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ABSTRACT

The incorporation of large-scale energy storage into the existing power grid has resulted in
a shift in the focus and interest of research and development efforts from traditional two- or three-
level converters to modular multilevel converters. This is due to the flexibility of modular
multilevel converters in allowing for the integration of battery energy storage systems within their
submodule capacitors. Modular multilevel converters with integrated energy storage are currently
being targeted for use in low- to medium-voltage grids, where the small battery cells can be
efficiently distributed within the converter arms to increase the reliability of the power grid and
maintain the necessary dc-link voltage. Therefore, it is essential to model and simulate these
energy-storing converters in order to fully understand their operations, control, and performance
in all scenarios prior to hardware implementation. However, modeling the complete, detailed
circuit structure of modular multilevel converters using Electro-Magnetic Transient (EMT)
simulation software, such as PSCAD/EMTDC, EMTP-RV, or MATLAB®/Simulink, can be a
cumbersome and computationally expensive task, requiring significant CPU execution time due

to a large number of submodules and circuit complexity.

In this thesis, a numerically efficient modeling method is proposed for modular multilevel
converters with integrated energy storage. The method involves the use of a detailed equivalent
model, which is capable of retaining the information and accuracy of the detailed model while
eliminating the need of representing a large number of electrical nodes. This is achieved by using
Thevenin equivalent circuits in the discrete-time domain, which reduces the dimension of the
equivalent conductance matrix in the EMT simulation. As a result, the computational burden of
implementing the detailed converter model on a three-phase system is significantly reduced. When

compared to the results of the detailed model, it was found that the equivalent model produces



accurate simulation results and achieves a remarkable improvement of simulation efficiency by 38
folds, compared to that of the DM for the 30-SM-per-arm modular multilevel converters with

integrated energy storage.



LAY SUMMARY

This thesis explores a new way to design a type of converter that helps connect clean energy
sources to traditional power grids. This converter is called a modular multilevel converter, and it
can work with batteries to store unstable power from renewable energy sources and stabilize the
power flow between the energy source and the existing power grid. However, using lots of batteries
for smaller power grids can be challenging because they need to be charged and discharged evenly.
Additionally, the converter has many electronic components that make it difficult to simulate on a
computer. The thesis proposes a new, more efficient way to simulate the converter that will help
researchers better understand its performance and control. This could help make the use of clean

energy sources more efficient and practical in the future.
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CHAPTER ONE - INTRODUCTION

1.1 Background

High voltage direct current (HVDC) technology is an alternative, effective, and dependable
solution to transmit clean energy from remote locations over long distance which has demonstrated
significantly improved performance than high voltage alternating current (HVAC) technology, a
traditional method of transmitting large amounts of power generated from fossil fuel energy like
coal, oil, and natural gas over long distances. The increasing need to tackle global climate change
and the rising global energy demands to achieve clean energy targets propelled researchers to
develop advanced HVDC technologies to transmit bulk power over long distance with high

efficiency and reliability [1], [2].

The integration of large-scale renewable energy sources, such as onshore/offshore wind
farms and solar PV-based plants, with new technologies has become increasingly popular in recent
years. These renewable energy sources are often located in remote areas, but can be efficiently
connected to the existing power grid through the use of high voltage direct current (HVDC) power
transmission systems. This not only improves efficiency and stability of power transmission, but
also helps to reduce harmful greenhouse gas emissions. HVDC technology is dominant and well-

established innovation that meets the necessary requirements for this integration [3].

Over time, HVDC technology has developed a channel of using fully controllable
semiconductor devices like insulated-gate bipolar transistors (IGBTs) and voltage-sourced
converter (VSC) topologies to facilitate this interconnection to provide effective voltage support

and real power transmission to the power grid [4]. The earliest advancements in HVDC technology



were the thyristor-based and mercury arc valve line-commutated converter (LCC) types. But they
were lacking in several areas compared to modern VSC topologies. These older technologies did
not have the sophisticated converter control capabilities of newer systems that use turn-on/off
switches such as IGBTSs [4], [5]. Additionally, they were not able to handle reverse current polarity
and could not be easily integrated with weak or passive AC networks, such as offshore wind power

plants [4], [6].

Modern VSC technology has several advantages over the LCC, including the ability to
control both real and reactive power and to offer a smaller converter footprint due to the
elimination of bulky passive filters. As a result, VSC-HVDC topologies have become widely used
in the electric power industry due to their improved harmonic performance, high voltage
capability, efficiency, superior power quality, and flexibility in converter control functions [7].
Multilevel VSCs have been of particular interest in this field due to their significant impacts and
advantages, especially in low-to-medium power applications [8]. The VSC-HVDC system, used

for connecting offshore wind farms are illustrated in Fig. 1.1.

‘.,

Transformer 1

DC Cable
MMC Station A MMC Station B

oy

Wind Farm

Transformer 2

Fig 1.1 VSC-HVDC technology interconnecting an offshore wind farm [4]

HVDC technology is known for its low-loss properties and can be used to interconnect two
regional power grids with different frequencies. More recently, it has also been used to provide

additional energy generation or storage in areas where it is needed, reducing the stress on the AC

2



power grid during times of high demand such as the early morning and late evening, or in urban
areas where load levelling and power buffering are desired. HVDC transmissions can also support
local areas where renewable energy planning is being considered, making it a cost-effective and

environmentally friendly solution with minimal technical constraints [9]-[11].

Modular Multilevel Converters (MMCs) are a class of VSC-HVDC technology known for
their modularity and high efficiency. They are constructed from a number of identically connected
submodules (SMs) in each of the upper and lower arms of a phase, which helps to reduce the
switching frequency very close to the fundamental frequency and lowers the level of harmonic
content in the output voltage due to its many voltage levels [2], [12]. The MMC is flexible and
scalable, as it can easily be expanded by adding additional submodules per converter arm to meet
higher DC voltage needs. The scalability of the MMC allows for hundreds of SMs to be used per
converter arm.

The MMC technology was first proposed by Siemens and the first commercial project was
the Trans Bay Cable project, commissioned in 2010 in the United States, which included 216 SMs
for each arm [7], [13]. Since then, many MMC HVDC projects have been implemented and are in
operation. MMCs can be connected together within a converter station using similar power
submodules to create various conversion designs, such as AC/DC, AC/AC, and DC/DC, and can
also be used for energy storage to improve grid performance.

The MMC converter being studied consists of passive elements like inductors, resistors,
capacitors, and transformers, as well as semiconductor switches. It allows for the exchange of

power between renewable energy sources or energy storage and the AC power grid through the



HVDC transmission system [14], [15]. The structure of the MMC converter is shown in the

schematic diagram in Figure 1.2 [4] below.
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Fig 1.2 (a) MMC Three-Phase Structure (b) Half-Bridge Submodule Topology (c) Full-
Bridge Submodule Topology.



As of present, the MMCs' innovation has been extended into different SM topologies like
the Half Bridge (HB), Full-Bridge (FB), Clamped-Double (CD), and Hybrid half- and full-bridge
Submodule (HSM), where the primary difference between these SM topologies is the polarity
(positive or negative) of the output voltage produced by these SMs. The HBSM s the simplest,
best-known, and most often employed kind. It also serves as the foundation for other SM types,
which provide DC-fault block capabilities [16]. The HBSM single phase MMC can be extended
to the three-phase MMC structure. Its dynamics and control are often evaluated on the basis of the
working principles of the HBSM [17]. Figure 1.2 shows the MMC structure with the most

commonly used conventional submodule topologies.

It is necessary to consider and assess factors such as converter efficiency, functionality,
and cost before constructing an MMC due to the different dynamic behaviors of various converter
topologies and their DC and AC voltage outputs. To understand the behaviors of the converter
during both normal and abnormal operations, dynamic analysis of MMC topologies can be
performed using computer simulation. An electromagnetic transient program (EMTP) can be used
to obtain information on the switching transition, current, and voltage dynamics of the converter

during operations [3].

Simulating the complete circuit structure of a converter for small to medium voltage
applications using a detailed model can represent hundreds to thousands of components, such as
resistors, capacitors, arresters, transformers, and switching devices. This model captures all the
characteristics of the power electronic converter components [18]-[20]. However, as shown in

[7], [21], the large number of components in the detailed model generate thousands of electrical



nodes that require the voltages to be calculated at every simulation time step from the system nodal
equations with high dimensions. This increases the complexity of the simulation tool and slows

down the simulation speed.

To ensure the numerical accuracy of the converter model, it is necessary to use small
numerical integration/simulation time steps during the simulation process to capture switching
transients [13]. To address this complexity, simpler and more efficient models such as the
simplified and averaged value models have been proposed. However, these models do not take
into account the individual submodule switching events and individual voltage ripples [22], but

rather focus on the slow dynamic behavior of the converter.

1.2 Energy Storage Integration

Integrating renewable energy into the existing power grid presents certain challenges, such
as the fluctuating and variable nature of renewable energy sources influenced by weather and
environmental/geographical factors, as well as their different power and frequency characteristics
that are incompatible with direct connection to the AC system [23], [24]. This deviation in power
and frequency can significantly affect the stability and efficiency of the power system. Therefore,
researchers must carefully consider an appropriate integration interface. It is essential to maintain
power equilibrium and stability during power system disturbance and to provide quick response
when there is sudden load growth or a need for supply [25], [26].

An energy storage system integrated into the grid can operate to provide a fast power
adjustment. As in [27], [28], the MMC with embedded energy storage was used to offer isolation

to the power grid during temporary DC and AC faults as well as maintain the DC link voltage by



balancing the AC/DC power transfer. Energy storage applications can help address power
imbalances while promoting energy efficiency for both renewable energy and three-phase
synchronous generator energy systems. Flywheels, pumped hydro, batteries, and ultra-capacitors
have been the most commonly used energy storage technologies in power systems, and they have
been successful in ensuring reliability and power quality since their early implementations [9],
[29]-[31].

The direct battery integration method is more commonly used and has a wider range of
applications due to its cost-effectiveness, ability to easily scale power rating, lower pollution
output, high efficiency, and reliability. However, as discovered in [14], frequent charging and
discharging of the batteries can lead to voltage imbalances within the cells, resulting in ripples that
shorten their lifespans. To this end, the batteries are integrated in a distributed manner with an
efficient control method for the batteries’ charging and discharging, which reduces the voltage

imbalance within the converter arms.

According to [32], balancing the energy equally among the series-battery strings of energy
storage is challenging. However, utilizing a DC-DC bidirectional converter or chopper to connect
each of the SM-capacitors of the MMC to a battery cell can improve the traditional direct battery-
stacking energy storage technique. This bidirectional DC-DC converter can be operated to charge
up each battery voltage to its rated value, as a buck converter, or to maintain the SM-capacitor
voltage at its nominal voltage (when acting as a boost converter during times of heavy power

demand) [10], [27], [33].



By using the DC-DC converter with the embedded energy storage source, the voltage
balance across the DC-link is maintained and equally distributed among each SM. Each
bidirectional DC-DC converter is composed of IGBT semiconductor switches with anti-parallel
diodes [24]. The energy storage system may be connected at various voltage levels depending on
the specific needs and location. It also has the ability to adjust the current ratings of the battery
and/or converter to increase output power and energy capacity. The energy storage solution can
offer up to 100 MWh of energy capacity and may operate for periods ranging from a few seconds

to several hours [34].

1.3 Research Challenge

As the amount of large-scale renewable energy sources integrated into the grid rises to help
combat climate change, there is a growing need to manage voltage fluctuation and power
difference between the power generated by conventional synchronous generators and the power
consumed by loads. One solution being considered is to coordinate the power and energy transfer
between the energy storage and the existing AC system to deal with the instantaneous energy
balance in power grid. The MMC has the potential to facilitate this integration, but it is complex
and time-consuming to simulate it due to the large number of SMs and semiconductor switching
events. Therefore, it is important to study the behavior of this converter topology with energy
storage systems whose DC-DC converter operates at much higher switching frequency than that

of the SMs in the conventional MMC.

Therefore, Electromagnetic Transient Simulation (EMT) tools are used for this type of

study. This involves carrying out a detailed simulation study with semiconductor switching that



represents the complete dynamic behavior of the converter system. The EMT simulator converts
the converter circuit system in continuous time domain into nodal equations of current sources and
conductance in discrete time domain, so that at every switching instance, the network nodal
equation is formulated to solve for the node voltages. However, this process requires a large
computation time, making it resource-intensive and slow. As a result, an efficient method for
system studies is required. First, the Detailed Model (DM) of the MMC with the energy storage
system is developed to represent the full converter behavior as benchmark/reference solution.
Then, an equivalent model of the converter system, called the Detailed Equivalent Model (DEM),
is developed and compared against the DM for improved simulation efficiency and preserved

simulation accuracy.

1.3 Research Objectives
The objectives of this thesis and the tasks implemented to achieve them are outlined below:

1. To implement a control scheme that can manage the energy exchanged between the
AC power grid and the MMC with energy storage: The power transfer between the
power grid and the stable steady state and dynamic operations among the six arms will be
made possible by a control scheme that incorporates the conventional MMC control with
that of the proposed DC-DC converters.

2. To develop the DC-DC converter control for the energy storage of the HBSM-based
MMC: A complementary switching scheme of the DC-DC converter is designed to operate
in boost and buck conditions, defining the charging and discharging of the battery interface
and controlling the inductor current within these modes. This is shown through a detailed
model simulation with the electromagnetic transient simulation tool (Simulink/ MATLAB)
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to explore and demonstrate the effectiveness of this type of MMC with integrated battery
energy storage.

3. To develop a Thevenin equivalent circuit of the MMC arm and detailed equivalent
model of MMC for accelerated simulation: A Thevenin equivalent circuit approach is
used to formulate the converter arm equivalent circuit in the detailed equivalent model of
the MMC to simplify the network nodes and reduce the computational load requirements
while preserving the simulation accuracy.

4. To verify the correctness and viability of the Detailed Equivalent Model (DEM) in
comparison with the Detailed Model (DM): Simulation studies of an MMC with energy
storage will validate that the DEM is as accurate as the DM and can be used for the various

dynamic system studies.

1.4 Thesis Organization

The thesis is organized into 5 chapters, with a summary of their contents as follows:

Chapter 1: Gives a broad introduction to the HVDC technology, outlining the developed
dominant types with their importance, energy storage integration into the grid with the motivation

behind it, the research challenge, and the objective steps proposed.

Chapter 2: Provides a complete review of the conventional MMC type with its three-phase
structure, presenting an analysis of a single-phase modeling extendable to the other two phases.
This also includes the half-bridge SM topology with the common switching techniques, details

regarding the MMC-ES operation, and circuit component size selection.
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Chapter 3: Presents a complete control methodology for both the energy storage side and the
MMC side, outlining the various control schemes implemented on both sides to achieve efficient
power transfer, circulating current suppression, and balanced capacitor voltages. Furthermore, the
framework for formulating the equivalent circuit, evaluating the nodal voltages, and switching

algorithms for the simplified single circuit for the N SMs per arm is developed.

Chapter 4: Entails the simulation result and discussion of the simulation of the numerically
efficient DEM of the MMC-ES in comparison to that of the DM. Different numbers of SM per
arm will be simulated to validate the capability and numerical accuracy of the DEM in the MMC-
ES complex scenarios. Transient behaviors on power change and CPU run time performance speed

analysis are to be considered too.

Chapter 5: Gives a concise summary of the MMC-ES study and modeling, outlining the relevant

conclusion, and future work recommendations.
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CHAPTER TWO - REVIEW ON THE CONVENTIONAL MMC

2.1 Modular Multilevel Converter Circuit Structure

The circuit structure of the three-phase MMC is illustrated in Fig. 2.1 below. It is divided
into two parts: a DC side (also known as the DC-link) and an AC side. The AC phase voltages,
v,V and v, are measured from the phase terminals to the midpoints of the two DC voltage
sources. The illustration in Fig. 2.1 shows three phase legs and the AC voltages v,, v, and v, for
the respective phases [8].

Each phase leg is composed of an upper and lower arm, each of which uses N number of
identical submodules that are all connected in series. Each SM can act as a controllable voltage
source such that by stacking the SMs serially, the MMC is granted high modularity and scalability
characteristics [8], [12]. Furthermore, to achieve higher voltage and power ratings, more SMs can
be stacked in each arm without modifying the overall MMC topology.

In this three-phase MMC system, the upper SMs are connected to the positive DC rail and
the lower SMs are connected to the negative DC rail. The two arms are connected to the AC-side
through inductors and resistors, which act as filters to limit the potential circulating current brought
in by voltage difference between the arms and DC-link. The final configuration of the converter
system consists of six arms, six arm inductors, and six arm resistors. To generate the required AC

phase voltage, the SMs must be switched in accordance with specific switching signals [12].
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Figure 2.1 Three-phase representation of the MMC structure

At each instant, N, SMs are turned on to insert the submodule capacitors and N g SMs are
turned off to bypass the submodule capacitors in each of the a, b, and ¢ phases to produce the
phase-to-ground voltage for that phase. The rated voltage of a SM can be calculated using (2.1)
based on the number of SMs per arm. The individual SM voltages are assumed to be similar due
to SM capacitor voltage balancing control in an arm [2]:

Va
Vsmrated = Tc (2.1)

The maximum voltage level that each MMC phase can generate, at the ac output is of (N + 1)

form. The output voltages of the N SMs in Fig. 2.1 for the upper and lower arms of phase a,
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(represented as Vg, yq and Vi, 14 in the 2.2 and 2.3 below) can be expressed using Kirchhoff’s

voltage law (KVL) as:

Vacu diya

Vsm,Ua = 2' — Rgrmlya — LarmT_ Va(t) (2.2)
74 c, . dirg
Vsm,La = % — Rgrmirg — Larmd_l;'l' Va(t) (2.3)

. 14
where iy, and iy, are the upper and lower arm currents, the half DC-link of the upper arm, dZC’U,

Vdc,L
2

and lower arm, , are equal to half of the DC-side voltage, V., as:

Vdc,U = Vdc,L = (2.4)

For the sum of the output voltages of both the upper and lower arms of each phase to be equal to
V4., it is necessary for the number of total inserted of SMs of the upper and lower arms to equal
N, given as:
ny+n, =N (2.5)
It is noted that the analysis for phase a is valid for the other two phases as well. The AC current
can then be expressed from the upper and lower arm currents, iy, and i;, as:
lg = lya = lLa (2.6)
An important objective of the MMC is to achieve a balanced power flow among the upper and

lower arms and scale the total voltage to the rated voltage [2], [23].

There are various types of MMC SMs, including half-bridge submodule, full-bridge
submodule, mixed half- and full-bridge submodules. For the purpose of this analysis, we will focus

solely on half-bridge submodule MMC, which are the fundamental building blocks for other
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topologies. While full-bridge submodule MMC has the advantage of additional voltage levels and
DC fault-blocking capability, it has increased conduction losses compared to half-bridge

submodule MMC due to the use of double number of switches in each submodule [35].

2.2 The Half-Bridge Submodule Topology

The basic structure of the MMC is the half-bridge SM, shown in Fig. 2.2. It includes two
IGBT switches (S; and S,), each with an accompanying anti-parallel diode (D, and D,). Both
IGBT switches are connected to a DC capacitor (Cgy) and operate in complementary manner,
meaning that only one can be switched on at a time by the switching signal while the other is
switched off. The triggering switching signals determine which switch (S; or S,) is selected to
conduct, allowing the SM capacitor to be inserted or bypassed to synthesize the desirable arm

voltage and to regulate SM capacitor voltage to the rated value [36].

s1 —K} D1

+

D2
Ve 52 —K}

Csm= Vc

| 1T+

Figure 2.2 Half-Bridge Submodule

The HBSM s able to operate in two different states: inserted or bypassed state. When in
the inserted state, the SM capacitor is included in the conduction path. As both positive and
negative current flow through the upper diode/IGBT (D; and S;), the output voltage of the SM

(Vi) is equal to the voltage of the SM capacitor (V.), as shown in Fig. 2.3 and expressed as
15



Vom = Vo (2.7)

Conversely, in the bypassed state of the SM, with both positive and negative current directions,
the conduction is along the lower IGBT/diode, S, and D,, resulting in the SM output voltage being
zero.

The SM capacitor can be charged in the positive current direction and discharged in the
negative current direction in the insertion state, as shown in Fig. 2.3. When bypassed, the capacitor
maintains its voltage value. The output voltage of each arm is determined by the number of SMs
that are selectively inserted or bypassed to achieve the desired voltage [37], [38]. During
uncontrolled events such as DC-side faults, the SMs become blocked and the IGBTS are turned
off, causing the arm current to flow through the antiparallel diodes. This causes the SM capacitor
to charge and discharge through the diodes [19]. The switching status of the switches S; and S, is
determined by whether the SM is inserted or bypassed, and can be represented by the SM switching
signal, "s = 1" for insertion and "s = 0" for bypass. This allows the SM voltage in (2.8) to be re-

expressed as:

Ve = SV (2.8)
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Figure 2.3 Half-Bridge SM in inserted state for a) positive current direction b) negative

current direction; bypassed state for c) positive current direction d) negative current

direction.

As presented in [39], the SM current can then be deduced as

I =

Sism

(2.9)



Extending the switching status to the SMs to determine the total output voltage of the upper (U)
or the lower (L) arm, one may first consider that the SM capacitor V. is charged and has an initial

voltage 1, then

d
i, = Cd—‘f (2.10)

1 ,T.
.=V + Efo i.dt (2.11)

In addition, the overall power loss in the MMC is reduced by 1% compared to earlier converter

types [39] and the power exchange across SM can be given as;
Pic = Py + Pioss (2.12)
Vaclac = Zj=a,b,c Vac,jij + Pioss (2.13)

Table 2.1 shows the summarized switching operations of the HB and its equivalent output voltages.

Table 2. 1 summarized switching operations of the HB and its equivalent output voltages

oM S, state S, state sy V. status iy direction Voum
status

ON ON OFF Positive (> 0) Charging D, .
ON ON OFF Negative (< 0) | Discharging Si |74
OFF OFF ON Positive (> 0) Maintained S, 0
OFF OFF ON Negative (< 0) Maintained D, 0
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2.3 Switching Control of the Half Bridge SM

In order to maintain the rated values of the capacitor voltage of the individual HB SMs, the
switching of the SMs is carefully selected. The decision of which SM capacitor to insert or bypass,
as well as the number of SMs to be in inserted or bypassed state, allows for the output voltage of
each arm to be equal to the arm voltage reference [32]. The SM output voltage is controlled by
pulse width modulation (PWM), which varies the duration of the switches’ ON and OFF periods
through the use of a switching or modulation technique. Different techniques have been proposed
based on the number of voltage levels that the MMC SMs need to reach in order to produce a high-
quality output voltage while minimizing harmonic distortion. These techniques will be discussed

in the following section.

2.3.1 Pulse Width Modulation Methods

The ON/OFF switching of the individual SMs is controlled through the use of an individual
modulating signal, often called PWM. There are various PWM strategies that differ based on the
switching frequency used, including high, low, and fundamental frequencies [33]. The commonly
used method is the carrier-based PWM technique, which involves comparing a carrier signal
(usually a triangular waveform) with a reference signal (the desired sinusoidal waveform).

The reference signal's amplitude fluctuates between the maximum and the minimum of the
carrier wave. The carrier wave signal typically has an amplitude between 1 and -1. If the carrier
wave's amplitude is outside this range, there will not be a pulsed or gated signal output. The
generated pulsed signal produced by comparing the carrier and reference signals, triggers the
complementary states of the switches at a specific instant, resulting in the fast average output

voltage being sinusoidal on the AC side [33].
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In order to determine the appropriate PWM method to use in [40], the switching frequency

and control of the number of inserted or bypassed SMs were considered. When few SMs are

present and high switching frequencies are necessary, techniques such as Phase-Shifted

Modulation (PS-PWM) and Level-Shifted Carrier Modulation (LSC-PWM) from [41] may be

utilized. However, as the number of SMs increases, it is more effective to use PWM schemes with

low or fundamental switching frequencies, such as Nearest Level Modulation (NLM), to minimize

losses [31], [36]. Fig. 2.4 below showcases examples of different categories of PWM schemes.

Pulse Width
Modulation
Techniques
Y A J y
High Switching Frequency Low Switching Frequency Fundamental Switching
Modulation Modulation Frequency Modulation
. Selective
Phase-Shifted Lev:;—li?;ited TJ::;I:: Space Vector Nearest Level Harmonic
Modulation Modulation Modulation Modulation Modulation Ellmmatn'on
Modulation

Figure 2.1 Pulse Width Modulation Scheme Classification [41]

2.3.2 Phase-Shifted Modulation Technique

For Phase-Shifted (PS) PWM in an MMC, 2N carrier waveforms are required for each phase,

resulting in N carrier signals per arm at the same switching frequency and peak amplitude. These

carrier signals are phase-shifted at various angles and positioned within the range of the reference
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signal's frequency. The number of switched SMs in each arm is determined by the number of
carrier signals that fall below the reference waveform at any given time [18]. The angle at which

the carrier signals are shifted can be calculated using the following formula:

0, = — (2.14)
The phase angle for i carrier signal in the upper arm is
Ouy= 0+= x (i—1) (2.15)
while the i™ carrier signal in the lower arm can also be calculated as
O = %’T x (i —1) (2.16)

where N is the number of SMs per arm and 6 is the displacement angle between the upper and
lower carriers [42]. This method is categorized as a high-frequency switching modulation type and
is often used because it produces high voltage levels and balances the SM capacitor voltages with

a high-frequency carrier wave. Fig. 2.5 illustrates the phase-shifted modulation technique.
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Figure 2.2 Phase-Shifted Modulation Method

2.3.3 Nearest Level Modulation Technique

The Nearest Level Modulation (NLM) technique, shown in Fig. 2.6, is a method of
fundamental frequency modulation that is used when a large number of SMs with potentially low
switching frequencies are needed to generate medium to high voltage output. This technique,
referred to as "staircase modulation," reduces switching losses from the individual SMs by
combining them into a voltage level that resembles a staircase [43], [44]. It does this through the
use of a round function, which rounds the voltages from the inner control to the nearest integer of
the converter's voltage level. The SM capacitor voltages must be balanced, requiring the gating or
switching signals of the SMs to be determined by the predicted voltage levels. Each of the three

phases will have its own control, as implemented in [45], [46].
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Figure 2.3 Nearest Level Modulation Method

2.4 MMC with Integrated Energy Storage

The modular multilevel converter with integrated energy storage, or MMC-ES, is a variant
of the conventional MMC topology that includes batteries as a means of energy storage. One
advantage of the MMC-ES is its simplified topology, in which the interfacing DC-DC converter
between the batteries and SMs can provide a low-current ripple flow into the batteries and the SM

capacitors.

As shown in Fig. 2.7, the MMC-ES has a three-phase structure with battery cells distributed
across each individual SM, which improves the efficiency and lifespan of the batteries and allows
for better management of the current discharge, compared to a centralized battery connection

where battery discharge is more difficult to control.
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Figure 2.4 Three-phase MMC with distributed battery storage

Each of the phases shares a common DC link, with the individual SMs contributing to the
total power exchanged between the three-phase AC grid and the DC side. This enables uniform
distribution of the high voltage concentration at the DC-link to various SM circuits with lower

voltage ratings [14], [29]. The power transfer is expressed as

Ppe = Pyc + Ppar (2.17)

The addition of ES to the three-phase conventional MMC increases the complexity of the converter
circuit structure and control methods for the batteries’ charge and discharge in both inverter and

rectifier operations of the MMC-ES [47].
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2.4.1 SM Structure of the MMC-ES

The HBSM structure of the MMC-ES is depicted in Fig. 2.8 [22]. The simple and basic
structure of the HBSM topology has been chosen to connect the battery cell to the SM capacitor
through a bidirectional DC-DC converter. The DC-DC converter consists of two IGBT switches,
S5 and S, with anti-parallel diodes, D3 and D4, an equivalent resistance R .4, and an inductor
Lgcqc- This inductor acts as a filter that limits the current ripples from the SM switches from
entering the battery [48]. The AC-DC side of the MMC operates in the same manner as a
conventional MMC without ES technology.

The bidirectional DC-DC converter facilitates the active power transfer between the battery
and SM capacitor through the use of buck and boost modes. This is in contrast to the typical MMC,
which has zero average real power absorption for the SM capacitors [14], [27]. The storage

batteries are often operated at a voltage that is lower than the SM capacitor voltage.

DC-DC converter with battery

cell storage\
____________________ 9

s1 »—K} D1

_I_ [ Csm Ve

S2 _K} D2

Vsm

|
I+

Figure 2.5 Half-bridge SM topology with energy storage
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2.4.2 DC-DC Converter Structure of the MMC-ES

The DC-DC converter acts as a boost converter when charging the SM capacitor and as a
buck converter when recharging the battery. This process must be consistent in order to maintain
the power balance in (2.17). The conduction path during the positive current direction is via the
upper diode, D,, and upper switch, S;, during the negative current direction in the boost mode,
while, the buck mode conduction paths are via the lower switch, S,, and lower diode, D,, during
the positive and negative current directions, respectively [21], [27]. The power flow for the boost

and buck modes is illustrated in Fig 2.9 with the use of red arrows.

¢ ¢ ﬁ
s1 D1 s3 ‘-K} D3
; + Ldcd Rdcde
I'sm L cdc
4+ o—d— Csm— Vc
Vg, 52 —K} b2 s4 —I;} D4 __T_+ v,
|

Power flow within SM energy storage in Boost mode of
DC-DC converter

a)
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Figure 2.6 Switching direction of power flow in the DC-DC converter a) Boost mode b) Buck

mode

The total power contributed by the energy storage side can be calculated as
Py = 6NVyuel, (2.18)
when the energy storage is in the discharging state (that is, buck mode), Pz > 0 and during
charging state (boost mode), Py < 0 [43]. The Full-Bridge SM can also be applicable to the
operation of the MMC-ES, but the focus herein is on the HB type of MMC-ES which is simpler
and more widely adopted in the industry.
The switching operation of switches S5 or S, is controlled by a pulsed gating signal generated
by comparing a carrier triangular wave with an amplitude that varies between 1 and 0 to a duty
ratio value calculated by a proportional integral (P1) controller. This comparison is summarized

below in two cases [43], [44] for both the ON and OFF states of the branch switches.
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e When duty ratio is greater than the carrier wave, GS, = 1 and §; or D4 will conduct in
the boost mode when the time ¢ ranges from 0 <t < DT.
e When duty ratio is less than the carrier wave, GS, = 0 and S, or D, will conduct in the

buck mode when the time ¢ ranges from DT <t <T.

Above, GS, is the gating of switching signal for §4, T is the period of one ON and OFF switching

interval, and DT is the ON duration. A complementary output for the inductor current and voltage
that matches the gating signal is likewise produced by these switching states and the dynamic
relations of the SM capacitor voltages and the inductor currents can be determined by the behavior
of the switches in the ON and OFF states.

Controlling the switching status of the DC-DC converter allows for precise regulation of the
charging and discharging of the battery current as well as the power transferred or contributed by
the battery. By choosing high switching frequencies in the kHz range, the inductor current ripples
can be effectively controlled and reduced while maintaining the rated SM capacitor voltages, as

demonstrated in studies [44], [45].

2.4.3 Inductor and Capacitor Size Selection

Previous research, such as that in [49], has demonstrated that the size of the SM capacitor has a
direct relationship with current ripple and an inverse relationship with AC output frequency for a
given voltage ripple. The ability of the MMC-ES system to sustain high voltages and peak currents
while remaining reliable over its lifespan is crucial. Careful selection of the SM capacitor size is
also important to prevent the need for large, costly capacitors, which would increase the overall

size and cost of the system [46], [48].
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While ensuring the size of the capacitor meets the required maximum voltage ripple, it is
important to avoid overcharging or undercharging the capacitor as this could lead to failure or
impaired arm current controllability, which can compromise the overall stability of the converter
[46]. The minimal capacitance of the series-connected SMs in the MMC-ES was determined
through various methods that consider the energy and voltage variations of the SMs during normal
operation. The SM capacitance can be directly linked to the number of SMs, the voltage ripple,
and the energy capacity of the MMC-ES. To determine the minimum capacitance required for
maintaining the voltage ripple within a certain range, the circulating current scheme and voltage
injection method were utilized in [50], [51]. The minimum capacitance of the SM capacitor can be
calculated based on the amount of energy the SMs can store, taking into account both the bound

voltage and peak-to-peak energy deviation [46]:
c
Esuery = N=2° Vsmee” (2.19)

When the minimum and maximum deviations are set in the assumption, the capacitance can be

represented as

Csy = ——————— (2.20)

AEgy, is the peak-to-peak energy deviation of the SMs, AV is the maximum relative voltage
deviation around the SM capacitor normal voltage, Vgy nom-

The inductor is a crucial component for the efficient operation of the ES, as its inductance
plays a key role in limiting voltage ripple of the SM capacitor and suppressing the switching
current ripple into the battery side. To determine the appropriate inductance, factors such as the

ON state period of the switches, particularly the upper switch of the DC-DC converter, and the
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battery voltage level must be taken into consideration. The goal is to keep the inductor current
ripple within 20% of the rated average inductor current for normal operation. To calculate the

instantaneous voltage-drop across the inductor, the following formula can be used:

diy,

VL =Ldt

(2.21)

For a small time period At of which the upper switch is in ON state, (2.21) can be evaluated as:

Aip

v, = L
L At

(2.22)

Relating (2.22) to the DC-DC converter side circuit in Fig. 2.6, the battery voltage V,,; can be

calculated in the ON state time period of 0 < t < DT as:

L Al
Voar = == (2.23)

then evaluating the equation above for the inductance is given as:

VbatDT
Lacac = —3— (2.24)

Furthermore, if the steady state switching operation of the DC-DC converter only in one cycle is
considered, the relationship between the battery voltage V},,;, and the SM capacitor voltage V.

across the loop in Fig. 2.9 can be expressed as:
VyaeDT + Vige(1—D) — V.(1=D) = 0 (2.25)

Re-arranging the equation as:
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VbatDT + (Vpar — Vo)(1=D) = 0 (2.26)

Re-evaluating to define the duty ratio in one cycle of a steady state is given as:

_ _ Vpat
D=1 7 (2.27)

2.5 Operation of the MMC with Energy Storage

In order to accommodate the normal operation of the MMC with the battery storage
integrated, a larger size capacitance is typically needed compared to a conventional MMC to
accommodate the possible voltage ripples across the SM capacitor. However, the SM capacitor
voltage ripple reduction control should be designed to decrease and maintain the voltage ripple to
a specific limit, even though this may result in additional expenses [29]. Many approaches have
been proposed by researchers to maintain the rated SM voltage objective. One approach, described
in [25], involved using the circulating current along the arms to reduce ripples in conventional
MMC control. This method also had the added benefit of increasing peak arm currents through the
injection of harmonics into the circulating current, though it also increased power losses in the
MMC-ES.

The MMC-ES system control requires two types of control as shown in Fig. 2.10. The first
category is at the MMC side, where the chosen PWM scheme work in conjunction with SM
capacitor voltage balancing and arm voltage controls to generate a command that regulates the
voltage levels and average SM capacitor voltage. These controls help to eliminate the arm
circulating current. The second category is the management of battery power and current on the

ES side in order to either limit the injection of arm circulating current or decrease the capacitor
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voltage ripples, which can alter the active power in the upper and lower arms [42]. The MMC-ES

control hierarchy is depicted in Fig. 2.10 and will be discussed in the following chapter.
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ES-Side Control Kk Current Control J
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\ Voltage Control )
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Figure 2.7 Overview of the MMC-ES Control Classification
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CHAPTER THREE - CONTROL METHODOLOGY AND EFFICIENT
MODELING

3.1 Control of the MMC-Side

Power converters often utilize proportional integral (PI) regulators in their control methods
to improve transient performance and ensure proper system behavior at steady state. These Pl
regulators or controllers help to align the actual output parameters with the desired reference
parameters, thereby minimizing error. The main focus of converter operations and goals of the

MMC will be to control reactive power/AC voltage magnitude and real power/DC voltage [42].

In [52], a back-to-back HVDC system with two converters were utilized to facilitate
bidirectional power transfer between two AC grids. One converter functioned as a rectifier, feeding
AC real power to the DC-link and controlling the reactive power or AC voltage, while the other
MMC-ES acted as an inverter, converting the DC power to AC real power [7]. Alternatively, a
single-point MMC-ES with a large energy storage capacity can be implemented to support an

existing AC grid.

There are several approaches to MMC-side power control that have been proposed in the
literature, including direct power control and vector control methods. Direct power control
involves directly regulating the AC voltage through the modulation index, while vector control,
also known as "decoupled control™, is a more commonly used method that considers voltage and
inner current control loop regulations [53]. This thesis focuses on vector control as the primary

method of MMC-side power control.
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3.1.1 Decoupled Control Methods on the MMC-Side

In this thesis, the MMC-ES system was evaluated under balanced AC grid conditions, with
a constant DC-link voltage on the DC-side. The nonlinear characteristics of the system and the
functionalities of the MMC-ES are determined by the control loop implemented. In balanced grid
operations, an outer and inner current loop were utilized to manage real and reactive power or

voltage using a dq reference frame [2], [10], [33].

3.1.2 Phase Locked Loop (PLL)

First, the three-phase voltages at the point of common coupling (PCC) between the grid
and the converter were measured using a phase-locked loop (PLL) system. This was done to
determine the angular speed and frequency at which the converter was synchronized with the grid.
To ensure the stability of the grid, an real and reactive power were injected into it. The control

system utilized a technique similar to that described in [36] and depicted in Fig. 3.1 to achieve this

stability.
Wo
abc —» Vg4 i
Vabe — 5 ro Yo
dq —>\V—> P [—> 1/s » O pcc
A
\I/abc_> abc > Vigq
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epcc —> 9 Id,q
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Figure 3.1 Block diagram of PLL
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Furthermore, the Park transformation method was utilized to convert the grid voltages and currents
from ABC coordinates to synchronous dg-frame reference parameters, which have a DC nature
and rotate at the angular phase angle determined by the previously mentioned PLL. The
performance of the MMC-ES was influenced by the control in the dq coordinate, which serves as

the input to the outer loop control.

3.1.3 Outer Loop Power Control

A real and reactive power control or an AC/DC voltage control can be used in the outer
loop control of the converter. The grid voltage is first transformed into the dq vector domain using
a phase-locked loop (PLL) and then is combined with the desired real and reactive power
references for the AC grid to generate the current reference parameters in the dq coordinate [54].
The voltage in the g-axis is set to zero by properly choosing the initial angle of the dg-axis
coordinate, while the voltage in the d-axis is only used by the controller to determine the reference
currents for the inner current loop. The reactive power compensates the system in the g-axis and
is responsible for the controller's output in the g-axis. The real and reactive powers controlled by

the power controller, as shown in Fig. 3.2, are defined as follows [43], [55].

3 .
Pref = Evdldref (3.1)

3 .
Qref = 73 Valgref (3.2)

where v, is the grid voltage along the d-axis [55], [56].
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Figure 3.2 PQ Outer Loop Controller

The AC/DC voltage control method can also be used for an MMC-ES, whether it is acting
as a rectifier or inverter, depending on the control objective. In this scenario, the reference
RMS/DC value of the AC/DC voltage on the AC grid or DC system is linked with either the
instantaneous real or reactive power to produce the inner current control input parameters in the
dg-coordinate [56]. In general, the current based vector control method is chosen to prevent the
converter current exceeding its limit which could cause converter and semiconductor damages
[43].

3.1.4 Circulating Current Suppression Control

The addition of battery cells to the conventional MMC impacts the power flow of the
system, potentially causing an unbalanced state of charge in the batteries. This unbalanced state
can lead to unequal averaged voltages between the upper and lower arms of a phase and
fluctuations in the capacitor voltages [33], [57].

The internal voltage difference between the arms or phases generates a circulating current

that flows through the three phases and is composed of both DC and AC current components. The
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AC and DC currents contribute to power transfer from the arms to the AC grid and from the DC

side to the arms, respectively [27].As previously illustrated in Fig. 2.1, the upper and lower arm
currents are represented, respectively as:

. _ g idc .
lya = = + —+ leir,a

2 3 (3.3)
N 7 7 P
la = — ; + ? + leir,a (3-4)
The circulating current can be derived using (3.3) and (3.4), as follows:
. igati ig
Leir,a = Uaz A2 — ?C (3.5)
where the phase-a AC output voltage of the MMC is characterized by the equations:
= _ Rarm; _ Larmdia
dig . 14 14 +V,
Larm l;x:a + Rarmlcir,a — Ydc __ YsmUa sm,La

5 3.7)

U, term is defined as the controlled inner voltage generated between the upper and lower arms
given as:

1% -V
Ua — sm,La sm,Ua (3.8)
2
Therefore, phase-A circulating current i ;. , can be controlled via the difference voltage:
Viirra = Lopm 2858 + Ry i 3.9
diff,a — Harm dt armlcir,a ( . )
where
_ M _ Vsm,Ua + Vsm,La
Vaiffa = 2 — (3.10)
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The presence of a circulating current amplifies the harmonics presented with a frequency of twice

the fundamental component. The most significant harmonics in the circulating current are given

as follows:
leira = id?c+ I sin(2wot + o) (3.11)
icirp = "+ Ly sinwot + @o — =) (3.12)
icire = ‘dc+ L sin(Qwot + ¢o + ?”) (3.13)

where I, is the peak value of the double-line frequency, ¢, is the phase angle and w, is the
fundamental frequency [51], [58].

Furthermore, the Park transformation is used to transform variables from abc coordinate to
the dq reference frame. Substituting (3.11) into (3.9), and doing same for the phases b and c, the

dynamics for the voltage difference are given as:

[Vdiff,d] — [lczrd] + R, [lczr.d] + (3.14)

_ZwOLO [lar d
Vaifrf.q lcir,g lcir,g 2 wOLO

icirq

The reference currents of zero in the dg domain are used to suppress the 2" order
circulating current in the arms in the dqg rotating reference frame through the use of a pair of PI
controllers, as depicted in Figure 3.3. The Circulating Current Suppression Control (CCSC) output
V.ir ref 1S generated by the PI controllers in the dg coordinate and is then transformed back to the
abc coordinates using inverse Park's transformation. The CCSC output voltage Vir ref Of €ach arm
is added to the reference voltage of the corresponding arm to regulate the 2" order harmonic

current in the arm to zero [41], [58], [59].
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Figure 3.3 Circulating Current Suppression Control

The Park transformation matrix T,cp,q4 Used in the circuit above is of this format;

cos 6 cos (9 - Z?n) cos (9 + 2?”)

—sinf® —sin (0 — 2?") —sin (0 + 2?”) (3.15)

Tacb/dq =3

3.1.5 Inner Loop Current Control

The inner current loop plays a crucial role in regulating the error signal by comparing the
reference current from the outer loop to the measured grid current in the dq reference frame. The
d- and g-axis voltage variables are coupled to enable voltage compensation, in which any error is
sent to the controller for correction. This helps to cancel the impedance or resistance in the grid
voltages and drives the output voltages to follow the desired reference values decomposed in the
dqg coordinate [19], [52] and [56]. Two PI controllers are used to regulate the steady-state errors to
zero in the inner-loop control of the current variables in the dq frame variables [41], [52]. The

current controllers are obtained as [43]:

Varef = Va + oLiy — [Ky(ia™ — i) + K; [(ia"™ — ig)dt] (3.16)
Vares = Vy— wliy — [Ky(i" — i) + K; [(i," — ig)dt] (3.17)
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Fig. 3.4 gives the schematic diagram of the inner current control where the K, and K; are the gains
of the PI; V; and V; are the grid voltage at the Point of Common Coupling (PCC). The inner loop
control output variables Vg, and Vg, are first transformed back from dq reference frame to the

abc coordinate to serve as the input signals to the PWM control of the converter.

Vd
T dref Pl Vdref
ig > wL
iq > wL
iqref Pl Varef
Vq

Figure 3.4 Inner Loop Current Controller

3.1.6 SM Capacitor Voltage Balancing and Sorting Algorithm

As stated in [60], balancing the SM capacitor voltages and maintaining the energy stored
in SM capacitors is crucial for the stable operation of the MMC. The SM capacitor voltage
balancing algorithm requires the input of the number of submodules that are in the inserted state
per arm and the arm current direction (positive or negative) when the active SMs are inserted.
When a SM is in the bypassed state, the SM capacitor voltages remain unchanged. During normal
operation, when a positive arm current flows, the SM capacitor balancing algorithm selects the

SM capacitors with their voltages below the nominal value to charge, which raises their voltages
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to the rated value. On the other hand, a negative arm current discharges those inserted SM with
the highest SM voltages to maintain the SM voltages at the nominal value. Therefore, the SM
capacitor voltages in each arm will be sorted in ascending or descending order before each SM
switching event occurs [57]. The stable arm voltages can be maintained by ensuring the balancing
of the SM capacitor voltages within the arms. The SM capacitor voltage sorting algorithm and
balancing control, combined with the arm voltage modulation method that supplies the switching
signals and controls the charging and discharging states of the SMs in each arm, are used to
generate the switching signals for the SMs.

However, incorporating a battery side to a typical MMC can make converter control more
challenging. It is important to monitor each battery cell to ensure they are not charged or
discharged beyond a certain capacity. The controlled charging state of the SM capacitors can
significantly affect the normal operation of each battery. Therefore, the state-of-charge
equalization and DC-link voltage control must be combined in the MMC-ES [33], [41]. The overall
control structure of the MMC is shown in Fig. 3.5, which includes various control loops such as
the circulating current suppression controller, inner current and outer power controllers, and SM

voltage balancing control.
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Figure 3.5 Overall control structure showing the various control steps

3.2 Battery-Side Control

Both the voltage balancing of the SM capacitors and the stability of the converter can be

affected by the presence of battery storage. To prevent interference of the battery current with the

capacitor voltage control during charging and discharging, a battery control strategy is

implemented, which involves using a DC-DC converter controller to manage the voltage and

current of the SM capacitor and the DC-DC converter inductor on the energy storage side. It may

also include the battery's charging control if the SM capacitor voltage balancing is not adequately

managed by the DC-link [60]. The capacitor voltage balance can be maintained as long as the

system's DC link remains stable, limiting the contribution from the ES side to the voltage balancing

efforts.
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3.2.1 DC-DC Converter Control

The DC-DC converter connects the energy storage side to a SM capacitor and consists of
two control loops: an inner loop that controls the inductor current and an outer loop that controls
the capacitor voltage. To prevent excessive drainage of battery current, current limiters are utilized
to set bound limits to inductor current to increase battery lifespan and durability. Bidirectional
operations — the buck discharging mode and the boost charging mode — are regulated through the
management of peak current injection using one switch in each mode, as previously discussed. To
further analyze the operation of the DC-DC converter in Section 2.2, the inductor current for each

state is linearized using the equivalent circuit derived from the red arrows shown in Fig. 3.6.

Ispm

s3 D3

Csm == Ve

s4 —K} D4
=T— Vbat

DC-DC converter operation in the Buck
mode when it charges the Battery cell

a)
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Ispm

s3 D3

Csm =

™ Vbpat

DC-DC converter operation in the Boost
mode when it discharges the Battery cell

b)
Figure 3.6 Submodule DC-DC Converter operations
First, analyzing the state variables for the switches in the boost mode considering small

signals are expressed as follows [43]. When S5 is OFF and S, is ON:

dig(t)

dedcT'l' iRRdcdc = Vbat(t) (3.18)

dve(t )
Csm Udt() = —igy(t) (3.19)

When S; is ON and S, is OFF:
di(t) . .

dedc# + igrRgcac = Vbat(t) - vc(t) (3.20)

dv(t) . .
Csm i i, (t) —ism(t) (3.21)
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3.2.2 Inductor Current Controller

The inductor current loop is designed as a PI regulator for the battery current flowing into
the DC side of the MMC in boost mode. The equivalent inductor current per switching cycle can
be calculated from (3.18) to (3.21) through following equations:

di .
LdCdCd_if + Rucacly, = Voar — W (3.22)

where the V, is the output voltage of the DC-DC converter in a period of time T, depending on the

switching state;

Vo= {0 S, ON, S; OFF 393
o = . S;0N, S, OFF (3.23)

The average voltage output V, over a switch period of T is given below.
G = LRk (3.24)

where D is the duty ratio, calculated using the ON time of S, over the switching period, we can
further simplify (3.24) into the following:
i, = (1-D)V, (3.25)

Re-evaluating the differential equations in (3.22) using Laplace transformation gives:

Vpat(s) — Vo(s) = RacaclL(s) + LacacsIL(s) (3.26)
1 Vpat(s) = Vo(S) = RacaclL(s)
IL(S) — ; bat T dcdc!L (327)

The inductor current controller designed based on (3.27) is presented in Fig. 3.7.
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Figure 3.7 Inductor Current Loop

To ensure accurate control, the closed loop system monitors the inductor current, which is
used as the control variable to correct any errors generated by the difference between the actual
inductor current and the reference. The PI controller, with its integral and proportional gains
carefully tuned, is used to ensure that the output value accurately followed the input command. In
Fig. 3.7, the limiter constrains the controller's output to ensure that the duty cycle from the
controller to the PWM generator is comparable to the carrier signal at frequencies. To ensure a
stable charge and discharge of the battery current, the reference current value is determined by
normalizing the rated power of the six arms and dividing it equally among the SMs in each arm
as:

PEref

6NVpqt (3.28)

IL,ref =

Pgrer is the battery power reference from the energy management system and was expected to
contribute a percentage of the DC-link power as stated in (2.17) and (2.18), N is the number of
SMs per arm, V4 IS the battery voltage, selected to be lower than the V.. The output of the voltage
controller, I, ., can be used to set the current reference for discharging the battery through the
closed loop system. This ensures that the power is evenly distributed and the battery current is

equal for all inductors.
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3.2.3 Inductor Voltage Controller

The DC-DC converter in this system uses a voltage loop controller with a current loop
controller for double closed-loop control to calculate the duty ratio of the pulse signals that direct
the switching of the devices. As depicted in Fig. 3.8, this controller operates as a closed-loop
system, similar to the current loop controller. The two loops are placed in parallel to superimpose
their signals, resulting in improved battery current discharge and minimized SM capacitor voltage
ripples. The error difference between the reference and actual voltage is also effectively reduced

through the use of a P1 controller.

1

Veret X Pl » oD
y ILRdt:dc
¢ max
IL ref PI \t_c R Vo @ Ld:cS g
min Vo

Figure 3.8 Inductor Voltage Loop Controller

3.3 Detailed Equivalent Model of MMC-ES

The conventional MMC structure is complex due to the large number of semiconductor
switches used, making numerically efficient simulation very challenging. This converter
complexity and computational cost for electromagnetic transient (EMT) simulation increase with
the addition of integrated energy storage (MMC-ES). To address this issue, a simplified model
called the Detailed Equivalent Model (DEM) has been developed. The DEM can effectively model
the MMC-ES while still maintaining numerical accuracy, and is intended to replace the Detailed

Model (DM) which provides a complete representation of the converter [38]. This section first

47




provides fundamental analysis of the EMT method used in the DEM for the converter network,
followed by a detailed analysis of the MMC-ES within the DEM. The material in [61] serves as

the foundation for the basic knowledge utilized in the analysis presented below.

3.3.1 Electromagnetic Transients Simulation in Power Systems

The EMT simulation utilizes Kirchhoff's law to evaluate the behavior and operation of the
converter circuit under various transient events and disturbances by constructing differential
equations. The program models the network with small time intervals at a high computing rate to
accurately replicate the fast transients of power system. The EMT simulation is based on three-
phase instantaneous value models of the electrical components of the converter, including

resistors, inductors, capacitors, semiconductor switches, and others [61], [62].

Due to the non-linearity and fast switching of these components, small fixed time intervals
of tens of microseconds are used in the EMT simulation to accurately capture the behavior and
variations of the network [63]. As the numerical simulation is discrete while the electrical network
model is continuous, it was necessary to simulate the system in a discrete time domain in order to
adequately account for switching events and disturbances. Various approaches to creating discrete

differential equations for the network are evaluated in [61].

One technique that the Electromagnetic Transient (EMT) tool, utilized to analyze large
electrical networks is the nodal voltage analysis approach, proposed by H. W. Dommel [64], which
involves discretizing the network components’ differential equations into its equivalent admittance
and current sources for nodal voltage analysis. To model the various functions, the differential
equations of the circuit components can be solved using numerical integration methods such as
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Trapezoidal or Backward Euler integration rule with small time steps. To perform simple nodal
voltage analysis, the circuit components must first be transformed into their Thevenin voltage
equivalent or Norton current equivalent. The following steps outline the process of discretizing the

circuit components [61].

3.3.2 Resistor
A resistor is the simplest element of a circuit with two terminals, as illustrated in Fig. 3.9,

which shows a resistor with its current and voltage direction in a circuit.

[

Figure 3.9 A resistor with its current and voltage directions in a circuit

The admittance G, is the reciprocal of the resistance;

G = (3.29)

1
R
The voltage across the resistor R is given as;

. 1

irity = 7 Vin(t) — Voue (1)) (3.30)

3.3.3 Inductor
Inductors are electromagnetic passive components with two terminals that store energy in

their magnetic fields as current passes through them and create an opposition when the current
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flowing through them changes. The rate of this opposition to the current change is referred to as
its inductance. A representation of an inductor with its current and voltage direction in a circuit is

shown in Fig. 3.10.

\/
Vin jut
Figure 3.10 Representation of inductor with its current and voltage direction in a circuit

The voltage across the inductor L is given as:

diy,

v, = L " (3.31)
Integrating Eq. 3.27 to evaluate the inductor current is as follows;
) 1 t
iy = 7 Ji—g v dt (3.32)

Applying the trapezoidal numerical integration method over a time step considering the initial

states, the inductor current is given as:

At vy (6)+vL(t—AY)
L 2

i (t) = i (t—At) + (3.33)

Considering the previous time step of both current and voltage in determining the next time step,

the current source equivalent is given as:

i(t) = i, (t—AD) + v (D) + v (t—AL)  (334)
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where i; (t — At) is the inductor current from previous time step and the equivalent admittance

: . At . .
of the inductor is o Importantly, the history current source can be established as:

Inise (£ = AY) = iy (t — At) + v, (t — Ab) (3.35)

Eq. 3.30 can be evaluated to define the inductor voltage equivalent as:

2L , 2L .
Vi) = @) — aplL-an T Vie-ar) (3.36)

Vie-at) = Rplp + Vig-ae (3.37)

Therefore, the Thevenin equivalent resistance and history voltage source of the inductor circuit is

the R, and Vi ;_ap), respectively.

3.3.4 Capacitor

Capacitors are known as the passive components of an electrical circuit that have the
abilities to store the energy they draw from a battery cell, therefore acting as a charged battery. It
has two terminals, through which it charges and discharges. Capacitance is the amount of electrical
energy it stores, such that a higher capacitance means a higher energy storage capacity, and vice
versa. Representation of capacitor with its current and voltage direction in a circuit is shown in

Fig. 3.11.

51



=

Figure 3.11 Representation of capacitor with its current and voltage directions in a circuit

The equation for the capacitor current is given as

) A
i.(t) =C ~0

Integrating (3.37) to calculate the capacitor voltage gives:
1t .
v.(t) = Eft:o i dt

Applying the Trapezoidal numerical integration produces:

At ip(D)+ic(t—AD)

v.(t) = v.(t —At) + - -

Evaluating (3.39) to calculate the capacitor current gives:
. c . C
i) = Zu.(t) — ig(t—At) — Zu,(t — At)
At At
Similarly, the capacitor current history can be evaluated as
. 2C
Iniste(t — At) = —i.(t — At) — A—tvc(t — At)
. . .. 2C
From (3.40), the equivalent admittance of the capacitor is i—t.

The corresponding Thevenin equivalent circuit can be derived from (3.40) as
ve(t) = Reic(t) + Vo(t —Ab)
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Therefore, the Thevenin equivalent resistance and history voltage source of the capacitor circuit is

R; and V,(¢_a), respectively.

3.3.5 Power Electronic Semiconductor Switch
Formulating the power network solution composed of these RLC branches can be done using
the above discretized Thevenin equivalent equations for each branch component. However, the
foundational operation of a power converter is based on semiconductor switches, which must be
accounted for in an EMT program. Generally, in an ideal operation, the switch properties in both
the ON and OFF states are presented below:
e When turned on, there is no resistance or voltage drop, indicating that there is no
conduction loss.
e When turned off, there is infinite resistance of the switch.
e The ON/OFF switch is instantaneous.
Accordingly, in an EMT simulation program, the switching operation is accounted for as in
practical operation, and the properties are given below:
e Finite resistance (small resistance) when a switch is in ON state
e Infinite resistance (large resistance) when a switch is in OFF state
The choice of semiconductor switch for the MMC is based on its characteristics and
specifications. An IGBT switch is selected due to its widespread use and suitable capabilities for
high power high voltage applications. As shown in Fig. 3.12, the IGBT switch includes a diode in
parallel for conducting current in the reverse direction. In the EMT program, the switch is modeled
as two-value resistor, having a small resistance during the ON state, and a high resistance during

the OFF state.
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A
Switch current ij(t)
j=ab,c Switch current i j(t) A
Switching Pulse &—— tDiOde Vj(t) R
S
Vi)
(a) (b)

(a) Circuit symbol of IGBT switch with anti-parallel diode (b) EMT resistance circuit for
the switch

Figure 3.12 lllustration of the IGBT with a diode in parallel for reverse current conduction

3.3.6 Network Reduction for The Equivalent Circuit

The converter circuit, composed of resistors, inductors, capacitors, and switches, is now
replaced by admittances and history current sources, calculated from the discretization process
mentioned above. Fig. 3.13a shows a simple example circuit representation of an RLC network,

while Figure 3.13b illustrates the equivalent circuit in discrete time domain.

(@)
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_— H{t-t) G, Ic(t-at)

(b)
Figure 3.13 Example of a discretized electrical network for the simplified equivalent model
showing the admittance, Thevenin resistance and the history current sources.

The equivalent circuit for the network is used to derive the nodal formation below:

GV = Iyist (3.45)

where G is the admittance matrix of the nodal network, I/ is the vector of the nodal voltages to be

solved by the EMT program; Ij,;¢; is the vector of the history current sources for the nodes. It is

noted that the nodal equation of (3.44) has the following form for the example in Fig. 3.13.
Gy G| V1] _ [&
o aollvl = ] (3.4

The nodal voltages can be solved from (3.45) as

V =G (3.46)

3.4 Derivation of the Nodal Equation for the DEM of MMC-ES
The switches, capacitor, and inductor of the individual SM circuit of the MMC-ES, as
shown in Fig. 3.14, are replaced with their equivalent circuits in discrete time domain, as described

in the previous section and are depicted in Fig. 3.15. The Thevenin equivalent circuit of Fig. 3.15
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is calculated at the input terminal of each SM. Since a large number of SMs are connected in series
in each arm of the MMC-ES, the overall Thevenin equivalent circuit for each arm can be
formulated which eliminates the internal nodes in each arm and reduces the dimension of the

network nodal equation thus to accelerate EMT simulation of the MMC-ES [65].

51{} D1 s3 ._K} D3
+ dedc Rdcdc
+ e > Csm == . w__/\/\7\/_

Vsm 52 —K} b2 s4 -—K} D4 :_—+ v

_ bat

Figure 3.14 SM circuit of the MMC-ES

v,

Figure 3.15 Equivalent circuit of the SM of MMC-ES
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. . ) : 2L )
The DC-DC converter inductor equivalent resistance is Req =1 where the admittance

1 At .. : : : : At
follows as Goq; = —— = —. Similarly, the SM capacitor equivalent resistance is R.oq = —
Req 2L 2C
_ 1 2C : .
such that the admittance becomes Geq = =1 The energy storing electrical components
ceq

in the circuit, that is, the inductor and capacitor equivalent resistances, are included with their
history current sources as seen in the diagram. With all the Thevenin resistances represented, the
admittance matrix G is formulated for each node. Formulating the equivalent circuit above is

achieved using three node voltages V; V, & V3. The admittances for the nodes are evaluated as

below:
For node 1,
_ Ts , 2 1
Gy = Z(ZL tat RZ) (3.47)
1
Gz = TR (3.48)
For node 2,
1
Gy = TR (3.50)
1 2C 1
Gyp = Z (R_1 + T_S + R_3) (3.51)
1
For node 3,
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632 = —— (354)

where R; and R, represent the resistances of the upper and lower switches for the DC-DC
converter, while R; and R, are the upper and lower switches for the HB SM of the MMC-ES. T
represents integration time step used for the EMT simulation. The node admittances from Eqg. 3.45

to 3.53 is formulated in the admittance matrix below:

Gi1 Gz Gy
Geq = (G211 Gz Gy (3.56)
Gz1 G3p Gsz
v (s o L 4 1 _1 T
Z (ZL R4 T R2) Ry 0
1 1 2C 1 1
Geq = _R_1 Z(R_l + T_S + R_3) _R_3 (3.57)
0 _1 1,
| R3 R3 Ry

Furthermore, the SM capacitor current source variable, I and DC-DC converter current source

variable I; as shown in Fig. 3.15 are calculated as;

T, T
Ie-aey = V1 = Voar) 5, + (Vige-nny — Vbat)ﬁ + Ip-ny  (3.58)

2C 2C
Iege—ne) = T_SVZ — Ict-ap) _T_SVZ(t—At) (3.59)

Finally, the nodal voltages were evaluated using (3.46) and any change in the admittance along a
node causes the need to reinvert the admittance matrix. It is important to note that the node voltage

at node 3 is assigned to be the output voltage of the SM:

58



V3 = Vsy (3.60)

A switching algorithm is implemented to model the semiconductor switching operations with their

on-state and off-state resistances in the equivalent model [38], as illustrated in the following steps:
1. Retrieve the arm voltage V 4, from the SM equivalent circuits to calculate the converter

and power network solution and the arm current I 3,
2. Fortheiterationi = 1,2,..... ,N:
a. Set the DC-DC converter resistant values Ry; & R,;, and the SM resistant values
R3; & Ry; as follows;
if (DC-DC converter is ON) {R4; = Ron; R2i = Rorr}
elseif (DC-DC converter is OFF) {R1; = Rorr; R2i = Ron}
if SMis ON) {R3; = Ron; Rai = Rorr}

elseif (SM iS OFF) {R3i = ROFF; R4-i = RON}

elseif (SM is Blocked) {

if (lagrmeey > 0and (Vsmice—aey > Veige-ae)
{R3i = Ron; Ryi = Rorr}
if (larmey < 0and (Vsmie-ary < 0)
{R3; = Rorr; Rai = Ron}
elseif {R3; = Rorr; Rai = Rorr}
}
3. Evaluate each SM capacitor voltage and current v¢; and ic; for all iterations.

4. Calculate the Thevenin Equivalent voltage of each SM.
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5. Determine the SM voltages Vg, for the next iteration.

3.5 Arm Equivalent Circuit for the Detailed Equivalent Model

Additionally, in [16], [65], node voltages are calculated for all SMs in an arm and an
equivalent circuit is created to represent and accommodate the number of SMs per arm as well as
their resultant voltage and current output in various modes. This arm equivalent circuit serves as a
simplified single circuit that can replace the SMs in each arm of the DM and can represent various
converter operations in normal states (when inserted and bypassed) and during disturbance states
(when faults occur and all SMs are blocked). Fig. 3.16 shows an illustration of a simplified

equivalent circuit for the N number of SMs per arm.

+

Iarm

Vonp Vonn

Fig. 3.16 Simplified equivalent circuit for the N number of SMs per arm

In the blocking state of MMC, different equivalent circuit branches are needed to model

the converter arm, based on the orientation of the SM diodes and the direction of the arm current,
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1,m Since the arm current is either flowing positively or negatively to the upper or lower diodes
of the HBSMs. The diodes D; and D, in Fig. 3.16 are used to detect the arm current directions so
that the corresponding equivalent arm voltages V;,, or V,,, can be inserted in the arm when the
IGBTSs of the SMs are OFF or blocked. The arm voltages for positive and negative arm current
directions are represented in Fig. 3.16 by V., and V,,, , respectively. The operation of the

equivalent circuit in relation to the MMC-ES is described in the following cases:

Case 1: During converter de-blocking mode, the IGBT switching events are controlled by
their corresponding gate switching signals. The insertion and bypass states of the SMs are
determined by the switching states of the IGBTs. The arm equivalent voltage for each arm can be
calculated, based on Section 3.4. This arm equivalent voltage is used for V;,,, or V,,,,, irrespective
of the arm current positive and negative directions. That is, during converter deblocking mode, the

same arm voltage, calculated from Section 3.4, will be used in Fig. 3.16 of the DEM [16].

Case 2: In the case of the converter blocking mode, all the IGBT switches are turned off,
the insertion or bypass state of the SM capacitors depend on the arm current direction (positive vs.
negative) since the arm current flows through SM diodes during converter blocking mode. When
the arm current is positive, the arm current flows through the upper diodes of the SMs, thus inserts
all the SM capacitors. Therefore, the arm equivalent voltage is the sum of all the SMs capacitor

voltages calculated, based on Section 3.4 as:

Vonp = Iiv=1 Vsm_i (3-61)

When the arm current is negative, the arm current flows through the lower diodes of the SMs, thus

bypassing all the SM capacitors. Therefore, the arm equivalent voltage V,,,,, is zero.
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CHAPTER FOUR - SIMULATION RESULT AND DISCUSSION

4.1 MMC-ES Modeling for the DM and DEM

To verify the numerically efficient DEM of the MMC-ES, a three-phase EMT simulation
is carried out using MATLAB/Simulink/Simscape/Specialized Power Systems Toolbox. This
software tool allows for the creation of a detailed semiconductor-based switching model for the
MMC-ES that can be tested and analyzed in a manner similar to a physically constructed converter.
In order to obtain an accurate model, it is important to carefully select and calculate the parameters
to match the desired ratings and operation of the converter. The parameters used in the simulation
of both DM and DEM are detailed in Table 4.1.

Table 4.1 Parameters of the simulated three-phase MMC-ES

Parameter Symbol Value
DC-link voltage Ve 640kV
Rated active power Pres 0.56W
Rated reactive power Qrer 0 VAR
Rated apparent power S 0.5GVA
Number of SM per arm N 10
SM capacitance C 250uF
Arm inductance Larm 500uH
Arm resistance Rarm 50mQ
Carrier switching frequency fe 5kH,
Fundamental frequency f 50H,
Battery voltage Vpat 32kV
Grid pole-ground voltage, RMS Vog 320kV
Time step T 20us
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The transient simulation is designed to represent a balanced three-phase operation
condition in which the MMC-ES is connected to an AC grid with a voltage of 400kV, a
frequency of 50Hz, and a power capacity of 0.5GVA. This connection is facilitated through
the use of a 400kV/300kV Y-A transformer. On the DC side, a 640kV DC voltage source

is utilized to connect to the DC side of the MMC-ES.

4.2 Detailed Model Simulation Results

The purpose of this section is to present the scenarios that are chosen for testing the DM of
the three-phase MMC-ES. The results demonstrate that the DM can accurately simulate the
converter's dynamic behaviors. Initially, the normal, steady-state operation of the MMC-ES is
simulated, followed by the application of power reference change transient to both the battery and

MMC AC side.

The switches of the SMs are in unblocked states during the normal operation of the
converter. To initiate the startup process, a reference AC power of zero is applied, resulting in zero
AC grid current at the three phases, as shown in Fig. 4.2. As seen in Fig. 4.1, the AC voltages is
symmetrically balanced at the rated value. The SM capacitor voltages are also balanced, as shown
in Fig. 4.4. At 0.05 s, a reference power of 0.5 GW is applied to both the battery and MMC AC
side, leading to increased AC currents, arm currents and SM capacitor voltage ripples as shown in

Fig. 4.2 — Fig. 4.4.

It can be observed in Fig. 4.5 and Fig. 4.6 that the two arm voltages of Phase-A have
opposite AC voltage components which will cancel each other when sum them up to obtain DC-

side voltage of 640 kV. The arm voltages in Figs. 4.5 and 4.6 show a resultant 11-level in one
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cycle, representing the N + 1 steps in each arm for N = 10 in this case. The same phase of the

AC current and voltage shows that the system operates in unity power factor. It is shown in Fig.

4.4 that the SM capacitor balancing control is able to keep each SM capacitor voltage balanced.
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Figure 4.2 AC grid currents of the three-phases in steady state
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Figure 4.10 Lower arm battery current

Figures 4.9 and 4.10 shows that the output currents of the batteries on the individual energy
storage side are capable of tracking the reference value. The battery storage operated at 0.5 GW,
and each battery current is able to maintain 260 A. It is shown in the above-mentioned figures that

the DM is able to represent the behavior of the MMC-ES.

4.3 Comparison and Verification of the DEM with N = 10 SMs per Arm during
Steady State Operation

This section aims to validate the accuracy of the DEM by comparing its simulation results
to those of the DM during steady-state operation. The waveforms, shown in the Figs. 4.11 — 4.14,
indicate that both the DM and the DEM display similar results during steady state, with only a
slight difference during the converter's startup due to slightly different initial conditions in the DM
and the DEM. Both models also displayed similar upper and lower arm voltages in Fig. 4.11 and

AC voltages and currents in Fig. 4.14. The voltage sorting and balancing control is effective for
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both models to balance the SM capacitor voltages, as shown in Fig. 4.11. Additionally, the battery

and AC powers at the PCC powers were able to follow the references, shown in Figs. 4.12 and

4.14. The DC link voltage is maintained at its rated value of 640kV, as shown in Fig. 4.13.
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4.4 Comparison and Verification of the DEM with N = 10 SMs per Arm for AC
Power Reference Change Transient

The response of the converter to a change in AC power command is studied in this section.
The AC reference power is decreased from 0.5 GW to 0.1 GW at 0.05 s. This alteration often leads
to a sudden decline in the AC grid current, SM arm currents, and SM capacitor voltage ripples.
Upon applying the change, it is observed that the AC power at the PCC is able to follow the
reference, and the converter remains in stable operation. The waveforms in the figures below

demonstrate a close match between the DM and DEM.
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4.5 Comparison and Verification of the DM and DEM with N = 20 SMs per Arm
during Steady State Operation

To assess the validity of the DEM for higher number of SMs per arm, a scenario where
there are 20 SMs per arm is simulated. This allows to examine the converter's ability to keep the
DC-link at its rated 640 kV while handling the smaller distributed voltages from each SM. As
shown in Fig. 4.18, the arm capacitor voltages decreased by half as the capacitance of each SM
capacitor doubled, while the rated SM voltages are maintained. Initially, an oscillation in the DC-
link voltage was observed when zero AC and battery power are applied until 0.02 s. At 0.02s, the
current and power references of approximately 260 A and 4.2 MW are applied, respectively to
MMC-ES, the converter reaches to loaded study state operating condition. The simulation results,
shown in Figs. 4.18 — 4.21, demonstrates that the DM and DEM produce almost identical

simulation results.
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4.6 Comparison and Verification of the DM and DEM with N = 20 SMs per Arm
for Power Reference Change Transient

This section studies the power reference change transient for the DM and DEM with 20
SMs per arm. The reference AC power was reduced from 0.5 GW to 0.1 GW at 0.05 seconds. This
sudden decrease leads to a drop in AC grid currents, arm currents, and SM capacitor voltage
ripples. After applying the power reference change, the AC power at the PCC is able to follow the
reference and the converter remains stable. The waveforms in Figs. 4.22-4.26 demonstrate a close

alignment between the DM and DEM.
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4.7 Comparison and Verification of the DM and DEM with N = 30 SMs per Arm
during Steady State Operation

The MMC-ES with 30 SMs per arm is used to verify the proposed DEM for steady state
and transient analysis. The simulation results, depicted in Fig. 5.28, revealed that the SM capacitor
voltages were reduced by one third due to the tripling the number of SMs per arm. Before 0.02
second, zero AC and battery power references are applied. After 0.02 second, 260 A and 2.1 MW
of current and power are used for each SM. As the number of SMs in an arm increases, the ripples
in the converter output AC voltages and currents become less noticeable, as shown in Figs. 4.27.
It is observed in Figs. 4.27 — 4.30 that the DM and DEM produce very similar simulation results

which validate the numerical accuracy of the DEM.
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4.8 Comparison and Verification of the DM and DEM with N = 30 SMs for Power

Reference Change Transient

In this section, the modeling accuracy of the DEM with 30 SMs per arm is verified by the

DM using the power reference change transient. The AC power is decreased from 0.5 MW to 0.1

MW at 0.05 seconds. This reduction leads to a sudden decrease in the AC grid currents, arm

currents, and SM capacitor voltage ripples. When the power reference change is applied, the AC

power at the PCC is able to follow the reference and the converter remains stable operation. Figs.

4.31 — 4.34 demonstrate that the DM and DEM closely match each other during the power change

which verifies the numerical accuracy of the DEM.
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The numerical accuracy and close match of the DEM to the DM are concluded based on the results
obtained using three error metrics: absolute error, relative error, and percentage relative error.
Comparing the 10 cycles of the actual and reference battery currents of the inductor current
controller of the DC-DC converter, for both models in the 10 SMs per arm simulation, a percentage
relative error of 1.77% is obtained; for 20 SMs per arm, the error decreased to 1.38%; and for 30
SMs per arm, it further decreased to 0.99%. These results are within an acceptable range and show

that the proposed DEM has a similar level of numerical accuracy as the DM.

4.9 CPU Performance and Efficiency

To demonstrate the proposed DEM achieves improved simulation speed over the DM, a
comparison of the CPU times is conducted for both the DM and DEM using a Windows 10
Enterprise 64-bit operating system with an Intel Core i5-7440 HQ CPU running at 2.80 GHz and
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8 GB of RAM. In MATLAB/Simulink, a simulation of 1 second for the MMC-ES is executed with
the simulation time step of 20 us for different numbers of SMs per arm to evaluate the numerical
efficiency of the proposed DEM vs. the DM. The performance of the three-phase ES-MMC models
in terms of CPU time is shown in Table 4.2, after considering an average result of 5 simulations
for each number of SM in an arm for both the DM and DEM models. The DM model has a
significantly longer simulation time of 77.2433s (6 times longer) for N = 10 compared to the

DEM model, which has a simulation time of 12.7601s.

As the number of SMs per arm increases, the simulation time for the DM model increases
significantly, while it only has a minor impact on the simulation time for the DEM model. This is
because the DM model's numerical efficiency decreases with an increase in the number of SMs
and internal nodes in an arm circuit, leading to a consistently increasing simulation time. In
contrast, the DEM model maintains a fast simulation speed due to the elimination of internal nodes
in an arm circuit, which demonstrates its improved numerical efficiency and ability to handle
complex power-system-level studies. The CPU simulation times for both DM and DEM are also

plotted in Fig. 4.35 to show their speed performance.

Table 4. 2 CPU time comparison of the three-phase ES-MMC model

Number of SM per arm CPU run time (s) of Two Models

DM DEM
10 77.2433 12.7601
20 448.6346 15.2874
30 690.888 18.1321
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Figure 4.35 CPU speed performance comparison for DM and DEM

4.10 Simulation Limitations

The number of SMs per arm simulated for both DM and DEM for the MMC-ES were limited

to 10, 20 and 30 as a result of the several challenges that can arise when attempting to model higher

number of SMs in the DM. Some of these possible constraints include:

1. Computational capacity: The computing power needed to simulate the model increases

as the number of submodules per arm increases. This may necessitate the use of more

powerful computational hardware and longer simulation timeframes.

2. Accuracy of model: A more accurate and comprehensive understanding of the system may

be developed by modeling a higher number of SMs per arm, however, increased
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assumptions and complicated parameter calculations are required to effectively replicate
the system. This can lead to a more complex and possibly inaccurate model.

3. Cost: It may not be cost-effective to increase the number of SMs per arm when the cost
outweighs the benefits. In this sense, some of the cost limitations can be referred to as the
computational resources, simulation run time, research budgets, and unavailable access to
specialized tools, therefore, the trade-offs between the cost and the resources needed for

modeling must be carefully considered first.

In addition, physical limitations may restrict the number of submodules that can be
implemented in an MMC-ES in real-world applications. For instance, the amount of space that

may be used or the demands of transportation may put a cap on the system's size and weight.

4.11 Summary

In this chapter, comparisons are made between the Detailed and Detailed Equivalent
Models (DM and DEM) to assess the numerical efficiency and accuracy of the proposed DEM.
Different (10, 20, 30) numbers of SMs per arm are used for the MMC-ES to verify the DEM.
Simulation studies are taken during steady state and power change transients to examine the battery
storage current and power behaviors, AC currents and voltages, SM capacitor voltages, and arm
voltages of the converter. The simulation results verify the numerical accuracy of the DEM and

the significantly improved numerical efficiency over the DM.
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CHAPTER FIVE - CONCLUSION AND FUTURE WORK

5.1 Thesis Overview

Modular multilevel converter with integrated distributed energy storage has gained much
attention as a promising technology for High Voltage Direct Current (HVDC) transmission
applications. As the integration of large-scale renewable energy sources into the existing power
grid increases, the MMC-ES has shown great potential in addressing challenging issues such as
grid instability and reduced power quality caused by the fluctuating power output of these
renewable energy sources. The MMC-ES, a complex converter circuit structure with a design that

surpasses the traditional MMC, is considered in this thesis.

The scope of this thesis includes analysis and control of MMC-ES for the steady state and
transient operations and the development of efficient modeling method using the DEM. Firstly,
the DM, as traditional converter modeling method is constructed using standard discrete model
library components from a commercial power electronic system transient simulation tool, such as
Simulink/Simscape Electrical/Specialized Power Systems to represents the MMC-ES. After that,
the DEM is proposed as a numerically efficient modeling method to accelerate the simulation of
the MMC-ES. Different numbers of SMs per arm of the MMC-ES are used to verify the improved
simulation efficiency in terms of the CPU times when executing the DM and the DEM in Simulink.
This thesis is divided into five chapters, the summaries of which are outlined in the subsequent

sections.

e In Chapter 1, the rationale for investigating the MMC-ES technology for the VSC-HVDC

applications was presented. A foundational framework for the development of the MMC-
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ES and an overview of the various converter topologies with the chosen method of energy
storage integration were provided. Additionally, the objectives to be accomplished at the
end of the project were outlined.

In Chapter 2, a comprehensive examination of the traditional MMC was conducted,
including a review of its various SM topology circuit structures, which can be applied to
MMC-ES topologies. A single-phase mathematical model was created for the purpose of
easily extending it to a three-phase structure. The various types of pulse width modulation
methods were also analyzed in order to determine a particular switching modulation type
should be chosen. Additionally, the sizing of inductors and capacitors, which is an
important factor in controlling SM capacitor voltage ripples, was discussed.

In Chapter 3, thorough analysis of the control operations of the MMC-ES was presented.
Several control schemes were developed, including the circulating current suppression
control that restricts the distorted current within the arms caused by the voltage difference
between the SMs and the DC side. The MMC-ES high level outer and inner loop controls
that converts the measured grid voltage and current into reference voltage and current for
the closed-loop feedback controllers. Additionally, the SM capacitor voltages are carefully
regulated by the MMC voltage balancing algorithm which sorts the SM capacitor voltages
in an arm and charges those with lower voltages up to the rated value or discharges those
with higher values by the arm current. The battery current and power transfer are
effectively managed through the use of a controller designed to interface the energy storage
side with the MMC side, which was accomplished by collectively controlling the inductor

current and the DC-DC converter output voltage. Finally, the DEM was proposed to
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accelerate the EMT simulation of the MMC-ES. The EMT model of the SM with the DC-
DC converter and the arm equivalent circuit model were discussed for both de-blocking
and blocking modes.

e In Chapter 4, the simulation results for the DM and DEM of MMC-ES were presented for
different numbers of SMs per arm to verify the proposed DEM using the DM as the
reference solution. The simulation results demonstrate that the DM and DEM give almost
identical simulation results which verify the DEM’s numerical accuracy. On the other
hand, the CPU execution time of the DEM has remarkable improvement of 38 folds,

compared to that of the DM for the MMC-ES with 30 SMs per arm.

5.2 Conclusion

In summary, a modular multilevel converter with integrated energy storage was presented
using both detailed model and the detailed equivalent model to investigate its function, control
method, and numerical efficiency. The detailed model was found to be slow and inefficient for an
EMT simulation as the numbers of SMs per arm of the modular multilevel converter increase. The
integration of the energy storage batteries with the MMC SMs via DC/DC converters technically
doubled the complexity of the circuit structure and expand the control complexity of the MMC.
However, a beneficial power transfer occurs between the two sides of the modular multilevel

converter, while power balance was maintained in all converter arms.

The Thevenin equivalent method was implemented in the simplified detailed equivalent
model to mitigate the complexity of the detailed structure by eliminating the internal nodes

introduced by the large number of SMs in each converter arm. This effectively reduces the size of
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the admittance matrix of the nodal voltage equation in the discrete time domain modeling. This
advanced technique demonstrated accuracy and the ability to retain all relevant information from

the detailed modeling method.

Furthermore, close match of the simulation results was observed between the DM and the
DEM, with the DM exhibiting a much longer simulation time in comparison to the DEM as the
number of SMs per arm increased from 10 to 20 and 30. Despite the simulation time constraint of
the DM, both models can be effectively utilized to model the MMC-ES, including other SM and
DC-DC converter topologies with high switching frequency, for power system studies. The battery
charging control and SM voltage balancing algorithm were viable for both models with the
circulating current control effectively suppressing any circulating current harmonics in an arm.
Importantly, the battery side control impressively restricted the currents from disrupting the SM

capacitor voltages balance.

5.3 Future Work

Graphics Processing Unit (GPU), a specialized processor originally designed to accelerate
graphics rendering, can further improve simulation efficiency of the MMC-ES since the GPUs can
process many pieces of data simultaneously. Several research works [66]-[70] haven been
proposed to use GPUs for the parallel-rate simulations of power system transients. In [67], a
massive thread parallel simulation of large-scale power electronic circuits was proposed which
employs device-level modeling on the graphics processors (GPUs) to obtain higher data
throughput and lower execution times. The parallel massive-thread modules were proposed for the

nonlinear physics-based insulated gate bipolar transistor (IGBT) and power diode components in
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[67]. For the future work, a multi-layer hierarchical modeling methodology can be proposed for
high-performance computing of the modular multilevel converter with integrated energy storage.
Heterogeneous computing platform using CPU and GPU can be investigated through which the
computational tasks are properly assigned to CPU and GPU to fully exploit their multi-rate and
parallel processing features. In addition, it will be desirable to develop a scaled-down prototype of
the MMC-ES in order to experiment various converter controls and to verify the simulation results

of the DM and DEM.
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