PWM for 5 level modulator.
The color of the signals show correlation between carrier and module PWM.

— For the level-shifted carrier PWM shown in Figure the effective switching
period can be easily identified. The effective switching period Ty, is equal to the
period of the carrier. The module switching period, on the other hand, cannot be
easily determined without the effects of the balancing algorithm. If the balancing
algorithm is excluded, the module switching period will not be consistent for
all modules or across time and will depend on the modulation index value as
illustrated in Figure 28}(a). The balancing algorithm must be included in the
analysis to make the module periods consistent and switching states relatable to
the modulation index. The balancing algorithm will sort the modules according to
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their DC bus state of charge or voltage and assign them different "level" carriers
in order to spread the energy equally across the modules. Eventually all modules
will cycle through the same "level" of the carrier as shown in Figure 28 (b).
In the ideal case, if the number of modules in the converter arm is N and the
balancing algorithm operates once per switching period Ty, it will take N'T}, to

cycle through all modules which will in this case determine the module switching

period.
NG N VT T
Carrier Carrier | A A /\ a\ AL A /\
Mod. Index Mod. Index | A[[/\]/\] A /\
i ' ' {
Ss S5
S I O O O O O S4
S3 53
Sy S I
Sy S1 LI
ESi t Esi t
[ O g O O I O O
t Ty TaTa ... t
(a) (b)

Figure 28: (a) - Ideal level-shifted carrier PWM. The modulation does not show the effects
of balancing algorithm. (b) - Level-shifted carrier modulation. The color of the signals show
correlation between carrier and module PWM. Modulation index is shown constant which is
approximately true for high switching frequencies.

— To summarize, the effective switching period is the minimum, ripple generating
period and the effective switching period can be loosely defined as the period

of the repeating sequence of the switching states for a single module switching
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section.

e To extract the modulation index from the switching states it is necessary to observe

the longer interval, which is in both PWM cases module switching period.
e This means that contrast to DC/DC converters with only two switching states, the
MMC will have much higher numbers of switching states per observed interval.
5.4.2 Linear Ripple Approximation Generalization

The first step in obtaining the large signal model is to represent the solution of the differential
equation given in (107) around switching instance Tl illustrated in Figure 27 and Figure

using Taylor expansion as shown in Equation ({108]).

X (T 43 Xa(Tui)
Xa(t) = Xa(Tuo) + dtT(t — Tao) + WT(t — Ta0)® + ... (108)
H?)rT

Similar to the procedure in [118] the solution expressed in (108)) can be linearized be-
tween successive switching instances marked as Ty and Ty in Figure and Figure
by neglecting the higher order terms marked as H.O.T. in (108]). The linear version of the
model state is shown in . The simplification here is only that the ripple (change in the

solution between two switching instances) is linear.

iXa (TsiO)

Xa(t) = Xa(Typ) + 4 (t = Tsio)

1! (109)
fOT’ TsiO S t < Tsil
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The derivative %Xa(TsiO) can be replaced with 1) as shown in ((110)).

Xa<t) = Xa(TsiO) + [Aa(TsiO)Xa(TsiO) + Ba(TsiO)Ua(TsiO)] (t - Tsi[))
(110)

for Ty <t <Tg

It is assumed that the X,(Tyy) are initial conditions for the first switching interval,
which are known. At the end of the first switching interval the solution can be expressed

with Equation (111)), which is rewritten in more convenient form in ((112)).

Xa(Tsi1) = Xa(Tsi0) + | Aa(Tsi0)Xa(Tsio) + Ba(Tsio) Ua(Tsio) | Ato
(111)

Aty = Tsi1 — Tsio
Xa(Tsin) = [I + Aa(Tsio)AtO] Xa(Tsio) + Ba(Tsio) Ua(Tsi0) At (112)

The next switching interval between T,;; and Ty can be described in the same manner

as shown in (|113)).

Xa(t) = Xa(Tsil) + Aa<Tsi1)Xa(Tsi1) + Ba<Tsi1)Ua(Tsi1) (t - Tsil)
(113)

for Teyr <t <Tgo
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Substituting (112)) in (113)) and expressing the solution at the end of the interval, at the

point 7o, results in (114]).

Xa(Tsi2) =1+ Aa(Tsio) Aty + Aa(Tsin) Aty | Xa(Tsio)

+ Ba(Tsi0) Ua(Tsio) Atg
+ Ba(Tsi1)Ua(Tsin) Aty
(114)
+ AL (Tsi1) Aa(Tsio) Xa(Tsio) Ato Aty
+ AL (Tsi1)Ba(Tsi0) Ua(Tsio) At Aty

Aty =Tgi0 — Tsin

In the same way as in [118] the quadratic terms in ((114]) can be neglected. The justifica-

tion for this step can be summarized as follows:

e The last two terms from (114)) have quadratic factors like AtgAt; , Aa(Tsi1)Aa and

A, (Tsi1)Ba(Tsi0). These two terms can be rewritten as in (115

AL (Toin)Aa(Tsi0) Xa(Tsio) Ato Aty + Aa(Tsin)Ba(Tsio)Ua(Tsio) Ato Aty
(115)

— AL(T) [(Aamio)xa(nm) ; Ba(Tsio)Ua(Tsio)> Ato} Al

e Substituting (L11)) in (115]) results in (116]).
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Au(Tin) [(Aa(Tsio)Xa(Tsio) i Ba(TsiO)Ua(Tsio)) Ato} Al
= Au(Ti1) [Xa(Tsm - Xa<Ts¢o)] Aty (116)

= Aa(Tsi ) A1 AX G (Tsin)

e Term AX,(Ty;) represents the change in the state values during one switching interval,
which is in case of the MMC converter much shorter than the module (component)
switching interval. States X,(t) in are MMC arm currents and module states.
Module states are capacitor and storage voltages as well as storage currents. All these
signals are filtered by design and will have slow rate of change making the change of
these signals during of one switching period (or ripple) much smaller than the average

values of the states.

e Comparing (116]) and (114) it is evident that the quadratic terms are smaller than the
rest of the terms in (L14)), this is true even in an absence of input signals as expressed
in Equation (117)). Smaller in this case means that the norm is smaller. || - || in (117)

denotes vector 2-norm and its induced matrix norm.

110



{HAXa(Tsﬂ)n << IXa(Too)l:

||Aa(TSZ’1)At1|| < ||I + Aa(TsiO)AtO + Aa(T5i1>At1||}
(117)

—

HAa(Tsil)AtlAXa(Tsil) H <<

{I  A(Too) Mo + Aa<Ts,-1>At1} Xa(Ta)

After neglecting the quadratic terms in ([111]), the resulting equation is given in (118).

Xa(Tsi2) = |1+ Aa(Tiio) Ato + Aa(Tiin) Aty | Xa(Tiio)
+ Ba(Tsi0)Ua(T5i0) Ato (118)

+ Ba(Tsi1)Ua(Tsin) Aty

In the same manner the reasoning can be extended to the third switching interval as

shown in ((119)

Xa(Tsis) =T+ Aa(Tsio) Atg + Aa(Tiin) At1 An(Tsiz) Ata | Xa(Tio)

+ Ba(Tsio) Ua(Tsi0) Atg
(119)

+ Ba(Tsi1)Ua(Toin) Aty

+ Ba(Tei2) Ua(Tsi2) Aty
If the procedure is continued for the remaining switching intervals within one module
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switching period, (119) can be rewritten as (120). The reason for the choice of module
switching period, which is longer switching period as described above will be evident later

in the text.

v—1
Xa<TsiV) = a szO + |: Aa sz[n] At 1Xa<TSiO)
(120)

v—1

=0
+ |:Ba sz[n])U (Tsz[n])A :|

n=0

For generality purposes, it can be assumed that the number of switching intervals is v
during the current module switching period. This is also shown in Equation ((121)). Note
that triangle carrier PWM as illustrated in Figure [27] and Figure [28| will create up to three
switching intervals per one effective switching period as opposed to saw-tooth carrier PWM
that can create up to two switching intervals per one effective switching period, depending
on how the modulation index waveform intersects with carrier waveforms. There will be N
effective switching periods per one module switching period for the MMC converter leg with
N modules per arm. This means that the number of intervals can be fairly high and is not

constant.

At; =T, (121)

If the number of switching intervals per module switching period is v, based on the

reasoning above the following can be stated:
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e The beginning of the module switching period will be at T;
e The last interval of the switching period will begin at T}, 1)

e The beginning of the next switching interval will be T;,

The link between two module switching periods can in this case be expressed as in (122)).

v—1
Xa(TsiV) - 910 + [ZAa sz[n] At :| (TSiO)
=0
o (122)
+ Z Ba<Tsz[n])Ua(Tsz[n]>Atn1
n=0

As will be shown below it is convenient to assume that the converter input signal is
sampled once per module switching period, at the beginning of the module switching interval.
This is not far from the truth for digital controllers where the signals are sampled once per

switching period, which is usually the control loop period. In this case Equation (122) can

be rewritten as (123)).

(123)

Matrices A, and B, change only at the switching instances and are constant between
switching instance, which is evident from the structure of these matrices as given in ,
(106)) and earlier in the text. The matrices are constant during each switching interval n
bounded by [Ty, Tsim+1))- The boundaries are illustrated in Figure [27|and Figure As a
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consequence, sums in (123)) can be replaced with integrals. The reasoning for this is outlined

in (T24).

=
Tsiv
/ An(t)dt
Tsio
v—1 Tsi(n+1)
_ Aty
n=0 Tsz(n)
v—1 Tsi(n+1)
v—1
= Aa (Tsz[n] )Atn
n=0

The sums from (123)) can be replaced with integrals as shown in ((125]).

Xa(Tsiu) - Xa(TsiO) +

_ Tsiu

A, (t)dt | Xa(Tsi0)
Tsio )
_ ,Tsiu

+ /Ba(t)dt- Ua(Tsi0)

Tsio

(124)

(125)

Time instance Ty denotes the start of a module switching interval and time instance

T.,;, denotes the start of the next switching interval. As long as the states at the start of the

module switching interval T,y are known, the state at the start of the next module switching
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interval T,;, can be found.

In contrast to the equations (109)-(112)) that describe the system between two (effective)
switching intervals which can be of different length, Equation describes the system at
the constant module switching period. As a consequence, system can be expressed in the

form of difference equations as in (126]).

) (n+1)Ts )
Xa((n+1)Ty) = Xa(nTs) +

/ Aa(t)dt|Xa(nT)

nTs

(n4+1)Ts (126)

+ / B.(t)dt| Ua(nT))

nTs

5.4.3 Large Signal System Model Matrices

To obtain state matrices of the system, the integrals in (126]) have to be evaluated. Fortu-

nately, the only time dependent term is the switching state matrix sqq,(%).

Matrix A,(nT;) and the structure of corresponding integral is given in (127)).

(nt+1)T,
Az = [ Aoyt =
T,
(n+1)Ts 1 1 .T 1 T (127)
/ _(LaxyRaxy+Laxysaxy(t)DfaXySaXY<t)) _(Laxysaxy(t) Cfaxy) dt

nTs Bfaxysaxy (t) Afaxy

Integral for each element of the matrix given in (127 will be evaluated individually below.
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Integral of the element at (1,1) has two terms which will be evaluated individually.

First term is straightforward to evaluate and the solution of the integral is given in ({128]).

(n+1)Ts

/ Ly Raxydt = Ll Raxy T (128)

nTy

Second term, at (1,1) in Matrix shown in Equation (127) is is a bit more complicated

and the structure of the corresponding integral is given in ((129).

(n+1)Ts

/ L;):clysaxy (t)TDfaxySaxy (t)dt (129)
nTs

Matrix Dgayy is diagonal. As a result, term Saxy(t)TDgaxySaxy(t) can be rewritten as

shown in ((130)).

Saxy(t)TDfaxySaxy(t) =
Zi\;l Saz|i] (t)Dfax[i}Sa:z[i] (t) 0 (130)
N
0 Zi:l Sayli] (t)Dfay[i}Say[i} (t)

Terms Dy,,[; are given in Chapter and can be only scalars. As a consequence, the

multiplication in the sums is commutative. Also, matrix L_L is constant. As a result,

axy
integral in (130)) can be rewritten as (131)
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(n+1)Ts
/ L1 ST (6)D ey Say (£)d =

nTs
(n+1)Ts 131
it | Drasti [ S (t)at 0 (131)
L—l nTs
axy N (n+1)Ts
0 2=t | Drayla { Sayia (t)dt

As defined earlier in the text, the switching states take only the values of 1 and 0 so they

are invariant to the power operator: sfm[i] (t) = Saa)(t) and s2 () = squ(t). It was also

ayli]
shown in Chapter [4] that the modulation index can be extracted from switching states. The

equations were given in (§)) and (9). Following from (8) and (9), modulation indexes can be

expressed as shown in ([132)).

Saz[i]s Sayli] € {07 1} =

. @ (n )T, (n+1)T,
ONax|i] t 1 1 / 2
ax|i Ts:—:_ a:titdt:_ () dt
m [](TL ) T, T, / s H( ) T, Sax[z]( ) (132)
nTs nTs
T ( ) (n+1)Ts (n+1)Ts
_ LONayli] t i 1 . 1 2
maym (nTs) = T = TS / Say[i] (t)dt = 7—_,3 / Say[i] (t)dt
nTs nTs

Comparing (131]) and ([132)) it is possible to rewrite the integrals from (131)) as:
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(n+1)Ts

/ L;)}ysgxy (t)DfaxySaxy (t)dt =
nTs
N (133)
T.L.L et (DsasfiiMasts (nT)) 0

axy

0 Zi\il (Dfay[i] Mayli) (nTS))

To put (133]) back into matrix form it is convenient to introduce new matrices given

in (134) and (135). Matrix S, has constant elements and can be seen as structural matrix

reflecting the arrangement of the module switching elements in the higher (arm and leg)
structures. It can be obtained by setting all switching states at 1 in the switching state

matrix Saxy(f) as defined in ([105). Matrix max(t) can be seen as modulation matrix.

Maz[1] (t) 0 ... 0
0 max[g] (t) ce 0
M, (t) =
0 0 . max[m(t)
- - (134)
maym (t) 0 0
0 May(2) (t) - 0
M,y (t) =
0 0 ce may[N}(t)
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max(t) 0 1Nx1 Ole
Mayy (t) = Sa = (135)
0 may(t) Ole 1Nx1
Integral in (133) can be rewritten now as shown in ({136)).
(n+1)T%s
L;):(lysg‘xy (t)DfaXySaXy (t)dt =
T.LySa DeaxMaxy (nTs)S,
Element 1,1 integral can now be rewritten as:
(n+1)Ts
/ - (L;}yRaxy + L;;yszxy(t)DfaxySaXy(t)) dt =
nTs (137)

- Ts (L_l Raxy + L_l STDfaxymaxy(nTs>Sa)

axy axy™a

Integral of the element at (1,2) can be expressed in terms of modulation index as

shown in (138). The reasoning is the same as for the integral of the element at (1,1).

/ — (LpeySaxy (£) T Craxy ) dt = =T (L, Sa Maxy (0Ts) Craxy ) (138)

nTs
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Integral of the element at (2,1) can be obtained in the same manner and is given

in (139).

(n+1)Ts
/ Bfaxysaxy(t)dt - Tstaxymaxy(nTs)Sa (139)

nTy

Integral of the element at (2,2) integral is straightforward is given in (140)).

(n+1)Ts
/ Atony @t = ToAgany (140)

nTs

Matrix A,(nTs) can now be expressed as:

- (L_l Raxy + L_l STDfaxymaxy(nTs>Sa) - (L_l STmaxy(nTs)Cfaxy)

Aa(nTS) _ TS axy axy™a axy™a
Bfaxy Maxy (nTs) Sa Afaxy
(141)
Matrix B,(nTs) and the structure of corresponding integral is given in ((142)).
(n+1)Ts
B.(nTs) = / B.(t)dt =
nTys
(142)

(n+1)T _ _
/ - (La):(lyKVian) - (La)}ysgxy (t>Ffaxy) di

nTs 0 Efaxy
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Each element of the matrix integral from ([142)) are evaluated below.

Integral of the element at (1,1) is straightforward to evaluate and is given in ([143]).

(n+1)Ts

[ LKy it = T Kvine) (113)

nTy

Integral of the element at (1,2) is similar to the integral of the element at (1,2)
of matrix A,(nTs) and can be evaluated using the similar reasoning. The result is given

in (T44).

(n+1)Ts

/ _(L;;ysaxy (t)TFfaxy)dt = _TS(L;}ySEmaXy(nTS)Ffaxy) (144)
nTs

Integral of the element at (2,2) and (2,1) are straightforward to evaluate as well.
Matrix Egaxy is constant, the corresponding integral is given in (145)). The element at (2,1)

is constant O-matrix making the integral solution the same 0-matrix.

(n+1)Ts
/ Efaxy dt = =T Efaxy (145)

nTs

Matrix B, (nTy) can now be expressed as:
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- (L;}yKVinxy) —(Lad STmaXy (nTs)Ffaxy)

axy™a

Ba(nT,) =T, (146)
0 Efaxy

5.4.4 Large Signal State Space Equation

Difference equation with sampling time 7T can now be expressed as shown in ((147)).

Xa((n + 1)Ty) = Xa(nT})

— (Ll Raxy + Lk ST DaxyMaxy (nT5)Sa)  — (Lk STmayy (nTs)Crax
LT (Laxy Raxy y yMaxy ) (Laky y v) X (nT%)
BfaxyMaxy (nT5)Sa Ataxy (147)
_(L;} Kvinxy) _(L;} SErnax (nTs)Ffaxy)
+ T, v Y v 7| Ua(nTy)
0 Efaxy

To obtain the continuous time system, forward difference approximation for the derivative

given in (148)) can be used.

(148)

Comparing (147) and (148)) and nTy with ¢ and (n + 1)7s with ¢ 4+ T's, the continuous

time model can be obtained as shown in (149)).
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S Xa(t) =
T Xalt)

- (L;}yRaxy + L;}ySEDfaxymaxy(t)Sa) - (L;)}ys;rmaxy (t)Cfaxy)

Xa(t)
Bfaxymaxy (t)sa Afaxy (149)

- (L;:}yKVinxy) - (L;):(ly Szmaxy (t)Fraxy)

+ Ua(t)
0 Efaxy
This

The averaged model from Equation (149) can be represented as a circuit model.

the circuit diagram of the averaged model is given in Figure

+ Module 1

Linear storage

and filter section

Module N

Linear storage

and filter section

12 Ve

Vr Mg ijlax

.||

Module 1

Linear storage

and filter section

Module N

Linear storage

and filter section

12 Ve

Vr M ay/Ny iay My NjVy

Figure 29: The circuit diagram for the averaged MMC model given in Equation .
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Model from (149) has modulation index matrices incorporated in state matrices of the
model making the system fairly uncomfortable to handle. With some matrix manipulations

the system can be expressed as shown in ((150)).

d
X (1) =
Xalt)
L Raxy O
_l’_
0 Afaxy
—L_ L STDfaxy —LLST| | maxy(t) 0 Sa. O
’ o ’ Xa(t)+
Biaxy 0 0 May(t)| |0 Cray (150)
—(LayKviny) 0
_l’_
0 Efaxy
0 —(Lo&SY)| |maxy(t) 0 0 0
Y Y Ua(t)
0 0 0 Maxy <t> 0 Ffaxy

Equation (150]) can be rewritten as shown in (151)) where the system is expressed in terms

of constant matrices and time varying modulation matrix.

%Xa(t) — (Arn + AgaMa(f)Asa) Xa(t) + (B1a + BoaMa(t)Bsa) Ua(t) (151)
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5.4.5 Modulation Index Average

Model in has 2N modulation indexes. Although each module will have different modu-
lation index, the indexes belonging to the same converter arm are very similar. All modules
belonging to the same converter follow the common control strategy that will force the de-
sired output and DC current. The differences between individual module modulation indexes
within the same arm will result from small inequalities among module bus voltages, imper-
fections in the control system transients and other effects that will eventually cause unequal
state of charge in the module storage elements. These differences will be introduced in the
modulation indexes by the balancing algorithm that will try to equalize the state of charge
in each module.

This has already been discussed about in Chapter and the takeaway is that the
modulation index can be written as a sum of averaged modulation index and perturbations

as shown in ((152)).

Mz (t) = Mag (t) + MAaz[i] (t)
(152)

may[i] (t) = may (t) + mAay[i] (t)

Following the reasoning in Chapter [4.1] equations below can be written about the average

and differential parts of the modulation indexes:
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V arm
DC() (153)
o (t
i Zmaym o —
aym

N

ZmAaaz[i](t)

=~ (154)

N
Z mAay[i] (t) ~
=1

Expressions in (153]) were already derived in Chapter and given in and
in a slightly different form. Desired arm voltage amplitude (or arm reference voltages) are
marked as vy, (t) and vy, (t) in . Maximum peak of the carrier is, in the case of MMC,
equal to the sum of the actual DC bus voltages of all modules within one arm, previously
defined as voltage reach of converter the arm and marked as measured value V}..,..(t) and
VB Caym(t) in (153).

Note that although individual converter leg in general can be capable of having the output
above the rails of the DC bus, the implementation of the switching section and the structure
given in Figure 22| will prevents this. There are implementations that may allow this mode
of operation, but they will not be evaluated here and are left for future studies. For the
structures analyzed here the output can still swing only from -bus to +bus. The additional
voltage in the voltage reach of the converter arms can be used to boost the stored energy or

account for the ripple on the leg filter elements and other.
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Going back to Equations (134)) and (135]) it is possible to rewrite the modulation matrices
as shown in (155)). Matrix I is unity matrix and maax(t), Maay () and maaxy (t) have same

structure as matrices in ((134]).

Mo (t) + Maax(t) 0
Maxy () =
0 My (1) + MAaay(?)
—mam(t)I 0 maax(t) O (155)
= +
0 g, (t)I 0  magy(t)

:ﬁlaxy (t) + mMAaxy

5.5 Reduced Average Model

Assuming that each arm has N identical modules, that the converter operates in steady state

and that the balancing is ideal, terms in Equation ((149) can be simplified using the expanded

form of the modulation index given in (155) and in the light of (153), (154), and (155]).

Term 1,1 in matrix "A," of the model shown in (149)) can be simplified using the
reasoning given in (156)). All terms involving maqqp)(t) and maqy)(t) can be canceled using
(154). Note that the Dy is the module output matrix, actually a scalar for any implementa-

tion of the module model given in Section [5.1]
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L_l Raxy + L_l S:Dfaxymaxy(t)sa =

axy axy

N
Ll Rawy + Lk 2uim1 Do Mo ! _

axy axy N
0 > i1 D rayfiMayli

Lot Raxy + NL_}

axy axy

(156)
D 0| [ e (t) 0
+ Laxy ~
0 Dy 0 Zi\; M aayli)(t)
) ) Dy 0 Mz (t) 0
LaxyRaXy + NLaxy =
0 Df 0 My (t)
-1 -1 s — S
LaxyR’aXy + N LaxyDaxymaxy
Dy 0 B Mz (1) 0
?‘axy = ) m:lxy = (157)
0 Df 0 May (t)

Term 1,2 in matrix "A," of the model shown in can be simplified only if the
multiplication with the state vector is observed as given in . State vector can be found
in Equation . This step will outline the justification for the model reduction. The idea
is to eliminate all of the converter modules and keep one that will be used as representative

for the behavior, ideally one per arm.
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-1 QT _
LaxySa maxy (t) CfaXyXfaXy -

N N 1
) > i1 Maz (t) Crax|ij Xgaxi) (t) . > ic1 Maaafi) (1) Craxiij Xtaxi] (t) (158)

Laxy™
N _ N
> i1 May(t) Cray i1 Xfay i) () > im1 MAayli) (1) Coay i) Xay i) (t)

If the modules are identical with the same initial conditions and the converter is in the

steady state, it can be assumed that the sates are identical or that they are close enough to

be represented by their average as shown in (159 and (160)). This time the averaging is not

done across time interval but across a number of modules and their states. Matrix Cg is the
output matrix from the module model given in Section The aggregate arm module state
vector Xeax is now reduced to a single representative state vector marked as Xgax(o). Similarly

Xfay 15 reduced to a single representative state vector marked as Xgay(o)-

Crax[ijXtax[i] = CtXgaxjo)(t), 7= 1.N

N
Z maw(t>cfax[i]xfax[i] (t) R Moz (t)NCfoaX[O] (t) (159)
=1
N N
Z MAaz[i] (t>Cfax[i]Xfax[i] (t> ~ Cfxfax[O} (t) Z MAaz[i] (t) ~ 0
i=1 =1
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Cray[ijXtay[i] ~ CeXgayo)(t), i =1..N

N

> My (1) Cray i Xpay i (£) & 7y (1) N CeXay(o) (t) (160)

=1

=1

N N
> Maay(i) () CrayfiXsay (i () & CeXeay(o) () Y magyp(t) =0
i=1

Taking into account (159) and (160), Equation (158) can be rewritten as (161).

-1 QT ~
LaxySa Maxy (t)CfaxyXfaxy ~

Mz (t) NCfoax[O] (t)

Laxy ! =
May (t) NCfoayo (t)
(161)
) Mg (t) 0 Cf 0 Xfax[0]
NLaxy™ =
0 My (t) 0 GC¢| |Xtaylo]
N Laxy - mny C?‘axy X?‘axy
< Ce O < Xfax[0]
faxy — ; Xfaxy = ( 1 62)
0 Cf Xfay[0]

Term 2,1 in matrix "A," of the model shown in (149) can be rewritten as shown

in (163). As this portion of the model describes the module behavior there is no strictly

mathematical justification for the new expression in ([163]). The justification for the model

reduction is given for the simplifications in the first row of matrix "A,". The second row

elements model the module behavior. As a result, instead of N repetitions of the module
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states and module matrices there will be only 2 as given in (163]).

Biaxy Maxy (£)Sa — — B, m’ (163)

— Hfaxy taxy

?‘axy = (164)
0 By

Term 2,2 in matrix "A," of the model shown in (149) can be rewritten as shown

in (165). The justification is similar as for the Term 2,1 in matrix "A,".

A; 0
Afaxy = Afpry = (165)
0 Ay
Reduced matrix "A3" can be summarized as shown in equations ((166]).
_(L;; Rax +NL;>} Df‘ax mzx ) _(NLaXy_lmzx C?‘ax )
AZ _ y Y y y y y y (166)
B?'axy mny A?‘axy

Reduced matrix "B:" can be summarized as shown in equations (167). The matrices

FS

faxy

and E3

faxy

are given in (168). They can be obtained using the same reasoning outlined

in the sections above.
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— (Lo Kvinxy) =N (Lggmi,, (6)Ff,)
B; — S Viney y ooy ey (167)
0 E?‘axy
F¢ O Ef O
F?‘axy = ; Ef'axy = (168)
0 Ff 0 Ef

The reduced averaged model cam be summarized as shown in Equation (169)). The state

and input vectors also have to be reduced and are given in Equation (170). The rest of the

reduced model matrices are given in the text above in: (168)), (165]), (162) and (157).

S Xa(t) = AL(6)X3(t) + B (B U(t) (169)
Vain
laxy
X5(t) = D Un = | tgaa (170)
X?‘axy
U fay[o]

Model from Equation (169)) can be represented with the circuit diagram given in Fig-
ure 301

Note that the model as represented in Figure [30|is not conservative. The voltage/current
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Linear storage

VDC X

and filter section

Linear storage

VDC y

and filter section

Figure 30: Circuit representation of the reduced linearized model given in Equation .

source pairs act as a power amplifiers. The arm side controlled source voltage is N times
higher than the module side source voltage. This is the consequence of using one module as
representative for N actual modules within the arm. To make the model power conservative
the model of the module can be modified as shown in paper by Wang et al. [35]. The problem
with this approach is that it obscures the behavior of the module. If it is necessary to make
the model power conservative and maintain the structure of the module the model shown in

Figure [30] can be used.

6 Control

The expected behavior of the converter modeled in the previous section is that it produces
sinusoidal output voltages and currents at the same frequency and constant phase shift with
respect to the grid voltage and ideally DC input current. This limits the averaged modulation

indexes to a fairly specific set of waveforms. Modulation index will depend on the external
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Linear storage

Vi | (N-Dintgsglax

VDC X

and filter section

Linear storage

VDC y

and filter section

Figure 31: Alternate circuit representation of the reduced linearized model given in Equation
. The extra current source models the remaining N-1 modules. All modules behave the
same.

DC bus voltage, grid voltage and desired input and output currents. If designed well the
averaged modulation index will not depend on the individual module states and there will
be only two distinct averaged modulation index waveforms per MMC converter leg. These
modulation indexes will come from the controller which will be the main focus of the sections

below.

6.1 Control Model Equations

To obtain the averaged modulation indexes, the references for the steady state operating
point of the converter will be defined first. Fundamentals for this were done in Chapter
and a good starting point would be equations - , which represent the simplest
MMC plant model as shown in Figure These equations are given again in (L71)-(174)
and are written in the form that calculates the references for the arm voltages for the de-

sired circulating and output currents. Note that equations (171)-(174) fall under the set of
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assumptions given in Chapter [4] and they do not include the dynamics of the modules. As a

consequence, the module dynamics will be the disturbances for the controller derived from

equations (T71)-(T73).

Vials) = VBioa(s) = Vao(5) + 5Van(s) = 5 Vaa(s) ()
Vio(s) = Voey(5) + Vgls) + Va(s) + 3Vaa(5) (172)

Vaa(s) = —ica(s)(Zay(s) = Zax(s)) +1a(8) (ks Zax(8) + (1 = k) Zay(s) + 2Zag(s)) ~ (173)

Van(s) = —ica(8)(Zay(5) + Zax(s)) = 1a(s) (ks Zax(s) — (1 = ki) Zay(s)) (174)

Models in the previous sections were derived in time domain, as a result it is convenient
to translate (L71)-(174) in time domain as well. With the help of circuit analysis, it is simple
to rewrite the equations in time domain as shown in equations (175)-(178)). It is assumed

that the arm impedance is well represented with RL circuit.

1 1

Vaa(t) = Vios(t) = ag(t) + Svas(t) = 5vea(t) (175)
1 1
Vay(t) = Vboy(t) + Vag(t) + Svax(t) + Svaa(t) (176)
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Van(t) = = lea(t) (Ray — Raz) + 1a(t)(ksRaz + (1 — ks)Ray + 2Ryy)

; . (177)
— %ica(t)(Lay — Loz) + Ez‘a(lt)(lgst + (1 — kg) Loy + 2L,y)
UaZ(t) = - ZAca(t) (Ray + Raz) - ia(t)(ksRaa: - (1 - ks)Ray)
(178)

iia(t)<ksLam — (1 = kg)Lay)

d .
- Elca(t) (Lay + Laz) — dt

Equations ((175]) to (178]) will be the plant model which will be used for the control design

in the following chapters.

6.2 dq Frame of Reference and Transformations

For the control of active and reactive power within any AC system it is necessary to know
the amplitude of currents and voltages and their relative angles. For poly-phase systems the
control of current and voltage pairs can be quite complicated. However, it has been shown
in the literature that symmetric multi-phase systems can be reduced to two phase equivalent
no matter how many phases there are in the system. One example of this approach is well
known Clarke transformation that reduces 3 phase system to the equivalent 2 phase a3 rep-
resentation [119]. All the controls and calculations can then be reduced to the investigation
of a pair of currents and voltages.

The problem with af representation is that the instantaneous values of currents and

voltages still change rapidly over time making the amplitude and relative angle difficult to
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control. Resonant controllers are required in this case and they are usually more difficult
to analyze and implement. However, the amplitudes and relative angles do not change over
time in the same manner as voltages and currents do. As a result, convenient coordinate
transformation can be used to change the representation of the system to the one that
will favor amplitude and phase angle instead of the instantaneous value. One convenient
coordinate transformation that is commonly used in the available literature for this purpose
is called Park transformation [119]. This transformation rotates the vectors of voltages and
currents from the o coordinate system in time such that they become stationary in the new
coordinate system. The resulting coordinate system is usually called stationary dq frame of
reference. It preserves amplitudes and angles between current and voltage vectors which are
now stationary and relatively easy to evaluate and control.

For single phase system shown here the voltage measurement is a single AC value coordi-
nate, the " coordinate" is missing. The relative angle and amplitude of the measurement are
still important but the vector representation in the 2-D plane that will make the amplitude
and relative angle easy to evaluate cannot be obtained in the same way as for the multi-
phase systems. Due to the missing coordinate the application of the rotation transformation
cannot be simply done. As a result, the equations must be augmented with auxiliary 90
degree offset coordinate usually called quadrature component. The quadrature component
can be obtained from the measurements by 90 degree phase shift.

The analogy that can be used to justify the approach chosen here is the phasor repre-
sentation from the circuit analysis [120]. Any AC circuit variable can be represented in a
complex plane by rotating phasors. This technique is commonly used in circuit analysis and

is somewhat analogous to the rotating vectors. The phasors are represented in the 2-d com-
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plex plane as stationary and is usually said that the instantaneous value of each vector can
be obtained by projection of the rotating vector on the stationary phase axis. The phase axis
is usually aligned with the real axis of the complex plane in the phasor drawings and would
be analogous to the a coordinate axis. The 5 coordinate axis would be the projection of the
vector onto the axis that is 90 degree shifted from the o and would align with imaginary

axis of the complex plane as illustrated in Figure

i, (1) Vaglt) Re o

Figure 32: dq frame of reference and its relation to the voltage and current phasor. Similar
triangles used to obtain the transformation matriz in are outlined as well.

The « coordinates for i,(¢) and v,4(t) in Figure [32|are actual measurements of the current
and voltage. The 8 (imaginary or quadrature component) coordinates for 4, (t) and v, (t) can
be generated from the measurements using a 90 degree phase shifter. Assuming sinusoidal
waveforms at grid frequency wy, the 90 degree phase shift can be obtained using all pass filter
as stated in . Another solution may be to use appropriately attenuated differentiator.
Although the differentiator with appropriate attenuation at grid frequency may work fine
for relatively pure AC grid voltage, for the current that is saturated in harmonic content
it may be complicated to implement appropriate linear attenuation that will keep the high

frequency components at appropriate levels.
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S+ Wy
s —w
vo(s) = — g
9(5) s+ wy
s—w
H,(s) = — g
1 S+ wy

(179)

(180)

The dq coordinates can be obtained by applying the clockwise rotation transformation

to the counterclockwise rotating phasor coordinates as illustrated in Figure [32] The dq and

inverse transformation matrices are given in (181) and exemplified using current i,. The

rotation angle w,t can be extracted from the grid voltage measurement using some form of

Phase Locked Loop (PLL) which will not be investigated here.

qu2 -

Ta62 = T(;;2 =

Differentials in dq

cos(wyt)  sin(w,t)
—sin(wyt) cos(wyt)
cos(wyt) —sin(wyt)

sin(wyt)  cos(wgt)

(181)

The expressions for the arm voltage references in (175)-(175) contain differentials. The

time differentials of the transformation matrices are given in (182 and (183)). As can be

seen the differential of the rotation matrix can be represented as a product of constant and
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rotation matrix. The fact that the differentials can be avoided is

benefit of using dq frame of reference for control.

dt

qu2 =

—wysin(wyt)  wycos(wyt)

—wgcos(wgt)  —wysin(w,t)

0 wy| | cos(wyt) sin(wyt)
—wy 0| |=sin(wyt) cos(wyt)
Qg2qu2

—wysin(wyt) —wgcos(wyt)

wgcos(wgt)  —wgsin(w,t)

-0 —wy | |cos(wgt) —sin(w,t)
& 0 sin(wyt)  cos(wgt)
Q55 Tose

some sense is another

(182)

(183)

Note that matrix the Qg is usually referred to as cross coupling between d and q coor-

dinates in the systems with reactive components that are modeled or controlled in dq frame

of reference. Common dq frame of reference controllers usually have some form of control

structure to account for effect, e.g feed forward decoupling [121].
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6.3 Control Model Equations in DQ frame

From Section [4.4]it can be concluded that for the successful control of the power flow within
the MMC converter leg, the controller should include at least the references for active and
reactive output current and DC component of the circulating current. To control the in-
dividual arm state of charge it may be necessary to include the references for the d and q
components (active and reactive components) of the circulating current at the fundamental
frequency.

To derive the open loop dq equations, the arm voltage reference equations given in ({175)
- (178) must be augmented with appropriate quadrature components. However, as out-
lined above the circulating current will have DC component besides component at the grid
fundamental. Before augmenting the circulating current with the quadrature component
it should be split into AC and DC components. Having this in mind, the equations given
in and can be rewritten as shown in - (187). The output current should not
have the DC component, however for the completeness of the equations it will be included

here.

UaAO(t> = - icaﬂ(t)(Ray - Rax) + Z.a()(t)(ks-Raac + (1 - ks)Ray + 2Rag)

) ) (184)
- _icaO(t)(Lay - Lax) + _iaO(t)(ksLam + (1 - ks)-Lay + 2Lag)
dt dt
VoAl (t) - - Z'cal (t)(Ray - Ra;r) + ial (t)(ksRaa: + (1 - ks)Ray + 2Rag) ( )
185

d d
- Eical (t)(Lay - Laz) + Eial (t)(ksLaz + (1 - ks)-Lay + 2Lag)
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UaEO(t) - - Z.caO(t) (Ray + Raa:) - Z.¢10<t>(k/‘sRa:v - (1 - ks)Ray)

; ; (186)
- %%aO(t) (Lay + Laa:) - E%O(t) (ksLaa: - (1 - ks)Lay>
Va1 (t) = = dea1 () (Ray + Raz) — ta1(t) (ks Raw — (1 — ks) Ray)
(187)

. d .
- %anl (t) (Lay + Laz) — Ezal (t)(ksLaw — (1 — kS)Lay)

Equations (185 and (187) can be augmented to include quadrature components, marked
prime (') as shown in (188)) - (191). Note that DC variables do not have the 8 (quadrature)

components.

UaAO(t> = - Z‘cozl] (t)(Ray - Raaz) + Z‘aO (t)(ksRax + (1 - ks)Ray + 2]%ag)

d d
— Ez'cao(t)(Lay — Loz) + %iaO(t)(ksLaa} + (1 — ks) Loy + 2L4,)

(188)

vaEO(t) = - icaO(t) (Ray + Raz) - Z'a0<t> (ksRaw - (1 - ks)Ray)

d

‘ d .
- %anoa) (Lay + Lax) - Ezao(t) (ksLax - (1 - kS)Lay)

(189)
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Vanl (t) = - ical (t)(Ray - Rax) + Za(t) (ksRaa: + (]- - ks)Ray + 2Rag)

— iical (t)(Lay — Law) + iz’a(t)(ksLaz + (1 — kg)Lgy + 2L4y)
dt dt (190)
Vaa1(t) = = g1 () (Ray — Rag) + i (t) (ks Raw + (1 — k) Ray + 2Rag)
d -7/ d -7/
- Ezcal (t)(Lay — Laz) + %Za (t) (ks Lag + (1 — kS)Lay + 2Lag)
Vax1 (t) = - ical (t> (Ray + Ram) - ia(t)<ksRax - (1 - ks)Ray)
d d .
— 7 teal (t) (Lay + Lax) - _Za(t)(ksLax - (1 - kS)Lay)
U;zl (t) =— Zgﬂ (t) (Ray + Raz) — iZ,(t)(ksRax — (1 - kS)Ray)
d -7/ d -7/
- d_tzcal (t) (Lay + Laz) — Ela (t)(ksLaz — (1 — kS)Lay>

The AC components in Equations (190) and (191) can be rewritten in matrix form as:
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Van1(t)

Vo (t)

(Ray — Raz) 0 icat (t)
0 (R Ra)| |0
(ky Rap + (1 — k) Ray + 2Ray) 0 0
0 (ksRaw + (1 — ky)Ray + 2Rag) | |477(2)
(Lo—Le) 0 |4 |ienl®)
0 (Lay—La)| ™ im0
(ksLaw + (1 — ky)Lay + 2Lay) 0 4 i)
0 (ksLus + (1 — ko) Loy +2Lag) | © |i7(1)
(192)
(Ray + Rax) 0 ica0(t)
0 (Ray + Raz) | |itno(t)
(o — (1= k) ) 0 in(t)
0 (kR — (1~ )R | |70
. (193)
- (Lay + Lay) 0 i Qa1 (t)
0 (Lot La)| ™ |im)
(L — (1= £)Luy) 0 i |ia(®)
0 (kuLoo — (1 k) Loy | fico)

Equations (192)) and (193)) can be written in more concise form as shown in:
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VaAlag(t) = - (Ray - Rax)12x2icala[3 (t)

+ (ksRag + (1 — k) Ray + 2R0g)Iaxaiar,, (t)

] (194)
- (Lay - Lam>I2x2£icalalg (t)
d
+ (ksLa:v + (1 - ks)Lay + 2Lag)I2x2%ia1a5 (t)
Va21a5 (t) = - (Ray + Rax)I2x2ica1a5 <t>
- (ksRaa: - (1 - ks)Ray)I2x2ialaﬁ (t)
(195)

d,
- (Lay + Laz):[2x2£1cala5 (t)
d

- (ksLax - (]- - ks)Lay)I2x2Eia1aﬁ (t)
The vectors from the equations (194) and (195) can be easily related to equations
(192) and (193) showing their structure and will not be noted individually again. Note

that Ioyo represents identity matrix with dimensions 2x2. It is now easy to rewrite the equa-

tions (194 and (195)) in the dq frame of reference by incorporating the transformations to

dq frame of reference and back given in (181)) as shown in (196)) and (197) .
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TaBZVaAldq(t) = - (Ray - Raz)I2x2To¢ﬁ2 (t>ica1dq (t>

+ (ksRa;B + (1 - ks)Ray + 2Rag>12x2TaB2(t)ia1dq(t)

) (196)
- (Lay - La:p>12x2a (Taﬂ2<t)ica1dq (t))
d .
+ (ks Loz + (1 — ko) Loy + 2Lag)]:2x2£ (Tapz(t)iarg, (t))
Ta62 (t)vaﬁldq (t) = - (Ray + Rax)I2x2Ta,B2 (t)icaldq (t)
- (ksRax - ( ) ay)I2x2TaB2(t)ia1dq(t)
) (197)
- (Lay + Laz)I2x2d (TaﬁZ(t)icaldq (t))

d .
- (ksLax - (]- - ks)Lay)I2x2E (Tocﬂ2(t)1a1dq(t))

After multiplying the left and the right side with T;§2(t) and applying product rule to

the differentials the equations (196 and (197) become:

VaAlg(t) =
— (Ray = Raa) T 55 Tax2Tapa(t)icary, ()
+ (ksRax + (1 - kS)Ray + 2Rag)Ta5212x2Taﬁ2( )laldq (t)

d C1 0 4

- (Lay - Lax)Ta5212x2 (%Tam (t)icaldq (t) + Tam(t)aicaldq (t))

d . d.
L (1= )y 200 T Ol (5 Tora(®nag (6) + Tasn(8) s 0

(198)
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Vazldq(t) =
— (Ray + Raa:)Ta,Bz( Max2 Tapa(t >lca1dq (t)
— (ksRaz — (1 = k) Ray )T 55 (t) I2xa T (t)ian 4, () (199)

d . d,
oy + L) Ty O ( TVt 6) + Ton(t) e (1))

— (ksLag — (1 — k) Lay) T, 5 (t) Ioxe (%Taﬁz(t)ialdq(t) + Taﬁz(t)%ialdq(t))

To simplify the equation above the following notes will be of help:

e In dq frame of reference, in the steady state, the coordinates are constant. This means

that the terms ia1,, (t) and %icar,, (t) are zero.
e Matrix Iaxo is identity matrix and is commutative with the T,pa(t)

e Differential from terms £T,s2(t) can be eliminated using Equation (183).

As a result equations (198)) and (199)) can be rewritten as:

VaAldq(t) = - (Ray - Ram>ica1dq <t>
+ (ksRa:v + (1 - kS)Ray + 2Rag)ia1dq(t)

~ (Lay = Lax) T3 52 () Rga Taga (t)icatay (t)
(200)

+ (ksLax + (1 —k )Lay + 2La9)Ta52( )Q TOéﬁz( >laldq(t)
e
dt

d.
+ (ksLay + (1 — ks) Loy + 2Lag)alaldq (t)

- (Lay - La:c) icaldq (t)
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VaXi14q (t) = (Ray + Raw)icaldq (t)
- (ksRaz - (1 - kS)Ray)ialdq(t)
~ (Lay + Laz) T35 (6) 252 Tapa(t)icareq (t)
(201)
- (ksLaw - (1 - kS)Lay)Taﬁz( )QT Taﬁ2<t>ia1dq<t>

d,
— (Lay + Lax)alcaldq (t)

— (ksLaz — (1 — k:s)Lay)i

dt ialdq (t)

The time dependent terms in the form of T;gz(t)—ﬂngam(t) appear in couple of places

in the equations above. These terms can be simplified as well as shown in (202]).

Ta62( )QT Top2(t) =

- cos(wgt)  sin(wgt)| | 0 —wy| |cos(wgt) —sin(w,t)
—sin(wgt) cos(wgt)| |wy 0 sin(wyt)  cos(wgt) :
_ 0 —wy (sin*(wgyt) + cos?(wyt)) (202)
wy (sin*(wyt) + cos?(wyt)) 0 :
0 —wy i Q;
wg 0

Using the result from (202), equations (200)) and (201)) can be rewritten as (203) and (204):
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VaAlgq(t) = — (Ray - Rax)icaldq (t)
+ (ksRaz + (1 - ks>Ray + 2Rag)ialdq (t)

~ (Lay = Laz)Qgaicarg (t)
(203)

+ (ksLax + (1 - ks>Lay + 2Lag>9g2ialdq (t>

d

- (Lay - Lax)aicaldq(t)

d
+ (ksLaz + (1 — ks) Loy + 2Lag)£ialdq (t)

VaX14q (t> = (Ray + Rax)icaldq (t)
- (ksRax - (1 - ks>Ray)ia1dq(t)
— (Lay + Laz)Qgaicatag (t)
(204)
- (ksLam - (1 - ks>Lay)Qg2ialdq(t>
d,
- (Lay + Lax)%%aldq <t>

d,
- (ksLax - (1 - kS)Lay)Elaldq(t)

All components of the vas,, (t) and vaa,, (t) can be summarized in matrix form as :

. . d,
VEA4q (t) = REAdqlacodq (t) + XEAdqlacodq (t) + LEAdq %lacodq (t) (205)

The terms from (205 are shown expanded in equations (206))-(209).
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—(Ray = Rax)

O2x1

Rsagy,
- (Ray + Rax)

O2x1

—(Lay — Laz)
L O2x1
SAgq =
_(Lay + Lax)

O2x1

Va A0 (t) icaO (t)

Veau,(t)= | At “l. fncoqq () = feataq () (206)
Vaso(t) ia0(t)
VaXlyq (t) ialdq (t)
O1x2 (ksRaz + (1 — ks)Ray + 2Rag) O1x2
—(Ray — Raz)I2x2 0O2x1 (ksRaz + (1 — ks)Ray + 2Rag)I2x2
O1x2 —(ksRaz — (1 — ks)Ray) 01x2
—(Ray + Raz)l2x2 O1x2 —(ksRaz — (1 — ks)Ray)I2x2
(207)
0 O1x2 0 O1x2
02x1  —(Lay — Laz)T, O1xz  (ksLaz + (1 — ks)Lay + 2Lag) 2T, (208)
0 01x2 0 O1x2
O2x1  —(Lay + Laz)T;  O1x2 —(ksLaz — (1 — ks) Lay ) 0T,
O1x2 (ksLaz + (1 — ks)Lay +2Lag) O01x2
—(Lay — Laz)I2x2 O2x1 (ksLaz + (1 — ks)Lay + 2Lag)I2x2
01x2 —(ksLaz — (1 — ks)Lay) O1x2
—(Lay + Laz)I2x2 O2x1 —(ksLaz — (1 — ks)Lay)I2x2
(209)

Note that the Isy is identity matrix and that the matrices above actually have dimension

6x6. The currents used as inputs in Equation (205)) are references that can be obtained from

the higher level power controller. Equation above can be rewritten in a more concise form

given in (210):
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6.4 Open Loop Control

Since these are the steady state references it can be assumed that the differentials are zero
d facogq (t) = 0. Therefore, Equation (205 can be rewritten as 1) for the purpose of the

dt

open loop control.

VX Agq (t) = REAdqiaCOdq (t) + XEAdqiaCOdq (t) (210)

Note that the term "dq0" is avoided on purpose in this investigation. Zero vector com-
ponent in 3-phase dq0 converter control and DC components marked with 0 and used in the
equations above do not have the same meaning. The zero component in 3-phase dq0 frame
of reference is perpendicular to the plane of rotation and does not go through the rotational
transformation but is still AC in most cases. It actually represents the line to ground compo-
nents that are not observable in the line to line measurements of the common 3-wire 3-phase
system. One common example is 3"¢ harmonic that is usually injected in 3-phase converter
control to extend its DC bus utilization. The 3"¢ harmonic adds alternating 0 component to
the dq0 frame measurements.

In the previous equation, terms for v,x(t) and v,a(t) from and have been
split in DC and fundamental AC. The AC components are then expressed in dq coordinate
system.

To obtain the arm voltage references, Equation (210 will have to be incorporated into

equations ((175)) and ([176). In order to do this, (175) and (176) will have to be represented

in dq frame as well and in appropriate matrix form.

Equations (175) and (176)) contain grid voltage measurement (vq,(¢)) and DC bus mea-
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surement (Vpe,(t) and Vpey(t)) besides v,x(t) and v,a(t). For the purpose of the open
loop control, it can be assumed that the grid voltage is pure sine wave at the fundamental
frequency of w, and that the external DC bus measurement is constant. As a consequence,
the grid voltage measurement v,,(t) will have be augmented with quadrature () component
and then represented as a vector in a5 and dq frame of reference and DC bus measurements
can remain what they are. Equations and will have to be separated into DC
and AC equations. AC equations should be augmented with the quadrature components as

shown in (211)) - (214]) so that the appropriate dq transformation can be applied.

Vano(t) = Vien(t) + %vazo(t) _ %%Ao(t) (211)
1 1
Vaz1 t) = —Vagl S Vax1 — 5 YAl
(t) (t) + 21 (t) ? a1(t) (212)

1 1
’l)ay()(t) = Vpcy(t) + §Ua20(t) + §UaA0(t) (213)
1 1
Vay1 (t) = +ag1(t) + 5%21@) + §UaA1(t)
1 (214)
1

71%1 (t) = +U2?,'1 (t) + 5”&21(15) + §U;A1(t)

Equations (212)) and (214)) can be rewritten in matrix form as:
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2 2
Vg1 (1) Vg (1) Vo (1) Vo (t) (215)
1 1
Vaxi,s(t) = —Vagr,,(t) + 5 VaSias (t) — 5 VaAl. (t)
Vay1 (1) Vagt(t) | 1 |vazi(®)| 1 |Vani(?)
UZ;JI (t) Ugfqll () Vs (1) Vo (t) (216)

Vayl.s (t) = Vagl,g (t) + §Va21aﬁ (t) + §V8A1as (t)

Applying the dq transformation T so from (181)) to (215) and (216)), and then multiplying

both sides with T;;z results in 1} and 1)

Vaxiaq (t) = —Vagiag (t) + SVazige(t) = 5 Vaai,(t) (217)

1

1
Vaylaq(t) = Vagig, (t) + 5 VaZlaq (t) + 5 Vaaiy (t) (218)

Arranging (211]), (213), (217) and (218) in a convenient matrix form results in:
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Vaz0(t) 1 0 O1x2 -3 O1x2 3 O1x2 Vano(t)
VDCz(t)
Vaxlaq (t) O2x1 O2x1  —I2x2 O2x1 —3laxz Ozx1  2loxa| |Vaaia,(t)
= Vooy(®)| (219)
Vayo(t) 0 1 O1x2 z O1x2 3 O1x2 Vaxo(t)
Vaglyq
1 1
Vaylaq(t) O2x1 O2x1  Iox2 021 3lax2 O2x1 5lax2| |Vamig,(t)
More concise form of (219)) is given in (220)).
Vaxyaq (t) = Kaindqvaindq (t) + KEAquEAdq (t) (220)

Equation (210)) can now be substituted in (220)) as shown in (221])).

VaXqu (t) = Kaindqvg;ndq (t) + KzAdq (REAdq —I— XzAdq) igCOdq(t) (221)

Equation (221)) represents the open loop current control for arm voltages of the MMC
converter in dq frame arranged as a vector Vaxyg, (t). Outputs from the equation are arm

voltage references in dq frame and input are the desired output and circulating current

r

components in dq frame given as vector iz,

and measured voltages of the grid and DC
bus given as vector v = (t). The vectors and matrices from 1) are listed for convenience

aingq

below in (222) - (228).
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VaXydq (t> -

vaxO(t)

Vaxldq(t)

VA, (t) =

‘/ZQTI(t)
‘/Zﬁfy<t) )
Ug;u (t)

®),

aglq
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1acodq

(t)

(222)

(223)

(224)

(225)



02x1
Kaindq -

02x1

—(Ray — Rax)

O2x1

Rsay, =
- (Ray + Raz)

O2x1

XsAgq =

0 01x2
02x1 __I2x2
1 ()1x2
02x1 I2x2

O1x2

*(Ray - Raz)12x2 02x1
01x2 _(k'sRaz - (]- - ks)Ray) 01x2
_(Ray + Raz)12x2 01x2 _(ksRaa: -
0 leg 0 01x2
02x1 _(Lay - Lar)ﬂgz 01x2 (ksLax + (1 - ks)Lay + 2Lag)ngz
0 01x2 0 01x2
02x1 _(Lay + Laz)ﬂg2 01x2 _(ksLaz - (1 - ks)Lay)ﬂgz

_% 01x2 %
02x1 __%12X2 02x1
% ()1x2 %
02x1 %I2x2 02x1

(ksRaz + (1 - ks)Ray + 2Rag)

O1x2
1
§IZX2

01x2

1
7l2x2

O1x2

I

(226)

(ksRaz + (1 - ks)Ray + 2Rag)12x2

(1 - ks)Ray)IZXZ

(227)

(228)

The next step is to transform the vectors back to a5 domain and then use alpha and DC

components to obtain the actual references for the converter arm voltages. This can be done

by applying the transformation matrix given in (229)). The first matrix applied transforms

the dq coordinates into a3 and the second aggregates the AC and DC components into a

final reference signal. The matrix and vector terms from (229) are given in (230)) and (231)).

Vaxy (t)
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= Kvxyab Tvabdq (t)VaXydq (t)

(229)



Ve () 110000
Vaxy<t) = ; Kvxyab = ; (230)
Vay (1) 000110

1 01x2 0 01x2

02x1 Ta62 02x1 02x2
Vabdq (t) = (23]‘)
0 Oix2 1  Oixe

02x1 02x2 02)(1 TozﬁZ

The open loop current control from — can be represented in a form of a control
diagram shown in Figure [33. White blocks in Figure represent matrix multiplications
and grey blocks represent the subsystems or transfer functions. The controller uses the
measurements of voltages and transformations to the dq frame of reference described in text
above. Matrix Ty is given in . Transfer function for the 90 degree phase sifter is
given in (I79). The block marked as PLL is a standard PLL extracting the angle from the
sinusoidal signal. PLL will not be investigated here as this topic is extensively covered in the
literature. Review of some of the common PLL systems used in power electronics systems
can be found in [122].

Now that the simplest controller has been defined it can be verified in a simulation. Since
the size of the module components are not defined yet at this point, the simplest model shown
in Figure 20]is used for this verification. The v,4, from the output of Figure [33|is fed to the

inputs of controlled voltage generators in Figure
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Figure 33: Open loop current controller for the MMC converter leg described in equations
229) and . White blocks are matriz multiplications and grey blocks are subsystems.
Wide connection strips represent vectors and line represent scalars.

Table 2: Base System Parameters

Description Symbol Value
Base Active Power P 5MW
Base Power S, 6.25MVA
Base Voltage Vi 13.8kV
Base current I, 262A
Base Impedance Zn 3002
Base Frequency fo 60Hz
DC Bus Voltage min. Voo 23kV

It is assumed that the converter operated in medium voltage system with parameters
given in Table The arm and output connection (grid) inductors are 1% and 0.1% re-
spectively. The time constant L/R for the inductors is assumed to be 100ms which means
that they are quite poorly damped for 60Hz system and that the losses are fairly low. The
simulation is done in Matlab - Simulink. The model is shown in Figure [34] and the results
are given further below.

Figure shows the references forwarded the open loop controller. These are the coor-

dinates of the vector iacoy, (t) in the same order as in given in Equation (222 but skipping
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Power
Measurement

Figure 34: Simulink model of the simplified converter leg. The controller C'TRL structure is
shown in Figure [33,

iq0(t) which is always zero. The model uses ideal voltage sources for the arms so it is not
important to maintain power balance within converter as described in Chapter The
idea at this point is to verify the control behavior with the same model it was used as a
source for the circuit equations for the controller design. At t=0.1s the DC component of
the circulating current is set to 100A providing 2.3mW of DC power to the converter arm,
half to each arm. At T=0.5s d component of the output current is set to 100A, making
the output current amplitude 100A all active and providing about 560kW of power to the
grid. At T=1s q component of the output current is set to 100A inductive (q positive),
making the output current amplitude approximately 141A, providing about 560kW of active

and consuming 560VAr of reactive power from the grid. At time t—1.5s the q component of
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Figure 35: References given to the open loop controller. From top to bottom plot the refer-
ences are: circulating current DC component, circulating current fundamental d component,
circulating current fundamental g component, output current fundamental d component, out-
put current fundamental q component. Note that the v.4 ts omitted in this and all other
figures to save space. It is set to be constant zero in in reference and feedback vectors.

the circulating current fundamental is set to 50A changing the distribution alternate com-
ponent of instantaneous power handled by the converter arms. At t=2s the d component
of the circulating current fundamental is set to 50A changing the distribution of average

instantaneous power handled by the converter arms.
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Figure 36: Measured outputs of the converter model in dq frame of reference. From top to
bottom the measurements are: circulating current DC component, circulating current fun-
damental d component, circulating current fundamental g component, output current funda-
mental d component, output current fundamental ¢ component.

Figure [36] shows the model response for the controlled variables set in the Figure [35] in
the same order. As can be sen all variables settle to the correct steady state values.

The measurements shown in Figure [35| reveal few problems that will be encountered if

the converter is used with the open loop control:
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Figure 37: Measured outputs of the converter model. First plot is the circulating current,
second 1s output current and third is the grid emf.

e The DC current time constant is much lower than the AC current. This means that the
output can step up the power delivery much faster than the DC bus. As a consequence,
arm modules and their internal storage elements may over-discharge if not designed

and maintained with this in mind.

e Reactive q component of the output current is poorly damped and causes large swing

in the current. This can can be observed even in the actual current measurements in

Figure

Figure [38]is used to illustrate the behavior if the arm generators (which are in the actual
converter arm module strings) and show the effects of various current components. Initially
as the DC bus current rises, the converter arms absorb all the power from the DC bus.

When the output current starts to flow at t=0.5s the power absorbed by the arms drops.
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Figure 38: QOutput power of the arm generators. From top to bottom the plots are: aver-
age power of the upper arm generator v.,, average power of the lower arm generator vy,
instantaneous power of the upper arm generator v.., instantaneous power of the lower arm
generator Vgy.

When the reactive power starts to flow at t=1s the average power remains the same in
the steady state but the oscillations of the instantaneous power rise significantly. During
the previous intervals the arm equally shared the power. However, when the q component

of the circulating current starts to flow at t=1.5s the share of the instantaneous power is

163



not the same anymore and upper arm absorbs more of the power oscillations. The sign of
the q component of the circulating current will control which leg will be more exposed to
the power oscillations. When the d component of the circulating current starts to flow the
average power share is not equal anymore. the upper arm now delivers more power and the

preferred arm is again controlled by the sign of the current component.
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Figure 39: Active and reactive power flowing from the converter to the grid.

Figure shows the active and reactive power at the output of the converter. The
converter delivers power to the grid and acts as an inductive load (absorbs the reactive
power from the grid).

To check that there are no unreasonable converter arm voltage references, V,, and V,,
are shown in Figure 0] The voltage references are clearly within the expected range from 0

to the DC bus voltage.
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Figure 40: Upper and lower arm wvoltage references in af3 time domain.
6.5 Closed Loop Control

As shown above the open loop controller may not work optimally and may require over sizing
of the energy storage capacity of the converter arms and consequently modules. In order to
improve this, the converter requires feedback compensator for the current control.

To compensate the dynamics from the previous chapter the starting point can be Equation
, which is obtained by substituting in and rearranging the terms. This time
the currents are not the references but they approximate the measurements (or states) and

the voltages are the inputs. The same idealized model is used for the analysis.

d. _ .
alacodq (t) = - LzlAdq (REAdq + XEAdq) 1acodq (t)

+ LgllAquilAquaxydq (t> (232)

1 1
- LEAdq KZAquaindq Vaingq (t)

Equation [232| can easily be transformed into a state space form suitable for feedback
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analysis given in (233). Note that only Vayy,,(t) are controlled inputs for this reason the

B fb matrix does not include terms with vgin,, (t).

d . _ .

—lacog <t> - - LEIA (RZAd + XZAd ) lacog (t>

dt q dq q q q (233)

+ LE:]-AquglAdqvaxydq (t)
State and input matrices can be easily obtained from (233)) and are given in (234)).
Am =~ Ly, (Rsa, +Xsay,)
Bm =Lya,Ksa,
(234)

Cfb :IGXG
Ds, =06x6

For the system from Table 2| and Figure [35] Equation (234)) reveals two complex pairs of
complex conjugate poles at (—10 & j37)Hz and two poles are at -10Hz.

It can be assumed that the desired behavior is to have no complex conjugate poles to avoid
oscillations and that the settling time of the transients should be within 1-2 fundamental
cycles. To achieve this all poles can be placed at 4 times the fundamental frequency of the
output.

Feedback matrix Kg, can be obtained by using Matlab command Kfb=place(Afb, Bfb,
Pfb). This command returns the feedback matrix for the specified systems matrices Afb and

Bfb and desired set of poles Pfb. The command actually finds coefficients of the matrix Kg,
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such that the poles of the system with state matrix Ag, — B, Kg, match the desired set of

poles given in vector Pg, [123].
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Figure 41: Block diagram for the closed loop controller. The controller includes feed forward
control and closed loop feedback compensator Ky, for appropriate pole placement.

In order to check the behavior of the closed loop control another simulation is performed
The simulation model used this verification is the same as given in Figure above. The
closed loop controller with the feedback matrix £, will have the structure shown in Figure
The only difference between model Figure 34 and Model in Figure|41|is in the controller block
(shaded block). The new implementation of this block in Simulink is given in Figure

Open loop control just uses zero matrix for the feedback.
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Figure 42: Simulink model of the closed loop controller shown in Figure and used to
control the model shown in Figure .

The simulation results with the closed loop controller from figures [41] and [42] and the
same plant model as used in the previous section and described in Table [2| and Figure [34] are
given below. The feedback controller is tuned to have all six poles real and stable at 4 times
60Hz i.e. -240Hz.

The same set of references is given to the current controller as in the previous section as

shown in Figure
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Figure 43: Current reference vector components on dq frame of reference for the close loop
control simulation. For more information look at the corresponding open loop control refer-

ences given in Figure 3]

The responses of the plant in dq frame of reference is shown in Figure Comparing
the behavior of the closed loop system with open loop in Figure it can be concluded
that the system behaves much more consistent across the controlled values than before. The
oscillations in the grid current are also gone, which is consistent with the new placement of

the poles at real axis.
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Figure 44: Current measurement vector components in dq frame of reference.

For more

information and comparison look at the corresponding open loop current measurements given

in Figure[36

The natural measurements of the output current, calculating current and grid voltage

are given in Figure
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Figure 45: Clirculating current, output current and grid voltage measurements in natural of3
frame of reference. For more information and comparison look at the corresponding open
loop measurements given in Figure 37

The output powers of the converter arms are given in Figure[16] The closed loop controller
provides much faster control over the power levels coming from the converter arms. This
reduces the risks related with the size of the internal energy storage elements. Since the
poles can be tuned to have the same frequency the energy difference between input DC and
output AC power will be minimal during transients, assuming the same amount of power is

commanded on both AC and DC sides of the converter.
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Figure 46: Qutput power of the arm generators. For more information and comparison look
at the corresponding open loop measurements given in Figure .

Active and reactive power measurements at the grid source are given in Figure [A7]
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Figure 47: Active and reactive power flowing from the converter to the grid. For comparison
with open loop behavior look at Figure .

To verify the validity of the control references for the closed loop controller, they are
given in Figure The references have the proper range, between 0 and DC bus voltage,

and should be fully reachable by the modular converter arms.
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Figure 48: Upper and lower arm voltage references in af time domain. For comparison with
open loop behavior look at Figure .
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6.6 Modulation Index References

The references produced by the controllers described above generate values that are not
scaled in any way. In this particular case the range goes from 0V to about 23000V as can be
seen from Figure In order to relate these references with the modulation indexes which
should be in the range from 0 to 1 they must be normalized. For this purpose, expression
given in Section can be used. Equations actually state that the reference
voltage should be normalized with the sum of the DC bus voltages of all modules within the
arm. In Equation (|1f) from Chapter , this normalizing voltages were defined as voltage reach
of the converter arms Vpcogm and Vpeyzm. Consequently, the average modulation indexes

can be obtained as shown in (235]).

ma:c VDCaxm (t) 0
- Vaxy (235)

may O VDC’aym (t>

6.7 Balancing

Open loop and closed loop controllers described in the previous sections will output average
modulation indexes for given set of references and measurements in order to control the
output and circulating currents. Individual module DC bus voltage (or state of charge)
balancing is not included in these average control references nor the balancing between state

of charge between arms.
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6.7.1 Module Balancing

There are two main ways of balancing the module state of charge or capacitor voltages as
briefly outlined in Chapter [5.4.1] For level shifted modulation and specially for simplest
staircase modulation it is more convenient to use sorting balancing algorithms. These will
not be covered here but are described in detail in the available literature [124]. For the
phase shifted carrier modulation that is used in this investigation it is more convenient to
use linear balancing algorithm. One form of the linear balancing is described in the paper
by Li et al. [125]. Similar approach for module balancing will be outlined here as well.

The easiest way to include the balancing algorithm is to do it on the modulation index
level. The individual modulation references can be modified to provide negative feedback to
the deviation of the state of charge from the arm average. This can be done by applying
individual module balancing control contributions to the average modulation indexes given
in (235). In order to maintain precise current control, it is important to maintain the
modulation index average. From the current controller standpoint, the deviations can be
arbitrary as long as they sum up to zero across all modules of one converter arm as stated
in Chapter [5.4.5

Before formulating the balancing strategy, it is good to investigate the effects of modu-

lation index modifications.

e For the structure of module shown in Figure 23] the increase in the modulation index

increases the insertion time of the module and its energy exchange.

e For the structure and reference directions of currents and voltage from Figure [22| the
negative sign of the arm currents ¢,, and i,, discharges and the positive charges the
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module for both upper and lower arms.

e If the module deviates from the average positively (overcharge imbalance) the balanc-
ing should support discharging the module meaning increase of the modulation index
during the negative current half cycle and decrease over positive half cycle of the arm

current.

e If the module deviates from the average negatively (over-discharge imbalance) the
balancing should support charging the module meaning increase the modulation index
during the positive current half cycle and decrease during negative half cycle of the

arm current.

Following the reasoning above the average modulation index decrease should be propor-
tional to the product of deviation of the state of charge from the desired level and the arm
current or just the sign of the arm current. To ensure that the effects of the balancing will
not influence the current controller described in the previous chapter the desired level can
be the average of the state of charge of all modules of the converter arm.

The balancing controller can now be formulated by the few equations below. Equation
(236]) gives the arm average module voltage based on the measured output voltages of the

filter section of the module. This will be the base value for the balancing.

1 N
Vfaxr = N Z Vfaxli]
=1

o (236)
T =+ 3 ot
=1
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The deviation from the average value can be obtained and normalized. These deviations
fulfill the condition of zero sum and can be multiplied with the arm current or just the sign

of arm current to obtain the modulation index deviations as shown in (237)).

1
MAax = Kbal (U_Vfax - 1) Szgn(z;’zﬁc)
foz (237)

1 C m
MAay = K (f:vfay — 1) sign (i)
ay

The modulation index for each module can be obtained now by adding averaged modu-

lation indexes from (235)) to the deviations in (238).

Mayx = Mae + AMyy

(238)

Myy = Mgy + Ay

The balancing algorithm and the generation of module modulation indexes are repre-
sented in the block diagram given in Figure #9] Gain K, tunes the negative feedback
effect for the balancing and will have to be obtained experimentally or estimated using the
switching model described in Chapter [5.3] In general, the imbalances will develop relatively
slowly for higher switching frequencies and a well-controlled converter. Besides the effects
that are easy to simulate, like transients the imbalances will develop due to the differences
in parasitic elements within the modules. Practical implementation and the actual assembly
structure of the converter (losses in wires, active and passive components) will influence it.

As a result, the precise tuning will have to be done only on the actual implementation of the

177



converter.

from
current controller

Arm refrences

Vfax

Vtay

Output capacitors of the
module filter section

Arm current
measurements

Figure 49: Block diagram for module state of charge balancing and generation of normalized
modulation indexes. Wide lines represent vectors of width N and thin lines are scalars.

The balancing algorithm described in this section is based on the measurement of the
output voltage of the filer section which is acceptable when modules contain capacitor energy
storage only. In cases when modules contain batteries or other types of energy storage, the
balancing can be based on the state of charge of the module energy storage system. It
can be directly measured if possible or can be obtained from the dedicated energy storage
monitoring system. In this case the balancing algorithm will have the state of charge and the
output voltage of the filter section as well. Output voltage of the filter section is necessary

to obtain the averaged modulation index.

6.7.2 Arm Balancing

The MMC converter arrangement investigated in this work has two arms per each leg. As
a result, the balancing between state of charge has to be maintained between the converter
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arms of the same leg as well. The arm balancing can be achieved by changing the power
flow withing the converter. It was suggested in and showed in the simulations above
that this can be done with the fundamental component of the circulating current.

The arm balancing controller can be implemented as a higher level controller for the
current controller described in Chapter [6.5] The block diagram for the proposed controller

is shown in Figure

I
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i

Figure 50: Block diagram for the balancing of arm state of charges within one leg of the
converter.

VUfay Hab(s)

Two filters Hy(s) in Figure 50| are low pass filters that will eliminate the fundamental
and the first harmonic components from the voltage measurements. The imbalance between
legs accumulates slowly, same as the imbalance between modules of one arm. As a result the
low pass filter pole can be placed a decade below grid frequency. The gain K, will again
have to be determined experimentally for the same reasons mentioned above for the module

balancing gain K.

6.8 Poly-phase System Considerations

The controller described above has currents source properties on AC and DC side as well.
The controller assumes that a stiff DC source is present on the DC side of the converter.

Furthermore, due to the nature of MMC topology the DC side source is above "rectified"
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AC side voltage. Otherwise, the anti-parallel diodes in the converter modules will conduct,
which may destabilize the control.

As a result, for the poly-phase systems with all identical MMC legs where the DC side
source is not maintained externally, one leg has to act as a bus regulator and maintain the
DC bus levels. Since this leg will have to act as a bus regulator, the current control loop
on the DC side has to be eliminated from the controller described above. As the arm and
module balancing depend on the DC side current control this bus controller converter arm
will have to maintain its internal balance by influencing controllers for other arms in the
structure.

There is another rather simpler but potentially more expensive way to maintain the
DC bus. Since all converter legs have full DC side current control, a bus controller can
be designed to maintain the bus across externally added passive impedance like a string of
capacitors or another auxiliary energy storage string. This impedance can be sized based
on the expected AC components of the circulating currents and dominant time constants of
the bus controller. For balanced multi-phase system, AC components flowing through this
externally added impedance should be relatively small compared to other values within the
converter. The bus controller objective will then be simple, to regulate the DC components
of all converter legs in the structure and maintain fairly regulated DC voltage across the
externally added impedance.

Both of these solutions require a fairly complicated system level control analysis, which

falls out of the scope of this study and will be left for future research.
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7 Converter Sizing

The capacitor sizing in the case of the simplest module implementation #1 from Chapter
is well covered in the literature [126], [127], [128] and will not be further analyzed here.
However, the sizing process for the MMC converter with integrated energy storage outlined
below is more general and can be used to design the converter with a simpler structure. The
study outlined below will extend and generalize the procedure outlined in [91] which was
focused on more particular example.

As with any complicated structure, the solution that meets the same set of requirements
does not have to be unique in case of MMC converter. Depending on how the requirements
of the design are formulated there may be few variables that will be left loosely constrained.
As a result, there may be a a range of solutions that will satisfy the requirements. In order to
settle for a particular solution two design approaches can be identified: One is the approach
based on good engineering estimations that will guide the design to a particular solution.
The other approach is optimization based. Optimization approach settles for the solution

that minimizes some predefined cost function.

7.1 General System Parameters

The system requirements and operating conditions for the MMC converter sizing are listed
below. It will be assumed that these parameters are design inputs and are defined prior to

the converter parameters sizing. Input parameters are listed and explained below:

e System nominal AC voltage V,, is the voltage of the AC system the converter is con-

nected to (i.e. voltage of the medium voltage grid connection).
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System nominal DC voltage Vpe is the voltage of the DC system the converter is
connected to (i.e. voltage of the DC bus of the back to back conversion system or DC

transmission system voltage).

Number of system phases n,,. In most case this will be 3 but for generality it may
be more or less. Since the converter analysis is done on per leg basis, the number of

phases will not affect anything stated before.

The tolerance of the system AC voltage Ay, . This parameter represents maximum
deviation of the system AC voltage with respect to the nominal value, normalized (per

unitized) by nominal value.

Nominal system frequency f,. For the MMC this should be the lowest system frequency
the converter is expected to operate at full current. In general, the lower frequencies
introduce more ripple in the MMC structure and could cause problems in the system

stability.

The converter nominal active power P, is the maximum active power converter is

expected to output.

The converter nominal apparent power S,, or nominal reactive power capability (),, are
can be used to complete the nominal power definition of the converter. The reactive

and apparent power are linked with active power as shown in Equation (239)).

S? = P24 Q? (239)
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e Maximum output THD.

e Minimum output connection impedance in percents of the rated system impedance.

This is the external impedance of the converter connection point (i.e. grid impedance).

Storage requirement defined by the rated energy E., of the integrated energy storage.

e Maximum module voltage V} .. This parameter is based on the selection of the
semiconductor technology. For example, if 1200V semiconductors are used they may
allow maximum DC bus voltage of 800V accommodating 400V for switching transients.
The current rating of the semiconductors is somewhat determined by the voltages on
the AC and DC side of the converter leg and the power rating. Furthermore, IGBT
module selection or paralleling can be used to achieve most current ratings of interest
here. As a result, the current rating of the semiconductor is will not be considered as

a limiting factor.

The parameters above outline the system requirements and the conditions the converter
will operate in. Beside these parameters some initial assumptions on the energy storage
technology will be made as well. It will be assumed that the energy storage will be made of
a number of basic cells (e.g. battery, super-capacitor or ultra-capacitor cells). The technology

of the cell will dictate some of its basic properties as:

e Energy storage cell maximum voltage V; is the maximum voltage of the storage

cell the storage system within each module will be built from. It can be basic Li-

ION battery cell, ultra-capacitor cell or some other type of energy storage element

convenient for the application.
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e Energy storage cell energy rating Fyenq: 1S the storage rating of the basic energy storage

cell.

e Energy storage cell maximum current lg.,., is the maximum RMS current of the
energy storage cell. This included useful DC component and loss causing harmonic

components.

e Energy storage cell discharge characteristic V.(ds.) will be used here links the Depth
of Discharge d,. with the storage cell voltage V.. The discharge characteristic showing
the voltage as a function of discharge capacity is usually given for the batteries and can
be easily converted to the voltage by depth of discharge by normalizing the discharge
capacity axis. Discharge characteristic is usually given graphically in datasheets, for
the analysis in this text it would either have to be expressed analytically or taken as

an interpolated lookup table.

For the super-capacitor and similar energy storage systems the link between the voltage
and depth of discharge can be easily expressed analytically as shown in Equation ([240)).
As a result, instead of the discharge characteristic, rated energy and capacitance will

be sufficient for ultra-capacitors and super-capacitors.

2(1 — E
masc):\/ L0 B (210

Depth of discharge d,. is defined as a normalized fraction of the total storage capacity

that has been discharged from the storage as shown in (241]).
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Jop = —Cmaz 3¢ (241)

The rough cell size selection can be done based on the total power and energy of the sys-
tem and the DC bus voltage rating. Equations and will allow a rough estimation
of the storage cell energy and current for a single string per module case. For batteries ds.,.,
can be assumed to be 100%. For capacitive storage cells the entire stored energy may not
be available as the voltage may drop too low, for the purpose of this estimation 20% should
be reasonable assumption. A cell with the closest current and energy rating can be chosen
as a starting point for the application. In case of a significant mismatch between available
ratings and the estimations, the energy and current estimation can be divided by an integer
number of the parallel strings until the closes match presents itself for a particular storage

technology.

Ees
ESCest = Vi (242)
68Cest 2nph VscDrf(:;
P,
P 243
est 2nphVDCn ( )

7.2 Example System Parameters

The items listed in Section [7.1] are given in Table [3] for one particular system. Table [3] lists
the requirements for the example system: the converter operating as a grid tie converter

in a wind energy system with fault ride through capability. One example of the fault ride
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through profile is shown in Figure |51}
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Figure 51: (a) - Fault Ride Through requirements for large wind energy system meeting all
the requirements listed in EV (b) - Assumed power delivery profile. Energy storage rating
can be obtained bu calculating the red shaded surface area.

The worst case for the energy storage is when the wind is at full power and the fault
follows the profile from Figure (a). In this case the requirement for the stored energy can
be obtained by calculating the area of the red shaded surface in Figure p1}(b). The energy
requirement for the system from Table [3| sums up to 3.47kWh, which can be rounded up to
5kWh to accommodate for storage system tolerances.

The basic parameters of the energy storage are given in Table[d Note that the assumption
is that the storage system in each module will consist of n,.s parallel strings of n,. identical

energy storage cells connected in series. The system described above requires short term

high power energy storage technology which correlates well with the high power / moderate

energy density of ultra-capacitor or super-capacitors [129]. Using equations (242]) and ([243])
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Table 3: Sizing requirements and operating conditions

Description Symbol Value
Nominal System Voltage Vi 13.8kV
Nominal System DC Bus level Vben 23kV
Number of phases Noph 3
Input voltage Tolerance Ay, 0.1
Nominal system frequency fn 60H z
Nominal Active Power P, S5MW
Nominal Apparent Power Sh 6.25MVA
Maximum Output THD THD 5%
Storage Requirement E,, 5kWh
Grid Impedance Zg 0.1% Inductive
Maximum module voltage Vian 800V

for 3V rated cells the current rating of the cell should be in the 40A range and the energy in
the range of 0.5Wh. The parameters for one commercially available ultra-capacitor storage

cell that will meet the requirements well are given in Table [4]

Table 4: Energy Storage Cell Parameters [6]

Description Symbol Value
Full Charge (maximum) Voltage Vi .. 2.7V
Storage Rating Es. .. 0.66Wh
Capacitance Coes 650F
Maximum RMS Current Lsconn 54A
Ekv. Series Resistance (ESR) Rs...., 0.8mQ

7.3 Design constraints

The general system requirements listed in the previous section should be linked with the
design variables by imposing proper design constraints. Design constraints will be given in

the following section as a system of inequalities.
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7.3.1 Voltage Reach of the Converter Arm

For the structure from Figure 22 three sources are connected to the converter leg. One is
on the AC side and two on the DC. For the sizing analysis the DC bus voltage will be the
sum of the two sources on the DC side and it will be assumed that the mid point is exactly
half of the full DC voltage.

For the proper operation of converter as described in the previous chapters, the total sum
of all module filter section output voltages (module DC bus voltages) within each converter
arm must be above the minimum level that allows full control of the output and circulating
current. This was defined as a voltage reach of the converter arms and is given in Equation ({2
as Vpom- For the proper control of output and circulating currents the voltage reach of the
converter arm must be above the externally applied DC bus source.

For the structure where the mid point of the DC bus is grounded as shown in Figure
operating in the balanced 3 phase system, the minimum external DC bus source voltage
cannot be below the limit given in (244]). For ungrounded system, the minimum DC bus
level is given in . To achieve levels from for ungrounded systems third harmonic
injection is required and should be added to the control algorithms described in Chapter [6]
Note that these levels do not take into account the voltage drops across arm and output
impedances. Also note that operating in the over-modulation region should be avoided as it

stops the PWM and with it the proper balancing and control of circulating currents.

2
VDcmmin = \/;(1 + AVH)Vn (244)
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Vocm,... = V2(1+ Ay )V, (245)

In case when the leg is setting the DC bus voltage (acting as a bus controller), Equations
(244) and (245)) define absolute minimums of the bus. In the case when the bus voltage
Vpen is applied externally the limit for the voltage reach of the arm becomes the externally

applied bus voltage.

Vocmmm = Vben (246)

The voltage reach of the converter arm is maintained by the string of modules connected
in series. The module DC bus voltage average is maintained by string(s) of storage cells
connected in series. At the maximum depth of discharge and worst case ripple, the voltage
reach of the converter arm must be above the minimum that allows proper control of the
output and circulating current. This value will depend on the implementation and will

either be the externally applied DC bus from (246) or the value given in (244)) or (245). This

condition is summarized in ([247)).

anc‘/sc<5sc) - NAVf Z VDCmmm (247)

The design variables that can be identified in the (247) are: the number of modules per
arm N, the number of storage cells in one storage string of the spanning across module DC
bus ng., the maximum allowed voltage ripple in the output of the filter section of the module

Avf and depth of discharge d..
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The discharge characteristic of the storage is given in Equation (240)) for capacitive storage
cells. For more complicated discharge characteristics curves, (e.g. battery) interpolated

lookup table can be used.

7.3.2 Module DC Voltage

The output of the filter module cannot exceed the maximum voltage level given as Vi
in Table [3] which is based on the semiconductor voltage ratings. To keep the filter output
voltage below the maximum, a margin for the ripple should be added on top of the average

voltage kept by the storage section of the module, as shown in (248]).

NV,

SCmax

+ AVf S meax (248)

7.3.3 Storage Power Rating

All cells within the converter will have to be able to absorb or deliver the full power of the
converter in the worst case. The worst case would be the charging of the fully discharged
storage when the cell voltage is lowest with the full active power of the converter.

It can be assumed that the power is equally spread among all storage cells within the
module and within all modules of an arm and between arms of the converter leg and between
all phase legs of the converter. As a result, the power rating of the storage cells must meet

the requirement given in ([249).

2anhnscnscslsc‘/sc<5sc) Z Pn (249)
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Design variables here are the average storage current I,., the number of parallel storage
strings across the module DC bus ng., and the depth of discharge of the energy storage cell

se-

7.3.4 Storage Energy Rating

The sum of all available energy stored within all storage cells within all modules of all arms
and legs of the converter must meet the requirement from Table 3] while not exceeding the

maximum depth of discharge. This condition can be expressed as shown in Equation (250)).

2anhnscnscs§scEsc > Ees (250)

7.3.5 Energy Storage Current

The average (or DC component) of the storage current is the design variable and must meet
constraints given in (249). Besides the average value, the energy storage current will contain
harmonic components (or ripple) Ay, as well. Ripple in the storage current is unavoidable
in this case and will be determined by the module filter section design. As a result, ripple
(or harmonic) storage current will be the design parameter as well. The RMS value of the
average component and ripple component of the storage current must be below the RMS

rating of the energy storage cell as expressed in Equation (251)).

V [820 + A%SC S [sc'maz (251)

The Storage cell current ripple RMS will be a design variable in the same manner the

191



filter section output voltage ripple used in Section [7.3.1]

7.3.6 THD and Ripple

Ripple on the storage current and filter output voltage are design variables for the converter
sizing that will be used as parameters for filter section design of the module. The filter
design will be done after the converter sizing and may require several iterations to reach
satisfactory performance.

The arm inductors will be sized later as well. The inductance will be influenced by the
THD requirement from Table [3| and the maximum voltage of the structure and number of
modules per arm which will be determined by the converter sizing in this section. The output
current THD will depend on many parameters of the converter including the control and
may require few iterations to reach satisfactory results as well.

Note that the converter arm inductor is supposed to filter out the components at the
effective switching frequency range while the module filters will have to handle frequencies
at the range of the fundamental and 1st harmonic of the output current. However, both

inductors will influence the output current THD.
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7.3.7 Constrain and Variable Summary

Based on the sections above, design variables and constraints can be summarized as shown

in Table [
Table 5: Sizing Variables and Affected Constraints
Variable Description Symbol Constraint Equations
Number of modules per arm N 247)), (249), (250
Number of cells per storage string Nge (]247[), 248]), (249)), (250
Number storage strings Nges 249), (250
Depth of discharge Ose (]247[), 249)), (250
Storage cell current I 249)), (251
Storage cell current ripple RMS Ar,, 251
Module filter voltage ripple Ay, (]247[), 248

7.4 Converter Sizing - Approximation Approach

Based on the constraints above the sizing based on the engineering approximations can be

summarized as follows:

1. Allocate the margin for the module output filter ripple Ay, as the percentage of the

maximum module voltage V4.

2. Calculate the number of storage cells per module storage string using constraint given

in Equation (248) by finding the minimum integer n,. that meets the constraint.

3. Set the value of the depth of discharge that will make good use of the energy storage.
For batteries this can be fairly high e.g. 95%. For capacitive storage cells the higher
the depth of discharge goes the lower the minimum voltage is. A number above 50%
may be a good choice to keep the minimum module voltage relatively high and keep
the number of modules in the reasonable range.
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4. Calculate the number of modules using Equation (247)) by finding the minimum integer
N that meets the constraint. The minimum voltage reach of the arm may have to be

determined first using (246)).

5. Calculate the number of storage strings using Equation (250)) by finding the minimum

integer n,., that meets the constraint.

6. Calculate the storage cell current using (249) by assuming the corner case when the

left and right side of the equation are equal.

7. Calculate the available storage cell ripple margin using (251)) by assuming the corner

case when the left and right side of the equation are equal.
8. Readjust the storage cell selection if needed and repeat all steps.

Note that the procedure outlined above gives one corner case solution that may not be
optimal in terms of module number, cost or storage utilization. However, this solution will

give a reasonable starting point for the further optimization algorithms.

7.4.1 Example System Results

Following the procedure outlined in Section the design solution for the system example

from Table Bl and Table d] can be obtained. The results are summarized in Table [6l

7.5 Converter Sizing - Optimization

As stated before, the design solution for the MMC converter leg described in Section

is not unique. To achieve more flexibility in the design process it may be of interest to

194



Table 6: Design Solution Parameters - Arm parameters, estimate

Variable Description Symbol Constraint Equations
Module filter voltage ripple amplitude Ay, 80V
Depth of discharge Osco 0.5
Number of cells per storage string Nseo 267
Number of modules per arm Ny 54
Number storage strings Nseso 1
Storage cell current Lse, 30.2A
Storage cell current ripple RMS AV 44.8A

formulate the design procedure as a optimization problem.

It can be shown that the number of modules is a trade off to the utilization of energy
storage system, especially when the ultra-capacitors are used. As the utilization of the
storage goes up the depth of discharge goes up and the lowest module voltage goes down.
As a result, the number of modules to achieve the minimum voltage reach of the converter
arm increases. To achieve a balanced design, it may be of interest to formulate optimization
cost function (or objective function in terms of number of modules, depth of discharge and
number of storage cells per module. One possible cost function that can be used is given
in . The number of modules, deviation from preset depth of discharge and number of

storage cells per module are normalized to make the achieve easier weighting.

N |5sc - (5sco| Msclbscs
N 0se = by Taclacs 252
cost k'cl <NO) + kc2 ( 5300 ) + kc?) (nsconscso) ( ’ )

ke , keo and k.3 are the weight coefficients that allow the adjustment of the impact of
the number of modules, number of storage cells per module and deviation from oy, depth
of discharge. Ny is the number of modules and ., is the depth of discharge ng., and ng.,

are the numbers of storage cells in a string and number of strings per module given obtained
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from the engineering solution.

Cost function given in (252) with the design constraints expressed in (247)), (248)), (249),

and can be used to formulate the constrained optimization problem. Solvers
available in Matlab can be used o find the solution. One implementation of the optimization
Matlab code is given in Listing [I]

The requirements f the system and engineering solution from Section [7.4|results are stored
in "ConverterParameters.mat" for easier manipulation into the work-space. The design
constraints are expressed in variables C1-C6. Power and energy constraints are entered as
strict equality constraints to match the requirements as close as possible. Constraint C7
ensures at least one whole string per module. It should be noted that the algorithm and
solver given in Listing [1| output real numbers that must be rounded to obtain the actual
number of modules, cells and strings. This may cause some deviation from the minimums.
If the deviation cannot be tolerated the constraints of the optimization cane be adjusted

until the desired ratings are met or the error is acceptable.

7.5.1 Example System Results

The optimization results for the example system are summarized in Table []] The results
are obtained by running the optimization algorithm from Listing [I| on the example system
data given in Table [3] Table [4 and Table[6] For this example the weight coefficients k.; , keo
and k.3 were set to one giving the same significance to the number of modules, number of
storage cells and utilization of energy storage.

Note that the optimization resulted in significantly smaller system regarding the number

of modules. Based on these results it can be concluded that the flaw with the "engineering
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Listing 1: Arm parameter optimization code in Matlab

load ('ConverterParameters.mat');
x0=|[NO, nsc0, nscs0, dscO, IscO];

options=optimoptions( 'fmincon', "Algorithm", 'interior—point',
"MaxIterations', 10000, 'MaxFunctionEvaluations', 10000);
[x, fval, exitflag , output] = fmincon(@CostFcn, x0, [], [], [I, [I,

[1, [], @CondFcn, options);

function cost=CostFcn(x)
load ( 'ConverterParameters.mat');
N=x(1); nsc=x(2); nscs=x(3); dsc=x(4); Isc==x(5);
cost=1%N/N0+1x(abs(0.5—dsc)/dsc0)+1xnscxnscs/(nscOxnscs0);
end
function [c, ceq]=CondFcn(x)
load ( 'ConverterParameters.mat');
N=x(1); nsc=x(2); nscs=x(3); dsc=x(4); Isc=x(5);
Vdem _ min = max(23e3,sqrt (2/3)*(1+DVn)*Vn);
Cl = Vdem min—N=nsc*StorageChar Fsc(dsc, Escmax, Csc)4Nx(Dvf);
C2 = nscxVscmax+Dvf—Vimax;

C3 = dsc—dscmax;

C4 = Isc—Iscmax;

C5 = Ees—(2xNxnphxnscxnscsxdscxEscmax) ;

C6 = Pn—(2«Nxnphsnscxnscs*IscxStorageChar Fsc(dsc, Escmax, Csc));
C7 = 1—nscs; %Ensures that there is at least one string

c=[C1, C2, C3, C4, C7];

ceq=[C5, C6];

end

function v=StorageChar Fsc(dsc, Escmax, Csc)
v=sqrt (2*x(1—dsc)*Escmax/Csc);

end

Table 7: Design Solution Parameters - Arm parameters, optimal

Variable Description Symbol Constraint Equations
Module filter voltage ripple amplitude Ay, 87V
Depth of discharge Osey 0.12
Number of cells per storage string Nsey 264
Number of modules per arm Ny 40
Number storage strings Nses, 1
Storage cell current I, 30.3A
Storage cell current ripple RMS AV 44.7TA

assumption" solution from Section was too high depth of discharge assumption, which
drove the number of modules up and cased an oversized design. The solution in Table
has energy rating of 4.87kWh, which is slightly below the requirement in Table |3 However,
the solution is acceptable as the actual need was 3.47kWh for the application, the margin

allocated for design tolerances will be slightly smaller.
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7.6 Module Filter - Approximation Design

The parameters that determine the structure of the MMC converter leg were defined in the
previous few chapters. The properties of module filter section will be defined next. The filter
section as defined in Chapter and Figure can be characterized by 4 variables: two
currents iy and ¢, and two voltages vy and v,.

The current of the module switching section i is determined by the state of the switching
section and all other modules within the converter leg. The single module will not have much
influence on it. As a result, ¢y can be modeled as an ideal current source and can be seen as
an input to the system as illustrated in Figure The outputs of interest will then be the

storage current i, and filter output voltage vy.

Module model
....................... ABr G,
Storage | * Filter |: +
: o v, . - v,
. | Section s | Section | s

Figure 52: Module filter section inputs and outputs.

The transfer functions from iy and v, to 75 and vy can be obtained from the module
models given in Chapter The transfer functions should behave as low pass filters, this is
obvious from previous analysis. The attenuation of filter can be obtained from the maximum
amplitude of the filter output voltage A,, and maximum RMS current of the storage section
Ap,,, determined in tea analysis above and the maximum harmonic content expected on in
the input current 7.

The harmonic content of the filter input current may be difficult to estimate exactly as
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it will depend on the mode of operation and the implementation of the converter. This is
indirectly evident from figures 38| and As before two approaches for the filter module
design will be given below. The first approach is based on engineering assumptions and the
second on the model given in Chapter

Assuming that the module filter voltage v, is pure DC and that the sharing of power
between modules is ideal, the harmonic content of the filter input current is same as the
harmonic content of the arm instantaneous power.

The arm instantaneous power can be estimated based on equations and from
Chapter As stated in Chapter [£.4] only first four terms are significant and the last two
account for the losses in the arm filter inductors due to the control effort and should be small
by design. Assuming that all is symmetric, that the DC bus is constant and nominal and
that the power is shared equally between modules and arms, the module power estimate can
be obtained by dividing the arm power from and by the number of modules per

arm as shown in equations (253) and (254) for upper and lower arm modules respectively.

P1on(t) =~ Voou (Biea(t) — 1 Viouialt) + %vag(t)ica(t) b ot(Dia(t)  (259)
1 ) 1 ) 1 ) 1 .
Pray(8) = =557 Von(B)iea(t) + 175 Vonialt) = FVag(ica(t) + 535 ag (£)ia(?) (254)

Finally, the module filter current can be estimated by dividing module power by the
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module filter voltage. For the purpose of estimating filter current, it can be assumed that

the filter voltage is constant and that the voltage reach of the arm is equally spread by the

modules. The worst case is when the voltage reach of the arm is at the minimum value

(at the external DC bus value). Module voltage will then be YB¢x and the filter current

estimations become:

_ 1 1 wolt) 1 0ag (1)
Zfaz (t) = _§an(t) Zza(t) + V[g)c an(t> + 2 Vgc Za(t)
| 1 L ua(t) L0 (1)

Zfay(t) = _élca(t) + Zla(t) - Vgc an(t) + 5%1(1(75)

(255)

(256)

Considering only the DC component and fundamental of the circulating current and

fundamental of the output current (controlled variables) and the AC side voltage, equations

(255)) and (256]) can be rewritten as (257) and (258)).

) 1 1
Ufan (t) =— §Icao - §Ica1cos(wnt — Ocay)

1
— ZIalcos(wnt —04,)

Va Va Va
+ = oy €08(wnt) + 2 Iog, c08(2wnt — Ogy ) + 2104, 08(0ca, )
Vben DCn Vben
Vagl ‘/;1 1
I1cos(2wnt — 6, I Tcos(b,
+ Voo 1008 (2w )+ Voo 1c08(0,,)
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1

1
ifay (t) = - §Ica0 - §]calcos(wnt - Qcal)

1
+ Z]mCOS(Wnt —0,)

Vv, Vv, Vv, (258)
— gy 08(wpt) — L Tog, c08(2wnt — Oegy) — 21 og,c08(0cq,)

Vben DCn Vben

1 Vi, 1V,

— [a 2 nt - Qa a 91 Ia ea
+ S Ve, Lcos(2w )+ Ve ,c0s(0,,)

Leays Leays 1o, and V,; are DC component of the circulating current, amplitude of the
fundamental of the circulating current, amplitude of the fundamental of the output current

and amplitude of the fundamental of the output voltage respectively.

Harmonic components from (257) and (258) are given in (259) and (260).

1
ifazh (t) = §Ica1COS(wnt - 9ca1>

1
~ 1 a1€08(wpt — 0,4,)

. y (259)
+ = Loy co8(wWnt) + 21 g, 08 (2wt — Oeay)
VDCn DCn
V.
5 g1 I1c08(2w,t — 0,,)
DCn
. 1
U (1) = = S eas cO8(wnt = bcar)
1
+ Zlalcos(wnt —04,)
y y (260)
— " [egoc08(wpt) — LT oq, c08(2wnt — Ocq,)
VDCn DCn
17V,
37 T, c08(2wpt — 0,,)
DCn
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In order to estimate the amplitude of the fundamental and the first harmonic of the filter

input current, all factors from (259) and (260)) should be expressed in terms from Table 3| as

shown in (261]).

1

Itny, :Elcal = §[ca1d
PR

=77 decar = = {Lcayy
Vben V3Vbon

_1 Ve, I — lﬂ\/gﬁ
2 VDCTL “ 2 \/§VDCn 3 Vn

]fh22

The following assumptions are made before (261)):

The converter is outputting the full power from the DC to AC side.
e The storage is fully discharged.

e The converter outputs full active and reactive power making the power factor phase

P,
angle 0, = arccos (E)

e The fundamental component in the circulating current /.,, will not exceed I.,,4. This
can be achieved by limiting the output of the controller in Figure Note that the
fundamental of the circulating current has only d component, meaning it is in phase

with the output (grid) voltage 6., = 0.

Equations (259) and (260)) can be rewritten as:
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ifamh (t) =+ (]fh13 - Ifhn)cos(wnt)

— Iy, c08(wnt — 04,)

(262)
+ Iy, c08(2wpt)
+ Iy, c08(2wnt — 0,,)
Z.fayh (t) = - ([fhu + [fhls)cos(wﬂt)
+ Ippy,co8(wpt — 6,,)
(263)

— Iy, c05(2wpt)

+ I ppyyc08(2wyt — 6,,)

The amplitude of each harmonic component can be found with the help of phasor repre-

sentations shown in Figure [53| and Cosine theorem as shown in (264)-(266]).

/l:fazh (t) :]faac/u cos(wnt — (‘)fawhl) —f- Ifa$h2cos(2wnt — 9faa:h2) (264)

@ fon (8) =L payny €0S(Wnt — Oayn1) + L faynycos(2wnt — O payna)
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Ifa:cfu = \/(Ifhm - ]fhn)z + ]J%hlg - Q(Ifhw + Ifhu)lfhmco‘g(Hm)

Ifazh2 = \/I]%hgl + I]%hzg - 2]fh21 ]fthOS(Qal)

(265)
Ifayhl - \/(Ifh13 - Ifh“>2 + IJ%’HQ - 2(Ifh13 + Ifhll)lfh12cos(9(ll)
Ifayhz - \/[J%hm + I)%hzg - 2Ifh21]fh22005(7‘- + eal)
] 0(1 - .[ - I
0 fazn1 =T + arccos ( si12¢05(0a1) — (Lyny fh11)>
Ifazhl
-[ ea - I I
efayhl =qarccos ( fh12COS( 1) ( fhis + fh11))
K (266)
I 0, I
9fa:rh2 =qarccos ( fh22€08( 1) + fh21)
Ifaachz
I 0.1)— 1
9fayh2 =arccos ( fh22€08( 1) fh21)
Ifayh2
T lﬂ L3 Lo

efayhl

Ifaxhl
1 Ifayhl
fh12

ot
£ Opaxn2 0

Ifath

Figure 53: Phasor diagrams for fundamental and first harmonic components of the filter
input current iy.

The filter parameters can be roughly estimated using the calculated harmonics of the
filter input current and the transfer function of the filter from input current to output

voltage and storage current. The transfer function and exact analysis will highly depend on
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the filter implementation. However, in case of simple LC filter it may be possible to perform
the rough estimate of the filter parameters based on the estimated "parallel capacitance"
and "series inductance". Parallel and series would roughly be with respect to the output
voltage and storage current. For example for the filter structure from Figure[54] the "parallel
capacitance" would be Cf; and "series inductance" would be Ly; . Once the starting rough
estimates are determined the rest of the analysis can be done numerically or graphically as

shown in [91].

Rﬁ Lﬂ Rf]
S="" W=
I i +
R, 5 R, f
i i vy
R, G, 1;:> Vesi C/1T> Ver <:‘
UC energy storage Filter
Zpy Zy

Figure 54: Module model for the Example System from Table @ and Table E]i The filter
section 15 shaded.

Equation (267) can be written for the output voltage. The amplitude of the output

voltage is approximated by the sum of amplitudes of harmonics.

Ifa:rh [fa:ch
Ay, > ! 2 267
Vi = wanl + QWanl ( )

Based on (267)), the capacitance can be estimated as shown in (268)). It is assumed here
that the module contains only the parallel capacitance. The equation is also extended to

both arms of the converter leg.
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Ttazn Trazhe  Lfayn Ttayn
C > 1 2 yni yna 268
1= max (wnAVf * wnAVf ’ wnAVf * anAVf ( )

Next the series inductance can be added to the estimation and Equation (269) can be

written for the maximum RMS of the storage current.

JZETE  ( | (269
Ar.> _Jazm _ Jamha 269
fe = (W%Lflcfl) " (4W%Lf10f1)

The inductance can be estimated as shown in (270)).

Lo 2 I 2 Ttayn 2 Lpayn 2

Lo > _ Jarmi _ “Jarha __Jaym _ Jayha

£1 > max (w%AISCCfl) + (4w%AIsch1> ’ (w%A]ScC]ﬁ) + (%}%Agccﬁ)
(270)

7.6.1 Example System Approximation Results

For the system from Table 3| and Table [7] the filter section has the structure from module

implementation #3 given in Chapter 5.1} The structure is shown again in Figure

Table 8: Estimated Module Filter Parameters

Symbol  Value | Symbol Value
Rfl 10 mQ) ng 10 mQ
R 50 mS2 | Ry 211 mQ
Ry 1 MQ | Cqy 246 F
Cfl 4.8 mF Lfl 2.3 mH
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The switching section in Figure [54|is not shown and is modeled with the switch resistance
Rf1. Ryois the equivalent series resistance of the DC module DC bus capacitors. Capacitance
of the module capacitors is C'y;. Ry3 models the losses in the filter inductor L. The ultra-
capacitor energy storage model is marked as "UC Energy Storage". R, models equivalent
series resistance of all storage cells within the module. R, is used to model internal discharge
or internal module loads and Cj; is the total energy storage capacitance. The values of the

parameters are given in Table Filter inductance and capacitance are estimated using

and (270).

7.7 Module Filter - Model Based Optimization Design

The module filter design can be formulated in the form of optimization and reduced order
model given in (169) can be used for this purpose. The model is simple enough to execute
fast. The operating conditions of the converter during the optimization will be constant for
the purpose of this study. The converter will be simulated at the expected worst case for the
filter currents and voltages. The expected worst case is when the converter is discharging
the storage at full active and reactive current. If the simulation is set for constant operat-
ing conditions, the evaluation of the parameters needed for the cost function will be fairly
straightforward.

In contrast to the engineering approach given above for a fixed LC filter structure, for
the optimization approach given in this section the complexity of the filter section can be
arbitrary. The optimization algorithm can be adjusted to minimize properly formulated cost

function based on any number of filter component parameters.

207



Besides the module filter parameters, arm inductances (marked as arm impedances Z,,
and Z,, in Figure are unknowns as well. The arm inductors should have only negligible
filtering effects at the lower frequencies where the module filter pass band starts. Further-
more, the averaged and simplified model simulated frequency range ends before the effects
of the arm inductors become significant. As a result, the arm inductors L., and L,, will not
be included at the design process at this stage and they will be set to an arbitrary low value.
One percent of the rated impedance of the converter can be used in this case to complete
the model parameters. Lower values are also possible but may extend simulation time. The
actual value of arm inductors needed to suppress the switching harmonics will be evaluated
in the following chapters.

One possible cost function can be defined as shown in Equation (271)). This cost function
will drive the filter voltage variation and storage current RMS to match the design values
given in Table [/l Note that the storage current will in this case include the DC component,

for this reason the target is set to [

SCmax

and not Ay_.. The current RMS and voltage

amplitude values will be obtained from optimization model simulation results.

cost = |Ay, — Ay, |+ [Loe — I (271)

Cmazx ’

The optimization model is described in (169) and is implemented in Simulink as shown
in Figure p5l Note that the matrix calculations are used for Simulink modeling instead of
the circuit modeling with Simscape components. Simulink part of the model will in this case

be independent on the module implementation and parameters as the model is fully defined
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by the matrices from Chapter

78} [2x2)
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Figure 55: Reduced order model top level.

The Leg block calculates the first row from matrices given in and (167). These
equations actually model the converter leg as described in Chapter 5} The block structure
is given in Figure [56|- (a). The Arm block calculates the second row from the same set of
matrices modeling the cells of the converter arm, in this case only two representative cells.
The implementation of the Arm block is given in Figure [56[- (b)

Control block structure is given in Figure [57] The block named CTRL is the closed
loop current controller described in Chapter and its structure is shown in Figure 41| and
implementation in Figure 42|

The section marked as Arm balancing is explained in Chapter [6.7.2]

The section marked as DC Power control is expressing the DC current in terms of the

209



Matrix
Mitply

Matrix
Multiply

Matrix
Multiply

CGO— M +
ultiply
) Viaxy
Laxyinv .
Maxy
Wt .
Multiply DXfaxy
-sfax) axy +

Matrix
Multiply
Matrix

Multiply
Matrix
Multiply —'b—' Matix xaxy
.—ylvmxy Multiply
51
vain -

o)
<

x

8 |n
Z

Matrix
Multiply

GO—
Laxyinv e
Matrix
e Vit i
Multiply Matix | |
Constant? Multiply
ufaxy C—>
ifax)
vty Productd
(a) (b)

Figure 56: (a) - Structure of the Leg block. (b) - Structure of the Arm block.

rated AC current making it easier to balance the AC and DC power. For the optimization,
the DC component of the circulating current reference is set to 0 forcing the storage to
charge or discharge while the AC is at full active and reactive power. This should create the
worst case conditions for the filter and storage RMS current. If AC component of the storage
current A;__ is figuring in the optimization cost function the reference for the AC/DC Power
balance control should be the same as the active output current [,14.

Block named Measurements is just rearranging states into convenient vectors of measure-
ments (e.g. module storage current vector, module DC bus vector...). The structure of the
block measurements is given in Figure [58]|

Matlab off-the-shelf optimization solver can be used to minimize the cost function. In
this case "fminsearch()" is appropriate solver as the design problem is nonlinear and uncon-

strained. The optimization code is fairly simple and is given in Listing 2l For the example
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Figure 57: Control block structure.
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Figure 58: Measurement block structure.

system from Table |3} the model file-name is "MMCModel" and the starting point for the
optimization can be the result of the engineering approximate approach given before. The
matrices and constants are pre-calculated an loaded into the work space from the Model-

Properties.mat file.
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Listing 2: Filter design optimization code in Matlab

options = optimset('Display','iter ', 'PlotFcns',Qoptimplotfval);

x0=[2.3e—3, 4.8¢—3];

x = fminsearch (@CostCalculator, x0, options)

function cost=CostCalculator(x);
load('ModelProperties.mat');

Lb=x(1);
Ce=x(2);
LegModelMat ;
mdl="MMCModel ' ;
SimOut=sim (mdl,

'SrcWorkspace ', 'current ')

DIsc=max(rms(SimOut . StorageCurrent .signals.values));
DIs=max(rms(SimOut. StorageCurrent.signals.values));

DVs=max(max(SimOut . FilterVoltage . signals.values (SimOut. FilterVoltage .time ...

> (SimOut. FilterVoltage .time(end)—5/60))) ...

—min(SimOut . FilterVoltage .signals.values (SimOut. FilterVoltage .time ...

> (SimOut.FilterVoltage .time(end)—5/60))));
cost=abs (DVf-DVfl)+abs(DIsc—DIscl)

end

7.7.1 Example System Optimization Approach Results

The optimization process converges relatively fast and drops below 1 in 12 iterations and
stops after 137 iterations at the error below 0.01. Even for the error of 1, voltage and current
are within the volt and ampere of the target. The resulting filter parameters obtained using

the optimization code from Listing [2] for the system from Table [3] are given in Table [9

Table 9: Estimated Module Filter Parameters - Model Based Design

Symbol  Value | Symbol Value
Rfl 10 mQ) ng 10 mQ
Ry 50 mS2 | Ry 211 mQ
Ry 1 MQ | Cy 246 F
Cfl 4.5 mF Lfl 3.4 mH

Since the optimization is based on a single operating point, the same model used for
the optimization process can be used to check the behavior of the module under different
operating conditions. Instead of constant, the references are modified to cycle through all of
the expected combinations. For the current analysis, the set of references are cycled through

the conditions shown in Figure [59]
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Figure 59: Simplified model simulation results - Control references.

The references from Figure |59 are forwarded to the current controller block marked as
CTRL in Figure [56] and described in detail in Chapter [6.5] The active current is sequenced
from full consumption to full delivery as shown in I, plot in Figure The reactive power

has similar sequence from full reactive consumption to full delivery as shown in I7,

plot
in Figure The fundamental of the circulating current is used for arm balancing efforts
and has an outer loop control described in Chapter added to the model. This outer
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loop control causes the oscillations observable in I7 ,, plot in Figure 59| due to the imperfect

single pole filters used for this implementation.
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Figure 60: Simplified model simulation results - Output currents and grid voltage.

Figure shows circulating current, output current and grid voltage. The circulating
current i., has DC component following the reference and small AC component superimposed
as a result of arm balancing controller. The output current ¢, follows the reference as well.
The grid voltage v,4 is given for reference only and is modeled as shown in Figure

Figure shows the voltages for the filter capacitors (Vofiar and Viogiey) and storage
system model voltage (V. and Vi, ). The converter cycles through all states, charge,
storage maintaining state and discharge. As mentioned before the power balance control
that maintains the storage at steady state is open loop and does not take into account the
losses in the converter, which explains the slope during the period t=[1.5s, 3s| when the

balance should be maintained between ac and dc¢ side of the converter. The maximum filter
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Figure 61: Voltage of the module filter section for upper and lower arm and module module
storage systems of upper and lower arm.

output voltage swing is about 85V which meets the 87V limit.

Figure [62] shows the RMS measurements and actual waveforms of the storage current.
The Current RMS is about 53A max which is within one ampere of 54A limit. If needed,
the process can be repeated with adjusted limits to meet the maximums. For the purpose of

this study the value will be left as is which will make it possible to evaluate the design error
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Figure 62: RMS currents for the storage system current for upper and lower arm and wave-
forms of the storage system currents for upper and lower arms.

once the switching model has been fully defined and evaluated.

7.8 Arm Inductors

The final part in the design procedure is the design of the arm inductors. The main purpose

of the arm inductors is to limit the switching harmonics and facilitate the DC current control.
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One approximate way to estimate the arm inductors is presented in [91]. However, the case
presented in [91] assumes that the voltage reach of the arm is exactly equal to the DC bus
(vV4,,0. = VDen/N), which does not have to be the case.

It will be assumed that the grid inductance is set by the grid connection and that no
inductors are added. The converter can be designed for the worst case which can be defined
by the grid connection short circuit limit the converter designed for.

In general, there are two considerations for the ripple in the inductor current. One is the
THD of the output current and the other is ripple and current harmonics in the circulating
current. The current ripple is a good indicator for the THD and harmonics in signals with
dominant sinusoidal fundamental characteristic for the converters and motor drives.

The direct mathematical link between the current ripple and converter parameters is
not straightforward nor is the link between ripple and THD or harmonics. As a result for
accurate analysis, it may be easier to use switching model and harmonic analysis tools to
estimate and tune the values than to attempt to derive expression for the inductance values
analytically.

Current section will just estimate for the arm inductances based on the ripple amplitude.
The values obtained from the analysis in this section can be used as the starting point and
the switching model derived in Chapter can be used to verify the acceptability of the
behavior and perform fine tuning of the inductance.

The Arm inductance is tightly coupled with switching frequency. Due to the issues
outlined in Chapter for low switching frequencies, it will be assumed that the (module
or device) switching frequency is at or above ten times the current fundamental frequency

fs > 10 x f,, . . In contrast to the f, meaning minimum, the effective switching frequency
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seen by the arm and grid inductances will be the product of the number of modules per arm
N and the switching frequency fs, = N X fs.
7.8.1 Ripple Based Approximation Limits

The arm inductance can be estimated based on the output ripple current using the following

reasoning:

e Assume that the arms string have enough capacitance to act as ideal voltage sources.
e Assume that each arm contributes equally to the output current and ripple.

e Effective switching frequency is:

fsw = Nfs (272)

e The amplitude of the ripple Ai,, for the worst case when the converter output alter-
nates around grid voltage as illustrated in Figure is linked with the module voltage

and effective switching period as shown in (273)).
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Figure 63: Arm current ripple illustration.

Note that the worst case for the ripple is when the module voltage is at maximum

value.
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2Aia:r ~ Uag — Ya Tsw _ meaz TSU’ _ meaz

— = 273
Loy + Loy 2 2(Laz + Lag) 2 4(Lay + Lag)N f; (273)

e To keep the output current ripple below predefined value of Ai,, the ripple of lower and

1Ai,. The arm inductance

upper arm currents will have to be below Aig, = Aiyy = 5

will have to satisfy the condition given in (274]).

Vi
Loz, = Lay, 2 5 — La 274
g Yg 4AZaNfs g ( )

Equation (274) gives the condition for the output current ripple. Since the controller
and the overall design of the converter requires the full control of output and circulating
current the ripple in the circulating current should be evaluated as well. The amplitude of

the circulating current ripple can be evaluated as follows:

e In contrast to the output current, which is controlled by the difference in the arm
voltages as illustrated in Equation the circulating current is controlled by the sum

of the arm voltages as illustrated in (39).

e The voltage across arm both inductors in the worst case is then at least two module

voltages.
e The worst case is again when the duty of the switching is 50%.

e Following the assumptions above, the ripple in the circulating current should satisfy

Equation (275)).
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20, = ——mer 275
' Las+Lag 2 2Las 2 4LaoLagN /s (275)
e The arm inductance then has to satisfy Equation (276)).
V
Lagpe = L Jmas (276)

> _ Jmaz
e = 8AicaNfs

Finally, the arm inductance will be larger of the two requirements: the requirement for
the output current ripple given in (274) and the requirement for the maximum DC current

ripple given in (276)). This is expressed in Equation (277)).

Laz = Lay > maI{Lacha LayDca La:cga Layg} (277)

7.8.2 Example System Arm Inductance

The limits for the ripple current can be determined based on the rated DC component of
the circulating and the amplitude of the output current. The parameters are calculated for
the example system from Table [3| and Table [7] and are given in Table [I0] with the estimated
value of the arm inductance.

Note that the limiting factor for the system from Table [3] and Table [7]is the DC current
ripple. The conditions are in general harsher for the DC current ripple as the calculation is
based on voltage reach of the arm and not the external DC bus. Furthermore, for the same
rated power of the converter DC side current is lower.

If the current ripple is expressed as a percentage of the amplitude of the AC current and
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Table 10: Estimated arm inductance and related paramelers.

Symbol Value Comment
R, 3002 Rated impedance of the converter
Ly, 80uH Grid tie inductance (about 0.1%)
R, 30ms2 Grid tie resistance (about 0.1%)
I, 372A  Rated AC current amplitude of the converter leg
Leagr 52A Rated DC current amplitude of the converter leg
Ai, 18.5A4 Output current ripple (5% of the rated amplitude)
AV 5.2A DC current ripple (10% of the rated amplitude)
Lowpe/Laype S00uH Arm inductance (DC current limit)
Laz,/ Lay, 370uH Arm inductance, actual (AC current limit)
Lyy/ Lay 800uH Arm inductance (turns out to be about 1%)
Ruy/Ray 300mS2 Arm inductance resistance (about 1% )

DC current and if the percentage is the same, the operation and control of the converter will
be more sensitive to the output current ripple. In the worst case the arm current ripple can
be estimated using the link between arm currents and output and circulating currents given
in Equations and (27). If the output current is higher so will be its ripple content in

the arm currents.

8 Simulation Results and Related Considerations

The previous sections completely defines the structure of one leg of the MMC converter. As
the leg is fully controlled it can be used in larger poly-phase structure as a module, provided
that the proper DC and AC side sources are present, thus maintaining the modular spirit of
the entire converter design.

Simulation results obtained from the models derived in Chapter [5| will be presented in this
section. The controller described in Chapter [6] will be used to control the converter currents.

The structure of the converter is given Chapter [7| and the parameters of the converter are
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listed in Tables [3] 9] and

8.1 Arm Balance Verification and Tuning

As the module parameters are fully defined now, the simplified model used for the optimiza-
tion process for the filter design in Chapter can be used to verify and tune that the arm
balancing algorithm given in Chapter [6.7.2] operates. The block diagram of the arm balance
controller from Figure 50| has the controller gain K, and saturation limits that should be
determined based on the desired behavior. It can be assumed that the time constant for
balancing between arms can be in the range of several seconds. Also, the limit for the d com-
ponent of the fundamental of the circulating current can be assumed to be 50% or the rated
current of the converter. The higher the limit is the faster the imbalance can be corrected.
Constant K, gain is set to 5000 to keep the voltage tightly balanced. Simulation results for
the upper and lower arm module storage voltages and filter are shown in Figure

The simulation in Figure [64] starts with 7% imbalance and 100% output current while
maintaining power balance. At t=1s the balancing algorithm is activated. As can be seen the
storage systems of both arms are balanced after approximately 7s. Note that the balancing
algorithm should be on-line at all times. If that is the case the converter arm will be kept
in balance at all times and large imbalances as shown here should not be expected except
maybe during the converter start-up.

Currents of the module storage system are shown in Figure It is evident from the cur-
rent waveforms that the lower arm is discharging and upper is charging during the balancing

sequence.
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Figure 64: From top to bottom: circulating current and upper and lower arm module filter
voltages and upper and lower arm storage voltages. AC/DC power balance is maintained.

Figures [66) and [67] show the balancing transients while the AC output is at full active
and reactive power and charging the energy storage. In other words, the power balance is
not maintained between AC and DC side.

If the storage is being charged/discharged at full power and the output is at full active

and reactive power during the balancing event the storage RMS current can be significantly
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Figure 65: Storage current RMS are shown in upper two plots and waveforms on the lower
two plots. AC/DC power balance is maintained.

exceeded as shown in Figure [67]

If it is expected that the converter will operate with large imbalances and intermittent
balancing, modules should be designed to include the balancing currents in the storage
and filter currents/voltages budget. If the balancing algorithm is normally on-line, large

imbalances can be encountered only during irregularities. In this case, during balancing
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Figure 66: From top to bottom: circulating current and upper and lower arm module filter
voltages and upper and lower arm storage voltages. The power balance is not maintained.

Storage is being charged.

transients the power balance should always be maintained (storage should not be charged
or discharged) or reactive current should be limited to keep the currents and voltages below

the design limits.

The balancing current closes through the external DC bus and is AC at the fundamental

frequency of the output. Consequently, the components in the external DC bus should be
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Figure 67: Storage current RMS are shown in upper two plots and waveforms on the lower
two plots. The power balance is not maintained. Storage is being charged.

sized with the balancing currents in mind.

8.2 Module Balance Verification and Tuning

Balancing algorithm is derived in Chapter [6.7.1] and shown in Figure [f9] Averaged model

derived in Chapter and given in Equation ([149)) is convenient for investigation and tuning
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of the module balancing algorithm. The model is fully symmetric meaning that the imbal-
ances will not appear on their own and will have to be introduced artificially. The balancing
algorithm will not be influenced by the switching effects if the averaged model is used and
will be easy to tune. Another advantage of the averaged model is that it is executing faster
than the switching model.

The main difficulty with the module balancing algorithm tuning results from considerable
amount of storage within each module. Furthermore, a relatively small energy storage voltage
difference will translate into relative high amount of energy imbalance due to the quadratic
dependence between energy and voltage for the ultra-capacitors used in the example system.
As a result, the storage will be reduced to only 1% of the design value to investigate the
behavior of the balancing algorithm and its influence in the converter. This will reduce the
simulation time and exaggerate the effects of the balancing algorithm.

The converter model is implemented in Simulink using matrix multiplications and has the
similar structure as the model from Chapter [7.7]shown in figures b5] 56 57 and [58] The only
differences are in the control block, the size of the vectors and the additional multiplication
of the modulation index matrix with constant S, matrix as shown in Equation ((149)).

The Simulink implementation of the control block is shown in Figure The control is
only slightly different. For the large signal averaged model, the control outputs 2N individual
module modulation indexes instead of just 2 averaged ones.

The control block structure in Figure is different from the control block structure
given previously in Figure only in the implementation of the Balancing and Normal-
ization block, which was previously normalization block only. The structure of Balancing

and Normalization block is described in Chapter and shown in Figure The actual
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Figure 68: Control section for the averaged converter model (shaded Control block structure
from Figure @)
Simulink implementation of the Balancing and normalization block is shown in Figure
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Figure 69: Balancing and normalization block structure implementation in Simulink.

The module balancing controller shown in Figure has balancing coefficient K, that
needs to be determined. The model that has storage system reduced to 1% of the design
value for the example system with all other parameters the same. The system was simulated
for the balancing algorithm gain set to K3, = 0.5. The storage systems of the modules are
initialized with imbalances that sums up to about one average voltage of the module across

228



all modules of an arm. This is considered to be the 100% imbalance.

The model is set to start delivering full reactive power and draw full active power at
t=0.05s. The output current is set to zero at t=1.5s. The DC side is tuned to maintain the
power balance between AC and DC side. The effects of the open loop inaccuracy due to the
losses within the converter are more exaggerated for reduced storage capability. As a result,
the DC side delivery was manually tuned until approximate power balance is achieved. This
revealed that the approximate efficiency with the modeled losses is about 93%. Balancing
algorithm is activated at t=0.2s.

Figure [70[ shows output and circulating currents. Th output current slightly jumps when
the balancing is activated. This transient effect is due to the relatively large imbalance and
step initialization of the balancing algorithm and should not be present if the balancing is
constantly on-line.

The measurements for the module filter voltages are given in Figure [7I] The module
filter voltage is measured at the capacitor Cy; shown in Figure At the beginning, the
imbalance is clearly seen. At the end of the simulation interval, when the output current is
zero the voltages of all modules are clearly balanced.

Figure shows the voltage of the storage strings within the module. The ripple is
exaggerated as the storage capacity is reduced to only 1%. The results shows that the
storage system is well balanced at the end of the simulation run compared with the clear
imbalance that can be seen in the beginning.

In order to evaluate the time constant and overall system behavior, it is important to
quantize the imbalance in some way. One way to approach the imbalance measurement is to

treat the total imbalance as the sum of absolute deviations from the module average value as
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Figure 70: Clirculating current during the module balancing sequence in the upper plot and
the output current in the lower plot.
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Figure 71: Module filter output voltage during the balancing simulation sequence.
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Figure 72: Clirculating current during the module balancing sequence in the upper plot and
the output current in the lower plot.

shown in Equation (278)). Figure [73|shows simulation results during the balancing sequence

for the converter leg imbalance measurement implemented in this way .
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Figure 73: Imbalance measurements as defined in during the balancing sequence sim-
ulation run.
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8.3 Switching Model Simulation Results

All parameters of the converter are determined now and the controller is tuned at this point.
However, only the averaged and simplified models have been used to test its behavior. The
next step is to verify the behavior of the converter with the switching model. The model
given in Chapter and Equation (106)) will be used for this purpose. As mentioned in the
previous chapters, the goal for the switching model simulations is to determine if the THD
is met for the output current and to evaluate if the converter behaves as expected.

The model is implemented in Simulink in the same way the models in previous chapters
have been implemented, using the matrices from Chapter [5.3] This way the number of
modules and converter parameters can be varied without the change of Simulink the model
structure. The structure of the model in Simulink is very similar to the structure of the
models used in Chapter shown in Figure [68 and is given in Figure (74).

The arm and leg block structures are very similar to the structure of Arms and Leg block
implementations for averaged and simplified models and are given in Figure[75] Measurement
block rearranges the states in the form more suitable for feedback and plots and will not be
elaborated in more detail as it does not contain any note worthy calculations.

"Gate to state" block converts gating signals from the control block modulator into

switching states matrix S,,, suitable for the model described in Chapter [5.3] As mentioned
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Figure 74: Switching model structure.

earlier in Chapter [5.2 and Chapter [] the switching states depend on the current direction
and the gating signals for semiconductors in the switching section of the module due to the
presence of anti-parallel diodes. The block is implemented as a lookup table. The inputs for
the lookup table are the switch gates and arm current sign and outputs are the switching

states. The lookup table rules are given in Table [L1] for the half bridge switching section

233



Matrix
Multiply

S
5
=] |€
2
v
v

Matrix
Multiply

|
Bfaxy Matrix Taxy
i Matrx > E
ult
s o D "
Taxy —p Saxy Dfaxy Multiply
DXfaxy
Afaxy
Matrix |
Multiply
GO— Laxyinv | »]
xaxy Matrix
> Muttiply ’|> o
Cfaxy » Multiply
z1
i it
ultiply
Matrix
vain t
Multipl ’D )
" iy |
Efaxy s
Matrix | D
Multiply vain
E— Canyiny
ufaxy Matrix P
Multiply Matrix
> Multiply [
(a)

(b)
Figure 75: (a) - Arms block structure and (b) - Leg block structure for switching model.

used for this model and illustrated in Figure

Table 11: Gates to switching states conversion table.

Sq2iip Sqi  Arm Current > 0 Sl
0 0 0 0
0 0 1 1
0 1 1 0
0 1 1 0
1 0 0 1
1 0 0 1
1 1 0 illegal
1 1 1 illegal

The switching model control block also has the structure very similar to the the control
block used for the averaged and simplified models. The difference is that the outputs are
now module switching section gate states instead of the modulation indexes. The structure
of the Simulink implementation of the switching model control block is given in Figure

The CTRL block is the closed loop current controller described in Chapter and its
structure is shown in Figure 41) and implementation in Figure The controller is re-tuned

to the converter parameters determined in the previous chapters.
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Figure 76: Switching model Control block structure.

The section marked as DC power control sets the DC current reference based on the AC
reference set point. The section marked as Arm balancing is the implementation of arm
balancing algorithm described in Chapter [6.7.2]

Balancing and normalization block is described in Chapter and shown in Figure
The functionality of this control subsystem was investigated in Chapter on an averaged
converter model.

Phase shift modulator performs standard phase shift modulation for N levels of half bridge
multilevel power structure. The illustration of the modulator operation is shown in Figure
The modulator generates the N triangle carriers phase shifted by %r and compares them to
the modulation indexes in order to generate the gating signals. When the modulation index
value is greater than the carrier for the respective module the upper (insertion) switch gate
is on, otherwise the lower (short out) switch is on. Since the converter has only half bridge
switching section, the triangle wave and modulation indexes range from 0-1.

The model is simulated for a sequence of changes in the current controller references.
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The controller references are cycled through the similar set of states used for the simulations
given in Chapter The references for the circulating currents in dq frame are given in
Figure The first plot is the command for the DC component of the circulating current,
which controls the power at the DC side of the converter. The second plot is the reference
for the fundamental harmonic of the of the circulating current used for arm balancing and is
the output of the Arms balancing controller. As said before, the oscillations are the result of

imperfect filtering in the implementation of the arm balancing controller described in Section
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Figure 77: References for the circulating current for the switching model simulation.

The output current references in dq frame are given in Figure The d current com-
ponent controls active power and q reactive power. The d and q component references
correspond to the amplitude of active and reactive current components. The rated ampli-
tude of the active and reactive current component for the example system are 296A and
222A respectively.

Until t=0.5s the references are at zero, meaning that the control forces AC and DC side

currents to zero. At t=0.5s the full active power is drawn from the AC side and delivered
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Figure 78: References for the output current for the switching model simulation.

to the DC. At t=1s the DC side power is set to 0 making the converter charge its internal
storage. At the same time full reactive power is drawn from the grid. At t=1.5s DC side
current is set to deliver full active power. The converter now maintains the state of charge
of its internal storage. At t=2s the reference for the reactive power is set to deliver the full
reactive power. At t=2.5 the reference for active current is set to deliver full active power
from the AC side and DC side is set to draw full power from the external DC bus. At t=3s
DC current is set to zero. This means that the converter will discharge storage to the AC
side at full power. At t=3.5s all references are set to zero. This forces AC and DC side
currents to 0.

The simulation results for the output and circulating currents are given in Figure
The waveforms from Figure are zoomed at t=0.5 and shown in Figure 80| to illustrate
the transient behavior of the converter. As can be seen, the transients last less than a
fundamental cycle.

The waveforms from Figure [80| are zoomed even further the illustration of current ripple
waveforms as shown in Figure [8I] The normalized spectrum for the output current is given
in Figure As can be sen the harmonic content is low, all harmonics are below 1% except

for the second harmonic.
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Figure 79: Circulating current and output current simulation results for the switching model.

The output current THD is abut 6.7% based on all spectral components (not only har-
monics) at full active and reactive current. It turns out that the arm inductance can be
increased from 800uH to 1mH to reduce THD below 5%.

Note that the switching frequency is set to 600Hz for this simulation. The switching
frequency is chosen to be ten times the fundamental to facilitate good balancing as mentioned
in Chapter [£.5] With 40 modules per leg the effective switching frequency is 24kHz making
the ripple in the output current is very low.

To speed the simulation up, the triangle carriers for the modulator are implemented
digitally using counters with equivalent resolution of 9 bits. Consequently, the harmon-
ics observed in the output are coming in part from the low resolution of the modulator
combined with very low leg and grid inductances. It should be noted that most hardware
implementation have 16 bit or better PWM blocks.

The module filter output voltages for both arms of the converter are shown in Figure
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Figure 80: Circulating current and output current transient at t=0.5s from Figure .

The amplitude of the module filter output voltages depends on the mode of operation of the
converter. The amplitude is lowest when the converter is operating with active power only.

Figure shows zoomed sections of the module filter voltages to illustrate the actual
waveforms during the transitions at t=1s. As can be seen besides the amplitude, the wave-
form shape also depends on the mode of operation. The difference comes from the difference
in the angle between fundamental and first harmonic in the module input current caused by
interaction between modulation and arm currents.

The module filter voltage waveforms from Figure |[84] are further zoomed in Figure [85] to
illustrate the waveforms in more detail and balancing action between 40 modules within each
arm.

The example converter is designed to have fairly high voltage ripple on the output of
the filter, 87V for the example system per Table [7] The total change in the storage system

voltage from full charge to full discharge depends on the designed depth of discharge and is
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Figure 81: Output and circulating current ripple.

about 45V for the example system design given in Table[7] As a result, the average voltage
change is difficult to notice in Figure [85] The State of charge can be observed by looking at
the storage capacitor voltage given in Figure [86] As can be seen, the storage clearly charges
and discharges as commanded and maintains balance well during the charge and discharge
cycles.

The storage current for the upper and lower arm are shown in Figure 87 The storage
current is well filtered, it has DC component with strong fundamental AC component super-
imposed but very low in other harmonic content. This is illustrated in zoomed waveforms of
the storage current given in Figure

The filter input current for all modules together is shown in Figure The current
has DC current with superimposed AC component. The modules share the converter arm

current by chopping the waveform. This is illustrated in Figure
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Figure 83: Module filter output voltages for top and bottom arms.
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242



650

648

[«2]
B
[}

=]
B
S

Vestaxg [V

[=2]

B

i%]
T

640 : ' : : : : : ‘
Time [s] .

650 -

648

646

644

st1 ax[i] [V]

642 -

640 I 1 I 1 I 1 I |

Time [s]

Figure 86: Module storage system voltage for top and bottom arms.

(Al

sax[i]

0 05 1 15 2 25 3 35 4
Time [s]

0 0.5 1 1.5 2 25 3 35 4
Time [s]

Figure 87: Module storage currents.

243



0.96 0.98 1 1.02 1.04 1.06 1.08 11
Time [s]

294 296 298 3 302 3.04 306 308 31 312 314
Time [s]
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Figure 89: Filter input currents for upper and lower arm modules.
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8.4 Module Stability Considerations

The approximate design approach for the module filter given in Chapter assumes uni-
formly decaying magnitude characteristic. Even the model based design from Chapter
does not take into account most of the input current spectral components since the model is
averaged and reduced. As the module illustrated in Figure [54] has fairly complicated struc-
ture, current resonance that can be excited in the C-L-C structure of the modules should
be evaluated. The resonance peak in the magnitude characteristic may cause currents and
voltages to exceed the design requirements. The easiest way to quickly evaluate possible
resonance issues is to evaluate the frequency response of the module filter transfer functions
from input current to the output voltage and storage current. The resonance peaks on the
Bode plots can be compared to the locations of the harmonic components filter input currents
to evaluate for potential issues.

Bode magnitude plots can be obtained from the model derived in Chapter[5.1.3|and given
in Equation (75)). For input current to output voltage Bode plot, the model from can be
used directly. For the input current to storage current Bode plot the output matrices will

have to be modified and are given in (279).

CfZ{o 0 1]; Dy =0 (279)

The bode plots should be evaluated for the significant spectral components of the filter

input current. The typical waveform of the filter input current for the single module can
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be obtained by extracting one trace from the aggregate plot in Figure and is given in

Figure
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Figure 91: Zoomed section of filter input currents for one first module in the upper arm.

As mentioned earlier the main function of the module filter is to limit the oscillations at
fundamental and first harmonic frequencies. However, the current coming from the switching
section of the module is chopped as shown in Figure [01] therefore, the filter will also see high
harmonic content at module switching frequency. Note that the module switching frequency
is much lower than effective switching frequency seen by the arm inductors.

The magnitude plots for the gains from input current i; to storage current i, for the
module from Figure [54] with parameters from Table [§ are given in Figure 02 together with
the normalized spectrum of the input current ;. The input current spectrum was calculated
based on the current for the first module of the upper arm from t=0.5 s to t=1s for the
simulation run presented in Chapter During this time the storage state of charge is
maintained and the converter draws full active AC power.

The Bode plots show a resonance near 40Hz. This resonance peak will not cause problems

as long as the converter is working as a grid tie at 60Hz or higher. In cases when the converter
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Figure 92: Magnitude Bode plot of the transfer function from the input current to the filter
output voltage and normalized spectrum of the input current.

needs to operate at lower fundamental frequency the converter output should be de-rated to
take into account the amplitude increase due to the resonance peaks. Anothey path would
be to redesign the converter with resonances in mind.

The de-rating values can be roughly estimated from the relative gains for 40HZ/60Hz.
From Figures|92|and [92]it can be expected that the storage current ripple RMS may increase
by 55% if the fundamental goes down to 40Hz while the output voltage ripple will increase
by about 12%.

To maintain the thermal rating of the storage system several options are available: the
rated operating temperature can be decreased, cooling can be improved or higher current

rating storage cells can be used. The semiconductors should be able to withstand extra 13%
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Figure 93: Magnitude Bode plot of the transfer function from the input current to the storage
current and normalized spectrum of the input current.

of the ripple voltage (approximately 10V on average) and will not require change.

The current control should not be affected by the increase in the filter output voltage.
The filter output voltage is measured and compensated for in the controller as described
in Chapter [6] However, the depth of discharge must be reduced to maintain the minimum
voltage reach of the arm and maintain controllability of the circulating current as explained
in Chapter m This may reduce the storage capacity significantly (approximately 25% for

the example system).
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8.5 Low Voltage Ride Through and Reactive Power Support

To investigate the behavior of the system for the wind energy conversion applications, the
converter leg is simulated during the LVRT event. The assumption is that the converter leg
operates in a 3 phase grid tie for high power wind turbine as illustrated in Figure [94] The
parameters of the system are given in Table [3| and the parameters of the grid tie converter

with integrated energy storage were determined in Chapter [7]

Gen. Side
Control

>

meas.

M

MYV Generator Converter

Figure 94: Application of the MMC' converter within wind enerqy system with the represen-
tative leg highlighted.

It will be assumed that the converter must follow LVRT requirements from E-ON stan-
dard or similar [5]. The requirements are illustrated in Figure [95] According to E-ON
standard standard, the converter must output rated reactive current during the low voltage
sequence to support the grid voltage restoration. The active current will be dropped to-
zero during the short event and it will ramp up together with grid voltage as much as the

reactive support allows. It will be assumed that the reactive current 1pu is the maximum
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converter current corresponding to 6.25MVA from Table [3| The DC side current will remain

unchanged to facilitate normal operation of the wind turbine system.

Ireactive[pu] A underexcited

operatios

»

-0.5 -0,§1 0.1 0.2 Grid \Z)ltage

overex.cited Deviation [pu]
operation

Figure 95: Reactive support requirement according to E-ON standard EV

The simulated LVRT event profile follows the worst case curve which is the “may dis-
connect” borderline (A,B,C,D) from Figure Accordingly, the simulated grid voltage
waveform is shown in Figure 96| The LVRT event starts at t—0.5s. Up to this point the
converter delivers full power received from the wind energy conversion system to the grid.
It is assumed that the wind energy conversion system delivers full rated power for the entire
duration of the LVRT event as this should be the worst case for the storage system integrated

into the grid tie converter.

15 I I I I I I I I I |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time [s]

Figure 96: Grid voltage for the LVRT simulation run.
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The circulating current fundamental and DC current component references and measure-
ments in dq frame are shown in Figure The DC current remains constant to protect
wind energy conversion system from the fault and disturbances in the grid. A short tran-
sient at the beginning of the simulation can be observed in the references and measurements
as the simulation is started from zero initial conditions. The fundamental of the circulating
current is used for the arm storage balancing only. As can be seen, there are no significant

imbalances or balancing control reference changes due to the LVRT event.
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Figure 97: DC and circulating current fundamental references in dq frame during the LVRT
event.

The references and measurements for the grid side output current are shown in Figure
As soon as the LVRT sequence starts, the active power reference controlled by the d current
component changes to 0. In the same time, the reactive current reference controlled by the ¢
component of the output current changes to full rated converter current leading (overexcited).

As the grid voltage starts to recover, the reactive current command is decreased in accordance
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with E-ON requirements given in Figure The remaining converter current capacity is

used to ramp up the active power delivery to the grid.
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Figure 98: AC output current references and measurements in dq frame during the LVRT
event.

As can be seen from simulation results, the measurements follow the references with some
steady state error but respond to the command fairly well. Keep in mind that the current
controller compensator is only proportional for pole placement, consequently the steady
state error is expected. The steady state error can be corrected by introducing integral
compensators for the outer loop PQ converter controllers or directly in the dq current control
and will be left for future study. For this investigation, the current references are based on the
grid voltage profile and are commanded in the open loop directly to the current controller.

The circulating (DC side) and grid currents for the entire duration of the LVRT event
are shown in Figure As can be seen, DC current remains fairly stable. As a result there

is no need for the changes in power delivery on the wind turbine side. Effectively, this will
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isolate the wind turbine mechanical system from the LVRT disturbance on the grid.
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Figure 99: DC and AC side current waveforms of the converter leg during the LVRT event.

The grid current and voltage in per unit are shown together in Figure to illustrate
the control performance and the reactive current support. At the short circuit instant when
the grid voltage drops to 0 the current shifts from active power delivery to reactive power
support. The current phase changes from being in-phase with the voltage to 90 degree
leading as required by the standard to assist in the grid voltage restoration. The entire
transient in the current waveform is over in less than half of the fundamental cycle.

During the LVRT event, the rated wind power cannot be delivered to the grid due to the
low grid voltage and reactive current support requirements. During the event, the power
imbalance between AC and DC side is stored in the energy storage system integrated into
the converter leg. The simulation results in Figure show the storage system voltage
for the modules in the upper and lower arm of the converter leg and the voltage rise as a
consequence of the energy storage storage charging. Note that the storage is well balanced

making the individual module storage system voltages almost indistinguishable.
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Figure 100: Active power, reactive current support and control performance illustration dur-
ing the LVRT event.

To illustrate that the LVRT event does not cause any unpredictable effects inside the
module, the filter capacitor voltages are given in Figure As expected the ripple voltage
increases during the increase in the reactive current delivery and the average slowly rises but
there are no undesirable effects.

Output voltage of the converter leg together with the zoomed section of the converter
output and grid voltage is shown in Figure 103l The number of levels of the converter is quite
high, 40 in this case, as a result the actual PWM is barely noticeable. The large number of
modules and levels enables easy control for low voltage conditions. For example, during the
short circuit the effective output voltage is equivalent to only one module voltage. As the
grid voltage recovers, more and more levels contribute to the output.

The simulation results show that the converter leg is capable of operating under the con-
ditions expected during the LVRT events. The DC side current does not sow any significant
disturbances during the short circuit and grid recovery and remains well controlled during

the entire event. The AC side current is also well controlled and stable during the entire
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Figure 101: Storage system voltage within the modules of upper and lower arm of the con-
verter leg during the LVRT event.

LVRT event. It should be noted again, that the steady state error is expected due to the

proportional closed loop compensator chosen for the current control.
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Figure 103: Converter output voltage and zoomed section of the converter output voltage
compared to the grid back emf voltage just at the start of the LVRT sequence.
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9 Conclusion

The analysis of the MMC converter topology will be concluded here for the purpose of this
study. Although the actual components have not been selected yet, the converter structure
has been fully analyzed and defined. Using the information outlined in this dissertation, it is
possible to determine all the parameters needed for the component selection. For example,
the input filter currents will directly correlate with the requirements for the semiconductor
switches. Filter and storage currents can be used to determine RMS currents for the DC
bus capacitors for each module, RMS and peak currents for the filter inductors and so on.
This will further allow losses estimation, thermal analysis and actual mechanical design with
specific component selection.

Thermal and mechanical design should be fairly generic and comparable to other medium
voltage converter topologies. Since the losses analysis, thermal and mechanical design and
hardware component selection must be tightly focused on a specific implementation of the
converter they fall out of the scope of this study aimed at the general design and converter
sizing analysis.

The contributions covered in this text include:

e Analysis of the idealized MMC structure in Chapter

e Analysis of the power flow within the converter from the standpoint of circulating and

output currents and their harmonics in Chapter [4.4]

e Detailed mathematical modeling of the generalized converter structure including:

— Generalized module structure models including integrated storage variants in
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Chapter

— Generalized switching model in state space from in Chapter

— Generalization of the linear ripple approximation approach and model averaging

in Chapter

— Model order reduction and simplification in Chapter [5.9]

e Control system analysis including:

— Five axis open loop controller for full converter leg control and the control of

integrated energy storage in Chapter [6.4}

Closed loop compensator design with pole placement in Chapter [6.5]

Module balancing controller in Chapter [6.7.1]

Arm balancing controller in Chapter [6.7.2]

e Detailed structure sizing procedure with optimization elements in Chapter [7]

e Fine tuning guidelines and general structure simulation verification in Chapter [8|

Future study directions may include: Analysis of the multi-phase system controller and
stability using the structures described in the current text. Extension of the analysis for
low switching frequencies and "staircase" modulation and investigation of the necessary
conditions for the integrated storage control in this case. Since the MMC power structure
is fairly broad topic, other future study opportunities have been identified and pointed out

throughout the current text.
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