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Abstract

Modular Multilevel Converters (MMCs) are distinguished by their modular
nature that makes them suitable for wide range of high power and high voltage
applications. However, they are vulnerable to internal faults because of the large
number of series connected Sub-Modules. Additionally, it is highly recommended
not to block the converter even if it is subjected to internal faults to secure the supply,
to increase the reliability of the system and prevent unscheduled maintenance. This
thesis introduces a fault tolerant control system for controlling the MMC in normal
as well as abnormal operating conditions. This is done through developing a new
adaptive voltage balancing strategy based on capacitor voltage estimation utilizing
ADAptive Llnear NEuron (ADALINE) and Recursive Least Squares (RLS)
algorithms. The capacitor voltage balancing techniques that have been proposed in
literature are based on measuring the capacitor voltage of each sub-module. On
contrary, the proposed strategy eliminates the need of these measurements and
associated communication links with the central controller.

Furthermore, the thesis presents a novel fault diagnosis algorithm using the
estimated capacitor voltages which are utilized to detect and localize different types
of sub-module faults. The proposed fault diagnosis algorithm surpasses the methods
presented in literature by its fast fault detection capability without the need of any
extra sensing elements or special power circuit.

Finally, a new Fault Tolerant Control Unit (FTCU) is proposed to tolerate the
faults located inside the MMC submodules. The proposed FTCU is based on a
sorting algorithm which modifies the parameters of the voltage balancing technique
in an adaptive manner to overcome the reduction of the active submodules and
secure the MMC operation without the need of full shut-down. Most of fault tolerant
strategies that have been proposed by other researchers are based on using redundant
components, while the proposed FTCU does not need any extra components.

The dynamic performance of the proposed strategy is investigated, using
PSCAD/EMTDC simulations and hardware in the loop (HIL) real-time simulations,
under different normal and faulty operating conditions. The accuracy and the time

response of the proposed fault detection and tolerant control units result in stabilizing



the operation of the MMC under different types of faults. Consequently, the
proposed integrated control strategy improves the reliability of the MMC.
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Chapter 1

Introduction

1.1 Background

Voltage source converters (VSC) are increasingly being used in the
transmission and distribution of bulk power, due to their advantages over the line
commutated converters (LCC). This includes the ability to control active and
reactive power independently, supply weak or passive networks, and lower the
footprint [1]. Although VSCs have many topologies, the modular multilevel
converter (MMC) is considered to be the most suitable converter to be used in high
voltage circuits. This is due to their features, including the ability to transmit electric
power over high voltage levels directly, the improved quality of output power, and
the high efficiency when compared to other multilevel converters [2]. Figure 1.1,
which shows a 401-level MMC made by Siemens, illustrates another special feature
of MMCs, which is the compact size. This gives a unique advantage for MMCs over

other converter topologies when the space allowed for construction is limited.

The MMC is basically formed from a series connection of submodules,
which can be either half bridge or full bridge. This is the main reason for calling it
modular. Increasing the number of submodules means that the number of voltage
levels are increased, which is directly translated into lower harmonic content and

enhances the ability to generate higher voltages.



(b)

Figure 1.1: A 401-level MMC made by Siemens [3]: a) a picture of the MMC, b) a
picture for the submodule.

As illustrated in Figure 1.2, the applications of MMCs have covered most
high and medium voltage applications that need the utilisation of power converters.
The applications of the MMC include high voltage direct current (HVDC)
transmission, MV drives, flexible AC transmission systems (FACTS), and dynamic
braking choppers [4]. Furthermore, some research has been recently conducted to
utilise the MMC in special applications, such as railway electric traction systems, in
which the MMC works as a medium voltage transformer-less converter, which is
used to supply the traction motors [5], [6]. In addition, the MMC can applied be in
the propulsion systems of electric ships [7], [8].

| O——
HVDC
transmi
ssion
2

MV Applications
drives of MMCs

N\

 O—
Dynamic
braking
choppers
.

3

Figure 1.2: Applications of MM(Cs.
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1.2 Motivation and Research Objectives

Today, DC to AC conversions are found in many applications in modern
power systems, particularly in the transmission and distribution of electrical energy.
Recently, DC/AC converters play an essential role in the interface of offshore wind
energy with the utility grid. This is simply because the transmission along HVDC
lines is much more efficient compared with the high voltage alternating current

(HVAC) transmission over long distances [9].

The current source converter (CSC) was the first converter invented for this
particular purpose. The CSC is formed from six thyristors connected in the form of
a three-phase bridge connected to the DC supply. Although the CSC is considered
very old technology, it is still used in the connection of the renewable energies to
the grid in various modern projects [10]. This is simply because of the many
advantages, such as the ability to convert high amounts of power, the low
manufacturing price, and the high reliability [11]. However, it has some
disadvantages and limitations that make it unsuitable for some applications [12],
[13]. The main disadvantages are the necessity to have filtering components because
of the low order harmonics, the impossibility of changing the current direction, and
the inability to independently control reactive power. These limitations have

motivated the researchers to invent VSC [13].

The two-level VSC has a simple configuration, which is similar to the CSC
but with IGBT instead of the thyristors. This construction has changed the
philosophy of switching since the IGBT is fully controllable during turning on and
off. On some occasions, the switching device is formed from series-connected
IGBTs to withstand high voltage stress [ 14]. One of the important advantages of the
VSC is its ability to control active and reactive powers independently. Moreover, it
can supply weak and passive networks. It also has a relatively low footprint
compared to the CSC [15]. Despite having all of these advantages, the two-level
VSC suffers from some drawbacks that can make it unsuitable for the application of
grid interconnection. For example, having series-connected IGBTs increases the

switching losses and makes it difficult to predict the transient response of the



switching device. It also is necessary to incorporate DC-link capacitors, which are
very big and have a short life expectancy [16]. Moreover, the two-level VSC has no
immunity against DC faults, as it fails to support the AC grid with active power [17].
Adding to these drawbacks, the two-level VSCs cannot exchange electricity over
high voltage levels directly without using step-up transformers [18].

Due to the problems associated with LCC and VSC, researchers have been
directed to multilevel converters (particularly MMCs). The modularity of the MMC
offers a generous advantage, which is the ability to generate high voltage levels using
a sufficient number of submodules. Although having a series connection of
submodules with floating capacitor voltages brings the advantages of a staircase
output waveform with low switching frequencies, it increases the level of
complexity of the system from the control point of view, as all submodules must be
charged to the same voltage level to assure the accurate and stable operation of the
converter [19]. Moreover, in order to maintain the output voltage level of the
converter, the capacitor voltages must be kept at a reference value [20], [21]. The
process of keeping the capacitor voltages within a pre-defined reference is called
capacitor voltage balancing control, which is achieved by a dedicated controller
called the MMC inner controller [21]. The MMC inner controller should perform
some tasks in parallel with the balancing of the voltages across the submodule
capacitors. One of the important tasks is protecting the MMC from internal
submodule faults, such as power electronic device faults and submodule capacitor
faults. As demonstrated in Figure 1.3, which shows the general probability of
occurrence for these faults in power converters, power semiconductor devices and
capacitors have the highest probability of fault in the MMC with a percentage of
51% [22], [23]. Since the MMC normally works in critical applications, which
always require high levels of reliability and supply security, its inner control system
should be able to operate with a sustained fault (e.g., insulated gate bipolar
transistors (IGBT) failure) until the next maintenance event [24], which means that
the inner control system should have fault tolerant control (FTC) capability. This
concept increases the reliability of the MMC, as it increases the availability of the
converter, even in the case of having an internal fault in order to operate the
converter under fail-safe operation conditions. It is important to mention that the

process of FTC must be accompanied with a fault detection facility for the purpose



of maintaining safe management of MMC faults. This process not only detects the

fault but also localises it to enable the FTC algorithm to isolate the faulty submodule.

other Failure Rates

reasons
10%

Semiconduct
or devices
0%

Figure 1.3: Faults probabilities in power converters.
Additionally, the fault diagnosis process has a real challenge to detect the
internal DC fault very quickly because, in DC systems, the DC fault current rises to

its peak value in a few milliseconds [25].

The volume of the research on fault detection and FTC systems for MMCs
is insignificant when compared with the huge challenges surrounding this research
area. Moreover, most of the fault detection and tolerant control techniques presented
in literature are considered to be expensive, as they require either redundant

components or extra sensors [26].

The aim of this thesis is to develop an improved MMC inner controller,
which is responsible for balancing the voltages of the submodule capacitors with
integrating an ultra-fast fault diagnosis and FTC capability against submodule faults,
enabling the MMC to be safely operated in normal conditions as well as abnormal
conditions. Furthermore, the developed technique should not need any extra sensors,
special power circuits, or even redundant components to make it competitive in cost

as well as in performance.



The objectives of the thesis are the following:

To carry out an intensive literature review in the area of capacitor
voltage balancing, fault diagnosis, and tolerant control in MMC
systems. This review should index the different faults that can affect
the MMC submodules, showing the root cause for each fault and
linking it with different techniques proposed in the past.

To implement a new MMC inner controller, which contains the
following subsystems:

o Voltage balancing of submodule capacitors without the need
to measure the actual voltages so that there is no more need
for capacitor voltage sensors.

o Fault diagnostic scheme, which is able to detect and localise
submodule faults with effective performance in terms of
accuracy and time without adding any extra sensing elements
or special power circuits.

o A FTC scheme, which controls the MMC in abnormal
operating conditions when a submodule fault occurs. This
scheme should achieve a fail-safe operation until the next shut
down for maintenance with increased power quality without
incorporating any redundant components.

To test the developed fault diagnosis and tolerant control techniques
on the MMC model to study the effectiveness of these methods by
means of PSCAD simulation tool and hardware in the loop (HIL)
testing techniques, incorporating a physical controller and a real-time
digital simulator to prove the effectiveness of the proposed

techniques physically as well as theoretically.

1.3 Thesis Outline

Chapter 2 investigates the structure, theory of operation, mathematical

representation, and modulation of MMCs. Furthermore, the design

considerations that should be met while selecting the ratings of MMC

components are also investigated.



Chapter 3 presents a literature review over the main topics covered in
the thesis. First, common capacitor voltage balancing techniques are
investigated to characterise the advantages and disadvantages of each technique,
aiming to determine the real problems associated with the process of capacitor
voltage balancing. Then, the MMC submodule faults are mapped with the root
cause and consequences associated with each fault. Finally, popular fault
diagnosis and tolerant control strategies that are proposed in literature are also
discussed.

In Chapter 4, a new capacitor voltage balancing strategy based on
capacitor voltage estimation techniques is presented. Two capacitor voltage
estimation techniques based on the adaptive linear neuron (ADALINE) and
recursive least square (RLS) algorithms are introduced, and a comparison
between the two techniques is also conducted to select the most suitable one to
be incorporated into the proposed capacitor voltage balancing technique.
Moreover, two simulation models are introduced for the purpose of testing the
proposed capacitor voltage balancing techniques under several operation
conditions.

Chapter 5 introduces a new fault detection technique based on capacitor
voltage estimation algorithms, which is able to detect faults associated with
MMC submodules. In addition, the chapter shows some simulation results that
show the behaviour and performance of the proposed technique under different
faulty conditions.

Chapter 6 presents the proposed FTC technique, which is based on a
special sorting algorithm. Moreover, the reliability of the MMC is studied
before and after the application of the proposed technique to assess the amount
of reliability enhancement. Finally, simulation results of the entire control
system are discussed.

Chapter 7 shows the validation of the proposed methods mentioned in
Chapters 4, 5, and 6 by means of HIL of simulation through connecting a real-
time digital simulator to a real-time controller. It also presents the practical
assessment of the proposed MMC inner control when applied in a real
application. The assessment mainly focuses on the amount of computational

burden of the proposed techniques.



Chapter 8 shows the conclusion of the thesis, focusing on the main

contributions to the knowledge. Furthermore, it also presents some

recommendations for future research.
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Chapter 2

Modular Multilevel Converters:
Structure, Operation, and

Modulation

2.1 Introduction

This chapter presents a literature review on the structure, operation, and
modulation techniques of MMCs. First, a brief introduction about multilevel
converters is presented. Then, an intensive investigation on the MMC is conducted
focusing on its structure, principles of operation, and mathematical model. In
addition, a review of the different modulation techniques used for MMCs is also
conducted. Finally, the design considerations of MMCs are presented, showing the

selection procedure of arm inductors and submodule capacitors.

2.2 Multilevel Converters

The limitations of LCC and VSC (mentioned in Chapter 1) have directed
researchers to invent multilevel converters, which are considered very promising for
the application of transmission and distribution systems [27]. Unlike two-level

VSCs, multilevel converters have advantages, such as the following [28]:

e The ability to transfer high power levels directly without the incorporation

of interface power transformers.
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e Improved efficiency due to the low switching frequency, which decreases
the switching losses.
e Improved quality of output voltage due to the high number of voltage levels

requiring no harmonic filters.

Features such as these have motivated researchers to implement a wide range of
configurations for multilevel converters, as demonstrated in Figure 2.1. These are

explained in the following subsections.

multilevel
converters

Neutral point
clamped
converters

Cascaded
inverters

Modular
multilevel
converters

Flying capacitor
converters

Hybrid
multilevel
converters

Figure 2.1: Types of multilevel converters.

2.2.1 Cascaded H-Bridge converter

A cascaded multilevel inverter is formed from a series connection of H-
bridge submodules. As shown in Figure 2.2(a), the cascaded H-bridge converter is
formed from the series connection of full bridges. Each full bridge is connected to a
dedicated DC source [29]. The output voltage of each submodule can have three
levels: +V;., =V, or 0. The desired output voltage is achieved by the insertion and
bypass of these bridges; thus, the output voltage is built up, as shown in

Figure 2.2(b).
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Figure 2.2: Cascaded H-Bridge converter: a) the structure, b) the waveform of
output voltage [27].

This topology has a number of advantages, such as its ability to control the
zero-sequence component of the current [27], [29]. Moreover, there is no need for
balancing algorithms, as it is supplied from multi-phase secondary winding
transformers [30]. However, it suffers from many drawbacks, such as the following

[31]:

e They usually need a relatively high number of full bridges and isolated DC
sources.
e Itisnot easy to have bi-directional operation of the cascaded inverter because

of the usage of isolated DC sources.
2.2.2 Neutral-point clamped multilevel converters

The neutral-point clamped converter is formed from four switches per arm
instead of two switches in the two-level converters. As shown in Figure 2.3, the
midpoint of the switches is connected to two clamping diodes [32]-[35]. The
operation concept is similar to that of the two-level VSC, however, instead of
generating two voltages, the neutral-point clamped multilevel converter is able to

generate several voltage levels according to the number of capacitors or zero [36].
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Figure 2.3: Structure of neutral-point clamped multilevel converter [27].

This converter offers some advantages, such as the improved quality of
output power, decrease in ratings of the power switches due to the use of the
clamping diodes, and elimination of the need for isolated DC sources (which was a

main drawback in cascaded H-bridge converters) [37]-[40].

However, this topology has some operating limitations, especially when the
DC-link capacitor voltages are not balanced, as this will cause an elevated potential
between the neutral and the ground, causing distortion in the output voltage. It is
also not scalable. Moreover, clamping diodes are stressed with high voltages.
Adding to all of this, the number of components in this converter is relatively high,

which affects its reliability [41].
2.2.3 Flying capacitor multilevel converters

The flying capacitor converter has the same structure as the neutral-point

clamped converter, where the clamping diodes are replaced with capacitors. Further,
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another important difference is that the flying capacitor converter has a modular
structure; this has solved the scalability problem of neutral-point clamped multilevel

converters. As shown in Figure 2.4, every set of two switches connected to a

capacitor forms a module [42].
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Figure 2.4: The structure of flying capacitor multilevel converters [27].

This gives an advantage of having redundant switching states, which helps
in the regulation of capacitor voltages. Moreover, the flying capacitors provide the
converter with energy storage, which helps in the ride-through of faults and voltage

sags [43], [44]. However, this topology suffers from two main drawbacks [45]:

e [t is not possible to have a black start capability, as the capacitors need

to be pre-charged.

e  There is no equal distribution between the IGBT loading.
2.2.4 Hybrid multilevel converters

The idea of hybrid converters has been recently formed to overcome the
limitations and disadvantages of the standard multilevel converters. Although hybrid

converters have many topologies, the basic concept of them is employing a two level
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conversion stage as a phase controller to change the voltage polarity. On the other
hand, the arm links are used to enhance the quality of the output power. This
combination offers a reduced number of components which is translated into lower
footprint. However, they have some limitations and challenges that are due to the
non-standard topologies. One important disadvantage is the complexity of balancing

the voltage of dc link capacitors or sub-module capacitors[46]-[51].

2.3 Modular Multilevel Converters

Although multilevel converters have many topologies that have been
particularly made for DC/AC transmission, the MMC is considered the most suitable
topology for high voltage applications, especially for power transmission and
distribution, as it was particularly made to solve all problems associated with other
topologies. Their advantages include the potential to eliminate harmonic filters with
a sufficient number of voltage levels, DC-link capacitors, and low switching losses

(4], [52].

The MMC consists of submodules connected in series forming a leg in each
phase. The submodule can be a half bridge or a full bridge, and each submodule has
a capacitor that buffers the energy from the DC to the AC side and vice versa; thus,
the DC-link capacitor is not required. A high-speed bypass switch is added to the

output port of the submodule to isolate the submodule in case of a fault.

As shown in Figure 2.5, each phase leg is divided into two arms, the upper
and lower [4], [52]. Each arm has identical numbers of submodules to generate
balanced voltages in the two arms of each phase. Inductors are installed in the arms

to smooth and filter the currents.
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Figure 2.5: Three-phase MMC topology and internal submodule.

2.3.1 MMC modes of operation

To understand the operation of the MMC, it is important to understand the
operation of the submodule. The MMC half-bridge submodule has the four
following operating modes, and the energy is transferred through them [53], [54]:

e Mode 1: S1 is closed; S2 is opened, and the arm has positive polarity. The
current flows into the capacitor charging it, and the submodule capacitor is
in circuit (Figure 2.6(a)).

e Mode 2: S1 is opened; S2 is closed, and the arm has positive polarity. The
submodule capacitor is bypassed, and the current flows towards the next
submodule, keeping the capacitor charge constant and then the submodule is
bypassed (Figure 2.6(b)).

e Mode 3: S1 is closed; S2 is opened, and the arm has negative polarity. The
capacitor starts to discharge and then the submodule is in circuit (Figure
2.6(c)).

e Mode 4: S1 is opened; S2 is closed, and the arm has negative polarity. The
current flows towards the next module, keeping the capacitor charge constant

and then the submodule is bypassed (Figure 2.6(d)).
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Figure.2.6: Different operating modes of MMC submodules.

2.3.2 MMC mathematical model

The converter arms are represented by variable capacitors as shown in
Figure 2.7, which are connected in series with the arm resistance and inductance.
The following has been assumed:
1. The number of submodules per arm is infinite.
2. The switching frequency is infinite.
These assumptions will help in simplifying the analysis and in obtaining insight into
the fundamental behaviour of the circuit, as the output voltage can be considered to

be sinusoidal and to be the ideal voltage balance between the arms.
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Figure 2.7: MMC average circuit diagram.

The arm capacitance insertion is represented with a modulation value m,, for
the upper arm and m; for the lower arm, while m,, is varied from 0 to 1. When
m, = 0, this indicates that all submodules are bypassed, and when m, = 1, this
indicates that all submodules are inserted. The value YN, v.,; is the sum of arm

capacitor voltages [55]-[58]. The arm voltages are given by:
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v, (t) = mu-ZQV:l Vcuir (2.1)
v (t) = mp. B, v (2.2)
The effective arm capacitance is given by:

_ _Csm

_ Csm
Cepr1 = N @’ (2.4)

where Cs,, is the capacitance of one submodule and A is the number of submodules
per arm.
If the arm currents are i,,(t) and i;(t) for the upper and lower arms, respectively, the

governing differential equation is:

dZ?I:1vcui — iu(t) , (25)
dt Ceffu

d¥l vai _ u@®
dt Cefﬂ'

(2.6)

The output ac current i, is given by:

lge = Iy — 0. (2.7)
The current ig;sf is the differential current that flows in the phase leg; this current
receives an equal contribution from the upper and lower arms because it is assumed
that the arm voltages are balanced. In terms of this current, the currents of the upper

and lower arms are expressed by:

ly = lqifr + la?c, (2.8)

il S idiff - l;_c. (29)
Adding (2.5) and (2.6) gives:

fqipp= ", (2.10)

It is important to mention that the differential current does not contribute to the AC
output current. However, it circulates inside the converter, increasing its losses and
affecting its performance [4], [59].

The capacitor voltage dynamics can be expressed for the upper and lower

arms by:
dZ?’zlvcui _ Nmy.iy (2 11)
dt - Csm )
dZ?’:ﬂ’cli — N'ml'il (2 12)

dt Csm
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Applying the Kirchhoff voltage law to the circuit shown in Figure 2.7, the output

AC voltage can be expressed as:

14 : di
Vo = % — Rarmiy — Larm d_: —my Zivzl Veui, (213)
|4 ,
Vy, = — % + Rarmll + Larm ar + m, Zl 1 Vcli. (214)

Subtracting (2.13) from (2.14), the differential of iy;r; can be expressed as:

Aigirf _ Vac—Rarmidiff—mMi Xi=q Veli—Mu Xi=1 Yeui (2.15)
dt 2Lgrm ) )

From (2.13) and (2.14) and substituting for the currents from (2.7) in (2.15), the

differential equations for the phase leg are given by:

_ Rarm Viac
id[ff I 2Larm 2Larm 2Larm ldlff 2Lar.m
d N Nmy, Nmulac
il v = 0 1% + B 2.16
dt lIV 1 Ycui CSM l 1 Ycui ZCSM ( )
Yi=1Veii + Nmy 0 1 1 Veli _ Nmyiqc
Csm 2Csm

As shown in (2.13) and (2.14), the output voltage, e,, does not depend on the
differential current, i4;rs. Moreover, the value of the differential current depends
only on the voltage of the inserted submodules, as given in (2.16). This means that

this current can be decreased without affecting the output power.

2.4 Modulation Techniques of the MMC

The modulation techniques used for MMCs are considered extremely
important since they are responsible for inserting and bypassing submodules, which
means that they control the whole performance of the MMC. Many researchers have
developed various types of switching algorithms for MMCs; however, MMC
modulation techniques can be divided into three main categories: reference signal-
based, carrier-based, and nearest level modulation. The following subsections
illustrate the main idea behind each technique. Then, they show the selected

technique to be used in the modelled MMC, explaining the reasons for this selection.

2.4.1 Space vector modulation

Space vector modulation (SVM) is commonly used in two-level VSCs.
However, some researchers have proposed it for the switching of MMCs due to its

attractive advantages, such as [60], [61] the following:
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1) ability to be implemented digitally,
1) reduction of the total harmonic distortion (THD) of output voltage and
current waveforms,
ii1) optimisation of switching sequences.
Moreover, SVM for two-level VSC is extended to suit the N level MMC [61]. As
shown in Figure 2.8, the possible switching states for an N level MMC is 2V~1,

These states are represented in a 3 x N matrix called Hg,.:

hgy hgy . hgy
Hope = |hp1 hp2 o hpy (2.17)
hey hey oo hey
[0,N-1,0] [N-1,N-1,0]

[0.0N-1] [N-1,0,N-1]
Figure 2.8: Switching plan of space vector for an N level MMC [61].

The reference voltage is generated by multiplying the switching-state matrix, Hg
by the submodule capacitor voltages:

Veefabe = HapeX[Ver  Vez - Ven] (2.18)
Similar to the two-level converters, the reference vector is obtained from the nearest
stationary vectors, which form a triangle, as shown in Figure 2.9. The dwell times

of the stationary vectors are calculated from equations (2.19) and (2.20):

Vieg Ts =Vin tin + Vo ton + Van tan, (2.19)
TS = tl,N + tZ,N + t3,N' (220)
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Figure 2.9: The trianglé of stationary vectors [61].

It is obvious that the implementation process of the SVM technique is very
complex due to the high number of switching states. For example, for a 401-level
MMC, the algorithm needs to select from 5 x 1012°. This makes it not recommended
for many MMC applications, especially those that have a high number of voltage

levels.

2.4.2 Nearest level modulation

The nearest level modulation (NLM) is a simple technique for the direct
switching of submodules based on their capacitor voltages and their closeness to the
reference signal. First, the required number of voltage levels to be included is
determined according to equation (2.21):

Non x = round [N G + Vr;—it))] (2.21)

The number of bypassed modules is calculated from equation (2.22):

nOFFx S N - nONx + 1 (222)

The average value of the capacitor voltages of the inserted submodules will
equal the desired reference of the output voltage, as demonstrated in Figure 2.10

[57], [58].
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Figure 2.10: The NLM technique [45].

The main advantage of this method is its simplicity, as it can be implemented
easily on industrial computers due to the small number of calculations. However,
this switching algorithm suffers from a main drawback, which is its relatively high
harmonic content that makes it unsuitable for MMCs with a low or medium number

of voltage levels [57].

2.4.3 Carrier-based pulse-width modulation

Many carrier-based pulse-width modulation (PWM) based switching
algorithms have been proposed in literature [62], [63]. However, there are two major
techniques that are commonly used for switching MMCs. The first is the level shifted
PWM (LS-PWM). In this technique, each level has a dedicated triangular waveform,
as shown in Figure 2.11. The triangular waveforms are displaced from each other by
a pre-defined time interval. A sinusoidal reference voltage is compared with the

carrier waves to generate the firing signals for the submodules.
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Figure 2.11: The LS-PWM technique.

The second technique is the phase-shifted pulse-width modulation (PS-PWM),
which is one of the well-known carrier-based techniques. As illustrated in Figure
2.12, each submodule has a dedicated triangular carrier waveform with the same
magnitude but with a different phase shift.

Camier wave Camier wave Camer wave for
for a.lh,module 1 for surbmodule 2 submodule n

v
e

Gating pulses for the upper IGBT
of the ﬁ@ sub-module
t

Gating pulses for the lower IGBT
of the first sub-module
t

Figure 2.12: The PS-PWM technique.

The switching signals for a submodule result from comparing its corresponding
carrier wave with the sinusoidal voltage reference signal v,. The phase shift between

each consecutive carrier signals is given by:

6 =-—. (2.23)
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Table 2.1 presents a comparison between the above mentioned techniques
from the point of view of complexity, output power quality and the natural balancing

of capacitor voltages.

Table 2.1: Comparison between different switching algorithms used for MMCs.

Very complex High Good

Simple Low (particularly Bad
for low number of
levels)
Moderate Moderate Worst
Moderate Moderate Acceptable

According to the table, the PS-PWM method is selected to be used in the
MMC model in this thesis due to the numerous advantages, such as the ease of
implementation, the reduced losses due to the reduced switching frequency, and the

stable performance during dynamic changes.

2.5 Design Considerations of MMCs

The following subsections show the design considerations of the MMC and
the selection process of its parameters, particularly the procedure of selecting the
submodule capacitor and arm inductor. It is important to mention that the sizing of

these elements is very important for proper operation of the MMC.

2.5.1 Submodule capacitance

The capacitance is calculated based on the energy variation inside the
capacitor. Assume that the current passes through the capacitor is i. and that the
voltage across it is v,.. Then, the energy variation inside one capacitor during a period

between t; and t, is:

C (VE-v?)

ty . _
ftl Ve i dt = -

(2.24)
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The capacitor voltage change is from V; and V,. Since the MMC is formed from a
series connection of submodules, (2.24) can be applied for the whole arm instead of
one submodule. The energy variation inside the upper arm (since both arms are
identical) is:

Ae, = [ v, i, dt. (2.25)
Ignoring the power losses and the arm inductor voltages and assuming that output
voltage v, has a pure sinusoidal waveform, the voltage of the upper arm given in

(2.26) can be rewritten as:

v, = 22— v, (2.26)

The steady state representation of the output voltage and output current is given by:
v, =V, cos(wt), (2.27)

i, = I, cos(wt — @), (2.28)

where ¥, and I, are the maximum values of the output voltage and output current,
respectively. Since the power losses are ignored, the active output power can be

expressed as:

p = elocos(®) (2.29)

With the aid of (2.25) and (2.29), the energy variation of the arm as a function of the

output active power can be expressed as [64]:

_ P (sin(wt—¢)) _sinQuwt-¢) _ cos(g)sin(wt)

Ae
u w cos(p) 4 2

(2.30)

Assuming that the allowable percentage of ripple is kyippie max> according to
(2.30), the voltage will vary between V; and (1+k;ippie max) V- The cell capacitance
must be chosen such that the maximum value of the energy variation, Ae), pqy. 1S

smaller than this variation as per (2.31) [64]:

NC ch 1+Kripple max 2_1
Ay max < —— ( =2 ) ). (2.31)

After rearranging (2.31), the value of the capacitor, Cs;,, must satisfy the following:

Copy > ——pmax (2.32)

2-
N ch (1+kripple max)
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2.5.2 Arm inductance

As mentioned before, arm inductors play a valuable role in the MMC, as they
are responsible for limiting the differential and transient currents that may develop
during DC faults [65]. They also help in the correction of the total reactance of the
system. Thus, the size of arm inductors should be carefully selected to limit DC fault
currents to a value that is by far lower than the rating of the MMC IGBT switches
[66]. To facilitate the estimation of differential current ripples, the maximum voltage
across the arm is assumed to be equal to the submodule capacitor voltage.

Additionally, the average value for changing the switching states is assumed to be
zT_jv where Ty is the switching cycle of the IGBT. In this case, the peak-to-peak ripples

imposed in the differential current can be calculated according to:

vcTs
4 NLgrm

Each arm inductor is subjected to half of the peak-to-peak ripples. In this case, after
rearranging (2.33), the arm inductor should be selected according to [66]:

VeTs

m (2.34)

L arm

2.6 Chapter Summary

This chapter has presented a detailed review of different types of multilevel
converters used for DC/AC conversion with particular focus on the MMC, including
its structure, operation, and control concepts. Furthermore, it presented the popular
switching algorithms used for the firing of MMC submodules, mentioning the
selected switching algorithm used in the simulation. Then, the design considerations
of the MMC were presented, focusing on the procedure of selecting the size of

submodule capacitors and arm inductors.
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Chapter 3

Review of Capacitor Voltage
Balancing, Fault Detection, and
Fault Tolerant Control Techniques

of Modular Multilevel Converters

3.1 Introduction

This chapter presents a literature review on the main topics of the thesis.
First, a review of the different techniques of capacitor voltage balancing in MMCs
is presented. Then, the MMC submodule faults are investigated, explaining the root
cause of each fault consequence. In addition, the concepts of fault detection and
tolerant control are discussed with a comprehensive investigation of common MMC

fault diagnosis and tolerant control strategies.

3.2 Capacitor Voltage Balancing of MMC Submodules

Having series-connected submodules with unequal floating capacitor
voltages cannot be accepted, as this condition will increase the differential current
and thus, increasing the ripple content in the submodule capacitor voltages which

means that the harmonics inside the DC-link voltage will be increased [19]. Thus,
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capacitor voltages should follow a pre-defined reference signal. Moreover, these
voltages should be balanced to lower the differential current and converter losses
[20]. Many strategies have been proposed in order to balance the voltages of the
submodule capacitors by forcing the capacitor voltages to follow a desired value for
the purpose of reducing ripples in these voltages, eliminating the AC components
that are found in the differential current and enhancing the quality of the output
power [67]. The following subsections show the most popular control strategies that

are used in the industry.

3.2.1 Capacitor voltage balancing based on energy control

In this method, the capacitor voltages are balanced by controlling the total
energy stored in the leg and the differential energy between the upper and lower
arms [68]. As shown in Figure 3.1, the first step in this method is the measurement
of submodule capacitor voltages, and then the energy stored in each arm is calculated

with the aid of these voltages.

Setting the reference
value of energy level
based on the
reference output
voltage

calculating the error
between the
reference and actual
energies

calculation of ener
_ gy N
stored in each arm

Passing the error

Generating Measurement of

through a PID modulation signals submodule voltages

controller

Figure 3.1: Block diagram of capacitor voltage balancing based on energy control.

A reference signal for the desired energy level is received as input to the
controller. This reference is calculated based on the reference value of the output
voltage, v,. By knowing the energy stored in the arms and the reference value of the

energy, the modulating signals (m, and m;) for the upper and lower arms are

28



generated. These modulating signals are then passed through a suitable switching
algorithm to insert or bypass different submodules [68].

The performance of this method is good, as it always succeeds in balancing the
voltages, even in fast dynamic actions; however, it suffers from some drawbacks,
such as a distortion in the output current because of the continuous inserting and
bypassing of submodules [68]. Moreover, this method is complex due to the large
number of calculations and high number of control loops. It also needs continuous
measurements of a large number of signals, such as submodule capacitor voltages

and arm currents.

3.2.2 Capacitor voltage balancing based on distributed control

This method was particularly developed to solve some of the problems
associated with the energy balancing control, particularly the distorted output power
and the complex calculations and control loops [20]. As illustrated in Figure 3.2, the

distributed control technique consists of two main parts.

Averaging Control

Vi o Il’i
. > — i+t i/(f
Wi 1/Lar | [ a1 .
=i J ‘ 2 Switching signal
v J for SM i in arm x
et +
Venz | |+
5
Vv ° ‘ + 1N Vet - W 1 P
Vo M 2N ‘ PI-44 —{PI}
Veus + | 3
2 Carrier wave for
Von v+ ’—‘1mn’w+_ d 1 ;
2 L ‘ P X dfi; SM i in arm x
2 n

Vi 2N

Figure 3.2: Block diagram of capacitor voltage balancing on based distributed
control.

The first is the average control of the submodule capacitors, while the second
is the balancing control. The average control uses a proportional-integral-derivative
(PID) controller to make the average voltage of the whole leg reach the desired
reference voltage, v.. The balancing control has N control loops; each loop utilises

a P controller for each submodule to enable its capacitor voltage to reach the desired
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voltage. Both averaging and balancing control loops need the measurement of the
submodule capacitors. The performance of this method is more attractive compared
to the energy control, as it is very fast in tracking the reference voltages and thus
balancing the voltages, and simultaneously, the distortion in the output power has
significantly enhanced [20]. The main drawback of this method is the high content
of differential current, as it remains at 70% of its original value. Moreover, it is
considered complex when applied to MMC with a high number of voltage levels
since each leg must be equipped by (2N + 1) P/PI control loops [69]. This method

will be explained in detail later, as it is a part of the proposed control.

3.2.3 Capacitor voltage balancing based on reduced switching

frequency modulation

This technique was developed to provide a simple method for balancing the
capacitor voltages instead of depending on complex techniques, as illustrated in the
two previous methods.

In this method, first, the arm current is observed to determine whether it is
charging or discharging the submodules. In the case of charging the capacitors, the
algorithm calculates the number of submodules that need to be inserted on N,
based on the measured capacitor voltages. Then, it calculates the difference between
this number and the old number of submodules that is already inserted (AN,, =
Non = Non,,,)- If the AN, is zero, then the switching is kept as it is and nothing
changes. However, if the AN,,, is greater than zero, the arm current is checked to
determine whether it is charging or recharging the arm capacitors. If the arm current
iarm 18 higher than zero, the algorithm inserts AN,,,, submodules that have the lowest
voltages, while the algorithm bypasses AN,, submodules that have the highest
voltage if the i, is less than zero. Finally, if the AN,,,, is lower than zero and the
arm current i, 1S higher than zero, the algorithm inserts AN,, submodules that
have the highest voltages, while the algorithm bypasses AN,,,, submodules that have
lowest voltages if the iy, 1s less than zero [70]. Figure 3.3 shows the flow chart of

the reduced switching frequency technique.
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Figure 3.3: Block diagram of capacitor voltage balancing based on reduced
switching frequency [70].

It is clear that this method enhances the performance of the MMC since the
converter losses are lowered due to the relatively low switching frequency.
Moreover, there are no complex calculations or sophisticated PID control loops,
which makes it simpler than other techniques. However, the ripples of capacitor
voltages are increased due to the increased voltage bandwidth, which means that the
differential current will be increased. Another drawback is that it still needs the

measurement of each capacitor voltage.

3.2.4 Capacitor voltage balancing based on sorting algorithms

Like the previous method, this method aims to reduce the switching
frequency of the submodule IGBTs through applying a simple sorting algorithm
while considering reducing the ripple content. The algorithm depends on two sorting
structures and a comparator that selects the submodules that need to be inserted. The
first stage of applying the algorithm is the sorting stage. From its name, as shown in
Figure 3.4, the role of this stage is to sort the submodules in a pre-defined order to

be ready for either insertion or disconnection [71].
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Figure 3.4: Block diagram of the conventional sorting algorithm based capacitor
voltage balancing algorithm [71].

nTEq

First, the capacitor voltages are multiplied by the sign of the arm current. The
modified submodule capacitor voltage is given by:

Vexj = (—Sign iy) Vexj (3.1)
where x denotes the location of the arm, whether it is upper or lower, and j is the
number of submodules. The modified capacitor voltages, vg,;, are then sorted in
descending order. The algorithm scans the sorted list of the submodules to prepare
them for activation. Submodules that will be activated are those with an activation
order below or equal to the number of required submodules, 7.

The direct application of this algorithm fails to reduce the switching losses,
as it creates many additional switching states, which increase the switching
frequency. Thus, a modification to this algorithm has to be made to restrict the
number of connected submodules. This restriction is achieved by multiplying the
switching states by a factor, AK, which is varied between 0 and 1, to enable the
sorting algorithm to distinguish between the voltages of the inserted and bypassed
submodules [71].

The block diagram of the modified algorithm is shown in Figure 3.5. In this

case, the sorting stage will see a virtual voltage with a value of:

Vixi = Vexj + AK. Syj. (3.2)
This means that, when submodules are connected, the virtual voltage will be:

Vi = Vexj T AK, (3.3)
while, for bypassed submodules, the virtual voltage will be:

Vi = Vixj- (3.4)
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Figure 3.5: Block diagram of the modified sorting algorithm based capacitor
voltage balancing algorithm [71].

The selection of the AK should be carefully chosen for the necessary
separation gap between the inserted and bypassed capacitor voltages. This method
has a robust performance in terms of balancing the capacitor voltages, reducing the
switching losses, and lowering the ripple content. However, it requires the
measurements of all submodule capacitor voltages and the arm current, which
increases the cost of the strategy. Moreover, applying the submodule restriction

concept adds some complexity to the algorithm.

All capacitor voltage balancing techniques discussed in this chapter have a
common drawback, which is their need for capacitor voltage measurements. These
measurements not only add a large number of sensors but also require a high number
of communication channels to transmit these signals. This has prompted the author
to develop a new capacitor voltage balancing technique (presented in Chapter 4) that

does not depend on the measurement of submodule capacitor voltages.

3.3 The MMC Submodule Faults

According to the literature, there are different types of submodule faults that
can strike MMCs and affect their operation [26]. Since MMCs are used in important
applications and are a big investment, it is extremely important to detect these faults
very quickly to protect the whole system from sudden failures. For this particular
purpose, the submodule faults are investigated in the following subsections.
Moreover, popular fault detection techniques are discussed to discover the
advantages and disadvantages of each method and to highlight what is needed in the

process of fault detection of MMCs.
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3.3.1 Faults in power electronic devices

The IGBT operation is always linked to the presence of freewheeling diodes.
This is simply because the IGBT cannot function correctly without having a
freewheeling diode dissipating the excess power due to the IGBT turn-off action.
All of faults inside the power electronic device faults always depend on the
semiconductor physics. Power electronic device faults are either open circuit faults

or short circuit faults.

Table 3.1 shows the main causes of each fault type and their corresponding

consequences [72]-[74].

Table 3.1: Faults in submodule IGBTs.

Bond wire rupture 1) Pulsating current
Gate driver failure 2) Distortion in output current
and voltage
High voltage breakdown Overheating in a few cells at

Static/ dynamic latchup (a  first, spreading to other cells
low impedance path between and leading to complete failure
the two regions)
Energy shocks

In case of having an open circuit fault in the upper submodule switch, the
negative capacitor current is blocked. As a result, the only path for this current is the

lower freewheeling diode.

The same case occurs for the lower switch of the submodule, but the
capacitor current is positive. Table 3.2 illustrates the behaviour of arm currents and

submodule voltages in case an open circuit fault.
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Table 3.2: Relationship between submodule output voltage and arm currents during
open circuit faults.

Upper switch Lower switch

Normal
open circuit  open circuit
operation
fault fault
Ve Ve Ve
A 0 A
0 0 |78
0 0 0

Regarding switch short circuit faults, the behaviour is different, as the output
voltage will equal the capacitor voltage when the upper switch is short circuited.
When the short circuit is applied to the lower switch, the submodule output voltage
is equal to zero. Table 3.3 describes the relationship between the arm current and

submodule output voltage during switch short circuit faults.

Table 3.3: Relationship between submodule output voltage and arm currents during
short circuit faults.

Normal Upper switch Lower switch

operation  open circuit  open circuit
fault fault
0

ESIIENS
ESIIENS

0
A 0
0

S o
NS

It is important to mention that in case of open circuit faults, there is no threat
on the safety of the converter or the whole system since the consequences are related
to the power quality so there is no real need to shut off the converter. On the other
hand, if the submodule is subjected to a short circuit fault in the power electronic

device, it is a must to disconnect the submodule immediately [26].
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3.3.2 Faults in submodule capacitors

The submodule capacitor plays an essential role in the operation of the
MMC; however, it may suffer from a lot of problems that can severely affect their
operation, such as sensitivity to temperature and frequency. One of the most critical
problems is the wear-out degradation failure. The main consequence of this failure
is the increased equivalent series resistance (ESR). This ESR increase affects the
rate of charge and discharge and then the whole operation of the capacitor [75]-[77].
In addition to the wear-out failure, the submodule capacitor may be exposed to open

circuit and short circuit failures, as shown in Table 3.4.

Table 3.4: Faults in submodule capacitors.

Leakage of electrolyte 1) Increase in the capacitor voltage,

dielectric material current, and temperature.

Loose connections of

terminals 2) Mechanical vibration
- Dielectric breakdown Increase in the capacitor voltage,

current, and temperature
Change in the electrolytic  Increase in the capacitor voltage,
capacitor structure and current, and temperature

capacitance value

The capacitor short circuit fault is the only fault type that needs the converter to be
shut off, while, in all other fault types, it is not required to shut off the converter
[75]. The detection of capacitor faults is not considered in this thesis, as it is a

different topic that depends on the monitoring of the capacitor life time.

3.4 The Concept of Fault Detection

The electric fault is defined by any failure associated with a device or with
components inside the electric system [78], [79]. The fault detection scheme is
responsible for continuous monitoring of the system for the purpose of detecting
different types of faults, locating the fault, and diagnosing the cause of the fault. As

per Figure 3.6, fault detection strategies can be divided into two main types.
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Figure 3.6: Types of fault detection techniques.

The first is the hardware-based fault detection and the second is the software-

based fault detection.
3.4.1 Hardware-based fault detection

Hardware-based fault detection strategies depend on adding extra sensors or
special power circuits that are dedicated to monitoring the whole system. They can
easily detect the fault by comparing the measured signals with pre-defined
thresholds. When the measured signals exceed these thresholds, the fault detection
unit (FDU) considers this a fault incident; thus, this fault can be easily located [23],
[26]. Hardware-based FDUs are commonly used in many applications, and they are
famous for their accuracy. However, they have some disadvantages that can be

summarised in the following points:

¢ Adding extra system components for the system will increase the cost.
e The system will be more complicated, and more space will be consumed.
e The increased number of components will reduce the reliability of the

entire system.

3.4.2 Software-based fault detection

The software-based FDUs depend on figuring out the different states of the
system through the estimate of these states, comparing it with their corresponding
actual states [80], [81]. The system states can be identified from the mathematical
model of the system. In this case, the FDU will be a model-based unit or can be
obtained from the analysis of historical fault data, in which case, the FDU will be

knowledge based [80].
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Regarding the model-based fault detection strategies, the first step in the
design of such techniques is building the mathematical model of the system that
needs to be protected. Then, there are two main directions. The first is to utilise an
observer and compare actual measured signals with their corresponding observed
signals. A fault is detected when a large error between the actual signals and their
observation is created. The second route is estimating some signals and comparing
them with the actual signals. If there is an inconsistency between the estimation and
the actual signals, this is considered to be a fault event [81]. These methods are very
attractive for researchers since they are accurate and do not need any extra sensors
or additional circuits. However, there is a real challenge in these methods, which is
the guarantee of the accuracy of the estimation or observation methods to achieve

the selectivity of the FDU and at the same time prevent false fault detection.

Regarding the knowledge-based methods, these methods are attractive in
very limited cases where there is a real difficulty in emphasising the mathematical
model of the system. Thus, the FDU is designed based on historical fault data, and
then a suitable artificial intelligent technique is trained using this data to be able to
detect similar faults in the future [26], [82], [83]. The main problems associated with

the knowledge-based methods are:

e They require a large number of training points, which consume a lot of
effort.
e Their accuracy is not guaranteed if some of the system inputs are

changed.

3.5 Fault Detection Techniques in MMCs

There has not been much research conducted in the area of fault detection in
MMCs. Most of the proposed methods in literature are classified as hardware
techniques. The following subsections present the popular fault detection methods

proposed in the past.

38



3.5.1 IGBT fault detection using the rate of change of the

collector current

This method is a hardware-based technique that is dedicated to detecting

faults inside IGBTs. It depends on measuring the rate of change of the collector
current Z—i: using the circuit shown in Figure 3.7. This value is compared with a pre-

defined threshold, and if it exceeds this threshold, the FDU sends a signal indicating
a fault incident [84].

v:: :
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Figure 3.7: The Z—i: measuring circuit [84].

This method is very accurate, as each IGBT has its own monitoring circuit.
However, the cost of this method is extremely high since each IGBT has a
sophisticated monitoring circuit [84]. Moreover, it is not capable of differentiating

between open circuit and short circuit faults.
3.5.2 IGBT fault detection using the behaviour of the gate voltage

This method is also a hardware-based technique that depends on the charge
rate of the gate voltage. As shown in Figure 3.8, the energy of the gate voltage is
determined based on the value of the gate voltage and on monitoring the turn-on
period. The calculated value of the energy is compared with different thresholds to

classify whether the IGBT is healthy or in a fault condition [85].
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Figure 3.8: Gate voltage-based fault detection circuit [85].

The important advantage of this method over the previously mentioned
method is its ability to differentiate between open circuit and short circuit faults, as
each fault has its dedicated threshold. However, this method still increases the cost
of the FDU because of the need to have a dedicated measured signal for each IGBT
[85]. Moreover, the fault detection circuit is very complex, and it is difficult to be

integrated inside the IGBT.

3.53 Submodule fault detection using the measurements of

submodule output voltage

All abovementioned fault detection techniques suffer from a common
disadvantage, which is the complexity of the hardware circuit. This method, which
is classified as a hardware method, was designed to eliminate this drawback through
the implementation of a simple hardware circuit. The fault detection technique
depends on a new measurement location. Instead of measuring the capacitor voltage,
this fault detection strategy depends on the measurement of submodule output
voltage [86]. Additionally, to avoid adding extra measurements, the submodule
capacitor voltage is derived from the submodule output voltage, as demonstrated in

Figure 3.9.
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The capacitor voltage can be estimated by checking whether the state of the
submodule is inserted or bypassed. If the submodule is inserted, then the capacitor
voltage is equal to the submodule output voltage. However, if the cell is bypassed,

the capacitor voltage will remain as it is.
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Figure 3.9: Block diagram of the submodule output voltage and derivation of
capacitor voltage [86].

As shown in Figure 3.10, the fault detection strategy depends on the
continuous comparison between the submodule output voltage, V,,,, and V,,,;,,, which
is a value lower than all other capacitor voltages. The output of this comparison and
the submodule switching signal are passed through an exclusive disjunction or
‘exclusive or’ (XOR). In normal operation, the submodule output voltage, V,,,,
should have 0 V, providing that the submodule is bypassed, and in this case, the
output of the XOR should be low.

If
I"’nrr: 2 Vmén
Then B
Vom=>  Out=1 N .y If
o ne Delay —1
Else Xpn-1 Xn Dot ]]TF!L" 3
Qui=0 XOR o [P E Y I B —[: Product | Then,
Xn-3 Xn-2 Cell 1s
Faulty
£ =9 Delay —p

Figure 3.10: Flowchart of submodule output voltage-based fault detection [86].
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While in the case of a fault, the output of the XOR will be high, as the voltage
across the lower IGBT will no longer remain zero. Thus, the fault condition can be
easily detected. This method has many advantages; it can detect both open circuit
and short circuit faults and is very sensitive and fast. Nonetheless, it suffers from

many drawbacks, which can be summarised in the following points [86]:

e This method needs the continuous measurement of submodule output voltage
instead of capacitor voltage, which is not standard and requires extra
measurement circuits.

e The capacitor voltages, which are mandatory for the control of the MMC,
are derived from the submodule output voltage; this is not accurate and can
form a threat for the MMC operation.

e The high sensitivity of this method can lead to malfunction since the decision

is based on one factor, which is the submodule output voltage.
3.5.4 IGBT fault detection using artificial neural networks

This method is a knowledge-based software technique, which depends on the
historical data of the MMC output voltage and current because they can be affected
if any IGBT has either an open circuit or short circuit. If one of the IGBTs has an
open circuit fault, the output voltage of the MMC is then distorted and decreased by
a considerable value. On the other hand, if any IGBT has a short circuit fault, then
the output current is increased by about 1.5 its normal value. As shown in Figure
3.11, an artificial neural network (ANN) is trained with the aid of an output voltage
and output current histogram through which its elements have been captured in many

normal and abnormal operating conditions [26], [82].

This technique also can provide the control system with the fault location as
well. Although this method is a software-based method and does not need any extra
physical components, it suffers from some critical disadvantages as mentioned
before, such as the accuracy is not guaranteed if the voltage and current levels are
changed due to a change in the application. Moreover, the training of the ANN

consumes a lot of effort and does not cover all cases [82].
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Figure 3.11: The block diagram of the ANN IGBT fault detection method [26)].
3.5.5 Submodule fault detection using sliding mode observation

This method is classified as model-based software technique; it fully depends
on observing the arm currents and capacitor voltages of the MMC. As shown in
Figure 3.12, it has two operation modes. The first mode is the monitoring mode; in

this mode the arm currents are observed using the sliding mode observer (SMO).

n=n+1
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[
[
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[

Assume the faulty switchis 7 7.
and modify the SMO Equation +

accordingly

Initjal the observed state
- . A

I

-7 V.=V,
' LR R Change
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Faulty IGBT is
submodulef T, Detection Mode

Figure 3.12: Flowchart of the SMO submodule fault detection technique [78].
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If there is an error between any arm current and its observed state, then this
arm is considered to have a fault, and the algorithm starts the second mode, which
i1s the detection mode. In the detection mode, all of the arm submodules are
exchanged with redundant submodules one by one. Then, the voltage of each
submodule and the arm current are observed. If the observed capacitor voltage and
arm current start to follow their actual value after replacing the submodule with a

redundant one, then this submodule is considered to be faulty [78].

This method is considered to be very accurate and has a very robust
performance compared to other techniques. However, it has some disadvantages that

are summarised in the following points [78]:

e This method requires the measurement of each capacitor voltage,
which requires a large number of voltage transducers and a
sophisticated communication network to transmit their signals, which
not only increases the cost but also complicates the whole control
system.

e It requires the incorporation of redundant submodules, which will be
used if and only if there is a fault; this also adds extra cost to the
system.

e The process time of the algorithm is not small since it scans the
observed signals of all arm currents and capacitor voltages. Moreover,
exchanging the fault arm submodules with redundant submodules one
by one consumes a lot of time because some MMCs can have about
400 submodules per arm. This makes it impossible to detect short
circuit faults since the required detection time should be less than a few

milliseconds.

Table 3.5 shows a comparison of all fault detection techniques presented in
this chapter. It is clear that hardware techniques have higher accuracy than software-

based techniques; however, their costs are much higher.
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Table 3.5: Comparison between common MMC fault detection techniques proposed
in literature.

Hardware High High High
Hardware High High High

Software Moderate  Moderate Moderate

Software Low High Low

Software Moderate High High

This has motivated the author to implement a new method for fault detection
that does not need hardware circuits and simultaneously improves accuracy when

compared with other software strategies.
3.6 The Concept of Fault Tolerant Control

The FTC system is the system that is able to perform its desired control
functions at a high level of stability and security during the occurrence of a certain
fault. The FTC systems are gaining the interest of many researchers in different
research fields because of their ability to enhance the overall reliability of systems.

The FTC systems are classified into two main types: passive and active [87]—[89].
3.6.1 Active fault tolerant control

As shown in Figure 3.13, active FTC systems receive continuous fault status
from the FDU. Then, at the fault condition, it reconfigures the control system to a
new system, which isolates the faulty part of the system and maintains the stability
of the plant. It is important to mention that the redesign process of the system is
performed online, which normally may allow some changes to the desired control

functions or degradation in the performance [90], [91].

The main disadvantage of active FTC techniques is their slow response due

to the time consumed on the fault detection and controller redesign. However, the
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Figure 3.13: Structure of active FTC.

main advantage of these techniques is their ability to detect a wide range of

faults [91].

3.6.2 Passive fault tolerant control

In passive FTC, the controller is designed in the offline mode and then it
operates with fixed behaviour during normal and abnormal conditions. Therefore, it
should be designed such that it can tolerate the faults [92], [93]. The main advantages

of passive FTC techniques can be summarised in the following points:

e There is no need for the fault detection process, as the system is working
with the same parameters during normal as well as fault conditions.
e Their response is very fast due to the elimination of FDU and the control

redesign processes.

However, it is very difficult for one passive FTC system to detect different types of

faults since they are designed in the offline mode [94].

3.7 Fault Tolerant Control of MMCs

As mentioned in the previous subsections, the MMC is very weak to certain
types of faults. At the same time, MMCs should work at a high level of reliability,
as they usually work in critical applications that do not have the luxury of losing the
power transfer. Based on this, it is highly recommended to provide the control of the

MMC with fault tolerance capability to enable the MMC able to deliver the desired
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power during faulty conditions without the need to block the converter [26], [95].
The following subsections investigate popular methods used for tolerating the fault

in MMCs.

3.7.1 Fault tolerant control using redundant submodules

Regarding tolerating the fault using redundant submodules, the idea depends
on disconnecting the faulty submodule and inserting a new redundant submodule

without the disconnection of the MMC, as shown in Figure 3.14 [26], [95], [96].

—>{ Submodule |———
| Submodule I—

\

¥

Submodule

Interface

F 3
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Control system
v

[ Submodule

MMC

Switch *————

Spare
Submodule

Figure 3.14: Structure of MMC with redundant submodules [26].

The process of insertion of the redundant submodules is done using a strict
control. At each trigger time, the control system identifies the state of each
submodule with the aid of a suitable fault detection algorithm. If any submodule is
subjected to high switching commutations or a fault, the control system bypasses the
faulty submodule and replaces it with a redundant submodule, as shown in Figure

3.15 [96].
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Figure 3.15: Block diagram of fault tolerant control with redundant submodules
[96].
The concept of redundancy will improve the fault tolerance, providing
maximum safety to MMCs. However, from an economic point of view, the
redundancy increases the cost of the MMC, as it adds extra components that are not

used during normal operation [96]. Adding to this, the circuit structure and the

control system will be more complex.

3.7.2 Fault tolerant control using redundant IGBTs

In this method, the fault tolerance concept is achieved by adding two
redundant IGBTs to each submodule and a high-speed AC switch, as shown in
Figure 3.16. This means that, for half-bridge submodules, the number of switching
devices will be increase from 2 to 4, while the number of switching devices will be
increased from 4 to 6 in full-bridge submodules [95]. Figure 3.17 illustrates the way
faults are tolerated using the manipulation of firing signals between faulty and

redundant submodules.
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Figure 3.16: The circuit diagram of MMC submodule with IGBT redundancy for:
a) half bridge, b) full bridge.
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Figure 3.17: Tolerating the faults using redundant IGBTs [95].

If the IGBT S1 suffers from an open circuit fault, the firing of S1 and S2 is
transferred to S3 and S4, and this guarantees the continuity of the power flow.
However, if the IGBT S1 is suffering from a short circuit fault, a different switching
sequence should be followed since the anti-parallel diode of S1 will provide a
permanent current path. In this case, the high-speed switch that connects the S2 with
S4 is closed to prevent the leakage of current to the DC source through S1. Then,
the switching is applied to S3 and S4.

It is obvious that the research conducted concerning FTC of MMCs is not
enough, especially as most of the methods proposed in the literature depend on using
redundant submodules. This has motivated the author to propose a new FTC
technique that depends on sorting algorithms instead of using redundant

components, as presented in Chapter 6.

3.8 Chapter Summary

This chapter presented several capacitor voltage balancing techniques that
were proposed in literature, showing the main differences between them and the
proposed capacitor voltage balancing technique presented in Chapter 4. In addition,
different MMC faults have been mapped, showing the consequences of each fault

type. Finally, popular fault detection and tolerant control techniques have been also
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investigated to show what has motivated the researched to implement the proposed

fault detection and tolerant control techniques presented in Chapters 5 and 6.
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Chapter 4

Proposed Capacitor Voltage
Balancing Technique Based on
Capacitor Voltage Estimation

Algorithms

4.1 Introduction

As mentioned in Chapter 3, the process of capacitor voltage balancing is
mandatory for a stable operation of the MMC. If these voltages are left without
control, the difference between them will lead to increasing the converter differential
current, which means that the converter losses will be higher. In addition, the
differential current affects the quality of the output current because of the
superimposed harmonics. This chapter presents a new capacitor voltage balancing
technique with a reduced number of sensors. The developed technique is based on
capacitor voltage estimation. For this purpose, two adaptive capacitor voltage
estimation techniques are developed. The first is based on the ADALINE algorithm,
while the other is based on the RLS algorithm. The performance of the two
techniques is compared to determine which gives better results in terms of speed of
convergence and accuracy. Then, the description of control loops that are
incorporated into the proposed balancing strategy are explained. Moreover, the
design considerations of these control loops, including the selection of PID gains for

each loop is conducted. Finally, simulation results for different case studies are
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presented to show the performance of the proposed capacitor voltage balancing

technique and compare it with the classical balancing strategy.

4.2 Proposed Technique of Capacitor Voltage Balancing

It can be concluded from subsection 3.2 that most of the capacitor voltage
techniques proposed in the literature require the continuous measurement of
capacitor voltages. This simply means that if an industrial MMC has 401 levels, the
manufacturer must equip its submodules with 800 voltage sensors for each phase,
keeping in mind that the acquisition of these sensors will need corresponding
communication channels. This motivated the researcher to develop a new technique
for balancing voltages of submodule capacitors without the need for measuring
actual capacitor voltages, while getting a better performance by increasing the power
quality of the MMC output power. The proposed algorithm depends on estimating
submodule capacitor voltages instead of direct measurements. It consists of three

main stages:

o capacitor voltage estimation,
o averaging control, and
o balancing control for capacitor voltages.

4.2.1 The capacitor voltage estimation technique

The capacitor voltage estimation is considered an extremely important step
of the proposed control strategy. Although the capacitor voltage estimation
eliminates the use of direct measurements, it is a must to maintain the estimation
accuracy to avoid wrong control actions. Different algorithms have been developed
in the past for the purpose of tracking dynamically changing signals. Sliding mode
observer is one of the oldest methods that had been used to achieve this goal which
is considered to be a basic technique supported by the fundamental control theory.
In this technique, the procedure of the sliding mode observation starts with designing
the intersection of the sliding mode surfaces. Then, the observer gain is determined
to drive the estimation error trajectories and maintaining them on the sliding
surfaces. The sliding mode observers have a lot of advantages such as: being well

established and known technique, their mathematics are built according to the
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mathematical model of the system and they are very robust as they do not get
affected from system uncertainties and external noises. However, they suffer from
critical disadvantages such as: the huge number of calculations (especially for
systems with high number of states) and the estimated signals contains a variable
steady-state errors[78], [97], [98].

Kalman filter is another technique which is very common in tracking the
dynamically changing signals which particularly have multi-input and multi-output
systems. Since it is a recursive method, it uses the state space model to get the best
estimation of the tracked signal. The error of the estimation is minimized based on
different criterions so the convergence stage is reached. Although the Kalman filter
have high level of accuracy and the ability estimate invariant dynamic modes, it
suffers from many drawbacks [98], [99] such as:

o It is severely affected by external noise and uncertainty of the
parameters.

o Itis very complex and requires huge number of calculations.

e [Itis very difficult to achieve real time operation when the system has
higher orders such as 4 or 5.

For this particular purpose, the author proposed two capacitor voltage
estimation techniques which have better performance when compared to other
methods presented in literature. The first is achieved using the ADALINE algorithm,
while the second algorithm uses the RLS algorithm.

4.2.1.1 Capacitor voltage estimation using ADALINE technique

The ADALINE technique is known for being a very efficient and quick
online tracking technique for tracking dynamically changing voltage signals. It is
utilised in many applications because of its robust performance, low calculation
burden, and accurate results [100], [101]. The ADALINE algorithm is formed by
simple calculations that do not consume large computing time, which is very
important in the application of capacitor voltage estimation. To estimate capacitors
voltages, the MMC governing equations given by (2.13) and (2.14) are rearranged

and rewritten in the vector form as follows:

vcu _est

Vcu2_est
> Vo — Vpy = [Sul Suz SuN] .

, 4.1)

vcuN_est
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where Sy is the switching state for the i submodule, v, = Lgrm ﬁ, and

di;
U = Larm E

The ADALINE algorithm produces a linear combination of its input vector
X (k), which represents the switching-state vector [Sy; Sxz - Sen]” at time £,
where the suffix 7 refers to the transpose operation. In this technique, the input
vector is multiplied by the weight vector W (k), which resembles the estimated
capacitors voltages given in (4.1) and (4.2) to produce the predicted linear output
= XTW (k). The next step is updating the weight vector using the Widro-Hoff
delta rule given by [102]:

_ X)W (K)=9 (k)
Wk +1) = W(k) + a= 5=, (4.3)

where «a is the reduction factor and y is the actual output, which is given as:

y(k) = 22— v, — vy, (4.4)

y(k) = "+ v, — vy (4.5)
When the difference between the measured signal y(k) and the estimated signal
y(k) converges to zero, the ADALINE algorithm decomposes the signal and
estimates capacitor voltages. Figure 4.1 presents a detailed flowchart for the
ADALINE algorithm. It is observed that increasing the reduction factor « increases
the convergence speed due to losing the stability, as the prediction error may increase
dramatically. This observation is a common behaviour of the Widrow-Hoff delta
rule for all the study cases. A practical value for the reduction factor a is 0.002 for
this application. This value is determined based on minimising the error to guarantee
system stability [103]. It is worth mentioning that the proposed capacitor voltage
estimation unit is based on three voltage sensors per phase to measure the voltage

across the arm reactors and the output phase voltage.
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Figure 4.1: Flow chart of capacitor voltage estimation using ADALINE technique.

This action enables the implementation of a low-cost centralised controller for the
MMC with a large number of submodules since the voltage measurement of

submodules and their associated communication links are eliminated.

4.2.1.2 The capacitor voltage estimation using RLS technique

The RLS technique is a modified method of the least squares solution, which
is reformulated into an iterative solution [104]. One of the main advantages of using

the RLS as an estimation technique is the reduced dependency on historical

measurements from previous iterations.

The fundamental RLS algorithm is formed by two basic equations. The first

equation, given in (4.6), is to update the estimate vector 8(k) of the submodule
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capacitor voltages, while the second equation is used to update the weighting matrix

P(k) as shown in (4.7).

O(k) = 0(k— 1) + P()OR)|y(k) — ¢p(k)T(k — 1)), (4.6)
1 P(k-1)p(k)p(k)TP(k-1)
P(k) = 5 [P(k -D- +p(OTPk-Dpk) I’ (4.7)

where ¢ (k) is the connection vector that represents the switching-state vector
[Sx1, Sx2, -, Sen]T at time &, and A is the forgetting factor that controls the
speed of updating the weight matrix in (4.7). The result of multiplying ¢ (k)T by
6(k — 1) gives the predicted output, § [105]. As shown in Figure 4.2, the predicted
signal is subtracted from the measured signal, and the error is used to update the
estimated vector. When the estimation error approaches zero, convergence is

reached, and the estimated submodule capacitor voltages are calculated.

Start

Set forgetting
factor 7.

Set initial conditions
P(0) & 8(0)

Calculate the
predicted linear
output ¥ (k) at time
;‘—

Update the weighting
factors according to
equ. (4.6)

Decompose the
signal and extract
the estimated
capacitor voltages

End

Figure 4.2: Flow chart of capacitor voltage estimation using RLS technique.
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It is clear that the calculation burden of the RLS is slightly higher than the
ADALINE; however, the RLS is characterised by its fast and accurate dynamic
response. Figure 4.3 illustrates the general block diagram of the capacitor voltage

estimation and the process of updating the capacitor voltages.

=g

Updating upper
capacitor voltages

+ - using estimation
Viu algorithm
1
) Vie Vo
+
=V
=g

algorithm

Updating lower

capacitor voltages e

using estimation | X = Veiv s
SJ’N

Figure 4.3: Block diagram of capacitor voltage estimation unit.

A test is run to compare between the dynamic performance of ADALINE
and the RLS techniques for the estimation of capacitor voltages of the MMC. Figure
4.4 illustrates that the RLS algorithm offers a faster dynamic response and more
accurate performance than that of the ADALINE algorithm for estimating the time-
varying capacitor voltage signal. Therefore, the RLS algorithm is used to provide

the estimated capacitor voltages for the proposed control strategy of the MMC.
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Figure 4.4: Comparison between the RLS and ADALINE performances. a) actual
capacitor voltages versus RLS and ADALINE estimated signals, b) percentage error
between actual voltage and RLS estimation, c) percentage error between actual
voltage and ADALINE estimation.

4.2.2 The averaging control

The averaging control is responsible for controlling the average voltage
across the complete leg. This controller is formed from two cascaded loops, as

shown in Figure 4.5 [106].

vmi est
View? est + \
. \ /
. +
.
.
VeuN est Vg s
N N =/ : + :
Vell est N A e Nfﬂ’ 4 \ " A\ “Vavg
] s ‘ 7 vm’g + If,liﬁ‘ <
Ve Vv
Vc/'_‘ est 7 ¢
° = J
. o
e . -
. i + Lag [
] 1 ) = 3
VeI est - :::I- =
I

Figure 4.5: Block diagram of the averaging controller.
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The first loop is the voltage control loop where the estimated average
voltage, Dgpg = (X Vew,,, + X Vei,,, )/ 2N, is subtracted from the reference capacitor
voltage, v, and the resultant error is processed through a PI controller to generate
the reference signal for the differential current, i; ;. Another PI controller is utilised

in the inner loop to regulate the differential current, calculated from (2.10), at its

reference signal. The action of the inner loop controller is the average voltage signal,

*
Vavg-

To determine the value of the gains for the inner and outer loops PI controllers, the
mathematical representation of each loop should be introduced using Laplace
transforms. Regarding the inner loop which controllers the differential current, the
loop gain is given by:

I(s) = S8 (4.8)

Is+1ry

This means that the loop has a pole at s = _Tr“, this pole reduces the magnitude and

the phase of the loop gain at low frequencies. To cancel the effect of this pole, the

PI controller is added to place a zero. This modifies K;(s) to be:
k;
Ki(s) = kp, + Tl (4.9)

Where ky,, and k;; are the proportional and integral gains respectively which should

be as follows:
ky = - (4.10)
ki =2 (4.11)
Where 7 is the time constant, based on this the loop gain is changed to:
I(s) = — 4.12
s) =~ =) (4.12)
The transfer function of the inner loop is given by:

Gi(s) = 4L = L (4.13)

ll*iiff 7(s)+1

To enable the controller from functioning with fast response, the T should be by far
lower than the switching frequency which is 2 kHz. The 7 is selected to be 4 ms

which is 1% from the value of the switching frequency. By substituting in (4.12) and
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(4.13), the values of kj,; and kjare 0.5 and 37.5 respectively. Figure. 4.6
demonstrates the bode plot for the inner loop transfer function with the selected PI

gains showing a stable performance with fast response.
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Figure 4.6: The bode plot of the inner loop of the averaging controller.

Moving to the outer loop which controls the average voltage across the whole leg,
the steady state error is eliminated by adding the PI controller with the following

gain:
Ky(s) = kyp + 72 (4.14)

As shown in (4.14), the transfer function of the inner loop has a bandwidth which is
by far higher than the bandwidth of the outer loop. Based on this fact, the gain of the
inner loop is assumed to be 1 for the purpose of simplifying the calculations. As a

result, the outer loop gain is given by:

kp2$+ kiz

L(s) = (4.15)

2 Csm s2

From (4.16), the transfer function of the outer loop can be expressed as a second

order differential equation as follows:

G (S) _ Vavg __ kpas+ kiz
v Vavg 2 CsmsZ+kpys+ki,

(4.16)
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Using MATLAB software, this equation is solved for ¢ equals 0.7 for a better

dynamic response. The gains of the PI dedicated for the outer loop is calculated as

follows:
kp, =4 Csm¢ w, (4.17)
ki =2Csmé& w,? (4.18)

The natural frequency w, is kept very low compared to the frequency of the MMC
AC voltage output. The k,, and the k;, are 1.5 and 150 respectively. Figure 4.7

shows the bode diagram of the outer loop.
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Figure 4.7: The bode plot of the outer loop of the averaging controller.

4.2.3 Balancing control

The balancing control, presented in Figure 4.8, is a centralised control system
that generates reference signals to balance the voltage across the submodules
capacitors based on the estimated voltages from the ADALINE processing unit.
First, the controller subtracts the estimated capacitor voltage of each submodule
from the reference capacitor voltage, v;. The resulting errors are passed to simple
proportional (P) controllers. The outputs from the P-controllers are multiplied by the

sign of their corresponding arm current to form reference signals for balancing the
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voltage across capacitors (Veur bals - - -, VeuN bals Vell_bals - --» VeIN bal)- Finally, to form the
modulating signal for a submodule, the balancing control signal for this submodule,
the average voltage command, vgy,4, and the reference phase voltage, v,, are added.
The PS-PWM technique is utilised to generate the switching signals for the
submodules of the MMC [107]. As shown in this subsection, the proposed scheme
eliminates the need for massive numbers of voltage sensors for the submodule
capacitors and their associated communication systems with the central controllers.
Consequently, the proposed strategy has succeeded in substantially decreasing the
cost of implementation at a very good operating performance rendered in its

application for an MMC system with a large number of submodules.

vct * &
m \]E \JY‘ vuf bal t("\ \JE \]7‘ vH bal
S{ L \7J f LI |_rl
vcui est | vdf est ]
m \]F \JT V‘uZ bal t("\\ \JF \]7‘ vf2 bal
At gL | f L ’Lrl
vcuZ est || VCE2 est L
L] *
L] [ ]
: * : £
m \]E \JY‘ Vw\f bal t /"\ \JE \]7‘ vIN bal
i J L i 2 L
vcuN est + z VCEN est ] z
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Figure 4.8: Block diagram of the balancing controller.

Following the same design concept introduced in the previous subsection,

the gain of the balancing controller k,, j, is selected to be 0.35.

4.3 MMC Simulation Models

Two simulation models have been developed for the validation of all

proposed techniques in the thesis. The first model demonstrates a DC voltage source

connected to a three-phase load through a detailed five-level MMC. The second model

demonstrates two wind farms connected to the grid through a HVDC link based on two

MMCs with 77 voltage levels. The average model of the MMC is considered.
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4.3.1 MMC Model 1

The first model considers a detailed simulation of a five-level MMC. Each
submodule in the MMC is formed from two IGBTs and a capacitor. As shown in Figure
4.9, the MMC connects a DC voltage source to a three-phase load, which means that

the MMC permanently acts as an inverter. The rated power of the MMC is selected to

be 1 MW, while the rated DC voltage is 9,000 V.

Three phase MMC

s
/”/_

: S 5

SM

-

L
< Feiuii

Three phase
load

Figure 4.9: The circuit diagram of the first MMC model.

To calculate the size of the capacitor, first the arm energy variation must be
plotted according to (2.30), assuming that the power factor is 0.8. Figure 4.10 illustrates
the energy variation across the arm. The maximum energy stored in the arm is 3.855 kJ.

If the maximum allowable ripples for the capacitor voltage kyippie max are 10% and for

the arm current Aigy; ¢ are 20%, the value of the submodule capacitor Cgy, is chosen to
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M |
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—

be 1900 pF to fit the criteria presented in (2.32).
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Figure 4.10: The arm energy variation of the MMC simulated in the first model.
Table 4.1: Summary of the MMC parameters of the first model.

1 MW
2,250 V
9,000 V
3.3 mH
1900 uF

8
2 kHz
30 Q, 10 mH

The PS-PWM modulation technique is utilised for the switching of the
MMC submodules. The frequency of carrier signals f. is 2 kHz, which means that
the switching cycle of the IGBT Ty is 0.5 ms. Thus, the arm inductor L., is selected
to have a value of 3.3 mH to fit the rule presented in (2.34). Table 4.1 summarises

the parameters of the simulated MMC.

4.3.2 MMC Model 2

Unlike the detailed model presented in the previous subsection, the average
model of a 77-level MMC is considered to facilitate the calculations because of the
relatively high number of submodules. The average model used in the simulation
depends on converting the detailed model of the submodule to its Thevenin

equivalent [57].

As shown in Figure 4.11, the model contains two wind farms, where each
has a rating of 500 MW. The first wind farm delivers the energy through a permanent
magnet synchronous generator (PMSG), and the output voltage of the PMSG is
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0.69 kV. The terminals of the PMSG are connected to a back-to-back two-level
VSC.
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Figure 4.11: The circuit diagram of the second MMC model.

The generator used in the second wind farm is a double-fed induction
generator (DFIG), which generates the power at 0.69 kV. The rotor winding of the
DFIG is connected to a back-to-back two-level VSC. The output of this VSC and
the stator winding of the DFIG are both connected to a three-core transformer. Since
both windfarms are working on the same voltage level, a point of common coupling
is formed, connecting the two wind farms together with the rectifier stage of the
HVDC. The HVDC link is formed from two MMCs connected through a 200 kM
cable. The output of the inverter stage of the HVDC system is connected to a 220
kV AC grid. Modelling details of wind turbines, PMSG, DFIG, and all control loops
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for controlling the generated power from the wind farms and the injected power into

the grid are illustrated in Appendix A.

The rated power of both MMC:s is selected to be 1,000 MW, while the rated
DC voltage is 640 kV. The size of the submodule capacitor is calculated in the same
manner as presented in the previous subsection. First, the arm energy variation must
be plotted according to (2.30), where 0.8 power factor is assumed. Figure 4.12
illustrates the energy variation across the arm. It can be seen from the plot that the
maximum energy stored in the arm is 3.855 kJ. If the maximum allowable ripples
for the capacitor voltage K. ippie max are 10% and for the arm current Aig; ¢ 5 is 20%,
the value of the submodule capacitor Cg), is chosen to be 220 pF to fit the criteria

presented in (2.32).
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Figure 4.12: The arm energy variation of the MMC simulated in the second model.
Similar to Model 1, the PS-PWM modulation technique is used and the
frequency of carrier signal f, is 2 kHz. A 70 mH arm inductor is selected to fit the rule

presented in (2.34). Table 4.2 summarises the parameters of the simulated MMC of
Model 2. Details of simulation of both models are found in Appendix B.
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Table 4.2: Summary of the MMC parameters of the second model.

1,000 MW
640/76=8.4 8 kV
640 kV
70 mH
220 uF
152

2 kHz
220 kV

4.4 Simulation Results

The proposed capacitor voltage balancing strategy is applied to the MMC,
which is simulated using the PSCAD/EMTDC software package [108]. Three case
studies were simulated to evaluate the performance of the MMC and the proposed
capacitor voltage balancing technique under different operating conditions. Case 1
and Case 2 used the system parameters shown in Table 4.1, while Case 3 was applied
to the MMC with parameters shown in Table 4.2. Primarily, the first task is dedicated
to the performance evaluation of the proposed RLS algorithm in order to estimate
capacitor voltages used for controlling the MMC under dynamic reference phase
voltage changing conditions, while the second case is devoted to assessing the
dynamic performance of the proposed control strategy during the boost operation of
the MMC. Regarding the third case, it is conducted to evaluate the proposed
capacitor voltage balancing technique when applied to a grid-connected MMC with

a large number of voltage levels.

4.4.1 Case 1: Dynamic performance of the proposed capacitor

voltage estimation-based control strategy

The purpose of this simulation case is to examine the performance of the
proposed capacitor voltage estimation-based control algorithm for the MMC under
the dynamic change of the reference phase voltage. The reference capacitor
voltage v, is set at vdc/N = 2.25 KV, while the reference phase voltage signal v, is
dynamically changed from 0.7 pu to 1 pu at t = 0.2 s. First, the estimation units for
capacitor voltages are disabled, and the actual measurements are used in the control

system. The three-phase voltages, currents, and capacitor voltages are shown in
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Figure 4.13. Similar results to Figure 4.13 are obtained in Figure 4.14, where the
proposed estimation unit for the capacitor voltages are enabled and utilised in the
proposed control system of Figures 4.5 and 4.8. As displayed in Figure 4.14(a), the
measured three-phase AC voltages follow their reference signals. As expected, only
six submodules are utilised when v, = 0.7 pu, while all the submodules are
involved when v; = 1 pu. The three-phase load currents are displayed in Figure
4.14(b). Figure 4.14(c) traces the capacitor voltages, which are grouped into two
main trajectories: one for the upper arm and the other for the lower arm. These two
trajectories are out of phase, and they are identical to that presented in Figure 4.13(c),
where the measured capacitor voltages are used instead of their estimated signals in
the control of the MMC. The proposed MMC controller succeeds in balancing the
capacitor voltages at their reference value of 2.25 KV. Moreover, the estimated
capacitor voltages and their corresponding actual measurements for the upper and
lower arms are presented in Figures 4.15 and 4.16, respectively. Fast tracking with
accurate performance of the proposed RLS algorithm for estimating the submodules
capacitor voltages are evident. Furthermore, the circulating current tightly tracks its
reference signal, as demonstrated in Figure 4.17(a). Figures 4.17(b) and 4.17(c)
illustrate the actions of the averaging controller of Figure 4.5 and the balancing
controller of Figure 4.8 for the first submodule at the upper arm v),; pu>
respectively. These results reveal the efficient utilisation of the proposed capacitor

voltage estimation technique for the control algorithm of the MMC.
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Figure 4.13: Load waveforms of Case 1, while disabling the proposed estimation
unit: a) three-phase voltages, b) three-phase load currents, c) voltages of Leg a
submodules.
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Figure 4.14: Load waveforms of Case 1, while enabling the proposed estimation
unit: a) three-phase voltages, b) three-phase load currents, c) voltages of Leg a
submodules.
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Figure 4.15: Case 1 actual and estimated voltages of the upper arm submodules of

Phase a.
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Figure 4.16: Case 1 actual and estimated voltages of the lower arm submodules of
Phase a.
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4.4.2 Case 2: Dynamic performance during the boosting operation
of the MMC

In this test scenario, the reference phase voltage signal v, is kept at 1 pu and
the capacitor reference voltage command is increased from 2.25 KV to 2.5 KV at
t= 0.4 s. Setting v/ at values higher than Vdc/N results in boosting the operation of
the MMC. This operation is useful to compensate for the load voltage during
submodule faults. Figure 4.18(a) indicates the increase of the output of three-phase
voltages from the MMC at t = 0.4 s when the proposed controller succeeds in
boosting and balancing the capacitor voltages at the new set value of 2.5 KV, as
illustrated in Figure 4.18(c). Yet again, fast dynamics with a tolerated error of the
proposed capacitor voltage estimation units are revealed from Figures 4.19 and 4.20
for the submodules at the upper and lower arms, respectively. Boosting the capacitor
voltages increases the circulating current. Hence, the balancing voltage signal is

escalated, as demonstrated in Figure 4.21.
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Figure 4.18: Load waveforms of Case 2: a) three-phase voltages, b) three-phase
load currents, c) voltages of Leg a submodules.
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Figure 4.19: Case 2 actual and estimated voltages of the upper arm submodules of
Phase a during the boosting operation.
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Figure 4.20: Case 2 actual and estimated voltages of the lower arm submodules of
Phase a during the boosting operation.
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Figure 4.21: Action of the different controllers for Leg a during the boosting

operation (Case 2): a) actual and reference waveform of the circulating current, b)
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4.4.3 Case 3: Performance of capacitor voltage estimation

algorithm in grid-connected MMC

This case is particularly developed to evaluate the proposed capacitor voltage
estimation technique, when applied to an MMC-based HVDC system that integrates
offshore wind power with the grid, and to investigate the accuracy of the proposed
capacitor voltage estimation techniques for an MMC with a relatively high number
of voltage levels. Furthermore, the dynamic performance of the proposed capacitor
voltage estimation technique is assessed under external grid faults. The Model 2
MMC with the parameters shown in Table 4.2 is used. The simulated MMC has 152
submodules per leg. Unlike the previous cases, the capacitor voltage balancing
technique used in this case is the reduced frequency-based technique presented in
Subsection 3.2.3. The RLS capacitor voltage estimation technique provides it with
the estimated capacitor voltages instead of using direct measurements. This is done
to prove that the proposed RLS capacitor voltage estimation can be adopted for
different capacitor voltage balancing techniques. In this case, the reference DC
voltage signal is 640 kV. Then, at t = 6 s, a three-phase fault is applied at the grid
side, which lasts for 0.2 s. The capacitor voltage estimation-based voltage balancing
technique succeeds in balancing the capacitor voltages, as revealed from the
balanced three-phase voltages presented in Figure 4.22. The RLS estimation
algorithm provided the balancing control over the whole period even during the
external fault period. Figures 4.23(a) and 4.23(b) illustrate the summation of
capacitor voltages of the upper and lower arms. Moreover, the capacitor voltages of
one submodule from the upper and lower arms are portrayed in Figures 4.23(c) and
4.23(d), respectively, which follows the traces of the actual capacitor voltages of the
upper and lower arms, even during the grid fault. Results of this case proves that the
proposed capacitor voltage estimation algorithm is not affected by external AC faults
or the grid power controls. Therefore, the proposed capacitor voltage estimation
algorithm is suitable for an MMC with a high number voltage levels, which are

normally used in HVDC circuits.
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Figure 4.22: Case 3 voltages and currents of grid: a) three-phase voltages, b) three-
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Figure 4.23: Case 3 actual and estimated signals of submodule capacitor voltages
in Leg a: a) summation of capacitor voltages in the upper arm, b) summation of
capacitor voltages in the lower arm, c) capacitor voltage of one submodule in the
upper arm, d) capacitor voltage of one submodule in the lower arm.

4.5 Chapter Summary

This chapter has presented two capacitor voltage estimation units. The first
one is based on the ADALINE algorithm, while the second is based on the RLS

algorithm. Both are used for estimation submodule voltages of the MMC. For each
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leg of the MMC, the proposed estimation units require only three sensors: one for
the phase voltage and the other two for the voltages across the arm reactors. The
proposed estimation unit is then integrated into a control strategy to balance the
voltages across the submodules of the MMC. A comparison between the two
estimation techniques has been conducted, showing that the RLS has better
performance than the ADALINE in terms of speed and accuracy. As a result, the
RLS has been incorporated into the capacitor voltage balancing algorithm. The
proposed technique eliminates the need for direct measurement of capacitor voltages
and associated communication systems, which renders it suitable for implementing
a low-cost centralised controller for an MMC with a large number of submodules.
The fast response and accurate tracking of the estimation unit under different
dynamic conditions are validated in simulation results. It is important that the
proposed MMC controller successfully balances the capacitor voltages at their set
values even in boosting operation mode. Furthermore, it could easily balance the
capacitor voltages of a grid connected MMC with a high number of voltage levels

without being affected by the grid controls or external faults.
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Chapter 5

Proposed Fault Detection
Technique Based on Capacitor

Voltage Estimation Algorithms

5.1 Introduction

Faults that can be located inside submodules of the MMC which are due to
failures in semi-conductor devices not only affect the quality of the output power,
but also threaten the safety of the converter. Since MMCs have a large number of
submodules, the probability of having a fault inside a submodule is relatively high.
As a result, it is highly recommended that detection and localization of the fault is
carried out quickly, in order to enable the MMC inner control system to deal with
the fault, by either converter disconnection or applying a suitable fault tolerant
technique.

This chapter presents a new fault detection technique for the diagnosis and
localization of submodule faults that develop due to failures in switching devices.
As opposed to other fault detection strategies that have been proposed in the
literature (Section 3.5), the proposed fault detection technique does not need extra
sensors nor special power circuits, as it depends on a hybrid ADALINE-RLS
capacitor voltage estimation algorithm, which combines the two estimation
algorithms described previously in Chapter 4. The rest of this chapter is organized

as follows:
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Firstly, the MMC arm currents and submodule voltages are mathematically
analysed during submodule faults to determine the consequences of such faults,
which is a mandatory step for designing the proposed fault FDU. The proposed unit
is then explained in detail, focusing on its advantages compared to other techniques
proposed in the literature. Finally, various case studies are applied to the PSCAD-
simulation model, in order to evaluate the performance of the FDU under various

fault conditions.

5.2 The Proposed Fault Detection Strategy

This fault detection technique has been developed to solve all problems
associated with other techniques found in the literature. As shown previously in
section 3.5, most of these techniques require additional sensors to guarantee the
robustness of the proposed technique, otherwise depending on software techniques
such as the ANN-based detection method, which do not offer the required accuracy
for this critical application. Thus, the proposed fault detection technique is classified
as a model-based software technique. Figure 5.1 illustrates the block diagram of the
proposed FDU. The proposed algorithm is built according to the electrical
disturbances associated with submodule IGBT faults, without the need to
incorporate any sensors or special power circuits, instead depending on an
estimation of different signals, based on adaptive strategies.

As shown in Figure 5.2, the proposed FDU receives the values of the RLS
estimated submodule capacitor voltages v, g1s (* =u,/) and (i = 1,2,3.....,N), then
these values are divided by the reference capacitor voltage v, to obtain the per-unit

values Veyi ris pu-

Vexi ADA -<7j’ Ci \@Hd w/dt e‘l :,
/N e )
elhreshold

— [ ——Counter— E

Vexi RLS
> Spu
:

vpu threshold

vc.\‘i RLS

Ve
Figure 5.1. Block diagram of the proposed FDU.
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Figure 5.2. Flowchart of the proposed fault detection technique.

At the same time, the error between the ADALINE-estimated capacitor
voltage, v.,; apa and the RLS-estimated voltage v,; z.s of each submodule is
calculated, and then passed through a high speed differentiator to calculate the rate
of change of the error signals e;;. The next step involves determining each per-unit
value of the voltage estimated signal v y; g1s py> Whether it is higher than 85% or
not. The reason for this check is based on the fact that the per-unit estimation of
capacitor voltage of a faulty submodule is decreased during faults, this is simply due
to the increased error between the actual signal and its estimation as the right and

left hand sides of (4.1) and (4.2) being no longer equal. If the comparison result is
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true, then the checked submodule is considered to be in a healthy condition,
otherwise the algorithm starts to check the differentiated error signal e, and
compares it with a predefined threshold, vpy threshoia» Which is selected based on
the required sensitivity of the FDU.

The reason for calculating this error is that the proposed FDU is based on the
difference between the dynamic behaviours of the ADALINE and RLS algorithm
results, which is due to their different natures. The FDU here depends on the
difference of the behaviour between the two algorithms. As illustrated in the Widro-
hoff learning rule given in (4.3), which is used in the update of the ADALINE-

estimated voltages, the weighting vector of the current iteration, W(k + 1), is

Xy (k)-9 (k)

updated by adding the error reduction component « XOOTEGD

to the weighting

vector of the previous iteration, W (k). This means that the ADALINE algorithm has
no memory, since the Widro-hoff equation is independent of the accumulative value
of weighting vectors. This allows the ADALINE to be able to rapidly track sudden
changes in capacitor voltage. However, it needs a relatively long time to reach
convergence.

Unlike the ADALINE, updating the weighting vector of the RLS algorithm
depends on the accumulation of historic values of previous capacitor voltages, as
demonstrated in (4.6) and (4.7). This means that the RLS algorithm has a reduced
convergence time when compared with the ADALINE. However, in the situation of
having a sudden change in capacitor voltage (which occurs during submodule
faults), the RLS has a slower response in tracking capacitor voltages.

If the error signal, ey, is lower than the threshold, ey esnoia, the algorithm
considers the submodule as being in a healthy condition, otherwise it increases a
counter by one and then starts a 100 ps timer. After this time period, the algorithm
repeats the same steps and if the counter reaches 10, this implies that the submodule
is faulty.

The proposed method proved its reliability and robustness, as it was tested
under different healthy and faulty conditions. This is because it makes the decision
based on two factors: the estimated per-unit voltage, and the rate of change of the
estimated voltage error signals. Moreover, this method does not require any

additional components or devices, as it is based on simple calculations, and can

80



detect the fault in less than Sms for short-circuit faults and less than 35 ms for open-

circuit faults.

5.3 Simulation Results

The dynamic behaviour of the proposed FDU is tested under different fault
conditions when applied to the PSCAD simulations of the MMC, presented in Table
4.1. The first case is devoted to assessing the dynamic performance of the proposed
FDU during an open-circuit fault in a submodule, while the second case examines
FDU behaviour for the MMC under a short-circuit fault in a submodule. Finally, the
third case simulates two faults in two different arms, in order to assess the

performance of the FDU during multiple faults.

5.3.1 Case 1: Performance under IGBT open circuit fault

This task is devoted to assessing the capabilities of the proposed FDU under
an IGBT open-circuit fault in a submodule. The upper switch of the third submodule
in the upper arm of phase a is intentionally opened at /= 0.5s. As a result, the voltage
and current of phase a are distorted, as shown in Figures 5.3(a) and 5.3(b),
respectively, due to the imbalance of submodule capacitor voltages. The main reason
leading to the failure of the voltage-balancing strategy is the increased capacitor
voltage of the faulty submodule. This is logical, since the capacitor is allowed only
to be charged, with no path for discharging, due to the open circuit condition. One
important concern in this case is that all capacitor voltages of the healthy submodules
located in the arm are increased, as illustrated in Figure 5.3(c). The increase in
capacitor voltages stresses the insulation of MMC components, and may lead to a

cascading failure in other submodules.
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Figure 5.3. FDU performance during an open-circuit fault on the third submodule
of the upper arm: a) Three-phase voltages, b) three-phase load currents, c) voltages
of leg a submodules.

Figures 5.4 and 5.5 clearly illustrate that the voltages of the healthy
submodules adequately track their actual voltages, which proves the robustness of
the estimation algorithm during faults, as errors between the actual and estimated
signals have not reached 10%. Regarding the faulty submodule, there is a
considerable error between the estimated voltage and its corresponding actual
voltage, due to the decreased value of the estimated voltage, which enables the FDU
algorithm to detect the fault. Figure 5.6 (a) indicates that the differential current is
oscillating to twice its value during normal operating conditions. This means that the
MMC is no more stable as the differential current, which flows inside the MMC, and
the arm currents may exceed their capacities. In other words, the controller failed to
balance the capacitor voltages during faults. Moreover, the heavy oscillations of the
differential current are transferred to the averaging and balancing control signals, as
demonstrated in Figures 5.6 (b) and (c), respectively. As a result, the MMC is no

longer stable and must be deactivated.
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Figure 5.4. Actual and estimated voltages of the upper arm submodules of phase a,
under an open-circuit fault.
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Figure 5.5. Actual and estimated voltages of the lower arm submodules of phase a,
under an open-circuit fault.
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Figure 5.6. Action of the different controllers for leg a during the open-circuit fault:
a) Actual and reference waveform of the circulating current, b) averaging voltage
reference, c) balancing voltage reference for the first submodule of the upper arm.

As shown in Figure 5.7(a), the estimated voltage of the faulty submodule
exceeded the FDU voltage threshold for a longer period than the other voltages. This
is the first condition for the FDU to detect the fault. The estimated signals of all other
submodules in the healthy arm are by far higher than the FDU voltage threshold.
Ten ms after the fault, the derivative of the error signal between the RLS and
ADALINE-estimated voltages for the faulty submodule by far exceeded the pre-
defined threshold, and this is the second condition which the FDU needs to satisfy
to successfully detect the fault. The FDU succeeds in detecting and localizing the
fault 33 ms after being activated, as illustrated in Figure 5.7 (b). With the slow rate
of increase of the capacitor voltages, the 33 ms period of detecting an open-circuit

fault is enough to guarantee the safety of the MMC.
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Figure 5.7: The performance of the FDU under IGBT open circuit fault: a) The RLS
estimated voltages of the upper arm of phase a, b) The detection time consumed by

the FDU to detect the open circuit fault.

5.3.2 Case 2: Performance under IGBT short circuit fault

This case is conducted in order to investigate the capabilities of the proposed
FDU under IGBT short circuit fault in a submodule. A short-circuit fault is applied
to the upper switch of the third submodule in the upper arm of phase a at 1= 0.5s.
Figures 5.8 (a) and 5.8(b) illustrate the increased level of harmonics and DC
components on the voltage and current waveforms of phase a, respectively. The
submodule capacitor voltages are not balanced, as indicated in Figure 5.8(c).

Figures 5.9 and 5.10 show the RLS estimated capacitor voltages. The
voltages of the healthy submodules adequately track their actual voltages, which
proves the robustness of the estimation algorithm during faults. Regarding the faulty
submodule, there is an error between the estimated voltage and its corresponding

actual voltage, which enables the FDU algorithm to detect the fault.
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Figure 5.8: Operation during a short-circuit fault on the third submodule of the
upper arm: a) Three-phase voltages, b) three- phase load currents, c) voltages of
leg a submodules.
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Figure 5.9: Actual and estimated voltages of the upper arm submodules of phase a,
under a short-circuit fault.
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Figure 5.10: Actual and estimated voltages of the lower arm submodules of phase
a, under a short-circuit fault.

The voltage-balancing strategy fails due to short-circuiting the faulty
submodule capacitor when activating its lower switch. The proposed balancing
strategy fails to regulate the differential current at its increased reference signal, as
shown in Figure 5.11 (a). The value of differential current approaches the level of
the load current, which threatens the safety of the MMC as the arm currents may
exceed the rated current of the IGBT switches. Consequently, the averaging and
balancing control signals are not stable, and bounce between the upper and lower
limits of their controllers, as exhibited in Figures 5.11 (b) and (c), respectively.
These results demonstrate that it is extremely dangerous to continue operation of the
MMC with an IGBT short circuit fault without either the disconnection of the MMC,

or applying a suitable fault tolerant control strategy.
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Figure 5.11: Action of the different controllers for leg a during the short-circuit
fault: a) Actual and reference waveform of the circulating current, b) averaging
voltage reference, c) balancing voltage reference for the first submodule of the upper
arm.

As shown in Figure 5.12 (a), the estimated voltage of the faulty submodule
exceeded the FDU voltage threshold for a longer period than the other voltages. This
is the first condition for the FDU to detect the fault. While the estimated signals of
all other submodules in the healthy arm are by far higher than the FDU voltage
threshold. Also the derivative of the error signal between the RLS and ADALINE-
estimated voltages for the faulty submodule by far exceeded the pre-defined
threshold, and this is the second condition which the FDU needs to satisfy to
successfully detect the fault. The FDU succeeds in detecting and localizing the short-
circuit fault after 2.2 ms from its incidence, as demonstrated in Figure 5.12. (c). This
detection time is fast, as the required time for clearing short circuit faults must not

exceed 5 ms [25].
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Figure 5.12: The performance of the FDU under IGBT short circuit fault: a) The

RLS estimated voltages of the upper arm of phase a, b) The detection time consumed

by the FDU to detect the open circuit fault.

Fault detection

5.3.3 Case 3: Performance under multiple faults in two different

arms

This case is conducted in order to investigate the capabilities of the proposed
FDU under multiple faults in two different arms. An open-circuit fault is applied to
the upper switch of the third submodule in the upper arm of phase a at = 0.5s, while
a short circuit fault is applied to the lower switch in the second submodule in the
lower arm of phase a at 1= (). 7s. As shown in Figures 5.13 (a) and 5.13(b), the voltage
and current of phase a suffer from an increased level of harmonics and high DC
component just after the occurrence of the open-circuit fault. After applying the short
circuit fault, the harmonics increase, affecting the power quality of the voltage and
current and lowering it to a very poor level. The submodule capacitor voltages start
to lose their balance just after the first fault, and increase rapidly after the application

of the second fault, as indicated in Figure 5.13(c).
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Figure 5.13: Operation during multiple faults: a) Three-phase voltages, b) three-
phase load currents, c) voltages of leg a submodules.

The RLS-estimated voltages of leg a are shown in Figures 5.14 and 5.15.
These estimated voltages track their actual voltages until the occurrence of the two
faults. Following each fault, the estimated voltages contain a steady-state error.
Regarding the estimated voltages of the faulty submodules, it is apparent that these
signals rapidly decrease, which enables the FDU to easily detect the two faults.

Since the capacitor voltage of the third submodule cannot be charged and
discharged properly due to the first fault, the voltage-balancing strategy partially
fails to achieve its function. However, after the second fault, the situation becomes
worse, and the balancing algorithm totally fails to balance the capacitor voltages.
This appears in the failure of regulating the differential current at its increased
reference signal, as shown in Figure 5.16 (a).

The value of differential current approaches the level of the load current after
the first fault, and exceeds it after the second fault. This condition threatens the safety
of the MMC, as the arm currents may exceed the rated current of the IGBT switches.
Consequently, the averaging and balancing control signals are not stable, and bounce

between the upper and lower limits of their controllers, as exhibited in Figures 5.16
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(b) and (c), respectively. These results demonstrate that it is dangerous to continue
operation of the MMC under multiple faults without a fault tolerant control.

As shown in Figure 5.17 (a), the estimated voltage of the two faulty
submodules exceeded the FDU voltage threshold for a longer period than the other
voltages. This is the first condition for the FDU to detect the fault. While the
estimated signals of all other submodules are by far higher than the FDU voltage
threshold. Also the derivative of the error signal between the RLS and ADALINE-
estimated voltages for the faulty submodules by far exceeded the pre-defined
threshold, and this is the second condition which the FDU needs to satisfy to
successfully detect the fault. The FDU succeeds in detecting and localizing the first
fault after 18.8 ms, while for the second fault the detection time is lower than 2.2
ms, as demonstrated in Figure 5.17. (b). This case has proved that the proposed FDU
is able to detect multiple faults very quickly, which is required in MMC:s as the high

number of submodules may lead to several failures concurrently.
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Figure 5.14: Actual and estimated voltages of the upper arm submodules of phase
a, under two faults.
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Figure 5.15: Actual and estimated voltages of the lower arm submodules of phase
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Figure 5.16: Action of the different controllers for leg a during multiple faults: a)
actual and reference waveform of the circulating current, b) averaging voltage
reference, c) balancing voltage reference for the first submodule of the upper arm.
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Figure 5.17: The performance of the FDU under two faults: a) The RLS estimated

voltages of the upper arm of phase a, b) The detection time consumed by the FDU

to detect the open circuit fault.

5.4 Chapter Summary

In this chapter, a new fault detection technique for the detection and
localization of MMC submodule switch faults has been presented. The proposed
FDU is based on a hybrid ADALINE-RLS capacitor voltage estimation algorithm,
and does not require any additional components as they are based on the estimation
algorithms that are simultaneously utilized for the proposed control of the MMC
(presented in Chapter 4). PSCAD simulations illustrated the technique’s accuracy
for detecting and localizing different faults, and is a result of its hybrid processing
where the fault decision is not only based on reduction of the estimated per-unit
voltage, but also on the rate of change of the difference between the estimated
voltages from the proposed ADALINE and RLS algorithms. Further, the results
show the necessity of having a fault tolerant control scheme to protect the MMC
during submodule faults, which helps it to continue in a safe operation mode, which

is discussed in Chapter 6.
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Chapter 6

Proposed Fault Tolerant Control
Strategy Based on a Sorting
Algorithm

6.1 Introduction

FTC systems are required to provide the MMC with fault-handling capability
without blocking the converter during faults. Thus, this concept enhances the
reliability of the MMC by increasing its availability with high levels of security,
even in the case of having internal faults. This chapter presents a new fault tolerant
control technique, which is integrated with the proposed capacitor voltage balancing
and fault detection strategies presented in Chapters 4 and 5, respectively, in order to
provide a complete inner controller for the MMC which is capable of controlling the
converter during normal and abnormal operations. The proposed fault tolerant
control is based on updating the parameters of the proposed capacitor voltage
balancing technique, and the PS-PWM switching algorithm. This means that it does
not need any redundant components or special conditioning circuits, which makes it
very cost effective when compared to other techniques proposed in the literature
(Section 2.9).

Firstly, the proposed FTC strategy is explained. Then, the reliability of the
MMC is assessed before and after applying the proposed fault tolerant control

technique, in order to evaluate the amount of reliability enhancement. Finally, the
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inner MMC control technique, which contains the proposed capacitor voltage
balancing, fault detection and fault tolerant control techniques is tested using
PSCAD simulations, in order to evaluate its performance under different operating

conditions.

6.2 The Proposed Fault Tolerant Control Algorithm

The proposed FTC system is built to overcome the problems presented in the
previous section. The developed technique offers a good alternative to others
proposed in the literature, as it does not need redundant components nor special
circuits, whilst at the same time it does not affect the quality of the output power.

The proposed fault tolerant control unit (FTCU) has two main tasks: to
isolate faulty submodules, and to modify the capacitor balancing algorithm. As
shown in Figure 6.1, the sorting algorithm starts with the acquisition of the fault
flags Fyq, Fy2, ... and F, . where x can be either u for the upper arm or / for the lower
arm.

It then calculates the number of faulty submodules in the arm, as per the
following expression:

NxF= oy +FpptetFyy (6.1)

The algorithm then compares the percentage of faulty submodules to the total
number of submodules in each arm. If this percentage is higher than 25%, the FTC
sorting algorithm considers this a cascading failure condition, which means that a
critical problem has occurred in the whole arm, and will spread to other arms. Thus,
the algorithm isolates all MMC submodules and blocks the converter. If the
percentage of faulty submodules is less than 25%, the sorting algorithm isolates the
faulty submodules, and compares the number of faulty submodules in the upper and
lower arms of each leg. If this number is not equal, it then isolates some healthy
submodules until it becomes equal, in order to balance the energy between the two
arms. Moreover, the algorithm calculates the number of effective submodules that
are still in the operation:
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After this step, the algorithm updates the reference capacitor voltage v, according
to the new number of connected submodules Nsf, to compensate the energy lost

due to the isolation of faulty submodules:

« N

Ve =1

S (6.3)

Finally, the algorithm modifies the phase shift of the PS-PWM presented in (2.23),

in order to cope with the new number of submodules:

360
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Figure 6.1: The proposed fault tolerant control algorithm.
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It is important to mention that the threshold representing the percentage of
failed submodules compared to the total number of arm submodules should be
carefully selected according to the number of submodules per arm, the ratings of
submodule components and the quality of the output power.

This strategy is designed to permit the converter to continue its operation,
provided that the number of faulty submodules per arm does not reach a pre-defined
value based on the number of submodules and the ratings of the devices. Otherwise,
the control system considers the MMC to be suffering from cascading failure (which
is selected to be 25% for the simulated MMC) and in this case, it isolates all
submodules and deactivates the converter. The submodule capacitor must be
carefully selected, taking into consideration the worst case condition at which the
maximum number of faulty submodule can be tolerated. This can be done by
calculating the maximum energy variation, the boosted capacitor voltage level and
the allowable voltage ripples, and selecting the capacitor value so that it fits the
capacitor selection rule presented in (2.32).

This strategy guarantees a stable performance for the MMC under internal
abnormal operating conditions, without the need of any redundant components.
Moreover, this technique can be applied to an MMC with more than 400 levels, as
it is a software technique and can be implemented by simple instructions formed
from the required sorting instructions.

Figure 6.2 illustrates a block diagram of the proposed integrated control
system of the MMC, which achieves the capacitor voltage balancing technique
presented in Chapter 4, the FDU proposed in Chapter 5 and the proposed FTCU

presented here.
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Figure 6.2: Block diagram of the proposed MMC control strategy.
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It is apparent that the proposed scheme eliminates the need for significant
numbers of voltage sensors for the submodule capacitors and their associated
communication system with the central controllers. Consequently, the proposed
strategy renders its application for a MMC system with a large number of

submodules.

6.3 Reliability Assessment of the Proposed Fault Tolerant

Control Technique

The main outcome of applying a fault tolerant control technique is to enhance
the reliability of the entire system. For this purpose, the reliability of the MMC is
assessed before and after the application of the proposed fault tolerant control
technique, in order to address the amount of enhancement resulting from the

proposed fault tolerant control algorithm.

6.3.1 MMUC reliability definitions

A system failure can be represented by its probability to occur; this is
performed considering the process behaviour as a random variable which receives
its value from finite state space elements. To assess the reliability of the MMC,
firstly the failure rate of the IGBT A, should be assumed. The reliability function
R(1) is the probability of success for the system, which is expressed as:

R(t) =1—-F(t) (6.5)
Where F'(2) is the probability of system failure, which is complementary to the R(z),

and is given by:

t
F() = J, f(@dr (6.6)
Where f{?) is rate of change for the failure probability of a certain component, thus

(6.6) can be rewritten as [109]:

dF ()
dt

f@®) =

Another important definition is the mean time to failure (MTTF), which gives an

(6.7)

indication for the expected life time of a component that cannot be repaired or

maintained. The MTTF is expressed as [109]:
MTTF = [ " R(t)dt (6.8)
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6.3.2 Reliability calculations for MMC without fault tolerant

control

For a system without fault tolerant control, the MMC will fail if one
submodule suffers from a fault in either the upper or lower legs. To model the
reliability of the converter in this case, a Markov chain is developed, as illustrated
in Figure 6.3.

Losing an upper
arm sub-module

Al |
F]_ Fail

Al

Losing a lower
arm sub-module

Figure 6.3: Markov chain for a modular multilevel converter without fault tolerant
control.

In this case the failure rate for one submodule in a certain leg should equal:
Where A, is the failure rate of each IGBT switch.

Based on the Markov chain, and from (6.9) substituting in (6.7), this gives:

dapP;

1= =21, Py(8) (6.10)

Solving the first order differential equation presented in (6.10), the reliability

function can be expressed as:

R(t) = P;(t) = e 2(@N-Dhot (6.11)
From (6.11) substituting in (6.8), the mean time to failure is:
1 1

MTT Fumc wiehout rre = 51~ (3573) (6.12)

6.3.3 Reliability calculations for MMC with the redundancy based

fault tolerant control

In this case, the reliability of the MMC can be figured out from Figure 6.4
which has two failure rates. The first failure rate when losing one sub-module, 4;.

While the second failure rate, 4, indicates losing two sub-modules in the same leg.
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Fig. 6.4. Markov chain of the MMC with the classical redundancy based FTC

technique.

In the sub-module redundant based FTC, each leg is assumed to be equipped with

one redundant sub-module. Thus, the sub-module failure rates are given by:

2N-1

A==+ D (6.13)
1 = 51 (6.14)

Based on the Markov chain, the probability for the first state P/ will remain the
same, as presented in (6.7).

Following the same way, the failure probability of state 2 gives:

= MPO = P (6.15)
Solving (6.15) gives:
2N-1 2N-1
P,(t) = (2"’2_‘1)(9‘(7)’10 t_ () D) (6.16)

From (6.7) and (6.16), the probability of the fail state is the summation of P; (t) and
P, (t):

_ 2N-1 _ 2N-1
R(O) = Py(0) + Py(0) = ((l ) e ) + @ (T
(6.17)
From (6.17) substituting in (6.12), the MTTF is:
1 (1-N
MTTFymc with rrc1 = o (m) (6.18)

6.3.4 Reliability calculations for MMC with the proposed fault

tolerant control

The reliability of the MMC has a root change after the application of the
proposed fault tolerant control, which is due to the ability of the MMC to work under
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faults until reaching the cascading failure condition in one arm. To simplify the
calculations and give a sense of the results, the reliability calculations are performed
for the simulation model, which incorporates four submodules per arm, as previously
presented (Table 4.1). In this particular case, the Markov reliability chain is

developed as shown in Figure 6.5.

Losing an upper Losing two upper
arm sub-module 2 arm sub-modules
. %
A . Losing a lower )\ -
e arm sub-module Losing four sub-modules
- (2 upper + 2 lower) s | T
] A 4 H)\ ~ Fail
3 . - 3
Losing an upper < 7
arm sub-module
A (S A:
Losing a lower 7 Losing two lower

arm sub-module arm sub-modules

Figure 6.5: Markov chain for a five-level modular multilevel converter with the
proposed fault tolerant control.

The Markov reliability chain shows that the MMC, with the proposed FTCU,
has four possible finite states before reaching the failure state, instead of one as
discussed in the previous section. The possible states are:

e State 1: The healthy state (no faulty submodules)
e State 2: Losing a submodule in the upper arm
e State 3: Losing a submodule in the lower arm
e State 4: Losing two submodules (one in the upper arm and one in the lower
arm)
e Fail state: Losing two submodules in the upper arm or two submodules in the
lower arm, or both
In this case, the two failure rates should be presented as A; and 4,. 4, is the failure
rate of one submodule, and will be the same as calculated in (6.9). A, is the failure
rate for losing two submodules, and should equal:
A, = (2N = 3)1, (6.19)
Based on the Markov chain, the probability for the first state P/ will remain the
same, as presented in (6.7). Regarding the probability of the second state P2, it can

be expressed as follows:

apP,

=~ T AP () + 4Py (D) (6.20)

The solution of the differential equation given in (6.20) gives:
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Py(t) = 252 (e~ Ruvhalt — =2kt (6.21)

P;(t) has the same probability of P, (t), since the conditions are the same.
Moving to the forth state probability, this can also be emphasized from the Markov

chain, as follows:

= = — Q2P (0) + A1 P, (1) + A, P5(t) (6.22)

The solution of this differential equation is expressed as:

—3)2 _2)2
P,(t) = @ (e2Mt 4 g=222t) — @e—(hﬂz)t (6.23)

The reliability function R(?) is the summation of the four probabilities, as follows

R(t) = Pl(t) + Pz(t) +P3(t) + P4(t)

= <(2N -2)+ @) e~2(@N-Dot | ((ZN —3) - @) e~2@2N-2)20t 4

(2N-3)2\ _ _
( - _)e 2(2N-3)Ao t (6.24)

From (6.24), substituting in (6.8), the mean time to failure is:

L ((2N—2)+M> ((21\/—3)—@) ((ZN—s)Z)

_ 1 P}
MTTFyumc wien rre = 23 aN-1) + (2N-2) RCTTE)

(6.24)

To compare the reliability before and after the application of the proposed
fault tolerant control, the reliability density functions presented in (6.11), (6.17) and
(6.24) are plotted against time for a five-level MMC. The IGBT failure rate A, is
assumed to be 1077 h~1, which is almost three years [110].

As shown in Figure 6.6, the reliability density function is considerably

enhanced, which means that the rate of failure for the MMC is decreased.

1
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0.9 : peeees = With the proposed FTC
= With redundancy based FTC
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Figure 6.6: Plot of reliability density functions before and after the application of
the proposed fault tolerant control.
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This is also apparent when the MTTF is calculated, which gives 1615 days
when applying the proposed fault tolerant control and 998 days when applying the
redundancy based fault tolerant control compared to 82 days when the FTCU is

deactivated.

6.4 Simulation Results

6.4.1 The FTCU performance under IGBT open circuit fault

This task is devoted to assessing the capabilities of the proposed control
strategy, the FDU and the FTCU under an IGBT open circuit fault in a submodule.
The upper switch of the third submodule in the upper arm of phase a is intentionally
opened at = (.5s, while enabling the proposed FDU and FTCU. The FTCU isolates
the faulty submodule, and the third submodule in the lower arm, to balance the
energy between the two arms. Furthermore, the FTCU increases the v. from 2.25
kV to 3 kV (Figure 6.7), and adjusts the phase shift of the carrier waves from 45° to
60°, in order to compensate for the loss of two isolated submodules. These actions
are sufficient to tolerate the fault and restore the stability of the MMC control
system, as apparent from the results seen in Figures 6.8 (a) and (b), where the three-
phase output voltages and currents are balanced. The capacitor voltages of the
remaining submodules restore their balance around the new desired value set by the
FTCU, as indicated in Figure 6.9 (c). As expected, the capacitor voltages increase
slightly at the moment of fault detection, ¢+ = 0.533s. It should be noted that the
capacitor voltages of the isolated submodules freeze at their values when isolation
occurs. Figures 6.10 and 6.11 demonstrate that the proposed RLS algorithm
adequately estimates the capacitor voltages during the fault. The ADALINE and
RLS algorithms provide the FDU and the FTCU with accurate data that result in
precise performance during transient periods. With the help of the FTCU, the
averaging and balancing control loops are able to quickly overcome the
consequences of a fault, and forces the differential current to reach its rated value
prior to the occurrence of the fault, as displayed in Figure 6.11 (a). Moreover, the
averaging and balancing control signals retain their stability, as illustrated in Figures

6.11 (b) and (c), respectively.
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Figure 6.7: Dynamic performance of the proposed FTCU under an open-circuit
fault in a submodule.
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Figure 6.8: Enabling the proposed FTCU for an open-circuit fault: a) Three-phase
voltages, b) three-phase load currents, c) voltages of leg a submodules.
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Figure 6.9: Actual and estimated voltages of the upper arm submodules of phase a,
under an open-circuit fault while enabling the proposed FTCU.
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Figure 6.10: Actual and estimated voltages of the lower arm submodules of phase
a, under an open-circuit fault while enabling the proposed FTCU.
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Figure 6.11: Action of the different controllers for leg a with enabling the FTCU for
an open-circuit fault: a) Actual and reference waveform of the circulating current,
b) averaging voltage reference, c) balancing voltage reference for the first
submodule of the upper arm.

6.4.2 The FTCU Performance under IGBT short circuit fault

This case is conducted in order to investigate the capabilities of the proposed
control strategy, the FDU and the FTCU under an IGBT short circuit fault in a
submodule. A short-circuit fault is applied to the upper switch of the third submodule
in the upper arm of phase a at = 0.5s, while enabling the proposed FDU and FTCU.
At the instant of fault detection, the FTCU isolates the faulty submodule in the upper
arm, and its corresponding third submodule in the lower arm, in order to balance the
energy between the two arms. Furthermore, the FTCU increases the v. from 2.25
kV to 3 kV, as displayed in Figure 6.12, and modifies the phase shift of the carrier
waves from 45° to 60° to compensate for the loss of two submodules. Figures 6.13
(a) and (b) show the three-phase output voltages and currents, which are balanced.
The capacitor voltages of the remaining submodules restore their balance at the new
set value, as illustrated in Figure 6.13 (c). The proposed RLS scheme accurately

estimates the capacitor voltages during a short-circuit fault, as indicated in Figures
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6.14 and 6.15. Figure 6.16(a) shows that the FTCU stabilizes the operation of the
averaging and balancing control loops, which succeed in limiting the magnitude of
the differential current, and tightly track its reference. Additionally, the improved
averaging and balancing control signals are portrayed in Figures 6.16 (b) and (c),

respectively.
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Figure 6.12: Dynamic performance of the proposed FTCU under a short-circuit
fault in a submodule.
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Figure 6.13: Enabling the proposed FTCU for a short-circuit fault: a) Three-phase
voltages, b) three-phase load currents, c) voltages of leg a submodules.
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Figure 6.14: Actual and estimated voltages of the upper arm submodules of phase
a, under a short-circuit fault.
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Figure 6.15: Actual and estimated voltages of the lower arm submodules of phase
a, under a short-circuit fault.
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Figure 6.16: Action of the different controllers for leg a with enabling the FTCU for
a short-circuit fault: a) Actual and reference waveform of the circulating current, b)
averaging voltage reference, c) balancing voltage reference for the first submodule

of the upper arm.

6.4.3 Performance of the FTCU under multiple faults

This case is devoted to investigating the capabilities of the proposed control
strategy, the FDU and the FTCU under multiple IGBT faults in different
submodules. Firstly, an open-circuit fault is applied to the upper switch of the third
submodule in the upper arm of phase a at = 0.5s. Then, at = (.7s, a short-circuit
fault is applied to the second submodule in the lower arm of phase a while enabling
the proposed FDU and FTCU. At the instant of the first fault detection, the FTCU
isolates the faulty submodule in the upper arm, and its corresponding third
submodule in the lower arm, to balance the energy between the two arms.
Furthermore, the FTCU increases the v, from 2.25 kV to 3 kV, and modifies the
phase shift of the carrier waves from 45° to 60°, in order to compensate for the loss
of two submodules. At the moment of detection of the second fault, the FTCU
instantaneously isolates the second submodule in the lower arm of phase a which is

faulty, and re-inserts the third submodule in the same arm which has been previously
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bypassed as a response from the FTCU against the first fault, thus the energy
between the two arms is always balanced. Figures 6.17 (a) and (b) show the three-
phase output voltages and currents which are balanced during the entire period, and
after the application of the two faults. The capacitor voltages of the remaining
submodules restore their balance at the new set value, as illustrated in Figure 6.17(c).
The proposed RLS scheme accurately estimates the capacitor voltages during the
entire period, as indicated in Figures 6.18 and 6.19. Figure 6.20 (a) shows that the
FTCU stabilizes the operation of the averaging and balancing control loops during
the two faults, which succeeds in limiting the magnitude of the differential current
and tightly tracking its reference. Additionally, the improved averaging and
balancing control signals are portrayed in Figures 6.20 (b) and (c), respectively.
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Figure 6.17: Enabling the proposed FTCU for multiple faults: a) Three-phase
voltages, b) three-phase load currents, c) voltages of leg a submodules.

110



—actual - - -estimated

[ )
(=1
S
=)

Vcu1 (V)

n
(=1
S
(=]

3000

Veu2 (V)

2000

[
(=1
S
(=4

Vcu4 (V)

N

[—1

[—1

[ —J
I

.
Li

0.5 0.6 0.7 0.8 0.9 1
Time (s)
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Figure 6.20: Action of the different controllers for leg a with enabling the FTCU for
multiple faults: a) Actual and reference waveform of the circulating current, b)
averaging voltage reference, c) balancing voltage reference for the first submodule
of the upper arm.

6.4.4 Performance of the FTCU under cascading failures

This case is performed in order to investigate the capabilities of the proposed
control strategy, the FDU and the FTCU under cascading failure. Firstly, an open-
circuit fault is applied to the upper switch of the third submodule in the upper arm
of phase a at r= (.5s. Then, at = 0.55s, another short-circuit fault is applied to the
forth submodule in the same arm whilst enabling the proposed FDU and FTCU. At
the instant of the first fault detection, the FTCU isolates the faulty submodule in the
upper arm, and its corresponding third submodule in the lower arm, in order to
balance the energy between the two arms. Furthermore, the FTCU increases the v,
from 2.25 kV to 3 kV, and modifies the phase shift of the carrier waves from 45° to
60°, in order to compensate for the loss of two submodules. At the moment of the
second fault, the FTCU considers this condition as a cascading failure condition,
since the percentage of faulty submodules to the total number of submodules in the
upper arm of phase a is higher than 25%. As a result, the FTCU isolates all

submodules in the three legs and blocks the converter. Figure 6.21 shows the
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reference of capacitor voltages, which increased from 2.25 to 3 kV after the first
fault, while after the second fault are decreased to 0 kV, in order to block the MMC.
Figures 6.22 (a) and (b) show the three-phase output voltages and currents which are
balanced after the application of the first fault, but after the second fault, the three
phase voltages and currents progress towards zero. The capacitor voltages of the
remaining submodules restore their balance at the new set value after the first fault,
and then remain constant due to the isolation of the MMC, as a result of the second
fault, as illustrated in Figure 6.22(c). The proposed RLS scheme accurately estimates
the capacitor voltages until the application of the second fault, as indicated in Figures
6.23 and 6.24. Figure 6.25 (a) shows that the FTCU stabilizes the operation of the
averaging and balancing control loops during the application of the first fault, which
succeeds in limiting the magnitude of the differential current and tightly tracking its
reference. Additionally, the improved averaging and balancing control signals are
portrayed in Figures 6.25 (b) and (c), respectively. However, after the detection of
the second fault, the output signals of the proposed controller are nulled, due to the

MMC blocking order.
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Figure 6.21: Dynamic performance of the proposed FTCU under cascading failure.
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a, under cascading failures.
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Figure 6.25: Action of the different controllers for leg a with enabling the FTCU for
cascading failures: a) Actual and reference waveform of the circulating current, b)
averaging voltage reference, c) balancing voltage reference for the first submodule
of the upper arm.
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6.5 Chapter summary

The chapter has presented a new fault tolerant control strategy for the MMC
which is based on modifying the parameters of the capacitor voltage balancing
technique presented in Chapter 4. The proposed method is integrated with the fault
detection algorithm introduced in Chapter 5 to form a complete inner controller for
the MMC. This action results in a significant reduction of the number of sensors and
their associated wiring issues. Furthermore, the reliability enhancement of the MMC
with the proposed FTCU is studied using Markov chains, and was significantly
improved, which is reflected in an increased MTTF. Accurate performance of the
proposed fault tolerant-based control strategy is revealed from the results presented
and discussed in this chapter. In addition, these results prove that the proposed fault
tolerant control strategy balances the capacitor voltages of the different SMs at a

new set value, and limits the circulating current during SM faults.
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Chapter 7

Validation of Proposed Techniques
Using Hardware in The Loop Real-

Time Simulations

7.1 Introduction

This chapter presents the validation of the proposed capacitor voltage
balancing, fault detection and tolerant control techniques using a HIL simulation
concept, in order to practically evaluate the performance of the proposed control.
This is done by using a real-time digital simulator connected to a real-time field
programmable gate array (FPGA) based physical controller. Firstly, the concept of
HIL simulation systems is presented with focus on their advantages over offline
simulations and experimental setups. Then, the platform of the HIL used for testing
the proposed techniques is described, showing its main parts. A comparative study
is also conducted, in order to illustrate the practical assessment of the proposed
techniques when applied to a real MMC project with a large number of voltage
levels. Finally, different case studies are applied to the HIL system, and their
corresponding results are analysed and compared with those captured from the off-

line PSCAD simulations.
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7.2  HIL System Description

Although off-line simulations are accurate modelling techniques for power
systems, they may suffer from various difficulties such as high computational time,
particularly for an application such as MMC, which is composed of a large number
of series connected submodules. Moreover, they cannot precisely illustrate the in-
operation behaviour of real controllers under different operating conditions [111].
HIL simulations can be used as a suitable alternative for testing and prototyping
newly developed control techniques that will be applied to power electronic devices.
The HIL simulator is defined as a setup that emulates a system, by immersing
faithful physical replicas of some of its subsystems within a closed-loop virtual
simulation of the remaining subsystems[112]. This means that the basic task of the
HIL simulator is to capture the bi-directional or closed loop interactions between a
physical controller and the virtual simulation. As shown in Figure 7.1, the HIL
simulation platform combines a real-time physical controller and a real-time digital

simulator.

Real-Time Physical > Real-Time Digital
Controller < Simulator

Figure 7.1: Structure of the HIL platform.

The main advantages of the HIL simulations can be summarized in the
following points [113], [114]:

e Cost effective due to the reduced hardware when compared to
experimental circuits

e Since it is a simulation-based system, rapid prototyping is available as it
does not need hardware modifications

e The ability to run on a real-time basis due to its advanced computational
structure

e HIL simulators are comprehensive and repeatable which means that they
can be used in the testing of controllers that require a variety of operating

conditions
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7.3

the

e Finally, its most two important features are non-destructiveness and
safety, which is very important in the research since it depends on

applying faults on the MMC

HIL System Implementation

The MMC system is simulated using the RT-LAB [111], and downloaded to
OP-4510 real time digital simulator [115], while the proposed MMC control

technique and its associated capacitor voltage estimation units are programmed
using the LAB-VIEW software [116], and uploaded to an FPGA physical controller
type cR10-9024 [117], as shown in Figure 7.2. Appendix C shows the details of the

HIL simulations.

* Arm inductor voltages

|- Output voltages

0OP-4510

cRIO-9024

* Gating Signals
« Estimated capacitor

Controller and voltages The MMC system

Proposed FDU

(a)

(b)

Figure 7.2: The HIL platform system components: a) the block diagram of the
HIL platform, b) a snapshot of the HIL system.
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The system parameters are identical to the PSCAD-simulated systems that
are presented in Table 4.1. The following sub-sections illustrate each part of the

platform.

7.3.1 The real-time physical controller

The real-time controller shown in Figure 7.3 is a cRIO system type 9024
reconfigurable controller made by National Instruments [117]. This controller
contains an internal real-time process and FPGA controller type virtex 5 [118],
which combines high speed calculations with the ability to deal with various types
of physical signals. Moreover, it has 8 slots where different modules can be fitted,
offering a wide range of analogue and digital cards that can be utilized for both signal

acquisition and measurements.

Figure 7.3: The cRIO-9024 real-time controller.

The real-time controller is responsible for controlling the MMC in very small
time steps (25 ns) by applying the proposed control technique and then generating
the submodules’ switching signals. As shown in Figure 7.4, the main advantage of
using FPGA controllers over processor-based systems is the ability to implement the
application logic in hardware circuits, instead of using a complex operating system,
which saves a significant amount of time and enables it to be competitive for real-
time control applications. It is programmed using LABVIEW, in order to
demonstrate 4 control loops through which the controller performs its desired
functions. The tasks of these loops are:

e Submodule capacitor voltage estimation techniques (ADALINE and

RLS)
e The proposed capacitor voltage-balancing algorithm

e The submodule fault detection algorithm
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To achieve these functions, the real-time controller must receive from the
real-time digital simulator the output voltage and the arm voltages. Further, it should

output the firing signals required for switching the MMC submodules.
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Figure 7.4. The application logic inside the FPGA-based controller [119], [120].

7.3.2 The real-time digital simulator

The real-time digital simulator used in the HIL platform is the OP4510, made
by OPAL-RT (Figure 7.5).

Figure 7.5: The OP4510 real-time digital simulator.

It is responsible for simulating the MMC power system and exchanging data
with the real-time controller through its hardware ports. As shown in Figure 7.6, the
OP4510 consists of three main parts:

1. The KINTEX 7 FPGA carrier board is responsible for controlling the I/O
ports, which enables the system to exchange signals with the physical
controllers demonstrating different signal types.

2. The multi-core CPU, which builds the state space representation for the
MMC system, and performs the real-time calculations that are necessary for

system modelling
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3. The Ethernet port, which connects the OP4510 with a host PC for the purpose

of changing the system parameters
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Figure 7.6: The OP4510 internal structure [115].

The OP4510 is programmed using the RT-LAB software package and
MATLAB/SIMULINK [121]. The process starts with modelling the MMC and
its attachments using SIMULINK, including the hardware signals that need to
be inputted or outputted from the simulator. The RT-LAB is then responsible for
synthesizing the system, building the bootable file which will be loaded into the
simulator, and then running the real-time simulation. Looking inside the
simulation, the real-time simulation model expects to receive the IGBT’s firing
signals from the cRIO controller while sending the arm inductor voltages and
the AC output voltage. It is important to mention that the whole system is
running at a very low time step (25 us), which makes it convenient for real-time

testing.

7.4 Practical Assessment of the Proposed Techniques

The main aim of building a HIL platform is an ability to assess any proposed

control technique by determining whether it can be implemented industrially or not.
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Also the use of HIL simulations ascertains the feasibility of any developed
algorithms. Regarding the proposed techniques for MMC inner control, fault
detection and tolerant control algorithms, the great challenge in implementing these
control functions is the computational volume required, as all tasks depend on the
estimation of the capacitor voltages for all submodules, which may total at least 800
per leg. If the computational burden is too high, a computer with a very large
processor is required, and in this case the control technique would need code
optimization and several reductions in the calculations. For this purpose, the
computational burden of the simulated MMC is presented, and based on this a
conception is shown for a real MMC project with 800 submodules per arm. The
computational burden can be calculated by the number of logical resources
consumed inside the FPGA. The building unit of an FPGA is the lookup table (LUT).
As shown in Figure 7.7, a 4-input LUT is a small piece of RAM which is connected
in the form of combinational logic to perform a specific function. The relationship
between the 4 inputs and the outputs are simply a truth table, which is built through

the synthesizing process.
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Figure 7.7: 4-way LUT.

The implementation of the proposed control on the cRIO virtex 5 based
FPGA controller for controlling a MMC with 8 modules per arm consumed 19,872
LUTs, with the physical controller having an embedded FPGA system with a
maximum number of 28800 LUTs, which means that only 70% of the FPGA’s
resources are utilized. This means that when selecting a controller for an MMC with
800 submodules per leg, applying the proposed control technique will require
1,987,200 LUTs. This can easily be achieved by using three FPGA controller type
VIRTEX 7s, which have 2,000,000 LUTs inside their processing unit [119], [120].

Therefore, 99% of the logic capacity of the controller is utilized, which means that
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the proposed control techniques can be implemented practically in terms of

computational burden.

7.5 HIL Simulation Results

All case studies conducted using PSCAD simulations were repeated using HIL
simulation, in order to examine the performance of the proposed techniques and

compare the acquired results in both simulation systems.

7.5.1 Case 1: The performance of the proposed control under

dynamic change of output voltage reference

This case is identical to that presented in sub-section 4.4.1, and is dedicated
to examining the performance of the proposed capacitor voltage estimation-based
control algorithm for the MMC under the dynamic change of the reference phase
voltage. The reference capacitor voltage v, is set at va/N = 2.25KV, while the
reference phase voltage signal v, is dynamically changed from 0.7pu to 1 pu.

The measured three-phase AC voltages follow their reference signals, as
illustrated in Figure 7.8(a). Initially, when v, = 0.7 pu, six submodules are utilized,
and when v, = 1 pu, all submodules are encompassed. Figure 7.8(b) displays the
three-phase load currents. Figures 7.9(a) and 7.9(b) trace the capacitor voltages,
which are grouped into two main trajectories, one for the upper arm and the other
for the lower arm. The proposed MMC controller succeeds in balancing the capacitor
voltages at their reference value of 2.25 KV. Moreover, Figure 7.10 (a) displays the
estimated capacitor voltage of the first submodule, and compares it with its
corresponding actual voltage. Fast tracking with accurate performance of the
proposed scheme, based on the RLS algorithm for estimating submodule capacitor
voltages, is evident. Furthermore, the circulating current tightly tracks its reference
signal, as demonstrated in Figure 7.10(b). Figures 7.11(a) and 7.11(b) illustrate the
actions of the averaging and balancing controllers for the first submodule at the
upper arm vz,; pa1» respectively. These results reveal the efficient utilization of the

proposed capacitor voltage estimation scheme for the control algorithm of the MMC.
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Figure 7.8: Performance of the proposed inner controller under dynamic change of
v,. a) Three-phase voltages, b) three-phase load currents.
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Figure 7.9: Performance of the proposed inner controller under dynamic change of
v, . a) submodules voltages of upper arm in leg a, b) submodules voltages of lower
arm in leg a.
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Figure 7.10: Action of the different controllers for leg a during dynamic change of
v, a) Actual voltage of submodule 1 and its estimated signal, b) Actual and
reference waveform of the circulating current.
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Figure 7.11: Action of the different controllers for leg a during dynamic change of
v,. a) averaging voltage reference, b) modulating signal for the first submodule of
the upper arm.

7.5.2 Case 2: The performance of the proposed under IGBT open

circuit fault

This case is similar to that presented in sub-section 6.4.1, with the lower
IGBT of the third submodule being opened to resemble an open-circuit fault
condition. The results are in contrast with PSCAD simulations. As shown in Figure
7.12, the proposed FDU successfully detected the fault after 35.6 ms, compared to
33 ms in off-line simulations. This increase in detection time is logical, as the
physical controller runs at a definite clock frequency. The FTCU succeeds in
restoring the stability of the MMC directly after the detection of the fault. This is
performed by isolating the faulty submodule, and one healthy submodule, from the
other arm to balance the energy. The reference signal of the capacitor voltage, v,
is then increased from 2.25 to 3 kV, which compensates the lost energy of the faulty
submodule. Moreover, the phase shift between carrier signals is increased from 45
to 60°. This appears in the three phase voltages and currents shown in Figures 7.13
(a) and (b), respectively, since they are free from DC components and distortion.
Also, the capacitor voltages have their reference signals, v;, tracked in a balanced
manner over the entire test period, as illustrated in Figure 7.14. The RLS unit
estimates all healthy capacitor voltages, with an average error significantly lower
than 5%, as shown in Figure 7.15 (a). Regarding the estimation of the faulty
submodule, the estimated signal contains large amounts of steady state error, which
helps the FDU quickly detect the fault, as demonstrated in Figure 7.15 (b). The

proposed capacitor voltage balancing succeeds in controlling the MMC during the
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fault with the aid of the FTCU. This appears in the reduced value of the differential

current, ig;rr, which strictly tracks its reference signal, as given in Figure 7.16 (a).

Moreover, the averaging and balancing control signals are stable over the entire
period, with only minor fluctuations when the fault is initially generated, as indicated

in Figures 7.16 (b) and (c).
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Figure 7.12: Dynamic performance of the proposed control under an open-circuit
fault in a submodule.
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Figure 7.13: Performance of the proposed control for an open-circuit fault: a)
Three-phase voltages, b) three-phase load currents.
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Figure 7.14: Performance of the proposed control for an open-circuit fault: a)
submodule voltages of upper arm in leg a, b) submodule voltages of lower arm in
leg a.
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Figure 7.15: RLS-estimated signals in the upper arm of leg a under open-circuit
fault: a) first submodule (healthy), b) third submodule (faulty).
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Figure 7.16: Action of the different controllers for leg a with enabling the proposed
control for an open-circuit fault: a) Actual and reference waveform of the
circulating current, b) averaging voltage reference, c) modulating voltage reference
for the first submodule of the upper arm.

7.5.3 Case 3: The performance of proposed control under IGBT
short circuit fault
This case is similar to that presented in sub-section 6.4.2, with the lower
IGBT of the third submodule being opened to resemble an open-circuit fault

condition. The results are in contrast with PSCAD simulations. The FDU is able to

detect the fault in less than 3.2 ms, which is higher that the PSCAD simulations by

128



only 1 ms, due to the real-time calculations of the FPGA controller, as demonstrated
in Figure 7.17. After fault detection, the proposed FTCU performed the same actions
mentioned in the previous case to maintain stability. These actions led to stable
performance of the MMC before and after fault application. The quality of the output
voltage and current was not affected, as shown in Figure 7.18. Moreover, the
capacitor voltages of MMC submodules tracked their reference with only minor
differences between each other, as illustrated in Figure 7.19. Again, the RLS
estimation unit was able to accurately estimate capacitor voltages of all healthy
MMCs with a very small amount of error. However, this was not the case for faulty
submodules, as there was a considerable error between the RLS and ADALINE-
estimated voltages, which assisted the FDU in its task. Figure 7.20 shows a sample
for estimated voltages of one healthy submodule, and another one which is faulty.
Furthermore, the proposed capacitor voltage balancing controller offers stable
performance, which helps to reduce differential current, as given in Figure 7.21.
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Figure 7.17: Dynamic performance of the proposed control under a short-circuit
fault in a submodule.
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Figure 7.19: Enabling the proposed control for a short-circuit fault: a) submodule
voltages of upper arm in leg a, b) submodule voltages of lower arm in leg a.
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Figure 7.20. RLS-estimated signals in the upper arm of leg a under short circuit: a)
first submodule (healthy), b) third submodule (faulty).
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Figure 7.21: Action of the different controllers for leg a with enabling the proposed
control for a short-circuit fault: a) Actual and reference waveform of the circulating
current, b) averaging voltage reference, c) modulating voltage reference for the first
submodule of the upper arm.
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7.5.4 Case 4: The performance of the proposed control under

multiple submodule faults

This case is identical to the PSCAD-offline simulated case presented in sub-
section 6.4.3, and is devoted to studying the behaviour of the real-time physical
behaviour of the proposed techniques in the case of having two faults. Firstly, an
open-circuit fault is applied to the upper switch of the third submodule in. the upper
arm of phase a, then after 0.3s a short-circuit fault is applied to the first submodule
in the lower arm of phase @ while enabling the proposed FDU and FTCU. The FDU
succeeds in detecting the first fault after 35.4 ms, as shown in Figure 7.22(a).
Moreover, the FDU identifies the second fault after 3.2 ms, as shown in Figure 7.22
(b). The detection time of the two faults was similar to that in PSCAD-offline
simulations, with very small deviation. Figures 7.23(a) and (b) portray the three-
phase output voltages and currents, which are balanced even during the application
of the two faults. The capacitor voltages of the remaining submodules of the upper
and lower arms restore their balance at the new set value, as illustrated in Figures
7.24(a) and (b), respectively. Consequent to the detection of the first fault, the
proposed FTCU isolates the faulty submodule in the upper arm, and its
corresponding third submodule in the lower arm, in order to balance the energy
between the two arms. Furthermore, the FTCU increases v, from 2.25 kV to 3 kV,
in order to compensate for the loss of two submodules. After the second fault is
identified, the FTCU isolates the first submodule in the lower arm of phase a, which
is faulty, and re-inserts the third submodule in the same arm, which is previously
bypassed as a response from the FTCU against the first fault. Hence, the energy
between the two arms is always balanced, and the capacitor voltages of the
remaining submodules are regulated at the new set value, 3KV. The proposed RLS
scheme accurately estimates the capacitor voltages during different operating
conditions, as indicated in Figure 7.25(a). Figure 7.25(b) demonstrates that the
FTCU succeeds in limiting the magnitude of the differential current, which tightly
tracks its reference signal. Finally, the averaging and output voltage reference
control signals are portrayed in Figures 7.26 (c) and (d), respectively. It is apparent
that the proposed FTCU stabilizes the operation of the control loops during different
types of faults. The results illustrate the satisfactory behaviour of the proposed

control technique under different types of switch faults.
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Figure 7.22: Dynamic performance of the proposed control under multiple faults:
a)fault 1, b)fault 2

H & “ JAAARANAR 1 A

GG Facior: 2.

!

1000 Vidiv*

(a) (b)

Figure 7.23: The performance of the proposed control under multiple faults: a)
Three-phase voltages, b) three-phase load currents.
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Figure 7.24: The performance of the proposed control under multiple faults: a)
submodule voltages of upper arm in leg a, b) submodule voltages of lower arm in
leg a.
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Figure 7.25: Action of the different controllers for leg a with enabling the proposed
control for multiple failure: a) The capacitor voltage estimation of submodule Vcul,
b) actual and reference waveform of the circulating current.
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Figure 7.26.: Action of the different controllers for leg a with enabling the proposed
control for multiple failure: a) averaging voltage reference, b) modulating voltage
reference for the first submodule of the upper arm.

7.5.5 Case 5: The performance of the proposed control under

cascading failures

This case is identical to that presented in sub-section 6.4.4 under PSCAD-
offline simulations for examining the real-time performance under cascading
failures. A scenario of cascading failure is considered in this case study, in order to
investigate the capabilities of the proposed control strategy. Firstly, an open-circuit
fault is applied to the upper switch of the third SM in the upper arm of phase a. Then,
after 0.5s, a short-circuit fault is applied to the fourth SM in the same arm. After 45
ms, the FDU successfully detects the open-circuit fault, as indicated in Figure 15(a).
Instantaneously, the FTC sorting algorithm isolates the faulty SM in the upper arm,
and its corresponding third SM in the lower arm, in order to balance the energy

between the two arms. In addition, the proposed FTC increases v, from 2.25 kV to
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3 kV, and modifies the phase shift of the carrier waves from 45° to 60° to compensate
for the loss of two SMs. The FDU detected the short-circuit fault after 3.3 ms.

The FTC sorting algorithm considers this condition as a cascading failure,
since the percentage of faulty SMs in the upper arm of phase a reaches 25% of the
total number of SMs. As a result, the FTC isolates the SMs in the three legs and
blocks of the MMC. Figures 7.27 (a) and (b) portray the three-phase output voltages
and currents, which are balanced even during the first fault. After the second fault,
the three-phase voltages and currents are damped to zero, and the MMC is blocked.
Figures 7.28 (a) and (b) illustrates that the capacitor voltages of the remaining SMs
restore their balance at the new set value after the first fault. Following the second
fault, the capacitors become floating, due to the converter blockage.

The proposed RLS scheme accurately estimates the capacitor voltages, as
indicated in Figure 7.29 (a). It should be noted that after the second fault, where the
MMC is blocked, the estimated capacitor voltages tend to zero, due to assigning zero
switching signals to the SMs. Subsequently, the capacitors become floating and their
voltages cannot be estimated. Figure 7.29 (b) shows that the proposed strategy
succeeds in limiting the magnitude of the differential current, which tightly tracks
its reference signal. Additionally, the averaging voltage reference, and the
modulation signal for the first SM of the upper arm, are portrayed in Figures 7.30
(a) and (b), respectively.

The results demonstrate the accurate dynamic behaviour and fast response of
the proposed FDU and FTC under cascading failure. The proposed strategy
stabilizes the operation of the averaging and balancing control loops during SM

faults.
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Figure 7.27: The performance of the proposed strategy under cascading failure: a)
three-phase voltages, b) three-phase load currents.
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Figure 7.28: The performance of the proposed strategy under cascading failure: a)
capacitor voltages of the upper arm in phase a, b) capacitor voltages of the lower

arm in phase a.
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Figure 7.29: Action of the different controllers for leg a: a) The capacitor voltage
estimation of SM Vcul, b) Actual and reference waveforms of the circulating

current.
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Figure 7.30: Action of the different controllers for leg a under cascading failures:
a) averaging voltage reference, b) Modulation signal for the first SM of the upper
arm.

7.6 Chapter Summary

This chapter has presented the validation of the proposed capacitor voltage
balancing, fault detection and fault tolerant control techniques using HIL real-time
simulation. Based on the memory consumed in the FPGA controller used in the HIL
platform, a study for the controller design in case of applying the proposed
techniques for a MMC with 401 voltage levels is calculated, including the sizing of
memory resources to investigate the suitability of the proposed techniques when
applied to a MMC with high number of voltage levels. This study confirms that the
proposed techniques are highly suitable for industrial implementation. Finally, HIL
real-time results illustrate the robust behaviour of the proposed techniques, which

are similar to PSCAD-offline simulations.
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Chapter 8

Conclusion

8.1 Conclusion

This thesis presents two estimation units based on ADALINE and RLS
algorithms for capacitor voltages of the submodules of the MMC. For each leg of
the MMC, the proposed estimation unit requires only three sensors; one for the phase
voltage and the others for the voltages across the arm reactors. Moreover, the
proposed RLS estimation unit is integrated with a control strategy, in order to
balance the voltages across the submodules of the MMC. Furthermore, the estimated
capacitor voltages from the two techniques are utilized to detect and localize the
open-circuit and short-circuit faults of submodule switches. Finally, it proposes a
FTCU depending on a sorting algorithm, which is attached to the proposed capacitor
voltage balancing and fault detection techniques, in order to form an integrated
MMC inner controller. After isolating the faulty submodules, the proposed FTCU
boosts the capacitor voltage, and modifies the phase shift between the carrier signals
for the rest of submodules in the leg, in order to cope with the reduced number of
effective submodules. The proposed integrated control strategy eliminates the need
for direct measurements of capacitor voltages and their associated communication
systems, which renders it suitable for implementing a low-cost centralized controller
for the MMC with a large number of submodules. In addition, the proposed FDU
and FTCU do not require any extra components, as they are based on the estimation

algorithms that are simultaneously utilized for the proposed control of the MMC.
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The fast response and accurate tracking of the proposed scheme for
submodule capacitor voltage estimation are revealed from the results of offline
simulations, as well as HIL real-time simulations, where the proposed control is
tested under different dynamic conditions. Moreover, the proposed MMC controller
succeeds in balancing the capacitor voltages. The accurate performance of the
proposed FDU for detecting and localizing different faults, results from its hybrid
processing, where the fault decision is not only based on the reduction on the
estimated per-unit voltage, but also on the rate of change of the difference between
the estimated voltages from the proposed ADALINE and RLS algorithms.
Furthermore, the proposed FTCU succeeds in stabilizing the operation of the
averaging and balancing control loops of the MMC under different types of faults.

In addition, the circulating current tightly tracks its reference signal.

8.2 Summary of Contributions
The summaries of contributions achieved in the thesis are listed below:

e Conducting a detailed review of the fault detection and tolerance control of
MMCs (Chapters 2 and 3). This review includes the structure, operation and
modulation of MMCs. Moreover, common capacitor voltage balancing
techniques proposed in the past are investigated. In addition, all MMC
submodule faults are mapped with a particular focus on the consequences
associated with each fault type. Finally, popular fault diagnosis and tolerance
control techniques used for MMCs are also investigated, in order to

determine the research areas that need to be further investigated

e Developing a capacitor voltage balancing technique for an MMC that
depends on capacitor voltage estimation, without the need to measure the
actual voltage in each submodule (Chapter 4), the proposed technique gives
a better performance compared to other capacitor voltage techniques, since
capacitor voltages are balanced under different operating conditions, keeping

the output power free of distortions at a very low circulating current.
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e Developing an improved fault diagnosis technique for detecting submodule
faults which is able to detect and localize submodule faults without adding
extra sensors or special power circuits, and without affecting the power
quality of the MMC (Chapter 5), the proposed technique succeeds in
detecting different submodule faults with a rapid response. Furthermore, it

differentiates between fault events and outer system disturbances

e Developing a software fault tolerant control technique for controlling the
MMC in the case of occurrence of any submodule fault (Chapter 6), the
proposed technique does not require any redundant components. This means
that costs are minimized, keeping the MMC secured during the fault incident,

leading to increased MMC reliability, since its availability is increased.

8.3 Recommendations for Future Research

The following research points could be investigated in future:

e The stability of MMC-based HVDC grids could be investigated after
applying the proposed MMC inner control, in order to assess the effect of
fault tolerance in power system stability

e The proposed capacitor voltage balancing technique and FTCU uses the PS-
PWM modulation technique. Other modulation techniques could be studied,
in order to determine the most suitable switching algorithm for this
application

e The proposed FDU is designed to detect faults inside power electronic
devices. A condition monitoring unit for health monitoring of submodules
could be investigated for the purpose of detecting faults inside submodule
capacitors

e Another FDU for the detection of external DC faults could be attached to the
proposed FDU, in order to offer an integrated FDU for detection of internal
as well as external faults

e The proposed MMC inner control could be tested industrially, by applying

various industrial operating conditions (e.g. EMI, noise, etc.).
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Appendix A

Modelling of Wind Energy

Conversion Systems

This appendix describes the modelling process of wind energy conversion

systems used in the simulation model which is presented in sub-section 4.3.2.

A.1 Modelling of the Wind Turbine

The wind turbine model is built according to the steady state characteristics
of it. The power output is expressed as:
P, = 0.5pAC,v;, (A.1)
Where p is the air density, A is the effective area of the blade, C, is the power
coefficient of the turbine and v, is the wind speed. The (), needs to be modelled
accurately as it is considered to be the governing factor in (1) since it determines the
efficiency of the power converted from wind to mechanical [9]. The C,, is calculated
from:

Cp = 0.22(1164; — 0.4 — 5)e 125k (A.2)

1 0.035
" 1+0.08 1+53

(A.3)

4
where f is the pitch angle and A is the tip speed ratio.

The output mechanical torque is given by:
Pm

Wm

Ty = (A.4)
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where w,, is the rotor angular speed.

A.2 Modelling of PMSG

A third order model is used to represent the PMSG on PSCAD/EMTDC

software package. The mathematical equations of the PMSG model in the rotor

frame are:
Rs LqPwm Vs
.0 _—— .0 —_—
a las| _ Lqg Lqg las| Lg (A.5)
dat lgs _ LaPwm Rs lcels 1755_13"0m¢pm ’
Lq Lq Lq
Where:

igs» igs are the stator current components.
Vgs, Vgs are the stator voltage components.
Rg is the stator resistance while L, and L, are the direct and quadrature components
of the inductance.
P is the number of pole pairs and 1y, is the magnetic flux inside the PMSG.
The electromagnetic torque is given by:
Te = 2 P(igsthpm + (La — Lq)icsiss) (A.6)
From (A1.4) and (A1.6) the electromechanical equation is written as:

dwm

T —Te =] 22+ B, (A.7)

A.3 Modelling of the DFIG

Induction machine dynamic operation modes have been described by means
of a system of voltage differential equations for the stator and rotor coils

respectively. The DFIG mathematical model expressed in unit values and «f

coordinate system are as follows:

dy 1 k

e oy 4y A8
dt ]-;Wéa T;‘//r(z sa ( )
dyy _

1 k
— + = +U_g,, A9
dl Tg l//sﬂ T l//rﬂ sp ( )

s

153



dy,, _k, 1

==Y, =W, — 0OV, +u A.10
d t T;, ‘//sa 7—; ‘//ra l//r/;’ ra ( )
dy,, k 1
T =Sy o toy., ——Y., U, A1l
dt 7-; Wvﬂ Wra 7—; Wrﬂ rp ( )

Rotor and stator feed voltage vector components are:

u,=ug,, (A.12)
1
usﬂ = ﬁ(”sb _usc)’ (A13)
Uy =t (A.14)
1
urﬂ = ﬁ(urb _urc)' (AlS)

The stator and rotor current vector components, expressed by means of the known

magnetic flux components, are as follows:

i = Liv/ —’z—v/ (A.16)
isﬁzit/fsﬁ—i—iy/rﬁ, (A.17)
i =—’Z—Zwm +Li.rwm, (A18)
i = —%W +Li,ry/rﬂ. (A.19)

The generator electromagnetic moment, at the same time representing the

input value of the wind turbine two-mass model, is:
m, =Y Jd5—V i, (A.20)
The following are the parametres as occurring in the equations from (A.8) to (A.19):
, L L L, .. L . L
L =ol ,0=1-—"k =—"k =—,T =—and T, =—.
LL L L R R

s r N r s r

L =oL

K s

The induction generator stator active and reactive power momentary value
is obtained by multiplying the stator voltage vector by conjugated-complex value of

the stator current vector, as illustrated below:
psa = usaisa + usﬁ’isﬂ 2 (A21)

psr = usﬂisa - usal‘sﬂ . (A22)
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The DFIG rotor active power momentary value may be calculated in a similar way:
Dra =Upglog H U4l (A.23)

The momentary value of the rotor reactive power equals zero.
The momentary values of the induction generator stator and rotor current

may be obtained from the aff coordinate system components by means of the

following equations:

i, =il +i (A.24)
i =2 +i% (A.25)

Losses in the generator coils stator and rotor DFIG are:

P, =RiZ+RIP’. (A.26)

A.4 Control of Active and Reactive Power Injected into the Grid

Controlling the flow of active and reactive powers in the grid is done by
controlling both the DC and AC voltage at each terminal. The control system at each

terminal is formed from five units as described in the following sub-sections.

A.4.1 Phase locked loop

The phase locked loop technique is responsible for synchronizing the AC
voltage of the MMC with the grid voltage. This is done using a feed forward PI
control loop which receives the quadrature axis voltage of the MMC AC terminals
V: ¢- The output of the PI controller is then added to the initial angular frequency wy.

The output of the addition is passed through integrator resulting into the grid phase
0.

A.4.2 AC and DC voltage control loops

The active and reactive power control loops are very simple as they utilize
two PI controllers to decide the values of the MMC direct and quadrature

components of the desired MMC output current i; and ig.
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A.4.3 Inner current loop

The inner current control loop is used to regulate the MMC output current
based on the received references from the DC and AC control loops, the loop is

designed based on the MMC dynamics of the AC side:

di . .

Lgrid ﬁ = lq(*)Lgrid - lngrid +Via—Vsa (A.27)
di . .

Lgrid d_tq = _ld(*)Lgrid - lngrid + th - Vsq (A.28)

Where Lgriq and Rgypiq are the grid inductance and resistance. Vi is the MMC
terminal voltage while V; is the grid voltage.

According to (A.27) and (A.28), two PI controllers are added to regulate the i,; and
iq. The output of the two controllers is then added to the measured components of
the grid voltage Vs, and V;, forming two feed forward loops. The decoupled
components of iz and i, are then subtracted from the two loops resulting in the
reference terminal voltages Vi and V¢,,. Figure A.1 shows the block diagram of the

active and reactive power control.

Main Control
P
i . Agtive Vi |
pa |l P2 power f
A Transform|l - Contral _Ii—-;:_ lrer i
Vv, Phase |0 Vy | Currant =
M |acked : o oo
e PP id_.. Q‘ | Reactive IH. it
| Transform| - | ke ]
e Cantro| LL
Iy :
i 0

Figure A.1: Active and reactive power control.
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Appendix B

Details of PSCAD Simulation
Models

This appendix shows all details of the MMC simulation models, this include
the following:

e The MMC submodule model

e The block of PS-PWM.

e The ADALINE programming function

e The RLS programming function

e The block of the proposed capacitor voltage balancing algorithm.
e The block of the proposed FDU.

e The block of the proposed FTCU.
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Figure B.1: The simulated 5 level MMC.
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Figure B.2: The submodule model.
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Figure B.3: The RLS programming block.

The following code is the RLS capacitor voltage balancing algorithm which is used

in the RLS block (shown in Figure B.3):

! try

12345678
#LOCAL REAL auphi 4
#LOCAL REAL auphip 4
#LOCAL REAL aupphi 4
#LOCAL REAL aupl 4
#LOCAL REAL aup2
#LOCAL REAL aup3
#LOCAL REAL aup4
#LOCAL REAL auth

BSOS

IF (TIME .EQ. 0) THEN

cunter=1

i=0

DO AUK= 1, 4

i=i+1

auth (i) = 0

aupl (1) =
aup?2 (1)
aup3 (i) =
aup4 (1)
END DO

o O oo
oo oG

'TF (cunter .EQ. 1) THEN

i=0 ! uphip = phi'*p
DO AUK= 1, 4
i=i+1

auphip (i)=(auphi (1) *aupl (i) )+ (auphi (2) *aup2 (1)) + (auphi (3) *aup3 (i) ) + (auphi (4) *aup4 (1
))
END DO

i=0 ! under = latuphip*phi
auunder=$landa

DO AUK= 1, 4

i=i+1
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auunder= auunder + (auphip (i) *auphi (i))
END DO

IF (auunder .GT. 0) THEN

IEEEEEEE SRS SR SRR EEEEEEEEEEE S

i=0 ! pphi=zero
DO AUK= 1, 4
i=i+1
aupphi (1)=0
END DO
i=0 ! pphi=p*phi
DO AUK= 1, 4
i=i+1
aupphi (1)=aupphi (1) + (aupl (i) *auphi (1))
aupphi (2)=aupphi (2) + (aup2 (i) *auphi (1))
aupphi (3) =aupphi (3) + (aup3 (1) *auphi (1))
aupphi (4) =aupphi (4) + (aup4 (1) *auphi (1))
END DO
i=0 ! p=(p- (upphi*uphip/under))/la;
DO AUK= 1, 4
i=i+1
aupl (i) =(aupl (1) - (aupphi (1) *auphip (i) /auunder) ) /$landa
aup2 (i) =(aup2 (i) - (aupphi (2) *auphip (i) /auunder) ) /$landa
aup3 (i) =(aup3 (i) - (aupphi (3) *auphip (i) /auunder) ) /$landa
aup4 (i) =(aup4 (i) - (aupphi (4) *auphip (i) /auunder) ) /$landa
END DO
| e e e e
fmm e th=th+p*phi* (y-phi'*th) =——===—=———mmmmmmmmm oo
i=0 ! ¢ =y - phi'*th
cau = ($vd)-(Sva)-(Svlu)
DO AUK= 1, 4
i=i+1
cau = cau - (auphi(i)*auth(i))
END DO
i=0 | th = th + pphi*c
DO AUK= 1, 4
i=i+1
auth (1) auth (i) + (aupphi (i) *cau)
END DO
| e e e e
ENDIF

IEEEEEEE SRS SR SRR EEEEEEEEEEE S

cunter=0
! ENDIF
cunter=cunter+l
Svcle = auth (1)
Svc2e = auth(2)
Svc3e = auth(3)
Svcide auth (4)

/Ej /é? /{? !%?
s1 [s2 k“:=s3 s4

vcle JL*

of |V ADALINE .

vilay 1000 Vic2e I~ Vcea1
* va

N - for Upper Vcap o
Va| 1000 Vede | Vcea2

o * | v of Phase a N
V 1000 Vicde | Vcea3

cha4
Figure B.4: The ADALINE programming block.
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The following code is the ADALINE capacitor voltage balancing algorithm which is
used in the ADALINE block (shown in Figure B.4):

! try
12345678
IF (TIME .EQ. 0) THEN
cunter=1
wl =0
w2 = 0
w3 = 0
w4 = 0
ENDIF

'TF (cunter .EQ. 1) THEN
yc = wl*($sl) + w2*($s2) + w3*($s3) + wi* ($Ss4)

E = ($s1)*(Ssl) + ($s2)*(8$s2) + ($s3)*($s3) + ($s4)*($s4)
y = ($vd)-($va)-(S$vliu)
IF (E .GT. 0) THEN
c = ($alphh)* (y-yc)/E
wl = wl + c*($sl)
w2 = w2 + c*($s2)
w3 = w3 + c*($s3)
wd = w4 + c*($s4)
ENDIF
cunter=0
'ENDIF
cunter=cunter+l
Svcle = wl
Svc2e = w2
Svc3e = w3
Svcde = w4
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Figure B.6: The block of the proposed FDU.

The following code performs the necessary comparisons and decisions needed for the

FDU block (shown in Figure B.6):

IF (($csl .GT. 200) .and. ($Svsigl .LT. 96)) THEN

$fsigl =1

Sresetl = 0

ELSEIF ($vsigl .GT. 96) THEN
$fsigl = 0

Sresetl = 1

ENDIF

IF ((Scs2 .GT. 200) .and. (Svsig2 .LT. 96)) THEN

$fsig2 =1

Sreset2 = 0

ELSEIF ($vsig2 .GT. 96) THEN
$fsig2 = 0

Sreset2 = 1

ENDIF

IF (($cs3 .GT. 200) .and. (Svsig3 .LT. 96)) THEN

$fsig3 =1

Sreset3 = 0

ELSEIF ($vsigl .GT. 96) THEN
$fsig3 =0

Sreset3 = 1

ENDIF

IF ((Scs4 .GT. 200) .and. (Svsig4 .LT. 96)) THEN
$fsigd =1

Sresetd = 0

ELSEIF ($vsig4 .GT. 96) THEN

$fsigd = 0
Sresetd =1
ENDIF

IF ((Scs5 .GT. 200) .and. (Svsigb .LT. 96)) THEN
$fsigh =1

Sreset5 = 0

ELSEIF ($vsig5 .GT. 96) THEN

$fsigh = 0
Sreset5 = 1
ENDIF

IF ((Scs6 .GT. 200) .and. (Svsig6 .LT. 96)) THEN
$fsigb =1

Sreset6 = 0

ELSEIF ($vsig1 .GT. 96) THEN

$fsig6 = 0
Sreset6 = 1
ENDIF

IF (($cs7 .GT. 200) .and. ($vsig7 .LT. 96)) THEN
$fsig7 =1

Sreset7 = 0

ELSEIF ($vsig7 .GT. 96) THEN
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$fsig7 = 0
Sreset7 =1
ENDIF

IF (($cs8 .GT. 200) .and. ($vsig8 .LT. 96)) THEN
$fsig8 =1

Sreset8 = 0

ELSEIF ($vsig8 .GT. 96) THEN

$fsig8 = 0
Sreset8 =1
ENDIF
FI'C..._:J A A, A A e
w‘ [=8 a o a (=% [=% a
@ o ] w <« v wv
- L w s il (=] @
r 4 A -
e 2 f 2 3 4[5 & 7 hic]
{ E%cmmh1jk
#NaN
—0|52 carrph2 >
Fault tolerant 53
4| carrph3 >
deca Ctl= 1

fﬁa_

—0|54 carrphd >

dé’.?f R control processing o5
o —0| carrphs >
—9|55 carrph >

unit
—e|5? carrph? >
—9[53 carrph8 >
creft riosm
é o
=
N

Figure B.7: The block of the proposed FDU.

The following code is the fault tolerant control sorting algorithm which is installed

inside the FTCU (shown in Figure B.7):

IF($fcas .EQ. 0) THEN

$psl = 0
$ps2 = 90
$ps3 = 180
Sps4 = 270
$ps5 = 45
$ps6 = 135
$ps7 = 225
$ps8 = 315
$f1 =0
$f2 =0
$f3 =0
$f4 =0
$f5 = 0
$f6 =0
$f7 =0
$f8 =0

Svcreft = 2250
Snosm = 8
ELSEIF ($fcas .EQ. 18) THEN

Spsl = 0
$ps2 = 120
$ps3 = 240
$psd = 270
$ps5 = 60
$ps6 = 180
Sps7 = 225
$ps8 = 300
$f1 =0
$f2 =0
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$£3 =0
$f4 =1
$f5 =0
$fe =0
Sf7 =1
$f8 = 0
Svcreft =
Snosm = 6
ELSEIF (Sfcas
$psl = 0
$ps2 = 120
Sps3 = 240
Spsd = 270
Sps5 = 60
$ps6 = 180
$ps7 = 180
S$ps8 = 300
$f1 =0
$f2 =0
$f3 =0
$f4 =1
$£5 = 0
$fe =1
$£f7 =0
$f8 = 0
$Vcreft =
Snosm = 6
ELSEIF ($fca
Spsl = 0
$ps2 = 120
$ps3 = 240
$psd = 270
Sps5 = 60
$ps6 = 60
Sps7 = 180
$ps8 = 300
$f1 =0
$£2 =0
$£3 =0
Sf4 =1
$f5 =1
$f6 = 0
SE7 =0
$f8 = 0
Svcreft =
Snosm = 6
ELSEIF ($fca
Spsl = 0
$ps2 = 120
Sps3 = 240
Spsd = 240
Sps5 = 60
$ps6 = 180
$ps7 = 300
$ps8 = 300
$f1 =0
$f2 =0
$f3 =1
$f4 = 0
$£5 = 0
$fe =1
$£f7 =0
$f8 = 0
Svcreft =
Snosm = 6
ELSEIF ($fcas .EQ.
$psl = 0
$ps2 = 120
Sps3 = 240
$psd = 240
Sps5 = 60
$ps6 = 180
Sps7 = 180
$ps8 = 300
$f1 =0
$£2 =0
$£3 1

3000

.EQ.

3000

20)

24)

33)

36)

THEN

THEN

THEN

THEN
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$f4 =0

$f5 = 0

$fe = 1

$S£7 =0

$f8 = 0
Svcreft = 3000
Snosm = 6
ELSEIF ($fcas .EQ.
$psl = 0

$ps2 = 120
Sps3 = 240
$psd = 240
Sps5 = 60

$ps6 = 60

Sps7 = 180
Sps8 = 300

$f1 =0

$f2 =0

$f3 =1

$f4 =0

$f5 =1

$f6 =0

$SE£7 =0

$f8 =0
Svcreft = 3000
Snosm = 6
ELSEIF ($fcas .EQ.
Spsl = 0

$ps2 = 120
$ps3 = 120
Spsd = 240
Sps5 = 60

Sps6 = 180
Sps7 = 300
Sps8 = 300

$f1 =0

$f2 =1

$f3 =0

$f4 =0

$f5 =0

$f6 = 0

Sf7 =0

$f8 =1
Svcreft = 3000
Snosm = 6
ELSEIF ($fcas .EQ.
$psl = 0

$ps2 = 120
Sps3 = 120
$psd = 240
Sps5 = 60

$ps6 = 180
Sps7 = 300
Sps8 = 300

$f1 =0

$f2 =1

$f3 =0

$f4 =0

$f5 = 0

$f6 =0

$f£7 =1

$f8 =0
Svcreft = 3000
Snosm = 6
ELSEIF ($fcas .EQ
Spsl = 0

$ps2 = 120
$ps3 = 120
$psd = 240
Sps5 = 60

$ps6 = 60

Sps7 = 180
Sps8 = 300

$f1 =0

$f2 =1

$f3 =0

$f4 =0

40)

65)

66)

72)

THEN

THEN

THEN

THEN
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$f5 =1
Sf6 0
$S£7 =0
0
t
(

$f8 =
Svcref
Snosm
ELSEIF
Spsl =
$ps2 = 0
$ps3 = 120
$psd = 240
Sps5 = 60
$ps6 = 180
Sps7 = 300
Sps8 = 300
Sf1 =
Sf2 =
Sf3 =
S$f4 =
Sf5 =
$f6 =
$£7 =
$f8 =
Svcreft
Snosm =
ELSEIF ($
$psl = 0
Sps2 = 0
Sps3 = 120
Spsd = 240
Sps5 = 60
Sps6 = 180
Sps7 = 300
Sps8 = 300
$f1 =1
$f2 =0
$f3 =0
$f4 =0
$f5 = 0
0
1
0
t
(

6
$fcas .EQ. 129) THEN
0

P O OOOoOOooRr

= 3000
6
fcas .EQ. 130) THEN

$f6 =
Sf7 =
$f8 =
Svcreft = 3000

Snosm 6

ELSEIF ($fcas .EQ. 132) THEN
$psl = 0

$ps2 = 0

Sps3 = 120

$psd = 240

Sps5 = 60

$ps6 = 180

Sps7 = 180

Sps8 = 300

Sf1 =
Sf2 =
Sf3 =
Sf4 =
$f5 =
Sfe =
$£7 =
$f8 =
Svcreft =
Snosm 6
ELSEIF (($Sfcas .EQ. 1) .or. (Sfcas .EQ. 16) .or. (Sfcas .EQ. 17)) THEN
Spsl = 0

$ps2 = 120

$ps3 = 240

Sps4 = 240

Sps5 = 60

$ps6 = 180

Sps7 = 300

$Sps8 = 300

Sfl1 =
Sf2 =
$f3 =
Sf4 =
Sf5 =

3000

ool e Ne)
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$f6 =

SE7

$f8 =

Svcreft =

Snosm = 6

ELSEIF ((Sfcas .EQ. 2) .or. (Sfcas .EQ. 32) .or. (Sfcas .EQ. 34)) THEN

Spsl = 0

$ps2 = 120

$ps3 = 240

$ps4 = 240

Sps5 = 60

Sps6 = 180

Sps7 = 180

$ps8 = 300

$f1 =0

$f2 =0

$f3 =1

$f4 =0

$f5 =0
0
1
0
t
(

Il
— o o

3000

$f6 =
$£7 =
Sf8 =
Svcreft =
Snosm 6
ELSEIF (($fcas .EQ. 4) .or. ($fcas .EQ. 64) .or. ($fcas .EQ. 68)) THEN
$psl = 0
$ps2 = 120
$ps3 = 120
$ps4 = 240
Sps5 = 60
$ps6 = 180
$ps7 = 180
Sps8 = 300
$f1 =0
$f2 =1
$f3 =0
$f4 =0
$f5 = 0
1
0
0
t
(

3000

Sfe =
S£7 =
$f8 =
Svcref
Snosm
ELSETIF ((
Spsl = 0
$ps2 = 0
$ps3 = 120
$psd = 240
Sps5 = 60
Sps6 = 60
Sps7 = 180
$Sps8 = 300
Sf1 =
$f2 =
S$f3 =
Sf4 =
$f5 =
$f6 =
$£7 =
Sf8 =
Svcref
Snosm
ELSE

$psl = 0

Sps2 = 0

$ps3 = 120
Sps4 = 240
Sps5 = 60
Sps6 = 60
$ps7 = 180
$Sps8 = 300
Sf1 =
Sf2 =
$f3 =
Sf4 =
Sf5 =
Sfe =

6
$fcas .EQ. 8) .or. ($fcas .EQ. 128) .or. (Sfcas .EQ. 136)) THEN

3000

I toocorrooor

6

R el
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$£7 =
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Appendix C

Details of HIL Real-Time

Simulations

This appendix shows all details of the MMC HIL real-time simulations. As
mentioned in Chapter 7, the HIL real-time simulations is done through incorporating
a physical FPGA controller (programmed using Labview) with a real-time digital
simulator (programmed using RT-LAB/Simulink enviroment). Thus, the appendix
is divided into two sections: the first shows the details of the RT-LAB/Simulink
Model which has the MMC model, the fault simulation block, the proposed FTCU,
the PS-PWM switching algorithm and the MMC voltages and currents monitoring
console. While the second part shows the LABVIEW program which shows the
ADALINE and RLS estimation blocks, the propsoed capacitor voltage balancing
algorithm and the proposed FDU.
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C.1 The RT-LAB/Simulink Real-time Simulation Model
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Figure C.1: The block of the proposed FDU for one leg.
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Figure C.2: The block of submodule including the fault simulation unit.

Figure C.3: The blocks of the proposed FTCU.

The following code is the fault tolerant control sorting algorithm which is installed

inside a MATLAB function (as shown in Figure C.3):

[psl,ps2,ps3,ps4,ps5,ps6,ps7,ps8,f1,f2,£3,f4,£5,f6,£f7,£8,vcreft, no

function

sm] = FTC(fcas)

if fcas==0
psl = 0;
ps2 = 90;
ps3 180;
psd4 = 270;
psb5 = 45;
pPs6 135;
ps7 = 225;
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ps8 = 315;
f1 = 0;
f2 = 0;
£f3 = 0;
f4 = 0;
f5 = 0;
fo = 0;
£f7 = 0;
£f8 = 0;
vcreft =
nosm = 8;
elseif fcas == 18
psl = 0;
ps2 = 120;
ps3 = 240;
psd4 = 270;
ps5 = 60;
ps6 = 180;
ps7 = 225;
ps8 = 300;
f1 = 0;
f2 = 0;
£f3 = 0;
f4 = 1;
f5 = 0;
fo = 0;
£f7 = 1;
£f8 = 0;
vecreft = 3000;
nosm = 6;
elseif fcas == 20
psl = 0;
ps2 = 120;
ps3 = 240;
psd4 = 270;
ps5 = 60;
ps6 = 180;
ps7 = 180;
ps8 = 300;
f1 = 0;
f2 = 0;
£f3 = 0;
f4 = 1;
f5 = 0;
fo = 1;
£f7 = 0;
f8 = 0;
vecreft = 3000;
nosm = 6;
elseif fcas == 24
psl = 0;
ps2 = 120;
ps3 = 240;
ps4 = 270;
ps5 = 60;
ps6 = 60;
ps7 = 180;
ps8 = 300;
f1 = 0;
f2 = 0;
£f3 = 0;

2250;
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f4 = 1;

f5 = 1;

f6 = 0;

£f7 = 0;

f8 = 0;

vcreft = 3000;

nosm = 6;
elseif fcas == 33;

psl = 0;

ps2 = 120;

ps3 = 240;

psd4 = 240;

ps5 = 60;

ps6 = 180;

ps7 = 300;

ps8 = 300;

f1 = 0;

f2 = 0;

£f3 = 1;

f4 = 0;

f5 = 0;

fo = 1;

£f7 = 0;

£f8 = 0;

vcreft = 3000;

nosm = 6;
elseif fcas == 306

psl = 0;

ps2 = 120;

ps3 = 240;

psd4 = 240;

ps5 = 60;

ps6 = 180;

ps7 = 180;

ps8 = 300;

f1 = 0;

f2 = 0;

£f3 = 1;

f4 = 0;

f5 = 0;

fo = 1;

£f7 = 0;

£f8 = 0;

vecreft = 3000;

nosm = 6;
elseif fcas == 40;

psl = 0;

ps2 = 120;

ps3 = 240;

psd4 = 240;

ps5 = 60;

ps6 = 60;

ps7 = 180;

ps8 = 300;

f1 = 0;

f2 = 0;

f3 = 1;

f4 = 0;

f5 = 1;

fo = 0;

£f7 = 0;
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f8 = 0;

vcreft = 3000;

nosm = 6;
elseif fcas == 65

psl = 0;

ps2 = 120;

ps3 = 120;

psé4 = 240;

psS5 = 60;

ps6 = 180;

ps7 = 300;

ps8 = 300;

f1 = 0;

f2 = 1;

£f3 = 0;

f4 = 0;

f5 = 0;

f6 = 0;

£f7 = 0;

f8 = 1;

vcreft = 3000;

nosm = 6;
elseif fcas == 66

psl = 0;

ps2 = 120;

ps3 = 120;

psd4 = 240;

ps5 = 60;

ps6 = 180;

ps7 = 300;

ps8 = 300;

f1 = 0;

f2 = 1;

£f3 = 0;

f4 = 0;

f5 = 0;

fo = 0;

£f7 = 1;

£f8 = 0;

vcreft = 3000;

nosm = 6;
elseif fcas == 72

psl = 0;

ps2 = 120;

ps3 = 120;

psd4 = 240;

ps5 = 60;

ps6 = 60;

ps7 = 180;

ps8 = 300;

f1 = 0;

f2 = 1;

£f3 = 0;

f4 = 0;

f5 = 1;

fo = 0;

£f7 = 0;

£f8 = 0;

vecreft = 3000;

nosm = 6;
elseif fcas == 129
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psl = 0;
ps2 = 0;
ps3 = 120;
ps4 = 240;
ps5 = 60;
ps6 = 180;
ps7 = 300;
ps8 = 300;
f1 = 1;
f2 = 0;
£f3 = 0;
f4 = 0;
f5 = 0;
f6 = 0;
£f7 = 0;
f8 = 1;
vcreft = 3000;
nosm = 6;
elseif fcas == 130
psl = 0;
ps2 = 0;
ps3 = 120;
ps4 = 240;
ps5 = 60;
ps6 = 180;
ps7 = 300;
ps8 = 300;
f1 = 1;
f2 = 0;
£f3 = 0;
f4 = 0;
f5 = 0;
f6 = 0;
£f7 = 1;
f8 = 0;
vcreft = 3000;
nosm = 6;
elseif fcas == 132
psl = 0;
ps2 = 0;
ps3 = 120;
psd4 = 240;
psS5 = 60;
ps6 = 180;
ps7 = 180;
ps8 = 300;
f1 = 1;
f2 = 0;
£f3 = 0;
f4 = 0;
f5 = 0;
fo = 1;
£f7 = 0;
£f8 = 0;
vcreft = 3000;
nosm = 6;
elseif (fcas == 1)
psl = 0;
ps2 = 120;
ps3 = 240;
psd4 = 240;

(fcas

16)
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ps5 = 60;
ps6 = 180;
ps7 = 300;
ps8 = 300;
f1 = 0;
f2 = 0;
f3 = 1;
f4 = 0;
f5 = 0;
fo = 0;
£f7 = 0;
f8 = 1;
vecreft = 3000;
nosm = 6;
elseif (fcas == 2)
psl = 0;
ps2 = 120;
ps3 = 240;
ps4 = 240;
ps5 = 60;
ps6 = 180;
ps7 = 180;
ps8 = 300;
f1 = 0;
f2 = 0;
f3 = 1;
f4 = 0;
f5 = 0;
f6 = 0;
£f7 = 1;
f8 = 0;
vcreft = 3000;
nosm = 6;
elseif (fcas == 4)
psl = 0;
ps2 = 120;
ps3 = 120;
ps4 = 240;
ps5 = 60;
ps6 = 180;
ps7 = 180;
ps8 = 300;
f1 = 0;
f2 = 1;
£f3 = 0;
f4 = 0;
f5 = 0;
fo = 1;
£f7 = 0;
f8 = 0;
vcreft = 3000;
nosm = 6;
elseif (fcas == 8)
psl = 0;
ps2 = 0;
ps3 = 120;
ps4 = 240;
ps5 = 60;
ps6 = 60;
ps7 = 180;
ps8 = 300;

(fcas == 32)
(fcas == 64)
(fcas == 128)
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:

fl =
f2 =
£3
f4
f5 =
fo =
£7
£f8 =

vcref
nosm

else

psl =
ps2 =
ps3
ps4
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ps8 =
fl =

£f2 =

£3
f4 =
f5 =
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£7
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Figure C.4: The blocks of the PS-PWM switching algorithm.
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Figure C.5: The Monitoring console.

C.2 The cRIO/LABVIEW Programming Blocks
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Figure C.6: The LABVIEW block of the ADALINE capacitor voltage estimation
algorithm for one arm.
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Figure C.7: The LABVIEW block of the RLS capacitor voltage estimation algorithm
for one arm.
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Figure C.9: The LABVIEW block of the balancing control for one submodule.
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Figure C.11: The LABVIEW graphical user interface of the capacitor voltage
estimation.
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Figure C.12: The LABVIEW graphical user interface of the capacitor voltage
balancing control.
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Figure C.13: The LABVIEW graphical user interface of the proposed FDU.

183



Appendix D

Selected Publications

184



CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 2, NO. 1, MARCH 2016 65

Capacitor Voltage Balancing Strategy Based on
Sub-module Capacitor Voltage Estimation for
Modular Multilevel Converters

Mahmoud Abdelsalam, Mostafa Marei, Senior Member, IEEE, Sarath Tennakoon, Member, IEEE,
and Alison Griffiths

Abstract—The modular multilevel converter (MMC) is ex-
pected to be used extensively in high-voltage direct current
(HVDC) tr ion networks b of its superior character-
istics over the line-commutated converter (LCC). A key issue of
concern is balancing sub-module capacitor voltages in the MMCs,
which is critical for the correct operation of these converters.
The majority of voltage balancing techniques proposed thus far
require that the measurement of the capacitor voltages use a
reliable measuring system. This can increase the capital cost of
the converters. This paper presents a voltage balancing strategy
based on capacitor voltage estimation using the adaptive linear
neuron (ADALINE) algorithm. The proposed estimation unit
requires only three voltage sensors per phase for the arm reactors
and the output phase voltages. Measurements of sub-module
capacitor voltages and associated communication links with the
central controller are not needed. The proposed strategy can
be applied to MMC systems that contain a large number of
sub-modules. The method uses PSCAD/EMTDC, with particular
focus on dynamic performance under a variety of operating
conditions.

Index Terms—Capacitor balancing, HVDC, MMC.

I. INTRODUCTION

OLTAGE source converters (VSCs) are being used in-

creasingly in high-voltage direct current (HVDC) trans-
mission systems over line-commutated converters (LCCs), par-
ticularly for connecting off shore wind farms. The advantages
of using VSC include the ability to control active and reactive
power independently, the ability to supply weak or passive net-
works, and VSC’s lower space footprint. Although VSCs have
many topologies, the modular multilevel converter (MMC) is
considered the most suitable topology for high voltage applica-
tions, especially for power transmission and distribution. Their
advantages include potential to eliminate harmonic filters with
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a sufficient number of voltage levels, elimination of the DC-
link capacitor, and low switching losses [1], [2].

The MMC consists of sub-modules connected in a series,
and forming a leg in each phase. The sub-module can be a half-
bridge or a full-bridge and each sub-module has a capacitor
that buffers the energy from the DC to the AC side and vice
versa, thus eliminating the DC-link capacitor. As shown in
Fig. 1, each phase leg is divided into two arms—upper and
lower. Each arm has an identical number of sub-modules to
generate balanced voltage between the two arms of each phase.
Inductors are installed in arms to smoothen and filter the
currents [3], [4].

Leg Arm
[ ]
[ANO)
Bl Sub module
| Larm
3
| Larm High speed
bypass switch
[su ]
[ ]
b0 —
[su ]
I
Fig. 1. Three-phase MMC topology and internal sub-module.

This paper presents a new voltage balancing control
technique based on capacitor voltage estimation in place of
traditional direct measurement. The main contribution of the
proposed technique is the elimination of the communication
burden used to send the voltage measurements from sub-
modules to the central controller. As a result, not only the cost
is reduced, but the wiring and associated problems are also
minimized, which renders the proposed strategy attractive for
the practical realization of a MMC with a large number of sub-
modules. The proposed control technique has been evaluated
using simulations where a number of case studies were
conducted to test the dynamic performance under a variety
of operating conditions. Section II shows the modeling of the

2096-0042 © 2016 CSEE
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MMC, including the mathematical representation and the
switching algorithm. Section III shows the proposed balancing
algorithm while presenting the capacitor voltage estimation
technique. Section IV presents the simulation results with
some discussions. Finally, a conclusion for the conducted work
is presented in section V.

II. MODELING OF MMC

Generally, the operation of the MMC depends on the switch-
ing of the sub-module IGBTs. The switching is performed by
a switching algorithm, which generates the firing signals to
each sub-module [5].

A. MMC Operating Modes

The MMC half bridge sub-module has four operation modes
during which energy is transferred:

Mode 1: When S; is closed, Sy is opened, and the arm
has positive polarity. The current flows into the
capacitor, charging it. The sub-module is then
inserted. See Fig. 2(a).

‘When S, is opened, Ss is closed, and the arm has
positive polarity. The sub-module is bypassed, and
the current flows towards the next sub-module,
keeping the capacitor charge constant. The sub-
module is then bypassed. See Fig. 2(b).

Sy is closed, Sy is opened, and the arm has
negative polarity. The capacitor starts to discharge
and then the sub-module is inserted. See Fig. 2(c).
‘When S, is opened, Ss is closed, and the arm has
negative polarity. The current flows towards the
next module, keeping the capacitor charge con-
stant, after which and the sub-module is bypassed.
See Fig. 2(d).

Mode 2:

Mode 3:

Mode 4:

Mode 2 Mode 3 Mode 4

3 13 )

Fig. 2. Different operating modes of MMC sub-modules. (a) Mode 1. (b)
Mode 2. (c) Mode 3. (d) Mode 4.

B. Mathematical Model of MMC

For the purpose of designing an inner control system for the
MMC, it is necessary to mathematically analyze the converter.
The converter arms, shown in Fig. 3, are represented as
variable capacitors connected in a series with arm resistance
and inductance [6]. The number of sub-modules per arm and
the switching frequency is assumed as infinite to simplify the
analysis because of the perfect sinusoidal output voltage and
total voltage balancing between arms. The arm capacitance
insertion is represented with a modulation value m2arm », Wwhere
z may be u for upper arm or ! for lower arm. The marm»

is varied from O to 1. For example, when m2amu = 0, this
indicates that all sub-modules in the upper arm are bypassed
and when m,m1 = 1, this indicates that all sub-modules in
the lower arm are inserted. The value Yve, is the sum of arm
capacitor voltages. The arm voltage is given by:

vell) =mammaslt) Svos. (1)

The inserted arm capacitance is given by:
Csm

N.marmz (1)

where Cgy is the capacitance of one sub-module and N is the

number of sub-modules per arm. If the arm current is i, (¢),
the total capacitor voltage dynamics can be expressed by:
d¥vc, T (t)

&t Cimea’ &

Substituting (2) in (3), the capacitor voltage dynamics can be
expressed for the upper and lower arms by:

Cinse = @

d¥voy  Nomamu.tu

dt Csm ®
d¥ve) -~ N.omamm.41

dt Csm d ®)

The current éq¢ is the differential current, which circulates
between the phase legs. The circulating current of any phase
is described as follows:

tdiff = Zuzﬁ ©)
By performing the necessary circuit analysis, the output phase
voltage v, is given by:

Dy di
v = % — Lum™" — Marmu Svcu 0
2 di,
v = =5 + Lum g + marmiZva. ®)

Fig. 3. The MMC average model.

C. MMC Switching Algorithm

Many switching algorithms have been proposed in the liter-
ature [7]-{10], and the modulation techniques that have been
used can be divided into two main categories: 1) reference
signal based and 2) carrier based. The phase shifted pulse
width modulation (PS-PWM), which is one of the well-known
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carrier based techniques, is utilized because of the following
advantages [11]:

1) Ease of implementation;

2) lower losses due to reduced switching frequency; and

3) stable performance during dynamic changes.

In the PS-PWM technique, illustrated in Fig. 4, each sub-
module has a dedicated triangular carrier waveform with the
same magnitude, but with a different phase shift.

ier wave Carrier wave Carrier wave
a8 for submodule 1 for submodule 2 for submodule N'

Gating pulses for
the upper IGBT

t
Gating pulses for
the lower IGBT
t

Fig. 4. The PS-PWM concept.

The switching signal for a sub-module results from compar-
ing its corresponding carrier wave with the sinusoidal voltage
reference signal »}. The phase shift between each consecutive
carrier signal is given by:

360
= ——. 9
N_1 ®
III. PROPOSED CAPACITOR VOLTAGE ESTIMATION
TECHNIQUE

The voltage balancing process is vital for keeping the power
quality at the standard level, as it significantly reduces the
voltage ripples of the sub-module capacitors [12]-[14]. The
proposed algorithm consists of three main stages:

1) Capacitor voltage estimation;

2) averaging control;

3) balancing control for capacitors’ voltages.

A. Capacitor Voltage Estimation Technique

The capacitor voltage estimation is performed using the
Adaptive Linear Neuron (ADALINE) algorithm. ADALINE
is known for its efficiency and its rapid on-line tracking
technique for dynamically changing voltage signals. It has
been utilized in many applications because of its robust perfor-
mance, low calculation burden, and accurate results [15], [16].
The ADALINE algorithm is formed by simple calculations that
do not consume large computing time, which is very important
in the application of capacitor voltage estimation. To estimate
the capacitor voltages, the MMC governing equations given

by (7) and (8) are rearranged and rewritten in the vector form
as follows:

Veul_est
% =[S Sur . Sl | | A0)
’UcuI;Lest
Vell_est
% =[S S 8] | | ap
VelN _est

Where'Sm' is the switching state for the ¢*" sub-module, vy, =
Lm%“, and vy = Lm%.

The ADALINE algorithm produces a linear combination of
its input vector X (k), which represents the switching state of
each sub-module whether it is inserted or by-passed at time
k, and it is written as follows:

T

X (k) = [Se1 Sa2 San] 12

where the suffix T refers to the transpose operation. As shown

in Fig. 5, the input vector is multiplied by the weight vector

W, which resembles the estimated capacitor voltages, given
in (10) and (11):

(13)

W(k) = [Ucccl‘est Vez2_est UcacN_est} .

This multiplication is performed to produce the predicted
linear output (k) = XTW (k). The next step is updating
the weight vector using an adaptation algorithm called the
‘Widrow-Hoff delta rule given by [17]:

X (k) (y(k) — (k)

Wk+1) =W (k) +a X 0T X(h)

14

where o is the reduction factor and y(k) = % +-vo—vL,. The
adaptation algorithm is responsible for adjusting the weighting
vector, which represents the estimated capacitor voltages so
that the linear output of the ADALINE, §(k) is equal to
its target value y(k). When the error between the measured
signal y(k) and the estimated signal ¢ (k) converges to zero,
the ADALINE algorithm decomposes the signal and estimates
capacitor voltages.

It is observed that increasing the reduction factor o increases
the convergence speed on account of losing stability as the
prediction error may increase dramatically. This observation
is a common behavior of the Widrow-Hoff delta rule for all
the study cases. A practical value for the reduction factor a is
0.002 for this application. This value is determined based on
minimizing the error to gnarantee system stability [18]. It is
worth mentioning that the proposed capacitor voltage estima-
tion unit is based on three voltage sensors per phase to measure
the voltage across the arm reactors and the output phase
voltage. This action enables the implementation of a low-cost
centralized controller for the MMC with large numbers of sub-
modules, since voltage measurements of sub-modules and their
associated communication links are eliminated.
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Fig. 5. Block diagram of the proposed capacitors voltages estimation unit based on the ADALINE algorithm.

B. Averaging Control

The concept of averaging control is responsible for con-
trolling the average voltage across a complete leg. Averaging
control is formed from two cascaded loops as shown in Fig.
6 [19]. The first loop is the voltage control loop where the
estimated average voltage, Davy = (3 Veu+ 2 Vel )/ 2N, is
subtracted from the reference capacitor voltage, v, and the
resultant error is processed through a PI controller to generate
the reference signal for the differential current, 4} Another
PI controller is utilized in the inner loop to regulate the
differential current calculated from (6) at its reference signal.
The action of the inner loop controller is the averaging voltage
signal, v},

C. Balancing Control for Capacitor Voltages

The balancing control method, presented in Fig. 7, is a
centralized control system that generates reference signals
for balancing the voltage across sub-module capacitors based
on estimated voltages from the ADALINE processing unit.
First, the controller subtracts the estimated capacitor voltage
of each sub-module from the reference capacitor voltage,
vs. The resulting errors are passed to simple proportional
(P) controllers. The outputs from the P-controllers are mul-
tiplied by the sign of their corresponding arm current to
form reference signals for balancing the voltage across ca-
Pacitors, el bal,- - - » VeuN_bals Vell_bals - - - » VelN_bal- Finally,
to form the modulating signal for a sub-module, which is

Fig. 6. Block diagram of the averaging controller.

Veu2 est

Fig. 7. Block diagram of the balancing controller.

Vel2 est
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capacitor voltage /I9 ¥ ;l/
‘estimation = v'vg - Vxibal : <
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capacitor voltage !
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N v

Fig. 8. Block diagram of the proposed MMC controller.

the balancing control signal for this sub-module, the average
voltage command, v;vg, and the reference phase voltage, v},
are all added. The PS-PWM technique is then utilized to
generate the switching signals for the sub-modules of the
MMC [20]. Fig. 8 illustrates a block diagram of the proposed
integrated control system of the MMC. It is obvious that the
proposed scheme eliminates the need for massive numbers
of voltage sensors for the sub-module capacitors and their
associated communication system with the central controllers.
Consequently, the proposed strategy renders its application for
an MMC system with a large number of sub-modules.

IV. SIMULATION RESULTS AND DISCUSSIONS

The proposed control scheme for the MMC is simulated
using PSCAD/EMTDC software package. The system param-
eters are shown in Table I. Different simulation cases are
considered to examine the dynamic performance of the pro-
posed control strategy for the MMC under different operating
conditions. Primarily, the first task is dedicated to performance
evaluation of the proposed ADALINE algorithm in order to
estimate capacitor voltages used for controlling the MMC un-
der dynamic reference phase voltage changing conditions. The
second case is devoted to assessing the dynamic performance
of the proposed control strategy during the boost operation of
the MMC. Finally, the third case examines the capabilities of
the proposed strategy for estimating capacitor voltages under
fault conditions in a sub-module, and for determining the
faulty sub-module.

TABLE I
MMC MODEL PARAMETERS

Parameter Value
Rated power 1 MW
Sub-module rated voltage 2,250 V
Rated DC voltage 4,500 V
Arm inductance 3 mH
Sub-module capacitance 1,900 uF

Number of sub-modules per leg 8
Load impedance 30 2, 6 mH

A. Dynamic Performance of the Proposed Capacitor Voltage
Estimation Based Balancing Strategy

The purpose of this simulation case is to examine the
performance of the proposed capacitor voltage estimation

based control algorithm for the MMC under dynamic changes
occuring in reference phase voltages. The reference capacitor
voltage v} is set at va./N = 2.25 kV while the reference
phase voltage signal v} is dynamically changed from 0.7 p.u.
to 1 p.u. at ¢ = 0.2 s. First, the estimation units for capacitor
voltages are disabled and the actual measurements are used
in the control system. The three-phase voltages, currents, and
capacitor voltages are shown in Fig. 9. A similar result to Fig.
9 is obtained in Fig. 10 where the proposed estimation unit for
the capacitor voltages is enabled and utilized in the proposed
control system shown in Fig. 8. As displayed in Fig. 10(a),
the measured three-phase AC voltages follow their reference
signals. As expected, only six sub-modules are utilized when
vg = 0.7 pu., while all the sub-modules are involved when
v = 1 p.u. The three-phase load currents are displayed in Fig.
10(b). Fig. 10(c) traces the capacitor voltages that are grouped
in two main trajectories, one for the upper arm and the other
for the lower arm. These two trajectories are out of phase and
are identical to that presented in Fig. 9(c), where the measured
capacitor voltages are used instead of their estimated signals in
controlling the MMC. The proposed MMC controller succeeds

v

Load Voltages (kV)
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Fig. 9. Disabling the proposed estimation unit. (a) Three-phase voltages. (b)
Three-phase load currents. (¢) Voltages of leg a sub-modules.
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Fig. 10. Enabling the proposed estimation unit. (a) Three-phase voltages.

(b) Three-phase load currents. (c) Voltages of leg a sub-modules.

in balancing the capacitor voltages at their reference value of
2.25 kV. Moreover, the estimated capacitor voltages and their
corresponding actual measurements for the upper and lower
arms are presented in Fig. 11 and Fig. 12, respectively.
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T

L
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Fig. 11.  Actual and estimated voltages of the upper arm sub-modules of

phase a.

Fast tracking with accurate performance of the proposed
ADALINE algorithm for estimating the sub-module capacitor
voltages are evident. Furthermore, the circulating current is
tightly tracking its reference signal, as demonstrated in Fig.
13(a). Fig. 13(b) and Fig. 13(c) illustrate the actions of the
averaging controller in Fig. 6 and the balancing controller in
Fig. 7 for the first sub-module at the upper arm v, ,;, respec-
tively. These results reveal efficient utilization of the proposed
capacitor voltage estimation techniques for the MMC’s control
algorithm.

Actual — — — Estimated

Voltage (kV) Voltage (kV) Voltage (V) Voltage (kV)

2
0.14

016 018 02 022 024 026 028 03
Time (s)
Fig. 12,  Actual and estimated voltages of the lower arm sub-modules of
phase a.
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Fig. 13. Different controllers action for leg a. (a) Actual and reference

waveform of the circulating current. (b) Averaging voltage reference. (c)
Balancing voltage reference for the first sub-module of the upper arm.

B. Dynamic Performance During Boost Operation of MMC

In this test scenario, the reference phase voltage signal v}
is kept at 1 p.u., and the capacitor reference voltage command
is increased from 2.25 kV to 2.5 kV at ¢ = 0.4 s. Setting v}
at values higher than ve/NN results in boost operation of the
MMC, which is useful in compensating for the load voltage
during sub-module faults.

Fig. 14(a) indicates increase in output three-phase voltages
from the MMC at ¢ = 0.4 s when the proposed comntroller
succeeds in boosting and balancing the capacitor voltages at
the new set value of 2.5 kV, as illustrated in Fig. 14(c). Yet
again, the fast dynamics that tolerates error of the proposed
capacitor voltage estimation units are revealed in Fig. 15
and Fig. 16 for the sub-modules at both upper and lower
arms, respectively. Boosting the capacitor voltages increases
the circulating current, and hence the balancing voltage signal
escalates, as demonstrated in Fig. 17.
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(a) Actual and reference waveform of the circulating current. (b) Averaging
voltage reference. (c) Balancing voltage reference for the first sub-module of
the upper arm.

C. Performance Under Sub-module Fault

This task is devoted to assessing the capabilities of the
proposed strategy for estimating capacitor voltages under
fault conditions in a sub-module. A short-circuit fault is
programmed to strike the upper switch of the third sub-module
in the upper arm of phase a at ¢ = 0.8 s. As a result, the
voltage and current of phase a are distorted, as shown in
Fig. 18(a) and Fig. 18(b), respectively. Fig. 18(c) indicates
the collapse of the DC voltage of the faulty sub-module to
zero at the fault instance. Consequently, the voltages of the
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Fig. 18. Operation during a fault on the third sub-module of the upper arm.
(a) Three-phase voltages. (b) Three-phase load currents. (c) Voltages of leg a
sub-modules.
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upper arm capacitors increase due to voltage drop in the faulty
sub-module, while the voltages of the lower arm capacitors
oscillate around the set value.

Fig. 19 and Fig. 20 demonstrate the fast dynamic response
of the proposed ADALINE algorithm for estimating the DC
voltages of different sub-modules. This result reveals that
the proposed ADALINE algorithm succeeds in determining
the faulty sub-module where the greatest deviation of the
estimated capacitor voltage occurs. As a result, the proposed
estimation unit is a candidate for sub-module fault detection
and localization, which are essential tasks for fault-tolerant
control of the MMC. During the fault, the circulating current,
averaging, and balancing control signals oscillate with the
power frequency component, as illustrated in Fig. 21.
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Fig. 19. Actual and estimated voltages of the upper arm sub-modules of
phase @ during a fault on the third sub-module of the upper arm.
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Fig. 20.  Actual and estimated voltages of the lower arm sub-modules of

phase @ during a fault on the third sub-module of the upper arm.
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Fig. 21. Different controller actions for leg a during the faulty sub-module.

(a) Actual and reference waveform of the circulating current. (b) Averaging
voltage reference. (c) Balancing voltage reference for the first sub-module of
the upper arm.

V. CONCLUSION

This paper presents an estimation unit based on the ADA-
LINE algorithm for the sub-module DC voltages of the MMC.
For each leg of the MMC, the proposed estimation unit
requires only three sensors: one for the phase voltage and
the other two for the voltages across the arm reactors. The
proposed estimation unit is then integrated into a control
strategy to balance the voltages across the sub-modules of the
MMC. The proposed technique eliminates the need for direct
measurement of capacitor voltages and associated communica-
tion systems, which renders it suitable for implementing a low-
cost centralized controller for the MMC with a large number
of sub-modules. The fast response and accurate tracking of
the estimation unit under different dynamic conditions are
validated in simulation results. Furthermore, the proposed
MMC controller successfully balances the capacitor voltages
at their set values even in boost operation mode. Finally, the
circulating current is able to tightly track its reference signal,
and the results demonstrate that the proposed ADALINE
algorithm is able to successfully determine the faulty sub-
module, which is required for implementing fault-tolerant
control of the MMC.
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Abstract—Modular Multilevel Converter (MMC) will be
extensively used in High-Veltage Direct Current (HVDC)
transmission networks because of its superior characteristics
over Line Commutated Converter (LCC). Increasing the
reliability of the MMC is directly related to the balancing of the
MMC sub-module capacitors voltages which guarantees the
proper operation of the converter and lowers the stress on the
sub-modules. This paper presents an adaptive voltage balancing
strategy based on capacitor voltage estimation utilizing a hybrid
ADALINE-RLS scheme. The proposed strategy eliminates the
need of measuring sub. dul paciti It: and
associated communication link with the central controller.
Furthermore, the estimated capacitor voltages are utilized to
detect and localize different types of sub-module faults. After
isolating the faulty sub-modules, the proposed fault tolerant
control unit (FTCU) modifies the parameters of the voltage
balancing strategy to overcome the reduction of the active sub-
modules. The dynamic performance of the proposed strategy is
investigated, using PSCAD/EMTDC simulations and hardware
in the loop (HIL) real-time simulations, under different normal
and faulty operating conditions. The accuracy and the time
response of the proposed fault detection and tolerant control
units result in stabilizing the operation of the MMC under
different types of faults. Consequently, the proposed integrated
control strategy improves the reliability of the MMC.

Index Terms—Balancing control, fault detection, fault
tolerant control, modular multilevel converter, voltage
estimation.

I. INTRODUCTION

OLTAGE Source Converters (VSC) are increasingly

being used in high-voltage direct current (HVDC)

transmission systems, in particular for the grid
connection of off-shore wind farms, due to their advantages
over the line commutated converters (LCC). These include:
the ability to control active and reactive power independently,
the ability to supply weak or passive networks and the lower
footprint. Although the VSCs have many topologies, the
modular multilevel converter (MMC) is considered to be the
most suitable topology for high voltage applications, in
particular for power transmission and distribution due to their
features such as: the possibility to eliminate harmonic filters
with a sufficient number of voltage levels, elimination of the
de-link capacitor and low switching losses [1][2].

The voltage balancing process is vital for proper operation
of the MMC and to keep the power quality at the standard
level [3-5]. Many capacitor voltage balancing techniques
have been proposed in literature. However, few of them are
considered to be practical and suitable for the control of

industrial MMCs. One of the promising techniques is the arm
energy control technique. The philosophy behind this
technique is to control the energy stored in the whole leg and
the difference of stored energy between the upper and lower
arms [6]. Despite the accurate performance of this method, it
suffers from many drawbacks such as distortion of the output
current and the complexity of implementation due to large
number of calculations. In addition, the arm energy control
technique needs continuous measurements of large number of
signals. Another capacitor voltage balancing strategy,
proposed in [7], is based on regulating the capacitor voltage
in each sub-module independently at the set value through
monitoring the capacitor voltage of each sub-module [7].
Although the performance of this method is more attractive
compared to the energy control, it has a main drawback of
high value of differential current. Moreover, it needs the
continuous measurements of capacitor voltages.

The reliability of MMC can be improved by implementing
a voltage balancing strategy with fault detection and fault
tolerant control capabilities that enable the converter to be
operated under fail-to-safe operation principle with
satisfactory performance [8][9]. Classifying the faults, which
the MMC sub-modules may be subjected to, is considered to
be the first step in implementing the fault detection and
diagnosis algorithm. The sub-module is considered to be
building unit in the MMC and it may be exposed to different
fault types, that threaten the safety and reliability of the
MMC, such as open-circuit or short-circuit faults of switches
or capacitors [10] [11]. A survey presented in [12] states that
30% of failures caused in power electronic converters are due
to the switching devices such as IGBTs and diodes. Based on
this statement, the quick detection and localization of IGBT
faults is a necessity and can significantly increase the
reliability of the MMC. In [12], a hardware based technique
is proposed for detecting IGBTs faults. This technique
depends on measuring the rate of change of the collector
current and comparing it with a pre-defined threshold. The
cost of this method is extremely high since each IGBT has a
sophisticated monitoring circuit [12]. Another method
presented in literature depends on the charge rate of the gate
voltage which offers a better sensitivity but still has a high
cost impact due to the need of having a dedicated hardware
circuit [13]. The artificial neural network (ANN) is used to
analyze the historical data of the MMC output voltage and
current. Although this method is based on computations and
does not need extra physical components, its accuracy is not
guaranteed if the voltage and current levels are changed due
to dynamic changes. Moreover, the training of the ANN
consumes a lot of effort and does not cover all cases [14].
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The objective of the fault tolerant control system is to
overcome the effect of the presence of faulty sub-module and
restoring the stability of the power electronics converter with
acceptable performance level. The concept of fault tolerant
control is gaining a lot of research interest especially for the
MMC, due to the vulnerability of the converter to various
types of faults. Additionally, it is not accepted to disconnect
the MMC during the operation to assure the security of supply
[15]. The fault tolerant control system can be conducted by
either using redundant sub-modules or redundant IGBTs as
described in [16] and [17], respectively. In addition, other
fault tolerant control techniques based on hardware circuits to
modify the MMC control system are presented i [18].

The majority of the voltage balancing, fault detection and
fault tolerant control techniques proposed in literature require
reliable measurements of the capacitor voltages which
increases the MMC cost. Moreover, there is no much research
has been petformed to provide centralized control systems for
the MMC in normal and abnormal conditions and utilizes the
concept of fault tolerance. This paper presents a new voltage
balancing control technique with fault detection and fault
tolerant control capability based on capacitors voltage
estimation instead of direct measurement. The main
contribution of the proposed technique is the elimination of
the communication burden used to send the voltage
measurements from sub-modules to the central controller. As
a result, not only the cost is reduced, but the wiring and its
associated problems is minimized which renders the proposed
strategy attractive for the practical realization of a MMC with
a large number of sub-modules. Another impottant
contribution is that the central MMC controller has fault
detection and tolerant control capability without the need of
redundant sub-modules or adding special power circuit.
Various case studies are conducted and presented to evaluate
the dynamic performance of the proposed integrated control
strategy under different operating conditions. The rest of this
paper is organized as follows. The operation concept, the
mathematical analysis and the switching algorithms of the
MMC are described in section II. Section III presents two
capacitor voltage estimation techniques that are used in the
proposed MMC control system. The proposed capacitor
voltage balancing technique is explained in section IV.
Section V clarifies the proposed fault detection and tolerant
control strategies. The results obtamed from simulation and
Hardware In the Loop (HIL) are provided with discussions in
sections VI and VII, respectively. Finally, Section VIII
concludes the paper.

II. THE OPERATION PRINCIPLE OF MMC

Generally, the operation of the MMC depends on the
switching of the sub-module IGBTs. The switching is
performed through a switching algorithm which generates the
firing signals to each sub-module [19].

A. The structure of the MMC

The MMC consists of sub-modules connected in series
forming a leg in each phase. The sub-module can be a half-
bridge or a full-bridge and each sub-module has a capacitor
which buffers the energy from the dc to the ac side and vice
versa, thus the de-link capacitor 1s eliminated. A high speed
bypass switch is connected to the output port of the sub-
module to isolate it in case of fault occurrence. As shown in
Fig.1, each phase leg is divided into two arms upper and
lower. Each arm has an identical number of sub-modules to
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generate balanced voltage between the two arms of each
phase. Inductors are installed in arms to smooth and filter the
currents [20] [21].

Leg Am

. Grid

- L : Sub module
] T
e | 13

Fig. 1 Three-phase MMC topology and internal sub-module.

B. The MMC mathematical model

For the purpose of designing an inner control system for
the MMC, it is necessary to mathematically analyze the
convetter. The converter arms are represented as variable
capacitors connected in series with the arm resistance and
inductance [6]. The number of sub-modules per arm and the
switching frequency are assumed infinite to simplify the
analysis because of the perfect sinusoidal output voltage and
total voltage balancing between arms. The arm capacitance
insertion is represented with a medulation value Mgym .
where x may be u for upper arm or [ for lower arm.
TheMgyy i varied from O to 1. For example,
whenmg,, 4 = 0, this indicates that all sub-modules in the
upper arm are bypassed and when mg,.,,; = 1, this indicates
that all sub-modules in the lower arm are inserted. The value
Zvg, is the sum of arm capacitors voltages. The arm voltage
is given by:

U (£) = M2 (6). 20y M
The inserted arm capacitance is given by:

C
Cinsx = N-muf-::x(f) @

where Cgy, is the capacitance of one sub-module and N is the
number of sub-modules per arm. If the arm current as £,(¢),
the total capacitor voltage dynamics can be expressed by:
dsw, L

T 20 ®
Substituting (2) in (3), the capacitor voltage dynamics can be
expressed for the upper and lower arms by:

d%vey _ NoMaymubu @
at Csm

dZvgy _ Nmgrm il (5)
dt Com

The current ig¢r is the differential current which circulates
between the phase legs. The circulating current of any phase
is described as follows:
farppm ©)
By performing the necessary circuit analysis, the output phase
voltage v, 15 given by:

_ Vde diy
v, = 5 tarm T = Mgrmu ZVcy M
Vdc dig
Vo = ="+ Larm 7 + Marm 1 20 ®)
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C. The MMC switching algorithm

Many swilching algorithms have been proposed in
literature [22-25]. The modulation techniques that has been
used cun be divided o two main categories: relerence signal
based and carrier based. The phase shifted pulse width
modulation (PS-PWM), which is one of the well-known

carrier based lechnique, 1s utilized duc o ils case of

implementation, reduced swilching frequency and hence
switching losses. Moreover, the PS-PWM is characterized by
stable performance during dynamic changes [26].

In the PS-PWM technique, each sub-module has a
dedicated triangular carrier waveform with the same
magnitude but with a different phase shift. The swilching
signals for a sub-module result from comparing its
corresponding carrier wave with the sinusoidal voltage
reference signal ;. The phase shilt between cach consceutive
carrier signals 1s given by

_ 360
0=z

)

III. ESTIMATION OF CAPACITOR VOLTAGES

The capacitor voltage estimation is the extremely
important step of the proposed control strategy. Although the
capacitor voltage estimation ¢hminates the use of direet
measurements, it is a must to assure the estimation accuracy
to avold wrong control actions. Two capacitor vollage
estimation techniques are presented. The first 1s achieved by
using the adaptive linear neuron (ADALINE) algorithm
which is needed in the proposed lault detection algorithm,
while the second algerithm is the recursive least squares
(RLS) algorithm which is used in the proposed capacitor
voltage balancing control strategy and the proposed lault
detection algorithm as well,

A, The capacitor voltage estimation using ADALINE
technique

The capacitors voltages estimation 1s performed by
utilizing the Adaptive Linear Neuron (ADALINE) algorithin.
The ADALINT is known as being a very elficient and quick
on-line tracking techmque for the tracking of dynamically
changing voltage signals. It is utilized in many applications
because of its robust performance, low calculation burden and
accurate results [27] [28]. The ADALINE algonthm 1s
formed by simple calculations that do not consume large

computing time which 1s very important in the application ol

capacilor voltage estimation. To estimate the capacitors
voltages, the MMC governing equations given by (7) and (8)
arc rearranged and rewritten in the vector form as follows

v‘:u est
vy _ Vewz
B gy m =[S Sz o San]| T (10)
VouNee:
Vei1_est
Vde Velz_est
S5 tr— = [Su S Swl i (D

Vern_est
where Sy is the switching state for the #* sub-module,
iy, air
=i i and vy = L”"“E
To eliminate the effect of the arm inductance on the
estimation accuracy, the arm inductor voltages are measured
and used in (10) and (11) for the proposed capacitor voltage
estimation techniques. In turn, the proposed capacitor voltage
estimation unit does not require the knowledge of the circuit
parameters.

Viu
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The ADALINT algorithm produces a lincar combination
of its input vectorX (k) which represents the switching state
vector [Se1 Syz o Syy]7 at time k, where the suffix 7'
relers Lo the transpose operation. In this technique, the input
vector is multiplied by the weight vector W (k)which
resembles the estimated capacitors voltages, given in (10) and
(11), to produce the predicted lincar output § = XTW (k).
‘The next step is computing the error signal and adjusting the
weights to eliminate the error using the delta rule, also known
as Widrow-HolT learning rule, which 1s given by [29]:

o XY (0-3(K)
Wk +1) = W(k) + e X020 (12

where a 1s the reduction factor, it 1s observed that increasing
this factor increases the convergence speed on accoumt of
losing stability as the prediction error may increase
dramatically. The reduction factor a 1s set at 0.002, for this
application, to minimize the crror and henee 0 guarantee
system stability [30]. When the difference between the
measured signal y(k)and the estimated signal §(k)converges
Lo zero, the ADALINT algorithm decomposcs the signal and
estimates the capacitors voltages. It 1s worth mentioned that
the proposed capacitors voltages estimation unit is based on
three voltage sensors per phase to measure the voltage across
the arm reactors and the output phase voltage. This action
enables the implementation of a low cost centralized
controller for the MMC with a large number of sub-modules
since the voltage measurement of sub-modules and their
associated communication link are eliminated.
B. Thec
The fundamental RLS algorithm is formed by two basic
equations. The first equation, given in (13), is to update the
estimate vector #(k) of the sub-modules capacitor voltages,

while the second equation is used to update the weighting
matrix Pk) as shown in (14).

dlor vollage ion using RLS technique

G(k) = 6k = 1) + PUIAI [y (k) = PpUIER-1)]  (13)
PO = [pte ) - et 09

where ¢(k) is the connection vector which represents the
swilching state vector [Sy1 Sz .o Syy]” at time &k and A
is the forgetting factor that controls the speed of updating the
weight matrix in (14). The result of multiplying ¢(k)" by
8(k — 1) gives the predicted output,  [31]. This predicted
signal is then subtracted from the measured signal and the
error is used to update the estimate vector. When the
estimation error approaches zero, the convergence 1s reached
and the estimated sub-module capacitor voltages are ready. It
15 ¢lear that the caleulation burden ol the R1.S 15 shghtly more
than the ADALINE: however, the RLS is characterized by its
fast dynamic response. Fig. 2 illustrates the general block
diagram of the capacitor voltage estimation and the process
ol updating the capacitor voltages.

lig.2: Block diagram of capacitor voltage estimation unit.
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V. THE PROPOSED CONTROL STRATEGY FOR THE MMC

One of the main advanlages of the proposed control
strategy [or the MMC is that it has the same structure for
normal condition operation and for the proposed fault tolerant
control. The proposed control strategy for the MMC is
divided 1o two main controllers. the averaging controller and
the balancing controller for the capacitors’' voltages. The
following subscctions detail each controller,

A. The averaging coniroller

The averaging controller is [ormed [rom two cascaded
loops that are respensible ol controlling the average vollage
across one leg [7]. As shown in Fig, 3, the outer loop sets the
reference signal for the diflerential current. ij;cr. using a
simple PI controller to process the crror between the
estimated average voltage using the RLS algorithm. #,,, =
(X Veuires + X Vet ris )/2Nepp. and the desired reference
capacitor voltage v, where Ny ,is the number of effective
sub-modulcs connecled in the arm, The inncr loop restrains
the differential current, calculated [rom (6), at ils relerence
signal by utilizing another PI controller that generates the
averaging voltage signal, ¥4,

Vet i

Ve ais

Fig.3: Block diagram of the averaging control system

B. The balancing controller

The balancing controller is a centralized control system
that generates reference signals to balance the voltage across
the sub-modules capacitors bascd on the cstimated voltages
from the ADALINE processing unil as demonstrated in Fig.

Tig.4: Block diagram of the balancing control loops.

Firstly. the crror between the estimated capacilor vollage
and the reference capacitor voltage is calculated for each sub-
madule. Simple proportional (P) controllers process these
errors. The actions of the P-controllers are multiplied by the
sign of their corresponding arm current to form reference
signals [or balancing the voltage across capacitors. Ve sal ..

NVeud bals Vel bat. - » VeI bal-

Finally, the modulating signal for a sub-module is formed
by adding the balancing control signal for this sub-module.
the average voltage command, ¥y, and the reference phase
vollage, v,. together. The PS-PWM techmique is utilized to
generate the switching signals for the sub-modules of the
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MMC [32]. Fig. Sillustrates a block diagram of the proposed
integrated control system of the MMC. 11 is obvious that the
proposed scheme eliminates the need of massive numbers of
voltage scnsors for the sub-module capacitors and their
associated communication system with the central
controllers. Consequently, the proposed strategy renders its
application for a MMC system with a large number of sub-
modules.

| ating signtstor
e sckmodules

Fig.5: Block diagram ol the proposed MMC control strategy

V. THE PROPOSED FAULT DETECTION AND DIAGNOSIS
ALGORITHM

The proposed fault detection algorithm, illustrated in Fig.
6, is designed based on the reduction percentage ol the
cstimated per-unit vollage and the rate of change of (he
difference between the estimated voltages from the
ADALINE and the RLS algorithms for each sub-module.

The proposed [ault detection unit (FDU) receives the
RLS estimated sub-module capacitor voltages v,y g from
the RLS algorithm, where x = w or fand i = 1,2.3.....N. The
estimated values are divided by the reference capacitor
voltage vz lo oblain the per-unit values Ve prspu-
Instantaneously. the error between the ADALINE and RLS
estimated capacitor voltages of each sub-module is calculated

and passed to a high speed differentiator to calculate the rate

& de.
of change of the error signals d:‘

the proposed FDU is based on the difference between the
dynamic behaviors of the ADALINE and RLS algorithms
results from their different natures, Consider the Widro-HofT
rule, (12), which is used for the ADALINE to update
estimated voltages. At each iteration, the weighting vector
W(k +1) is updaled by adding the crror reduction

XK}y (k)=P(k)) i -
component S TN to the previous value, W (k).

This action indicates that the ADALINE algorithm has no
memory because of the independence of the Widro-Hoff rule
on the accumulative value ol weighting vector. Morcover, the
reduction factor ¢ controls the convergence speed; a high
value of a increases the convergence period. Therefore. the
ADALINE algerithm is characterized by fast tracking under
sudden changes of the capacitor voltages. However, it needs
relatively long time until reaching convergence. Unlike the
ADALINE algerithm, the process of updating the weighting
veetor of the RLS algorithm depends on the accumulation of
historic valucs of the capacitor voltages as demonstrated in
equations (13) and (14). As a result, the RLS algorithm is
characterized by lower convergence time when comparcd
with the ADALINE algorithm. However, in the incident of
having a sudden change in the capacitor voltage, which
accurs during sub-module faults, the dynamic response of the
RLS algorithm is slower (han that of the ADALINE
algorithm.

The next step is 1o check the estimated per-unil vollage
signal, for each sub-module, whether it is higher than 83% or

. Itis worthy mentioned that
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not. If the comparison result is true, the sub-module is
considered to be in healthy condition. Otherwise, the FDU
compares the rate of change of the error signal with a
predefined threshold which is selected based on the required
sensitivity. If the rate of change of the error signal exceeds
the threshold, the FDU considers the corresponding sub-
module in faulty condition. However, a counter is used to
ensure that the steadiness of the estimated signals for a
continuous ten counts before indicating a faulty sub-module
by setting its corresponding flag, f;. Tt is worthy mentioned
that the execution time of the proposed FDU is assumed 100
ps; hence the minimum detection time is 1 ms.

The reliability and robustness of the proposed FDU result
from its hybrid operation where the fault decision is not only
based on the reduction on the estimated per-unit voltage but
also on the rate of change of the difference between the
estimated voltages from the proposed ADALINE and RLS
techniques. The difference between the dynamic behaviors of
the two proposed estimation techniques results from their
different adaption rules. Moreover, this method does not need
any extra components or devices as it is based on the
estimation algorithms that are simultaneously utilized in the
proposed control of the MMC.

()

(AIIX, Tt o
Vests

WAt 100 305
Calculnte the error
between the
ADALINE and RLS
8= Verdana =~ Vaipa

fanlt connter > 10 >-N0

[Caleulate rate of
ichange of the error|
o/t

Fig.6: Flowchart of the proposed fault detection algorithm

VI. THE PROPOSED FAULT TOLERANT CONTROL STRATEGY

The proposed fault tolerant control unit (FTCU) has two
main tasks: the first is to isolate the faulty sub-modules while
the second is to modify the capacitor balancing algorithm.
The proposed FTCU, presented in Fig. 7, utilizes the flags of
the faulty sub-modules set by the FDU. Assume that there is
a fault in one sub-module in the upper arm, the fault tolerant
control strategy isolates the faulty sub-module and another
one in the lower arm by activating the bypass switches and
disabling their gating signals. The reason of isolating a
healthy sub-module in the adjacent arm is to retrieve the
energy balance between the two arms by equating the number
of the activated sub-modules in the upper and lower arms.

200

Fig.7: Flowchart of the proposed fault tolerant control unit.

As a result, the capacitor reference voltage v} is boosted, by
the gain NL , to compensate for the reduced number of sub-
efy

modules, while keeping the desired output voltage. At the
same time, the proposed FTCU modifies the phase shift
between the carrier signals for the rest of the sub-modules in
the leg according to (9). This strategy is designed to permit
the converter to continue its operation provided that the
number of faulty sub-modules per arm does not reach a pre-
defined value based on the number of sub-modules and the
ratings of the devices. Otherwise, the control system
considers the MMC suffering from cascading failure and in
this case, it isolates all the sub-modules and deactivates the
converter. It is important to mention that the sub-module
capacitor must be carefully selected taking into consideration
the worst case condition at which the maximum number of
faulty sub-module can be tolerated. This can be done by
calculating the maximum energy variation, the boosted up
capacitor voltage level and the allowable voltage ripples and
selecting the capacitor value from [33]:
2Aep max

NeffVE (1+kripple maz) {13)
where V_ is the rated capacitor voltage, K,qpre max 15 the
maximum allowable ripple percentage and Aep, q, i the
maximum energy variation.

Cop >

VII. SIMULATION RESULTS AND DISCUSSIONS

The proposed control scheme for the MMC is simulated
using PSCAD/EMTDC software package. The system
parameters are shown in Table 1. Different simulation cases
are considered to examine the dynamic performance of the
proposed control strategy for the MMC under different
operating conditions. Moreover, the dynamic behavior of the
proposed FDU is tested under different healthy and faulty
condition. Primarily, the first task is dedicated to evaluate the
performance of the proposed scheme based on the RLS
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algorithm to estimate the capacitors voltages used to control
the MMC under the dynamic reference phase voltage
changing condition. The second case is devoted to assessing
the dynamic performance of the proposed fault detection and
fault tolerant control units during open-circuit fault in a sub-
module. Finally, the third case examines the capabilities of
the proposed FDU and FTCU to stabilize the operation of the
proposed control strategy for the MMC under short-circuit
fault in a sub-module.

TABLEI
MMC MODEL PARAMETERS
MMC model parameters

Rated power 1 MW
Sub-module rated voltage 2250V
Rated de Voltage 9000 V
Arm inductance 3 mH
Sub-module capacitance 1900 pF
Number of sub-modules per le; 8

A. Performance under IGBT open circuit fault

This task is devoted to assess the capabilities of the
proposed control strategy and FDU under IGBT open circuit
fault in a sub-module. The upper switch of the third sub-
module in the upper arm of phase a is intentionally opened at
t=0.5s. The fault detection and fault tolerant control units are
enabled. The FDU succeeds to detect and localize the fault
after 33 ms from its instant of activation as illustrated in Fig
8(a). With the slaw rate of increase of the capacitors voltages,
the 33 ms period of detecting open-circuit fault is enough to
guarantee the safety of the MMC. Once the fault of the third
sub-module in the upper arm is detected, the FTCU isolates it
and the third sub-module in the lower arm to balance the
energy between the two arms. Furthermore, the FTCU
increases the v, from 2.25 kV to 3 kV, as shown in Fig. 8
(b), and adjusts the phase shift of the carrier waves from 45°
to 60° to compensate for the loss of two isolated sub-modules.
These actions are sufficient to tolerate the fault and restore
the stability of the MMC control system as appear from the
results of Fig. 9 (a) and (b) where the three-phase output
voltages and currents are balanced. The capacitor voltages of
the remaining sub-modules restore their balance around the
new desired value set by the FTCU as indicated in Fig 9 (¢).
As expected, the capacitor voltages are slightly increased at
the moment of fault detection, t = 0.533s. It is worth
mentioned that the capacitor voltages of the isolated sub-
modules freeze at their values when isolation occurs.
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periods. It is obvious that the performance of the RLS
algorithm is more accurate than that of the ADALINE
algorithm for estimating the time-varying capacitor voltage
signal. As indicated from (10) and (11), the estimation of the
capacitor voltages is based on the switching signals. In tumn,
the proposed estimation algorithms cannot estimate the
voltage of faulty or disabled sub-modules as indicated in Fig.
10(c) and Fig. 11(c). At the instant of open-switch fault, the
difference between the estimated voltages from the
ADALINE and the RLS algorithm increased and excites the
proposed FDU to detect the fault quickly.

With the help of the FTCU, the averaging and balancing
control loops are able to quickly overcome the consequences
of fault and forces the differential current to reach its rated
value prior the fault instant, as displayed in Fig. 12(a).
Moreover, the averaging and balancing control signals retain
their stability as illustrated in Fig. 12(b) and (c), respective
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Fig. 9: Enabling the proposed FTCU for an open-circuit fault: a) Three-phase
voltages, b) three- phase load currents, ¢) voltages of leg @ sub-modules.
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Fig. 10 and 11 indicate the actual and estimated capacitor
voltages of the upper and lower arms of phase a, respectively.
Both the ADALINE and RLS algorithms provide accurate
estimate of the capacitor voltage, even during transient
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Fig. 11: Actual and estimated voltages of the lower arm sub-modules of
phase @, under an open-circuit fault.
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Fig. 12: Action of the different controllers for leg @ with enabling the FTCU

for an open-circuit fault: a) Actual and reference waveform of the circulating

current, b) averaging voltage reference, ) balancing voltage reference for

the first sub-module of the upper arm

B. Performance under IGBT short circuit fault

This case is conducted to investigate the capabilities of the
proposed control strategy and the FDU under IGBT short
circuit fault in a sub-module. A short-circuit fault is applied
to the upper switch of the third sub-module in the upper arm
of phase a at t= 0.5s and the proposed FDU and FTCU are
enabled. The FDU succeeds to detect and localize the short-
circuit fault after 2.2 ms from its incidence as demonstrated
in Fig 13 (a). This detection time is fast as the needed time
for clearing short circuit faults must not exceed 5 ms [34]. At
the instant of fault detection, the FTCU has isolated the faulty
sub-module in the upper arm and its corresponding third sub-
module in the lower arm to balance the energy between the
two arms. Furthermore, the FTCU increases the v, from 2.25
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control loops which succeed to limit the magnitude of the
differential current and to tightly track its reference.
Additionally, the improved averaging and balancing control
signals are portrayed in Fig. 17(b) and (c), respectively.
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Fig. 14: Enabling the proposed FTCU for a short-circuit fault: a) Three-phase
voltages, b) three- phase load currents, ¢) voltages of leg a sub-modules.
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threshold. This helped the FDU to quickly detect the short-
circuit fault condition. Fig. 17(a) shows that the FTCU
stabilizes the operation of the averaging and balancing

Fig. 17: Action of the different controllers for leg a with enabling the
FTCU for a short-circuit fault: a) Actual and reference waveform of the
circulating current, b) averaging voltage reference, c) balancing voltage
reference for the first sub-module of the upper arm.
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VIIL

The HIL test platform is used to validae the proposed
control method. This platform is based on the RT-LAB real-
time simulation software, As shown in Fig, 18 (a), the
platform consists of two main parts: the real-time digital
simulator and the real-time physical controller.

HARDWARE IN THE T.OOP RESULTS

or vaages apasia

enio-s02

(b)
Fig.18: The HIL platform system components: a) the block diagram of the
HIL platform, b) the HIL test system.

The MMC with the parameters given in table | ig stmulated
using the OP-4510 real-time digital simulator made by
OPAL-RT with a CPU that operates at a time step of 25 ps.
In addition, the real-time digital simulator provides the
physical real time controller with needed measurements such
as the ac-side voltages and currents, de voltage, and arm
currents, Om the other hand, it receives gating signals for
IGBTs [rom the physical controller. The real-lime physical
controller is a Virtex-5 LX based cRIO- %024 FPGA
controller, which operates at a time step of 25 ns, made by
National Instruments and programmed using the LABVIEW
software. The physical controller performs the proposed
capacitor balancing, fault detection and tolerant control
techniques, and the switching algorithm of the MMC. Fig 18
(b) illustrates the HIL test system where the gating signals
and system measurements are exchanged through copper
wires.

Firstly. an oepen-circuit fault is applied to the upper switch
of the third sub-module in the upper arm of phase «, then after
(.35 a shorl-circuil [aull is applicd Lo the first sub-module in
the lower arm of phase ¢ while enabling the proposed FDU
and FTCU. The FDU succeeds to detect the first fault after
35.4ms as shown in Fig. 19(a). Morcover, the FDU identifics
the second fault after 3.2ms as shown in Fig. 19 (b). Fig. 20(a)
and (b) portray the three-phase output voltages and currents
which are balanced even during the application of the two
faults.

The capacitor voltages of the remaining sub-modules of the
upper and lower arms restore their balance at the new set
value as illustrated in Fig 21(a) and (b), respectively.
Consequent to the detection of the first fault, the proposed
FI'CL) isolates the faulty sub-module in the upper arm and its
cotresponding third sub-module in the lower arm to balance
the energy between the two arms. Furthermore, the FTCU
increases v, from 2.25 kV to 3 kV to compensate tor the loss
of two sub-modules. After the second fault is identified, the
FTCU isolates the first sub-module in the lower arm of phase
a, which is faulty, and re-inserts the third sub-module in the
same arm, which is previously bypassed as a response from
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the FICU against the first fault. Hence, the energy between
the two arms is always balanced and the capacitor voltages of
the remaining sub-modules are regulated at the new set vale,
3KV.

The proposed RLS scheme accurately estimates the
capacitor voltages during the different operating conditions
as indicated in Fig. 22(a). Fig. 22(b) demonstrates that the
FTCU succeeds to limit the magnitude of the differential
current which is tightly tracking its reference signal. Finally,
the averaging and oulput voltage relerence control signals are
portrayed in Fig. 25 (a) and (b}, respectively. It is obvious that
the proposed FTCU stabilizes the operation of the control
loops during the different types of faults. The results explore
the perlect behavior of the proposed control technique under
different types of switch faults.
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Lig. 19: Dynamic performance of the propesed I'DU and 'ICU under
multiple Faulis: a) Gault 1, b) fault 2,
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Fig. 20: The performance of the proposed control under multiple faults: a)
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—
Wi

203

201



IEEE Transactions on Industry Applications

iy | ————
r——— o

veud

ov 1Jon Vidiv —
200 ms/div

vl

ov 1400 Vidiv —
200 msdiv

(b)
Fig. 21: The performance of the proposed control under multiple faults: a)

sub-modules voltages of upper arm in leg a, b) sub-modules voltages of
lower arm in leg a.
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Fig. 22: Action of the different controllers for leg a with enabling the FTCU
for multiple failure: a) The capacitor voltage estimation of sub-module Veul,
b) Actual and reference waveform of the circulating current.
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Fig. 23: Action of the different controllers for leg a with enabling the FTCU
for multiple failure: a) averaging voltage reference, b) modulating voltage
reference for the first sub-module of the upper arm.

IX. CONCLUSION

The paper presents two estimation units based on
ADALINE and RLS algorithms for capacitor voltages of the
sub-modules of the MMC. For each leg of the MMC, the
proposed estimation unit requires only three sensors; one for
the phase voltage and the others for the voltages across the
arm reactors. Moreover, the proposed RLS estimation unit is
integrated with a control strategy to balance the voltages
across the sub-modules of the MMC. Furthermore, the
estimated capacitor voltages from the two techniques are
utilized to detect and localize the open-circuit and short-
circuit faults of sub-module switches. After isolating the
faulty sub-modules, the proposed FTCU boosts the capacitor
voltage and modifies the phase shift between the carrier
signals for the rest of sub-modules in the leg to cope with the
reduced number of effective sub-modules. The proposed
integrated control strategy eliminates the need for direct
measurements of capacitors voltages and their associated
communication system which renders it suitable for
implementing a low cost centralized controller for the MMC
with a large number of sub-modules. In addition, the
proposed FDU and FTCU do not need any extra components
as they are based on the estimation algorithms that are
simultaneously utilized for the proposed control of the MMC.

The fast response and the accurate tracking of the proposed
scheme for sub-modules capacitor voltage estimation are
revealed from the simulation and the HIL results under
different dynamic conditions. Moreover, the proposed MMC
controller succeeds to balance the capacitors voltages. The
accurate performance of the proposed FDU, for detecting and
localizing different faults, results from its hybrid processing
where the fault decision is not only based on the reduction on
the estimated per-unit voltage but also on the rate of change
of the difference between the estimated voltages from the
proposed ADALINE and RLS algorithms. Furthermore, the
proposed FTCU succeeds to stabilize the operation of the
averaging and balancing control loops of the MMC under
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different types of faults. In addition, the circulating current is
tightly tracking its reference signal.
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Abstract— Modular Multilevel Converters (MMC) are
idered very suitable for the tr of bulk power.
Increasing the reliability of MMCs forms a real challenge since
they arebuilt from series of sub- dules. Applying the
concept of fault tolerance to the MMC conirol system can
significanty increase the reliability of the MMC as it will be
available in normal as well as faulty conditions. This paper
presents an analysis of the MIVIC reliability enhancement gained
from applying different fault tolerant control techniques. The
reliability is investigated through solving differential equations
generated from Markov chains.

Keywords—Murkov chains; fault tolermt control; MMC.

I INTRODUCTION

The fault tolerant control (FTC) system is the system which
is able to perform its desired control functions at high level of
stability and security during the occurrence of a certain fault.
FIC systems are gaining the interest of many researchers in
different research fields because of their ability to enhance the
overall reliability of systems. FTC systems are classified into
two main types: passive and active [1-3].

As shown in Fig. 1, active FTC system receives the
continuous fault status from the FDU. Then at the fault
condition, it re-configures the control system to a new system
which isolates the faulty part of the system and maintains the
stability of the plant. It is important to mention that the redesign
process of the system is performed online which normally may
allow some changes to desired control functions or degradation
in the performance [4-5].

The main disadvantage of active FTC techniques is the slow
response of them due to the time consumed on the fault
detection and controller redesign. However, the main advantage
of these techniques is their ability to detect wide range of faults
[5].

In passive FTC, the controller is designed in the offline mode
then it operates with fixed behavior during normal and
abnormal conditions. Therefore, it should be designed such that
it can tolerate the faults [6-7]. The main advantages of passive
FTC techniques can be summarized in the following points:

e There is no need for the fault detection process as the
system is working with the same parameters during normal
as well as fault conditions.

¢ The response of them is very fast due to the
elimination of FDU and the control redesign processes.

However, it is very difficult for one passive FTC system to
detect different types of faults since they are designed in the
offline mode [8].

__ EDU signals

Controller| ‘
Redesign | Fou
y* i {
u
Controller L4 Plant * ¥

Fig. 1. Structure of active FTC.

According to the literature, there are different types of sub-
module faults that can strike MMCs and affect their operation
[9-10]. Since MMCs are used in important applications and at
the same time they form a big investment, it is extremely
important to detect these fault very quickly to protect the whole
system from sudden failures. For this particular purpose, the
sub-module faults are investicated in the following sub-
sections. Moreover, popular fanlt detection techniques are
discussed to find out the advantages and disadvantages of each
method and pointing what is needed in the process of fault
detection of MMCs.

MMCs should work at high level of reliability as they usually
work in critical applications that do not have the luxury of
losing the power transfer. Based on this fact, it is highly
recommended to provide the control of the MMC with fanlt
tolerance capability to make the MMC able from delivering the
desired power during faulty conditions without the need to
block the converter [11].

This paper presents an investigation of MMC reliability
enhancement when two different fault tolerant conirol
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techniques are used. The first technique is based on using
redundant sub-modules while the second depends on modifying
the control of the MMC during faults. Section II presents the
operation concept of the MMC and its mathematical model. The
reliability analysiz using Markov chaing of the MMC ig
illustrated in section IT. Section IV shows the conclusion and
major findings of the presented work.

. MODULAR MULTILEVEL CONVERTERS

A, The structiere of MMCs

The MMC consists of sub-modules connected in series
forming a leg in each phase. The sub-module can be a half-
bridge or afull-bridge and each sub-module has a capacitor that
buffers the energy from the dc to the ac side and vice versa; thus
the de-link capacitor is not required. A high-speed bypass
switch is added to the output port of the sub-module to isolate
the sub-module in case of a fanlt. As shown in Fig. 1, each phase
leg is divided into two arms upper and lower. Each armm has
identical numbers of sub-modules to generate balanced voltages
in the two arms of each phase. Inductors are installed in arms to
smooth and filter the currents [12-13].

Sub module

Fig. 1. The structure of the MIMC

B. MMC Operating Modas

The MMC half bridge sub-module has four operation modes

during which energy is transferred:

Mode 1: When 81 is closed, 82 is opened, and the arm has
positive polarity. The current flows into the
capacitor, charging it. The sub-module is then
ingerted. See Fig. 2(a).

Mode 2: When 81 is opened, 82 is closed, and the arm has
positive polarity. The sub-module is bypassed, and
the current flows towards the next sub-module,
keeping the capacitor charge constant. The sub-
module is then bypassed. See Fig. 2(b).

Mode 3: 81 is closed, 82 is opened, and the arm has negative
polarity. The capacitor starts to discharge and then
the sub-module is inserted. See Fig. 2(c).

Mpde 4: When 81 is opened, 82 is closed, and the arm has
negative polarity. The current flows towards the

next module, keeping the capacitor charge constant,
after which and the sub-module is bypassed. See
Fig. 2(d).

Mode 1

Mode 11 Mode 111 Mode IV

{a)y by ©) )
Fig 2 Different operating modes of MMC sub-modules. () Mode 1. (b)
Hode 2 () Mode 3. {d) Mode 4

O Mathematical Model of MM

For the purpose of designing an inner control system for the
MMC, it is necessary to mathematically analyze the converter.
The converter arms, shown in Fig. 3, are represented as variable
capacitors connected in a series with armm resistance and
inductance. The number of sub-modules per amm and the
switching frequency is assumed as infinite to simplify the
analysis because of the perfect sinusoidal output voltage and
total voltage balancing between arms. The arm capacitance
insertion is represented with a modulation value 1 4.y, ., Where
x may be x for upper arm or / for lower arm. The m ., . is
varied from 0 to 1. For example, when nig ., = 0, this
indicates that all sub-modules in the upper arm are bypassed
and when 7, ; = 1, this indicates that all sub-modules in the
lower arm are inserted. The value L., is the sum of arm
capacitor voltages. The arm voltage is given by:

v (8 = Mgem £ (£ vy

n
The inserted arm capacitance is given by:
o Csm
Ci'nsx = N Marmalt) 2)

where Cgyy is the capacitance of one sub-module and 7V is the
number of sub-modules per arm. If the amm current is i,{t}, the
total capacitor voltage dynamics can be expressed by:
dZv 1o (E

dth CD,{( } ; (3)

ins x

Substituting (2) in (3), the capacitor voltage dynamics can be
expressed for the upper and lower arms by:

Zvey _ Nomarmuy i
dt Csur
dZvep = N.grm [ )

dr i
The current iy;pr is the differential current, which circulates
between the phase legs. The circulating current of any phase is
described as follows:

fairp= % (©)
By performing the necessary circuit analysis, the output phase
voltage 1, is given by:

2

Vo = 2 Ly S Mg ¥y M
, di,

Y :_%‘*’ La‘rmd_:+mﬂmtzvcl- 8
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Fig. 3. The MMC average model.

III. MMC RELIABILITY ANALYSIS

A system failure can be represented by its probability to
occut; this is done considering the process behavior as a random
variable which receive its value from finite state space
elements. To assess the reliability of the MMC, firstly the
failure rate of the IGBT A, should be assumed. The reliability
function R(#) is the probability of success for the system which
is expressed as:

R =1-F() [€)]
Where Ftt) is the probability of the system failure which is
complementary to the R(¥) and is given by:

F(t) = J, f(2)dr 10
Where f{#) is rate of change for the failure probability of a
certain components, thus (10) can be rewritten as:

fioy =49 an
Another important definition is the mean time to failure
(MTTF) which gives an indication for the expected life time of
a component that cannot be repaired or maintained, the MTTF
is expressed as:
MTTF = [ R(t)dt 12)

For a system without a fault tolerant control, the MMC will
fail if one sub-module suffers from a fault in either the upper or
lower legs. To model the reliability ofthe converter in this case,
a Markov chain is developed as shown in Fig. 4.
In this case the failure rate for one sub-module in a certain leg
should equal:
A = (2N — 1), (13)
Where 4 is the failure rate of each IGBT switch.
Based on the Markov chain and from (13) substituting in (11),
this gives:
ap,
— = 2 Pi() 14)
Solving the first order differential equation presented in (10),
the reliability function can be expressed as:
R(t) = Py(t) = e 2N ot (5)
From (15) substituting in (12), the mean time to failure is:

1 1

(16)

MTTF, i =—(——
MMC without FTC = 33\

Losing an uppet
arm sub-module

Al

1 Fail

Fig. 4. Markov chain of the MM C without FTC.

IV. MMC RELIABILITY ENHANCMENT USING FTC

The enhancement of the MMC reliability iz calculated while
applying two FTC tectmiques. The first technique achieves the
fault tolerance using redundant sub-modules while the second
depends on modifying the control of the MMC without using
redundant sub-modules.

A. FIC using redundant sub-modules

Regarding tolerating the fault using redundant sub-modules,

the idea depends on disconnecting the faulty sub-module and
inserting a mnew redundant sub-module without the
disconnection of the MMC as shown in Fig. 4 [13-15].
The process of insertion of the redundant sub-modules is done
using a strict control. At each triggering time, the control
system identifies the state of each sub-module by the aid of a
suitable fault detection algorithm. If any sub-module is
subjected to high switching commutations or a fault, the control
system bypasses the faulty sub-module and replaces it by a
redundant sub-module [15].

11 1 B submodute

Submodule
¥

Submodule

Interface

Submodule

MMC

¥
Control system
v

Submodule

Fig. 4: Structure of MMC with redundant sub-modules.

In this case, the reliability of the MMC can be figured out from
Fig. 5 which has two failure rates. The first failure rate when
losing one sub-module, 4;. While the second failure rate, 1,
indicates losing two sub-modules in the same leg. In the sub-
module redundant based FTC, each leg is assumed to be
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equipped with one redundant sub-module. Thus, the sub-

module failure rates are given by:

A= &2+ 1) a”n
2N-1

4= Eh, {18)

According to Markov chain, the failure probability of the first

state is:

= MR (19)

Solving the differential equation given in (19) gives:

’(ZNTﬂ)’ D t

Pty=e 20)
Following the same way, the failure probability of state 2 gives:
R FACE AN 21)
Solving (21) gives:

2N—1 2N-1
Py(6) = B T Yot TRty @2)

From (20) and (22), the probability of the fail state is the
summation of P;(z) and P, (£):

R = P(0) + Py(0) = ((ﬂ) s :) 5

Z

aN-1., _(2N-1yy
e FT My @3)
From (23) substituting in (12), the MTTF is:
11N
MTT Fypgc watn pre 1 = = (N_Jr 1)) 24)
Losing an upper
arm sub-module

Losing a lower

Fig. 5. Markow chain of the MIMC with the first FTC technique,

B. FTC based on modifing the MMC inner control
Unlike the previous technique, the MMC is not equipped
by redundant sub-modules. The MMC inner control modifies
the control and isolates the faulty sub-modules. To simplify the
calculations and give a zense for the results, the reliability
calculations will be performed for the simulation model which
incorporates four sub-modules per arm. In this particular case,
the Markov reliability chain is developed as shown in Fig. 6.
The Markov reliability chain shows that the MMC with the
proposed FTCU have four possible finite states before reaching
the failure state instead of one as shown in the previous section.
The possible states are:
+  State 1: The healthy state (no faulty sub-modules).
*  State 2: Losing a sub-module in the upper arm.
+  State 3: Losing a sub-module in the lower arm.
*  State 4: Losing two sub-modules (one in the upper arm
and one in the lower arm).
*  Fail state: Losing two sub-modules in the upper arm or
two sub-modules in the lower arm or both.

In this case, two failure rates should be presented A; and A,. A;
is the failure rate of one sub-module and will be the same as
calculated in (13). A, is the failure rate for losing two sub-
modules and should equal:

Ay = (2N =34, 25)
Based on the Markov chain, the probability for the first state 7/
will remain the same as presented in (15). Regarding the
probability of the second state 72, it can be expressed as
follows:

ap.
T = A+ )P () + APy (1) (26)
From (26) substituting in (11), the solution of the differential
equation gives:
_ZNTB (At Ag)t 20yt

Py(e) = == (¢t At _ o2ty @7
P;(t) has the same probability of P, (2) since the conditions are
the same.
Moving to the forth state probability, it is also can be
emphasized from the Markov chain as follows:
dF.
d_:: —(24)F (£) + 4, P2 (1) + A, B3 (0) (28)
From (28) and substituting in (11), the solution of this
differential equation is expressed as:
Py(e) = S (2t g p2af) BN Ot (39)
The reliability function R is the summation of the four
probabilities as follows
R =P+ P + A0 + AE)

(-3

= ((zzv -2) +T)e‘2@”‘1ﬂﬂf + ((ZN i

(21\:3)2 22N Aot ((ZN;3)Z)6—2(2N73)AD)? (30)

From (6.18) substituting in (6.8), the mean time to failure is:
(an—2yr B2
1 T

MTT Eugpac with Fre = com (ZN-1) &

(an-g) Y av-n?
£—"1 1, Ll 31)

(2n-2)

(2N-3)

]
Losing a lower
ann sub-module module

Fig. 6. Markow chain of the MMC with the second FTC technique

V. RESULTS AMD DISCUSSIONS

To compare between the reliability before and after the
application of the two fault tolerant control strategies, the
reliability density functions presented in (15}, (23) and (30) are
plotted against time for five level MMC. The IGBT failure rate
Ay is assumed to be 107 7A~ % which is almost three years.
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As shown in Fig. 7, the reliability density function is
considerably enhanced which means that the rate of failure for
the MMC has been decreased. This is also clearly appearing in
table I where the MTTF has significantly increased when
applying the two FTC strategies.

N
A
: \\

ED [

[~wito ric
—uit edundart FTC
==t contrlkased Frc)

s

Relisbily

i o
i Gperton o)
Fig.7: The reliability of the MMC using different FTC techniques.

TABLEI
COMPARISON BETWEEN MTTF ASSOCIATED WITH
DIFFERENT FTC TECHNIQUES

CONDITION MTTF (IN HOURS)
Without FTC 714285
With redundancy FTC 8750000
With control based FTC 163958335

VI. CONCLUSION

In this paper, the reliability of the MMC has been carefully
studied and analized using Markov chains. The effect of using
FTC onthe MMC is investigated. Results showed that using the
FTC concept will significantly increase the MTTF of the MMC
which means that the MMC will be very reliable since it is
availability has increased to contain normal and faulty
operation conditions.
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Abstract— ¥ulti-terminal direct current (MTDC) grids are
gaining the interest of many researchers because of their unique
features (hat improve (he transmission network functionality
and reliability. Unlike two level and three level voltage source
converters (V5C), modular multi-level converters (MMC) are
suitable for the application of MTDC grids because of their
generous advantages such as the climination of DC link
capacitor, the improved quality of the oumput power and the
lower footprint. ITowever, simulation of MMC based MTDC
grids is a reul challenge becanse of the buge computational
burden due to the high number of sub-modules. This paper
proposed a modeling approach for a four terminal MTDC grid
which is based on average MMC models with 401 voltage levels.
The control system structure which controls the power threugh
the MTDC grid and the MMCs at each terminal is presented.
The whole system is tested and simulated using
PSCAD/EMTDC under different vperating conditions to verify
the validity and cvaluate the performance of the proposed
modelling approach.
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L. INTRODUCTION

The high voltage direct current (IIVDC) transmission
syslems are currently involved in many projects especially [or
transmission systems that transmit bulk amounts of power for
long distances. This is simply because of the reduced losses of
HVID compared to the high voltage alternating current
(HVAC) transmission as shown in figure.1. Also the bipolar
HVDC gircuit is formed from two cables only compared to
[our cables in HVAC cireuits. Morcover, the HVDC sysiems
do not suller from stability problems due 1o the absence of
reaclance ellect which makes them have no distance
Limitations [1].

Instead of having many point to point transmission lines,
MTDC grids are attractive for many applications such as:
connceting difterent grids together, integration of off-shore
wind cnergy to AC grids, cte [2]. Figure.2 shows a general
diagram for a four terminal DC grid. The conversion from AC
to DC and vice versa is performed uwsing ¥SC which has
different lopologies. One ol the promising lopologies in
IIVDC transmission is the MMC because ol the improved
quality ol the output power due 1o the sullicient number of
voltage levels which eliminates the need of adding filtering
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cquipment [3]. The modelling of the MMC based MTDC

the researchers and engineers o have belter understanding of
the operation and behavior of such networks. [lowever, the
modelling ol the MMC is not an easy task since the number
ot sub-modules can be in hundreds which makes it very
difficult to develop a detailed simulation model due to the
excessive and massive computational burden [4|. To solve this
problem, a suitable averape model can be used to lower the
caleulations needed [5]. This paper presents a modelling
approdch for the simulation of four terminals DC grid using
PSCAD/IEMTDC simulation soflware, cach terminal includes
an average model for a 401 level MMC. Section II explains
the MMC structure including the mathematical analysis for
the developed average model while section TIT and IV
introduce the control system structure which controls the
power through the MTDC orid and the MMUCs at each
terminal, whereas, scetion V indicates an analysis of the
results acquired under different operating conditions. Linally,
seetion V1 demonstrates the conclusion of the rescarch
verilying the main ideas based on the simulation resulls.
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Tigure. 1: Comparisen between the losses associated with the HVAC and
TVDC transmission lines
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Figure. 2: A general diagram for a four terminal grid.

II.  MODELLING OF THE MMC

A MMC structure and operation modes

As demonstrated in figure.3, the MMC is formed from
three legs, eachleg is formed from two arms connected to each
arm through arm inductors, these inductors are responsible for
smoothing the arm currents. Each arm consists of series
connected sub-modules which can be either full bridge or half
bridge connected to a capacitor. The sub-medule is
considering to be the basic umt of the MMC as it exchanges
the energy between the AC and DC sides of the converter.
There are two main operation modes for the MMC as shown
in table 1 [6].
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Figure.3. Three-phase MMC topology and internal sub-module.

TABLEL MMC MODES OF OPER ATION
Mode I I
S1 Switched on Switched off
S2 Switched off Switched on

The sub-module is
bypassed and the
current flows
towards the next
sub-module keeping
the capacitor charge
constant.

Output voltage from the sub-
module has a positive polarity.
Description | The capacitor is
charging/discharging, depending
on the current direction.

B. Mathematical representation of the average model

The average model used in the simulation depends on
converting the detailed model of the sub-module to its
thevenin equivalent. As shown in figure. 4, the voltage across
the sub-module is given by identifying its equivalent
resistance and voltage. The equivalent resistance can be
expressed as shown below [5]:
R

Req =Rz (1 - R,+R2+Rc) @
R,and R, are the resistances of the upper and lower IGBTs,
when the IGBT is switched on, its resistance will equal the
value of the on state resistance which is about 0.001
compared to 100000 £Q) in the off state. R, is the equivalent
resistance of the sub-module capacitor having a capacitance
of C, this resistance can be calculated using the following

expression:
AT
Re=— 2

Where AT is the time step of the simulation. The equivalent
voltage of the sub-module thevenin model is given by:

2y 3)

Vz o¢ 1s the equivalent voltage across the capacitor which is
given by:

Vea = (£ 1ele — AT) + (e — AT)) @

Figure. 3: Thevenin equivalent of the sub-module.

III.  CONTROL OF ACTIVE AND REACTIE POWER THROUGH
THE MTDC GRID
Controlling the flow of active and reactive powers in the
grid is done by controlling both the DC and AC voltage at
each terminal. The control system at each terminal is formed
from five units as described in the following sub-sections.

A. Phase locked loop

The phase locked loop technique is responsible for
synchronizing the AC voltage of the MMC with the grid
voltage. This is done using a feed forward PI control loop
which receives the quadrature axis voltage of the MMC AC
terminals V; ;. The output of the PI controller is then added
to the initial angular frequency eq. The output of the addition
is passed through integrator resulting into the grid phase 6.

B. AC and DC voltage controf loops

The active and reactive power control loops are very simple
as they utilize two PI controllers to decide the values of the
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MMC direct and quadrature components of the desired MMC
output current iy and ;.

C. Inner current loop

The inner current control loop is used to regulate the MMC
output current based on the received references from the DC
and AC control loops, the loop is designed based on the
MMC dynamics of the AC side:
Lgrid % = iqugn‘d - ingrid +Vig—Vsa )
Loria 5 = ~la®lyria — igRyria + Veq — Vg ©
Where Lgrq and Rgq are the grid inductance and
resistance. V; is the MMC terminal voltage while V; is the
grid voltage.
According to (5) and (6), two PI controllers are added to
regulate the iy and {,. The output of the two controllers is
then added to the measured components of the grid voltage
Vs ¢ and V; 4 forming two feed forward loops. The decoupled
components of iy and i, are then subtracted from the two
loops resulting in the reference terminal voltages V;; and V.
Figure 4 shows the block diagram of the active and reactive
power control [7].

Main Control

Figure. 4: Active and reactive power control.

IV. THE INNER CONTROL OF THE MMC

The inner control system of the MMC is responsible for
achieving three important tasks: the first is balancing the
voltage between the capacitors while the second is
suppressing the differential current. The third task is the
switching of the MMC.

A. Capacitor voltage balancing using the energy control

In this method, the capacitor voltages are balanced by
controlling the total energy stored in the leg and the
differential energy between the upper and lower arms [8]. For
better understanding of this method, the energies of the upper
and lower arms should be mathematically expressed as
follows:

W&, = XCorp (V) @
Where x can be u for the upper arm or / for lower arm.
Differentiating equation (3.1), this gives:

3 .
awg By .2 V4
= Gt i) (550 — Vairr) ®
awg i ; Va4,
_dta = (f +igirr) (_ZC €y — Vairy) @)

From (8) and (9), the following equations express the total
energy stored in the leg WF and the energy difference
between the armsW

WE = WE+WE (10)
WE = WE-Wg an
Differentiating (10) and (11) and equalizing them with (8)
and (9) gives:

awg ; ;
FI (Vdc - ZVdiff)ldiff — Eply (12)
awp _ (v, ; ;
_dtc = (% - Vdiff) by = 2epiqiry (12)
dig

Where Vgirr = Riger + L d[if. Equation (11) and (12)
shows that the differential current iy;rrplays a major role in
balancing the capacitor voltages of the MMC sub-modules.
Based on this, the modulation signals can be expressed as:

v,
Loy rep=vaiff ref
2

my = m: 13)
_ 5res ey =vaigy vey
m = o5 a4

cl

Although the equation (13) and (14) look very simple,
the direct application of them makes the converter unstable
[9]. To maintain the stability of the converter, two control
loops are needed as shown in figure 5. The first loop is a PI
control loop which is responsible for enabling the total stored
energy from following its reference, while the second loop is
responsible for balancing the energy between the two arms,
in other words for canceling W2,

% ‘Calcnlmion EW, W m,
Vic . of Energy — ot
R stored in the) 3
L | Arms

Tay 1

Figure. 5: Block diagram of the capacitor voltage balancing based on energy
control.

B. Circulating current supressing control

The circulating current is a virtual current which circulates
between the two arms; it can be expressed by:

fepre =24 as)

Where i,, and {; are the arm currents. Having a high level
of the circulating currents means that the MMC will be
subjected to negative consequences such as the increased heat
effect and electrical losses. Thus, it is a must to suppress the
circulating current to a very small amount. This can be
achieved by eliminating the double line frequency component
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ofit. Firstly, the three phase circulating current is transformed
into the dq reference frame. Then the dq cuments are
subtracted from the reference value which is zero. The error
signals are passed through two PI control loops and then the

abc/

206 | dq

leire. abe

output signals are transformed to the three phase reference
signals of the circulating voltage. Figure 6 shows the block
diagram of the circulating current suppressing control.

Urer circ. 4

Uset circ. 2
Uret. circ. o

do/

abc
T AC voltage
Uret. dirc. g reference

Figure. 6: Block diagram of the capacitor voltage balancing based on energy control.

V. SIMULATION RESULTS AND DISCUSSIONS

A four terminal DC grid is simulated using
PSCAD/EMTDC, each terminal contains an average model
for 401 level MMC. The simulation parameters are found in
table 2.

TABLE IL PARAMETERS OF THE SIMULATED FOUR TERMINALS DC
GRID
Parameter Value
Rated AC voltage 380 kV
Rated DC voltage 400 kv
Rated power 10000 MW
MMC voltage 401 level
levels
Arm inductance 15 mH
Sub-module 220 uF
capacitance

The simulated case study is demonstrated to show the
behavior of the MTDC and the reaction of different control
systems under three conditions:

1. The start-up and system energization.
2. Thenomnal operation mode.
3. The faulty condition.

Firstly the AC grids of the rectifier terminals start to inject
active power towards the MMCs to build up the voltage of the
DC link. Using the MTDC grid power control loops, the DC
voltage reaches its rated level which is 400 kV and settles at
this value after 0.6 gec. A three phase fault is applied to one
terminal at the instant of 0.8 sec, then cleared at 1 sec. Figure
7 shows the three phase voltages, currents and the RMS
voltage of the MMC where the three phase fault has been
applied. It is obvious that the MTDC grid control succeeded
to protect the converter since it was blocked in order to isolate
the fault. After clearing the fault, the P-Q control loops started
quickly to build the DC voltage again. Regarding other
terminalg, they regulated the DC voltage during the fault and

at the same time did not contribute to the faulty terminal.
Figure 8 shows the three phase voltages, currents and the RMS
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voltage of a healthy terminal. It is clear that, during the total
simulation time, the MTDC control system was able to control
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the DC voltage during normal and faulty conditions as shown
in figure 9.

Figure. 7: The MMC performance of the faulty terminal: a) Three phase
voltages, b) three phase currents and ¢) The RMS voltage

Moreover, it has succeeded to control the flow of the
power smoothly as demonstrated in figure 10. This also can
be proven by figure 11 which shows how the direct and
quadrature currents track their reference during the whole
period. Regarding the MMC inner control, the capacitor
voltages of all MMCs have been successfully balanced during
the whole simulation period as presented in figure 12. In
addition, the circulating currents have been suppressed to its
minimum value to limit the conversion losses.
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Figure. 8: The MMC performance of a healthy terminal: a) Three phase
voltages, b) three phase currents and c) The RMS voltage
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Figure. 9: The DC voltages of the four terminals.

Figure. 10: The active power of the four terminals
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Figure. 11: The DQ currents versus their reference
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Figure. 12: The sub-module capacitor voltages of one MMC.

VI. CoNCLUSION

This paper presents an enhanced modelling technique for
a MMC based four terminal DC grid; where, each terminal
includes an average model for a 401 level MMC. An average
model for the MMC has been built to lower the computational
burden. In addition, the power control including the inner
control system of the MMC has been developed according to
different industrial standards and physical projects in order to
control the flow of active and reactive powers in the grid by
controlling both the DC and AC voltage at each terminal. The
control system at each terminal was formed from five units.

The simulation completed
PSCAD/EMTDC software package to evaluate the
performance of the modeled DC network under various
operating conditions. Theoretical results indicate an efficient
behavior of the MTDC control loops during normal and
faulty conditions providing a full safe to fail operation of the

model  was using

MMCs and guaranteeing a smooth power flow between the
termmals. It can be concluded that the proposed model is
suitable as a test platform for real MTDC projects and
research purposes.
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