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ABSTRACT

Reducing the size and weight of a power electric system is a prodigious challenge to
researchers as the development of the latest technologies emerge in the field of electrical
engineering. A similar urge is there to develop a light-weight mobile power substation (MPS) to
use in the electric power distribution systems during emergency conditions. This thesis proposes
a power electronics based solution using the modular multilevel converter (MMC) topology to
design the MPS system. The market-available power semiconductor devices are analyzed and
suitable devices are selected to design the system. The phase-shifted pulse width modulation
(PS-PWM) and selective harmonic elimination (SHE) switching algorithms are selected to
modulate the MMC terminals. To validate the proposed techniques simulation files are built
in MATLAB/SIMULINK™, Simulation results are presented and analyzed to verify the
theoretical claims. These simulation results prove the feasibility of designing the MPS system

with the proposed techniques.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Applications of power electronics in power systems are gaining in popularity due to numerous
exciting features that have paved the way for this revolution. Power electronics have been used
extensively in the last few decades starting from high-voltage direct current (HVDC)
transmission to injection of renewable energy into the grid. New areas of a power system have
been explored efficiently with the help of power electronics. With the implementation of large-
scale converters becoming very convenient, traditional pieces of equipment have been replaced
with power electronics based solutions. Mobile power substations (MPS) are traditionally used
all over the world exclusively in emergency services, new services, and temporary services. The

advantages of MPSs are as follows:

Minimal installation time

e Low installation cost
e Minimal on-site assembly
e Minimal on-site foundation

e Easily movable

Most of the MPSs are based on 50/60 Hz systems. Major drawbacks of these MPSs are their
sizes and weights. Based on their power and voltage rating their sizes and weights can vary
significantly. During an emergency condition these MPSs are needed to be transported by road.

All the highways have a certain weight limit, for example the weight limit of the state of



Arkansas highways is 80,000 Ibs [1]. If an MPS weights more than the road capacity, it needs to
be transported in multiple vehicles and the transformer oil may need to be drained. The assembly
of the MPS is then performed on-site. The complete process is sometimes very troublesome and
time consuming requiring a significant logistic support. A power electronics based design can
solve these problems by reducing the size and weight of the MPS. A description of the MPS

system under consideration is provided in the next section.

1.2 Overview of the MPS System

The MPS system under consideration is the connection of two three-phase feeders having
different rated voltages by a transformer to serve during emergency conditions. The transformer
connects a 25 KV three-phase feeder to a 13.8 kV three-phase feeder to transfer a power up to 20
MVA. There are two different topologies available in the literatures to design this type of
system: non-isolation and isolation [2]- [4]. Non-isolated back to back multilevel converters can
handle the system. However, the complexity is very high in this topology as the voltage level
changes significantly. In addition to that, a separate grounding system in non-isolation topology
is required which increases the size and weight of the overall system. In isolation topology a
solid-state transformer (SST) is used which provide the required grounding. Due to these
advantages, isolated topology is selected to design the MPS system which is represented in Fig.
1.1. Two converter units working as rectifiers and two others as inverters. The transformer and

its associated converters are operating at a medium frequency.



Medium
O— — Frequency — —O0
Transformer]
25 kV AC/DC DC/AC AC/DC DC/AC _013.8 kV
60 HZ Converter Converter Converter Converter 60 HZ
o— — — —0

Fig. 1.1: The MPS system under consideration

The technologies that are available for these types of converter designs are Current Source
Converters (CSC) and Voltage Source Converters (VSC) [5]. Generally, CSC is a thyristor based
technology which is used in the power range of 1.2 GW or above [6]. The main drawbacks of
this technology are requiring a strong ac system and bulky filters and only controlling the active
power. VSC has some distinct advantages over the CSC technology: basically, it is a controlled
switch based technology that can control the active and reactive powers independently; thus,
controllability is far better than the CSC technology [7]. Due to the above advantages, VSC
technology is considered in this work. However, two-level VSC technology still requires bulky
filters which are overcome by using a multilevel structure [8]. The major multilevel converter
topologies are diode-clamped multilevel converter, flying capacitor converter and modular
multilevel converter (MMC) [9]. Diode-clamped converter is most accepted in medium-voltage
applications [10]. However, voltage imbalance in the dc-link capacitor is a severe problem for
this topology [10]- [16]. Availability of high-voltage diodes is another major drawback. Flying
capacitor converter is also available in the market. It requires less number of switches with
increased number of capacitors. With the increase in the number of levels, the capacitor count
increases significantly. Balancing the capacitor voltage is also very complex [12]. The latest
addition in the multilevel converter field is the MMC [17], having the following advantages [18]-

[19]:



e Capable of better fault management because it can reduce the short circuit current as
well as capable of isolating the system from ac side faults.

e Scalable to any desired level; thus, medium and high-voltage realizations are possible.

e Voltage stresses on the switching devices can be controlled with increasing number of
levels.

e The fabrication process is much faster due to its modular design, and it is less
expensive too.

e Extremely low total harmonic distortion (THD).

e Minimization of ac filters.

Thus, applications of the MMC have increased extensively due to these unique advantages.

Therefore, the MMC topology is selected over the other VVSC topologies in this research.

1.3 Objectives of the Thesis
The medium-voltage MPS design based on power electronics is altogether a new concept. The
main goal of this thesis is to develop a solution for the above problem. The major objectives are

listed below:

e A light weight solution that fulfils the road maximum weight limits.

e A compact design so that it can be transported in a single truck. It also ensures a minimal
space requirement for the installation.

e A design with low total harmonic distortions.

e A reasonable efficient design.

e A cost-effective design.



The objectives are achieved by thorough analysis of the MPS system with the proposed MMC
topology. Maximum achievable switching frequency for the available power semiconductor
devices and losses will be calculated. Finally, a simulation model will be built in

Matlab/Simulink™ to evaluate the design and proposed ideas.

1.4 Organization of the Thesis

The thesis is organized chronologically with the following chapters

e Chapter 2 discusses the fundamentals of the MMC topology. Basic structure and
operation principle are explained, the generalized selection procedure for passive
components of the MMC are discussed.

e Chapter 3 presents the selection of the power semiconductor devices. Conduction and
switching loss analyses are conducted and based on these results the operating frequency
analysis is conducted. Finally, power semiconductor devices are selected based on the
above calculations.

e Chapter 4 analyses the switching algorithms for the MMC stages. Two MMC stages are
operating in phase shifted-pulse width modulation (PS-PWM) and the other two stages
are operating under selective harmonic elimination (SHE). Fundamentals of these two
algorithms are discussed in this chapter as well.

e Chapter 5 explains the controller design for the MMC stages. Controller design for PS-
PWM and SHE algorithms are discussed within the chapter.

e Chapter 6 demonstrates the simulation results. Results of the PS-PWM and the SHE
based MMC stages are presented separately. Finally, the results of the complete MPS
system are presented.

e Finally, Chapter 7 provides the conclusions and recommendations for future work.
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CHAPTER 2

MODULAR MULTILEVEL CONVERTER FUNDAMENTALS

2.1 Introduction

The Modular Multilevel Converter (MMC) is the latest breed of converters used in medium and
high-voltage applications [1]- [2]. It has distinguished advantages over other types of voltage
source converters such as flying capacitor converter (FCC) and diode clamped converter as
mentioned in Chapter 1. The fundamentals of the MMC topology will be presented in this
chapter. Initially, its basic structure and operating principle will be analyzed with simple circuit
representations. The passive components selection procedure will be analyzed subsequently.
Finally, the passive components will be calculated using a procedure explained for a MMC

terminal.

2.2 Basic Structure and Operating Principle of the MMC

The MMC consist of several submodules (SM), which are the building blocks. There are three
topologies that have been proposed so far, the half-bridge SM (HBSM), full-bridge SM (FBSM),
and clamp double SM (CDSM) [3]. One of the motivating factors of this research was to design a
system with minimal weight. Therefore, the HBSM structure considered here has a lower
component count and higher efficiency. However, the HBSM structure is unable to block dc side
faults without the help of a breaker [4]. A basic structure of a three-phase MMC terminal is
presented in Fig. 2.1. The SM topology is shown in Fig. 2.2. Each phase of the MMC is termed a
“leg” and each leg has one “upper arm” and one “lower arm”. Each arm consists of N SMs; thus,

a total number of 6N SMs are required to form a three-phase MMC terminal. Positive current



charges the SM capacitor whereas negative current discharges the SM capacitor. The inductors

La are required to minimize the circulating currents.

[ o -~ —— —————————————— ——————————————————————_——————————————————— o ———————————

SM
SM
SM
SM
SM

Il
S ©Q O
<

Fig. 2.1: Basic structure of a three-phase MMC terminal
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Fig. 2.2: Schematic of a HBSM

The MMC operates by inserting or bypassing the SM capacitor and forming the desired output
voltage in a staircase shape [5]. The number of levels of this staircase is equal to the number of
SM per arm. The SM capacitor is inserted when switch S1 is on (current flows out of the SM),
and bypassed when switch S2 is on (current does not flow in to the SM). Freewheeling diodes
take care of the current when both switches are turned off. Switches S1 and S2 operate in a
complementary manner. Thus, both switches cannot be turned on at the same time. Moreover,
when an upper arm SM is inserted a lower arm SM is bypassed and vice versa. Thus, the
operations of the upper and lower arms are also complementary to each other [6]. It ensures that
the total number of inserted SMs is always N. Therefore,

Non = Nup + Nbottom = N (2.1)
where Non is the total number of inserted SMs, nyp represents the total number of inserted SMs in
the upper arm and nuottom represents the total number of inserted SMs in the lower arm. These N
number of SMs hold the full dc-link voltage across the MMC leg. A typical seven level MMC

output voltage is represented in Fig. 2.3.
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Fig. 2.3: Theoretical output voltage of an MMC inverter terminal

2.3 Parameter Selection of the MMC

The passive component selection is one of the major tasks for any electrical and electronic
system; however, it is complicated for an MMC system. An arm of the MMC has two passive
components, an SM capacitor, an arm inductor including its resistance. The SM capacitor stores
the energy whereas the arm inductor controls the circulating current. A large number of literature
[7]- [12] have discussed the selection process of these passive components, which are analyzed

in this section.

2.3.1 Phase Power

Initially, the arm inductance is neglected when determining the size of the SM capacitor. An
infinite number of SMs is assumed. Thus, they behave as ideal voltage sources as represented in
Fig. 2.4. Assuming sinusoidal phase currents, Kirchhoff’s current law is used to define the upper

arm current as [12] (Fig. 2.4):

~

iau(t) = gldc + % ia(t) = gldc + ila Sin(wot + (P) (22)
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where w, is the fundamental angular frequency of the system in radians per second, ¢ is the
phase displacement between the arm voltage and current, and [, is the peak phase current. As the
upper and lower arms are symmetrical the phase current also spilt up symmetrically among the
upper and lower arm currents. Kirchhoff’s voltage law is applied to define the upper arm voltage
as:

9au(t) = ZVae — Da(t) = S Vae — Vusin(wot) (2.3)

where V, is the peak phase voltage.

The relationship between the dc and ac variables are defined by [10]:

_ 31
—n Va
k=2 ;= (2.5)

The model is considered ideal and lossless; therefore, the dc side power should be equal to the ac

side power:

~

Pdc = VdCIdC = 3 ‘7a a COSQ (26)

N | =

= g -+ -+
_|_<’\|> Dau C’\'D Ubu
12{2 Vdc C—D lau Tou

Va I
'II__' 0) Vb > Io

Uc Ic

|\

1/2 Vdc C—

Val Ubl

Fig. 2.4: 1deal model of a three-phase MMC terminal
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Using (2.4), (2.5), and (2.6), the relation between m and k is derived as follows [7]:

m= —2 2.7)

k cose

Using these new variables in (2.2) and (2.3), the arm current and arm voltage are expressed by:
iau() = 3 lac[1 + msin(wot + )] (2.8)
O, (£) = %Vdc[l — ksin(w,t)] (2.9)
Power in each arm is calculated by multiplying (2.8) and (2.9) yielding:
P, (t) = %Pdc[l +msin(wet + @)][1 — k sin(w,t)] (2.10)
= %Pdc [msin(wet + @) — k sin(wyt) + % m k cos 2wot + ¢)]

2.3.2 Capacitor Selection

Pulsation energy 4 can be obtained by integrating (2.10) using the following limits [7]:
X1 = - ¢ —arcsin (%) (2.11)
Xe=m + arcsin(%) ) (2.12)
The pulsation energy then become:

1
A W: w_o fxxlz Pau(wot)dwot

m2-1
_ Pac vm2-1 Vm2-1 2—
= o [2m - 2k COS@Q +—"— |
=_2Pde 1 _ (—’“05“’)2]3 (2.13)
3kwycos@ 2 )

The change of energy in each SM is obtained by:

2 3
AWew = —Z0e—[1 — (<22, (2.14)

3Nkwgcos® 2
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I'he energy stored in each capacitor can be represented by [7]:
2CoyV3 = = Aw (2.15)
S esmVsm = ¢ SM .

Finally, SM capacitance can be calculated by:

2 3
Cou= svmone o 1= (5) T2 (2.16)

3£Nkw0VSZMcoscp 2
where € is the ripple factor of the SM capacitor voltage, which lies in between 0 to 0.5, and Vg,

is the average SM voltage.

2.3.3 Inductor Selection

The arm inductor selection is related to the circulating current or the resulting voltage difference
across it. Sizing the arm inductor is very important because circulating currents will be too large
to handle if it is too small. These high currents can damage the switching devices. If selected too
low, the voltage difference across it will be very high and very difficult to balance. The

circulating current can be expressed as:
iza =5 (iqu + lar) (2.17)
The voltage difference across the arm inductor is defined by [13]:
Vairr = 2Raiza +2 Las-iza (2.18)
where R, is the arm inductor resistance and L, is the arm inductance. Neglecting the resistance,

(2.18) can be rewritten as:

d .
vdiff =2 Laalza (219)
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The circulating current has a prominent second-order harmonic I, which contributes in the

selection of the arm inductance which is sized using [11]:

1 Pac
Sw(% CsmVe "3cos@lyf

+ V) (2.20)

=
where V is the dc component of the SM capacitor voltage and I, is the peak value of the
double-fundamental-frequency circulating current. Equation (2.20) was derived by assuming that

L,<0.02 p.u [11]. A value of 2% was selected as the inductance. The percent impedance is

calculated as follows:

% L =20k x 100 9% (2.21)

a

where 1, is the rms line current, V/,is the rms phase to neutral voltage and f; is the fundamental

frequency.

2.4 Design Example

The system explained in chapter 1 is used to determine the SM capacitance, and the arm
inductance. The system parameters used to determine these passive components are listed in
Table 2.1. The SM capacitance value is calculated using (2.16) with a ripple factor of 0.1. The
arm inductance is calculated using (2.21). The second-order circulating current is then calculated

using (2.20). These calculated values are also listed in the Table 2.1.
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Table 2.1: System and the selected parameters of a MMC terminal

Parameter Values
Power rating, S 6 MVA
Line-to-line rms voltage, v;; 25 kV
Line current, I, 138.56 A
Phase-to-neutral voltage, V, 14.43 kV
DC-Link voltage, V,, 44 kV
Number of levels 11
Average SM capacitor voltage, Vg, 4 kV
Operating frequency, f 60 Hz
SM capacitance, Cgy, 293 uF
Arm inductance, L, 8.29 mH
Second-order circulating current, I, 182.6 A

2.5 Conclusions

MMC has many exciting features to meet the requirements of medium and high-voltage system
design. It is capable to reduce the THD of the output voltage as it produces a staircase voltage;

thus, it eliminates the requirements for large ac side filters found in line-commutated converter
terminals. The HBSM is selected as it has a lower component count and higher efficiency than

other configurations. The next chapter will describe the selection procedure of the power

semiconductor devices.
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CHAPTER 3

SELECTION OF POWER SEMICONDUCTOR DEVICES FOR MMC TERMINALS

3.1 Introduction

Suitable selection of the power semiconductor devices is the most important task for any power
electronic system, since the rating of the switching device determines the minimum number of
levels required in the power electronic converter. The selection depends largely on the power
rating, fundamental frequency, and switching frequency of the system. Thermal design of the
whole system also contributes significantly in the selection process. Examples of available
popular power semiconductor devices in the market are silicon controlled rectifier (SCR), gate
turn-off thyristor (GTO), insulated-gate bipolar transistor (IGBT), integrated gate-commutated
thyristor (IGCT), and metal-oxide-semiconductor field-effect transistor (MOSFET). Generally,
SCR and GTO are used in high-voltage and high-current applications like power transmission
systems. However, both devices cannot operate at high switching frequencies [1]- [3]; so, their
operation is limited to a few hundred Hz. IGCT is one of the latest additions to power
semiconductor devices having few distinguishable advantages over the traditional ones.
Advantages include a relatively higher overload capacity, less on-state losses, high cyclic
resistance, and can also operate in the range of a few kHz. Silicon MOSFETSs are used in low
power applications. However, they can operate up to a few hundred kHz. MOSFET designs are
continuously improving by making use of wide bandgap materials [4]. Researchers are
developing silicon carbide and gallium nitride based MOSFETS instead of traditional silicon-
based devices. These modified devices can operate in moderately higher power and temperature

conditions. The most popular among all the semiconductor devices is the IGBT, used in almost
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all power ratings as well as at high switching frequencies. Basically, they are voltage controlled
devices that require very low control power; therefore, requiring very simple gate driver
circuitry. In medium-voltage applications where the systems are frequently switched, IGBT
performs slightly better than IGCT [5]. Due to these advantages, the IGBT is selected in this
research. A variety of IGBTs having different current and voltage ratings are available in the
market. In this chapter, the IGBT selection procedure will be analyzed with the help of

maximum operating frequency and thermal analyses.

3.2 Conduction and Switching Loss Analysis
Typically, an IGBT module has a built-in freewheeling diode in it; thus, power is consumed by
both. There are two types of losses in an IGBT module: conduction and switching. The

conduction loss of the IGBT is expressed by [6]- [7]:

Per = VCE(ON)*IPK(i + macoqu) + e 5k (% + %) (3.1)
where Vg onyis the collector-to-emitter voltage during conduction, I is the peak of the
operating sinusoidal current, m, is the modulation index, r¢is the conduction resistance
between the collector and emitter, and ¢ is the power factor angle.

Conduction loss of the diode could be expressed by [6]- [7]:
Pep = VD(ON)*IPK(i - ma;oqu) +1p*I5k (% - %) (3.2)

where Vpony is the forward bias voltage drop across the diode and r,is the conduction resistance

of the diode. The total IGBT switching energy has two parts, switching on and switching off

energies. Total IGBT switching energy is expressed by [7]:

%4
Eswr =(@+blpg + Cl3) = (3.3)

nom
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where a, b, and c are variables dependent on the characteristics of the switch and can be
extracted from the characteristic waveforms of the switch. Vpc is the operating voltage of the
switch and Vnom is the rated nominal voltage of the corresponding switch which is used in the
datasheet to determine the values of a, b, c.

The switching loss of the IGBT is represented by [7]:

a b c |4
Poyr = fsw(g + - Ipg + ZII%K) e (3.4)

V‘)’LOT)’L
where fg, Is the switching frequency of the system.

The reverse recovery energy of the diode is represented by [7]:

74
Egrrp =(a+blpg +cljy) ” L (3.5)

nom
again, a, b, ¢ are variables depending on the characteristics of the built-in freewheeling diode and
can be extracted from the characteristic waveforms of that diode.

Finally, silicon diodes have the reverse recovery losses, which is represented by [7]:

a b c |4
Prrp = fsw(g + - Ipg + ZII%K) e (3.6)

Vnom

3.3 Switching Frequency Analysis

The thermal representation of an IGBT module is shown in Fig. 3.1, where, Ryp,(j—cyigsr
Rin(c—s)168T+ Ren(j-c)pioder Ren(c-s)pioae@Nd Rep(s—q) represents the IGBT thermal resistance of

the junction to the case, and case to heat sink, and diode junction to case, and case to heat sink,

and heat sink to ambient, respectively.
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Fig. 3.1: Thermal representation of IGBT module

Junction temperature is defined by [8]:

Ty = T, + AT_. + AT,_s + AT,_, + 15°C

where Ta represents the ambient temperature, AT;_. represents the temperature difference

between the junction and the case which is expressed as:

AT;_. = total loss in IGBT * Rep(j—-cyigar

= (Pcr * Pswr) * Ren(j-cyi6ar

(3.7)

(3.8)

Similarly, AT,_, represents the temperature difference between the case and the heat sink which

IS expressed as

AT,_s =total loss in IGBT * Ryp(c—sy16aT

AT._s = (Pcr + Pswr) ™ Ren(e-s)i6Br

(3.9)
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Finally, AT,_, represents the temperature difference between the heat sink and ambient which is

expressed as:

AT,_q = total loss in IGBT module * Rep(s5—q) (3.10)
Ts — Tq= (Pcr + Pswr + Pcp + Prrp) * Ren(s—a)

An additional safety margin of 15°C is added to the calculation of junction temperature; this

seems to be normal industry practice.

Maximum achievable switching frequency can be then calculated as:

T (Ts—Tq)

fsw, max = ( - Por - Pgp) (3.11)

(EswT+ERrRD)” "Rtn(s-a)

Rin(s—q) depends on the type of thermal management scheme used in the design. Traditional

thermal management schemes use liquid cooling technology where water and oil are used as the
coolant [9]. The major drawback of the liquid cooling system is that it requires pumps, valves,
heat exchangers, etc. Therefore, a large infrastructure is required. The main goal of this research
was to develop a compact and lightweight solution to the existing problem. Thus, the liquid
cooling technology was not a suitable solution. Air cooling technology provides additional
features not associated with the liquid cooling technology. It requires less space and minimal

infrastructure, fans are used as blowers with ducting facilities, and is very cost effective.

A heat pipe scheme could be used in the air cooling system [10]. Generally, a heat pipe is a
sealed vessel consisting of three sections: an evaporator, an adiabatic, and a condenser as shown
in Fig. 3.2. Working fluids are required for heat exchange and may include water, methanol, or

acetone. Semiconductor devices are mounted in the evaporator section.
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Fig. 3.2: Schematic diagram of a heat pipe

Liquid vaporizes at the evaporator section absorbing the heat generated in the device. The vapor

then travels towards the condenser section through the adiabatic section with the help of fans.

Finally, the generated vapor turns in to a liquid in the condenser section which is circulated

towards the evaporator section again by gravity. Heat is released into the environment from the

condenser. A heat pipe scheme could be considered in this research for additional advantages

over the other traditional thermal management schemes.

3.4 Selection of the IGBT Ratings

The MPS system under consideration has four MMC terminals which are shown in Fig. 3.3. One

capacitor-less dc-link is placed in between MMC #1 and MMC #2 and the other capacitor-less

one between MMC #3 and MMC #4. The system is designed for 6 MVVA. The complete system

parameters are represented in Table 3.1.
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Fig. 3.3: The MPS system under consideration
Table 3.1: System parameters of the MPS system
Properties MMC #1 MMC #2 MMC #3 MMC #4
Rated rms voltage- 25 25 13.8 13.8
line-to-line (in kV)
DC link voltage- 44 44 24 24
25 % over design (in kV)
Rated rms current 139 139 251 251
(in A)
Peak current 196 196 355 355
(in A)
Peak current used- 255 255 462 462
30% over design (in A)
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Safety margins are key factors in designing any power system. As indicated in Table 3.1, higher
values than the rated current and voltage were considered in the design as safety precautions. The
current and voltage ratings of the MMC #1 and MMC #2 are similar, and likewise, the ratings of
the MMC #3 and MMC #4 are similar. The sets of MMC #1, MMC #2 and MMC #3, MMC #4
were analyzed separately. Many data sheets available in the market were analyzed to identify a

suitable IGBT [11]- [21]. Several assumptions were made [10]:

e Maximum heat sink temperature is 85°C
e Ambient temperature is 40°C
e Thermal resistance of heat pipe is 15°C/kW

e \Worst case condition was considered; thus, all the datasheet values were taken for 125°C

Conduction losses of the IGBT and built-in diode were calculated using (3.1) and (3.2),
respectively. Switching losses of the IGBT and reverse recovery losses of the built-in diode were
calculated using (3.4) and (3.6). Finally, the maximum achievable switching frequency was
calculated using (3.11). After the completion of the analysis, four IGBT modules were chosen
according to their voltage ratings to design the system [18]- [21]. The properties of these four
IGBT modules are listed in Table 3.2. Losses of the IGBT modules for MMC #1 and MMC #2
are listed in Table 3.3 whereas the losses of IGBT modules for MMC #3 and MMC #4 are listed
in Table 3.4. Finally, the maximum achievable switching frequencies of MMC #1, MMC #2 and
MMC #3, MMC #4 are listed in Table 3.5. Switching losses in Table 3.3 and Table 3.4 are
calculated based on a switching frequency of 1 kHz, selected all by taking a reasonable operating
frequency for the medium-frequency transformers. The thermal resistance of heat sink to

ambient for the corresponding switching frequency is listed in Table 3.6.
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Table 3.2: Properties of the selected IGBT modules

Device module Collector- DC collector Peak collector | DC voltage,
emitter voltage, current, Ic current, lcm Vee
Vce (in kV) (in A) (in A) (in kV)
CM750HG-130R 6.5 750 1500 4
5SNA 0800J450300 4.5 800 1600 3
5SNA 0800N330100 3.3 800 1600 2
5SND 0800M170100 1.7 800 1600 12

Table 3.3: Losses of the selected IGBT modules in MMC #1 and MMC #2 terminals

Device module Conduction Conduction Switching loss | Reverse
loss of IGBT, loss of Diode, | of IGBT, Pswr | recovery loss
Pct Pco (in W) of Diode, Prrp
(in W) (in W) (in W)
CM750HG-130R 277.5 32.4 1006 216.5
5SNA 0800J450300 197.4 23.3 690.7 203.7
5SNA 0800N330100 220.8 16.7 372.4 229.2
5SND 0800M170100 123.7 11.6 82.8 57.3

Table 3.4: Losses of the selected IGBT modules in MMC #3 and MMC #4 terminals

Device module Conduction Conduction Switching loss | Reverse
loss of IGBT, | loss of Diode, of IGBT, Pswr | recovery loss
Pct Pco (inW) of Diode, Prrp
(in W) (in W) (in W)
CM750HG-130R 579 47.6 1846 391.5
5SNA 0800J450300 481.8 52 1251 3725
5SNA 0800N330100 499.6 34.6 582.5 334.2
5SND 0800M170100 360.5 26 127.3 79.6
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Table 3.5: Maximum achievable switching frequencies

Device module MMC #1 MMC #2 MMC #3 MMC #4
(in Hz) (in Hz) (in Hz) (in Hz)
CM750HG-130R 2200 2200 504 504
5SNA 0800J450300 3107 3107 624 624
5SNA 0800N330100 4592 4592 2537 2537
5SND 0800M170100 20454 20454 12631 12631

Table 3.6: Thermal resistance of the heat sink to ambient

Device module MMC #1 MMC #2 MMC #3 MMC #4
(in°C/KW) | (in°C/kW) | (in°C/kW) (in °C/KW)
CM750HG-130R 29.4 29.4 9.2 9.2
5SNA 0800J450300 40.4 40.4 10.8 10.8
5SNA 0800N330100 53.6 53.6 29.5 29.5
5SND 0800M170100 163 163 75.8 75.8

Selection of the IGBT determines the size, weight, cost, and complexity of the overall system.
Considering these parameters, IGBT module CM750HG-130R was selected for MMC #1 and
MMC #2 and IGBT module 5SNA 0800N330100 was selected for MMC #3 and MMC #4.
Considering the safety margin, a switching frequency of 1 kHz was chosen for the system. The
peak of the reverse recovery current (Irr) is another important property of IGBT. The device will
be damaged if the system reverse recovery current exceeds the limit of the IGBT given by the
peak collector current Icm. Limit of the Irr was also considered during the selection process. The

required number of component in MMC terminals are listed in Table 3.7.
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Table 3.7: Component count for the four MMC terminals

Device MMC #1 MMC #2 MMC #3 MMC #4
IGBT 132 132 144 144
SM Capacitor 66 66 72 72
Arm Inductor 6 6 6 6

3.5 Conclusions

In this chapter, the power semiconductor devices were selected for the four MMC terminals.
Suitable switching algorithms are required to control these switching devices; Chapter 4 will
analyze different switching algorithms and the fundamentals of the selected modulation

techniques will be presented.
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CHAPTER 4

SWITCHING ALGORITHMS FOR MMC STAGES

4.1 Introduction
MMC modulation strategies vary mostly with the selection of switching frequency as it does for

any multilevel converter [1]. These strategies can be classified as:

e High switching-frequency modulations

e Fundamental switching-frequency modulations
Different types of high switching-frequency modulation are available such as [2]- [3]:

e Carrier-based pulse width modulation (CB-PWM)
e Space-vector modulation (SVM)

e Staircase and nearest level modulation

The SVM uses the redundant states for balancing the capacitor voltage [4]. However,
calculations and control of the SVM become very complex with increasing number of levels.
Generation of switching signals and implementation are very simple in the staircase modulation
[5]- [10]. However, voltage balancing of the SM capacitors are complex and it can be simplified
with the use of nearest level modulation such as shown in [8]. An interesting trapezoidal
modulation strategy was applied in a MMC for medium and high-voltage dc-dc transformers
[11]. The most popular high-frequency modulations are in the CB-PWM group, and can be

classified as [12]:
e Level-shifted PWM (LS-PWM)
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e Phase shifted PWM (PS-PWM)

e Hybrid PWM

Hybrid PWM is the combination of other types of PWM and used rarely. LS-PWM provides the
best harmonic performance among all the PWM techniques. However, the voltage balancing
technique is performed by an external method known as “sort and select” [3], [13]. LS-PWM is

classified as follows [3], [14]:

e Phase disposition PWM (PD-PWM)
e Phase opposite disposition PWM (POD-PWM)
e Alternative phase opposite disposition PWM (APOD-PWM)

e Variable carrier PWM

Different types of LS-PWM were applied in [15]- [16]. In PD-PWM all the in-phase carriers are
spread among different levels between +1 and -1, whereas the POD-PWM the carriers are 180°
phase shifted. In APOD-PWM, the carriers above zero are in-phase and carriers below zero are
180° phase shifted. Variable types of carriers spread in different levels in variable carrier PWMs.
The most popular CB-PWM is PS-PWM and used in [17]- [18]. The “sort and select” algorithm
of LS-PWM is omitted in the PS-PWM and the SM capacitor voltage is balanced with a Pl
controller [19]- [21]. The implementation of PS-PWM is very simple and performs better than
LS-PWM when the number of levels are high which is the case of the MPS [22]. Finally, the

fundamental-switching-frequency modulation includes:

e Selective harmonic elimination (SHE)
e Fundamental frequency

e Multiple transitions
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SHE is the most popular one among the fundamental-switching-frequency modulations and
widely used in [23]- [24] since it allows to eliminate the most important harmonics. In this
research, the selected switching frequency is 1 kHz for all four of the MMC terminals as
mentioned in Chapter 3. The fundamental frequency of MMC #1 and MMC #4 is 60 Hz; thus,
one of the high-frequency modulation strategies need to be selected for these two MMC
terminals: PS-PWM is selected due to the advantages mentioned earlier. A detail analysis of the
PS-PWM will be presented in section 4.2. The operating frequency of MMC #2, MMC #3 and
medium-frequency transformer will decide the size and weight of the MPS system. If selected
too large, the switching devices may not be capable of operating at this frequency and if selected
too low, the size of the system will not be reduced significantly. Considering all the factors, the
operating frequency of these corresponding sections are selected to be 1 kHz. The SHE
algorithm is chosen for MMC #2 and MMC #3 to gain the maximum benefits; that is, to
eliminate low-order harmonics and minimize MPS size and weight. A complete analysis will be

conducted in section 4.3.

4.2 Phase-Shifted Pulse Width Modulation

A multilevel converter using PS-PWM requires multiple carriers to generate the switching
signals. These multiple carriers spread throughout a time-period that corresponds to the
switching cycle. The number of carriers required for a multilevel converter is equal to the
number of levels in the output voltage, so a 10-level converter requires 10 carriers. The phase

shift between the carriers can be calculated by [25]:

360

0= (4.1)

where N, is the number of carriers.
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Thus, the time interval between the carrier signals is expressed by:

1

Ncfsw

Tq

(4.2)

where fg, Is the switching frequency of the carrier signals. A theoretical PS-PWM switching

signals of a five levels converter are shown in Fig. 4.1.

Fig. 4.1: PS-PWM for a five-level converter
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4.3 Selective Harmonic Elimination

The concept of SHE emerged in multilevel power converters to reduce the switching losses and
increase the overall efficiency of the converter while eliminating low-order harmonics. Different
SHE methods were used in the multilevel converters [26]- [33]. A real-time SHE implementation
was discussed in [34]. Application of SHE in MMCs is a new trend and applied in [23], [24], and
[35]. The SM capacitor voltage balancing is the main challenge in MMC. Predefined repetitive
pulse patterns were applied to minimize the capacitor energy deviation in [23]. The complete
methodology of this SHE technique will be analyzed here which is applied in this research as

well. A three-phase MMC terminal is shown in Fig. 4.2.

+4IFC|C *iau +ibu +icu
SM SM SM
| | |
SM SM SM
1 | |
SM

SM SM
Fiacab

Vdc

El. 8l. Sla

C

SM SM SM
| | 1
SM SM SM
| | |
SM SM SM
_ +ia| +ib| +ic|

Fig. 4.2: A three-phase MMC terminal
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N series-connected SMs are in a single arm and La is denoted as the arm inductance. The MMC

terminal is operating as an inverter and the ac-side quantities can be expressed by:

ige = I, cOS(wt + @) (4.3)

Ve = Ve COS(wt) (4.4)

where w and ¢ are the angular frequency and the phase displacement between the voltage and
current, respectively. The ac-side and circulating currents can be expressed using the arms

current as:
iac = iau' ial (45)
) Tgq+i 1
iy, = (4.6)

The steady-state circulating current can be expressed by the dc-side current as:
izu: Idc+ Z?f=1 izu,n COS(na)t + an) (47)

The state of the SM is defined by s;, which is equal to one and zero when the SM K is inserted

and bypassed, respectively. Thus, this signal can be expressed as a square pulse by:

o o 2sin(nag)

Sk= cos (nwt - nyy) (4.8)

where 2« is the width of the signal, and y, is the center of the square pulse. The nominal value

of a; is g The graphical representation of the state signal is shown in Fig. 4.3.
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Yk-a Vi Vi +ay

Fig. 4.3: Graphical representation of the state signal of SM

The upper and the lower arm voltages can be represented in term of the state signal as [36]:
_ VN
Var= Zk:l Usm 1Sk (4.9)
_ V2N
Vau= Lk=N+1VsmauSk (4.10)

where vgy,;, and vy, ,, are voltages across the arm SM capacitors.

Equation (4.9) can be rewritten using (4.8) as:
_ N a o 2sin(nag)
V= 9 Ln=1l - T Yn=1 T g 0 (nwt - nyy)] (4.11)
Vo= 99 N[ % + 94,08 (Nwt) + I, ,sin (Nwt)] (4.12)

where 9, is the nominal SM capacitor voltages. 5d,n, and 5an can be expressed as:

Byn= 0o Ty 2 cos () (4.13)
-~ _ N 2sin(nag) _.
Fgn=199 Lx=1——— sin (nyy) (4.14)

nm

The N variables, y, through y, can be used to control both the magnitude and phase of the
output voltage, and to eliminate selected harmonics. Equations (4.13) and (4.14) can be used for

that purpose.
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The fundamental-frequency components can be obtained by equating the first two equations to

the reference values such as:
1"9\d,1: 1"9\d,1,ref (415)

=9

)

qlref (416)

q,1
where 1’9d'1'ref and 1’9q'1'ref are the reference values of the output signal. Remaining equations are
then set to zero to eliminate the selected harmonic.

94,=0 (4.17)

9,n=0 (4.18)
where n is the selected harmonic that is to be eliminated. By solving these N equations, the value
of the angles y, can be calculated. Balancing the SM capacitor voltage is the main task of MMC
design. When a SM is inserted, a certain amount of energy transfer takes place which can be
either positive or negative. However, average energy transfer in a SM must be zero. Net charge

transfer in a SM can be calculated using the state signal s, and the corresponding arm current.

The net charge transfer in an upper and lower arms SM can then be expressed as:
—_— T .
Qumetk = Jy Skla dt, kSN (4.19)

T .
Qu,net,k = fo Sklau dt, k >N (420)
where T is the time-period. The state signal is defined in such a way that it only contains odd-
order harmonics whereas the arm current has the even order harmonics. Therefore, the harmonic

components will not contribute to the charge transfer. Equation (4.19) reduces to:

N

I l
Qunecs =[5 - 2 cos(yi + @)]T (4.21)
I i lac . .
Qunecs = [ 55 = 222 c0s(yi) cos(p) + 2 sin(yi) sin(9)]T (4.22)
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Equation (4.22) can be split into two parts such as:

Igc iac

Qaj = [ - 7= cos(yx) cos(@)]T (4.23)
iac - -

Ari = L5 - sin(yx) sin(p)]T (4.24)

Considering a lossless system, the dc-side power should be equal to the ac-side power.

Therefore, dc-side power can be expressed as:

~ N

Voelye = "“Czl“c cos @ (4.25)

The modulation index M is defined as [36]:

Vac

M=v- (4.26)
2
Equation (4.25) is then simplified as:
M
I4.= " {4c COS @ (4.27)
and (4.23) can be rewritten as:
M 1 .

qar= [ 8 2m cos(yx)] T iqc COS @ (4.28)

The angles y;, should be selected in such a way that the net charge in (4.22) becomes zero. To
maintain the fundamental-frequency switching, each SM will get one pulse per fundamental
frequency period. However, pulses will be centered at different angles in the subsequent periods

as shown in Fig. 4.4.

8 o 12 4 Y o

Fig. 4.4: Pulse pattern for a SM
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Therefore, the pulse pattern for a SM can be expressed by a vector as:

Be=Iri v2 vz - ¥l (4.29)

The pulse pattern can be used for the next SM of the same arm shifted it by one fundamental

frequency period. Thus, the pulse pattern for the next SM is expressed by:

Brs1=lyn V1 V2 - VYn-1] (4.30)

Same pulse pattern is used to control all the SM; thus, the sum of the inserted voltages will be
periodic with the fundamental-frequency period. The fundamental-frequency component will

produce the output voltage of (4.4) only if (4.12) is expressed by a cosine function. Thus, the

sum of all sine components should be zero. This condition provides two constraints for the

angles yy:
k=1 5in (yx)=0 (4.31)
i1 cos ()= M N7 (432)

Appling (4.31) and (4.32) in (4.22) will make sure that the sum of net transfer of charge in all the
SMs is zero. The angles y, should be selected as pairs that are symmetrically distributed around
zero with an opposite sign. However, the center angle for an odd number of SMs should be
placed at zero and the rest of the angles should be selected as pairs that are symmetrically
distributed around zero with an opposite sign. The selection of pulse patterns also ensures the
minimal distortion for the imposed voltage. This can be achieved by comparing the voltage

levels with a sinusoidal reference such that:

1+ M, t
m=N fZCOS(‘" ) (4.33)
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where M, is the desired modulation index. Nearest integer towards m will decide the number

of SMs that should be inserted. Thus, a SM should be inserted or bypassed when the fractional

part of m is equal to 0.5 which can be represented by:
1
m(t;) =k — 5 (4.34)

where k is an integer from one to N. This condition on the imposed voltage will make sure that a

staircase shape is obtained in the output voltage. The time when a SM is turned-off is defined by:
T
te = (i) (4.35)

Combining (4.33) to (4.35) yields

2k-1-N

V= arccos [—— ( ) -= (4.36)
Mref N 2

Different values of M,..rwill provide different angles y,, some of them can be complex valued.

This happens when the quantized step reference does not correspond to the actual number of

levels. This occurs for a lower value of M,.., where all the available N SMs are not required to
produce the output voltage. The problem can be solved by taking the real-valued angles using

(4.36) and replacing the complex valued angles by + % The complex-valued angles always
occurred in a pair, the positive imaginary part can be replaced by +§ and the negative by — g

The net charge transfer due to the active and reactive power flows in each fundamental-
frequency period can be calculated by (4.23) and (4.24). These net charge transfer can create a
large ripple in the SM capacitor. A specific selection procedure of the pulse pattern can solve this

problem, in particular, every pulse that results in a positive net transfer of charge is followed by

one or more pulses that result negative net transfer of charge.
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The initial pulse can be selected as the pulse responsible for the largest positive g4, and a

positive qg ;. The next pulse should be the pulse responsible for the lowest negative value of

qax and a negative qp .. The procedure should continue for the complete sets of angles. A five-

level simulation was conducted in this research. The angles y,, calculated for different values of

M to eliminate the 5™ harmonic, are listed in Table 4.1.

4.4 Conclusions

This chapter analyzed different switching algorithms that can be implemented in MMC

terminals. From this analysis, the PS-PWM and SHE algorithms were selected as the switching

algorithms to run the simulations in Matlab/Simulink™. Different sets of controllers are required

for different switching techniques. The controller designs for the PS-PWM and SHE will be

presented in Chapter 5.

Table 4.1: Calculated angles to eliminate the 5th harmonic for different modulation indexes

M 0.85 0.90 0.95 1
Y1 59.17 58.05 57.36 53.13
Vs 31.88 29.56 28.42 23.02
V3 0 0 0 0
Ya -31.88 -29.56 -28.42 -23.02
Vs -59.17 -58.05 -57.36 -53.13
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CHAPTER 5

CONTROLLER DESIGN FOR MMC STAGES

5.1 Introduction
Controller design for an MMC terminal is very complicated because several controllers are

required in a coordinated manner to achieve a stable operation of a MMC system; in particular:

e SM capacitor voltage controller
e Circulating current controller

e Arm voltage balancing controller

The PS-PWM switching strategy uses all these controllers simultaneously [1]. A new technique
will be used for the SHE as mentioned in Chapter 3 where a predefined pulse pattern will be used
to switch the devices [2]. This technique takes care of controlling the SM capacitor voltage
without any supplementary controllers. However, an additional controller is required to eliminate
the harmonics from the circulating current. Additionally, several controllers are required for
rectification and inversion operations. Traditionally, a sending-end MMC terminal controls the
dc-link voltage and reactive power for rectification operation and a receiving-end terminal
controls the active and reactive powers for inversion operation. In the MPS system, there are two
sets of rectifiers and inverters, one operating at 60 Hz, and another operating at 1 kHz. Thus, a
different set of controllers will have different control set points. These controllers will be
analyzed in the sections 5.2, 5.3, and 5.4. The design of three controllers mentioned in the top of
this page will be discussed in section 5.5. Finally, the simulation models and Matlab™ coded

files will be presented in the appendices.
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5.2 Active and Reactive Power Controllers

The Park transformation is used to analyze the power controllers. A stationary ‘abc’ frame is
transformed into the rotating ‘dq’ frame [3]. Finally, the inverse Park transformation is used to
convert from the ‘dg’ frame into the ‘abc’ frame. The description and Matlab/Simulink™ model
of the Park and inverse Park transformations are provided in Appendix A.1l. Active and reactive

powers of a three-phase balanced system can be represented by [4]- [5]:

P(t) = Re [- va(0)ia (1)] (5.)

Q) = Im 2 v (£)i2(0)] (52)

where v,, i,, and i} are the phase voltage, line current, and complex conjugate of the line
current, respectively. Replacing these in (5.1) and (5.2) by transforming them into the ‘dq’ frame

yields:
P(t) = %[vd_grid (t)id_grid (t) + vq_grid (t)iq_grid (t)] (53)

Q(t) = %[_vd_grid (t)iq_grid (t) + vq_grid (t)id_grid (t)] (54)

where vy griqa (t), Vg gria (t), i gria(t), and iy g4 (t) are the grid voltages and currents in the
dq axes, respectively. In steady-state conditions and considering, v, 4,i4(t) =0, (5.3) and (5.4)

reduced to:

P(t) = %[vd_grid (t)id_grid (t)] (55)
Q) = 2[4 gria (i gria ()] (5.6)

49



2 .
Pret(t)——— “AVaom *la_rer(T)

-2 _
Qe(t)——  BViow s lq_ref(t)

Fig. 5.1: Block diagram for the active and reactive power controllers

The grid voltage of the system is assumed constant; thus, both the active and the reactive powers
can be controlled by the grid currents iy 4,14 (t) and iy g4 (t). The currents of the dq axes can

be obtained from the reference commands for the active and the reactive power controllers as:

id_grid (t): 3V, id Pref(t) (57)
gri

i 2

iq gria(t)= S Qrer(t) (5.8)
gri

The block diagram generating the current reference commands is illustrated in Fig. 5.1.

5.3 Rectifier DC Voltage Controllers
The concept of the dc-link voltage controller was developed as in [6] and provides the reference
for the current controller to keep the dc-link voltage constant. To design this dc-link voltage

controller, a simplified two-level rectifier was built in Matlab/Simulink™ which is shown in
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Appendix A.2. The transfer function of this simplified model can be compared with an MMC-

based rectifier. The transfer function in the s-domain is represented by [7]:

1
SCDC

Gpc(s)= (5.9)

where Cp is the dc-link capacitance formed by the cumulative contribution of the SM

capacitances. The simulation file used to check the stability of the designed PI controller is
shown in Fig. 5.2. The initial value of the dc-link was selected as 30 mF using [7], then tuned
into the desired value of 35 mF. This dc-link voltage controller works as an outer loop controller
which provides the reference for the current controller that needs to be faster than the voltage
controller. The bandwidth of the controllers determines the system response speed. Thus,
selection of the bandwidth is inter-related. Traditionally, the inner loop response is selected ten
times faster than the outer loop and it is customary to have the bandwidth for the inner loop to be
smaller than the one-fifth of the switching frequency [6]. Therefore, the bandwidth of the voltage
and current controllers are set at 125 rad/s (20 Hz) and 1256 rad/s (200 Hz), respectively. The
damping factor of the controllers is set to 0.707. Matlab™ code is used to calculate the
proportional and integral gains of the controllers which are provided in Appendix A.3. The step
response and the Bode plot of the dc voltage controller are shown in Fig. 5.3 and Fig. 5.4,

respectively.

VDC_Iink_ref PI :VDC_Iink

SCoc

Fig. 5.2: Block diagram of the rectifier dc voltage controller
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The proportional and the integral gains are:
k,,=62207" (5.10)
k; , =552.7 Qs~! (5.11)

The blue lines in Fig. 5.3 and Fig. 5.4 represent the performance of the voltage controller. A
20.8% overshoot is observed which can damage the switching devices. Moreover, the crossover
frequency is twice than the desired value and this fast response can create instability between the
voltage and current controllers. To cope with this problem, a pre-filter is designed to compensate
for the dynamic response and shown in Fig. 5.5 [4]. The transfer function of this pre-filter is

given by:

1

k
ki_v

Tpre—filter = (512)

The green lines in Fig. 5.3 and Fig.5.4 represent the step response and the Bode diagram of the
dc voltage controller with the pre-filter. The overshoot of the system is reduced to 4.32% at
0.0352 seconds, a time slightly more than that without the pre-filter. The contribution of this
small change in time is insignificant. The introduction of this pre-filter also reduced the

crossover frequency to 125 rad/s which was the initial design objective of the voltage controller.

»\/oc,ink

VDC_Iink_ref‘—I 1 ) Pl C
1+S(Rp}k|) Sl

Pre-filter

Fig. 5.5: Block diagram of the rectifier dc voltage controller with a pre-filter
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5.4 Inverter Current Controllers

A MMC based inverter terminal can produce near sinusoidal voltages and currents when the

number of levels is very high [7]- [9]. Therefore, a simplified equivalent circuit is displayed in

Fig. 5.6. Applying Kirchhoff’s voltage law yields:

_ digrid .
ﬁinv - Lgrid dt + lgrid Rgrid+ ﬁgrid (513)
Transforming (5.13) into the ‘dq’ frame yields:

did_grid _ . .

grid dt - ﬁd_inv - ﬁd_grid — lg_ grid Rgrid+ Wy Lgrid lg grid (514)
di i

q_grid _ . .

grid dt — Vg inv — ﬁq_grid — lg grid Rgrid — Wy Lgrid la_grid (515)

where Lg,;4 represents the grid inductance, R,,;4 represents the grid resistance, 9y in, and 9, iny

represents the inverter voltages in the dq axes, 94 griq and 9, 4,44 represents the grid voltages in

the dq axes and w, represents the angular frequency.

. Lgrid .
|grid Rg”d

_._KYY'Y'\_,\A/\'

<

Fig. 5.6: An inverter terminal injecting power to the grid
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The system stability can only improve if the cross-coupling terms in (5.14) and (5.15) are

eliminated. This is achieved by selecting the voltages as [6]:
Vq = g inv — Ya_griat Wo Lgria iq gria (5.16)
Vg= g inv — 9q_gria — Wo Lgria ta_gria (5.17)
where ¥4, v, are the outputs of the PI controllers.

By replacing (5.16) and (5.17) into (5.14) and (5.15) and solving them in the Laplace domain

yields:
id_grid _ 1 (5 18)
2 SLgria + Rgria .
agrid - (5.19)
2] SLgria + Rgria

The block diagrams of the current controllers are shown in Fig. 5.7.

V d

1 ld_grid
Sl gria + Rgrid

id ref
— Pl

!

V q

iq_ref PI 1 iq_grid .
1 sLgria + Rgrid '

y

Fig. 5.7: The block diagrams of the inverter currents controllers
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As mentioned in section 5.3, the bandwidth of the current controllers is set at 1256 rad/s (200
Hz). The damping factor of the controllers is set to 0.707. Matlab™ code is used to calculate the

proportional and integral gains of the current controllers provided in Appendix A.3.

The proportional and integral gains are:
k,;=48.3Q (5.10)
ki =4.42x10* Qs (5.11)

The step response and the Bode plot of the current controller are shown in Fig. 5.8 and Fig. 5.9,
respectively. The blue lines in Fig. 5.8 and Fig. 5.9 represent the performance of the current

controller. A 19.6% overshoot is observed which can damage the switching devices. Moreover,
the crossover frequency is almost twice than the desired value and this fast response will create

instability between the voltage and current controllers.

Step Response

12~ = ;

System: controller ‘:' —controller .
Peak amplitude: 1.2 LA e —controller_pre-filter
1
Overshoot (%): 19.6 e g i System: controller_pre-filter
At time (seconds): 0.00181 ! Peak amplitude: 1.04
i : Overshoot (%): 4.32
0.8 | | At ime (seconds): 0.00352 .
3 I i
= ! [
el 1 i
i 0.6 [ i I -
: : |
<« | |
0.4 : : al
i i
| :
021 : | :
! i
' i
0 | : | | : | | | |
0 1 2 3 4 5 6 7 8

Time (seconds) 103

Fig. 5.8: Step response of the inverter current controller
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Bode Diagram
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Fig. 5.9: Bode diagram of the inverter current controller

As previously, a pre-filter is designed to compensate the dynamic response which is shown in

Fig. 5.10.
. V,d .
ld_ref . R 1 ld_grid
——|Pre-filter Pl ot Ron >
loet Jore filter PI B - LU
‘ J SLgrid + Rgrid '

Fig. 5.10: Block diagrams of the inverter current controllers with a pre-filter
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The green lines in Fig. 5.8 and Fig.5.9 represent the step response and Bode diagram of the
current controller with the pre-filter. The overshoot of the system is reduced to 4.32% at 0.0035
seconds, a time slightly more than the controller without the pre-filter. The contribution of this
small change in time is insignificant. The cross-over frequency also reduced to 1250 rad/s with
the integration of the pre-filter. The current controller generates the signal V* to use in the PS-

PWM algorithm to control the switching devices as shown in Fig. 5.11.

I q ™

l

Pre—ﬂ |ter Vr.f qric

D

o
L

Vr‘d"-'

Q
o
(]

P re—ﬂ |te I Vr.' qricl

T

fr,l qrid®

Fig. 5.11: The current controller generating the signal V*
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5.5 SM Capacitor Voltage Balancing

The SM capacitor voltage and the circulating current in the leg of a MMC play important roles to
stabilize the system. One of the major and more difficult tasks in the MMC-based system is to
balance the SM voltages and control the circulating current. Many research works already
proposed different techniques handling these issues [8]- [20]. Half-bridge SM balancing
techniques were proposed in [15]- [19]. In this research, the technique proposed in [1] and [9] is
used to balance the SM capacitor voltage of MMC #1 and MMC #4. These two terminals use the
PS-PWM switching algorithms whereas MMC #2 and MMC #3 use the SHE technique proposed
in [2] and [20]. Three different types of controllers are required for balancing the SMs. These

controllers will be analyzed in this section.

5.5.1 Average voltage controller for the SM capacitors

A voltage difference is created between the dc-link and the phase-legs of an MMC by charging
and discharging of SM capacitors. This voltage difference creates a circulating current which is
demonstrated in Fig. 5.12. The circulating current is expressed using the upper and lower arm

currents as:

iau (t)+ ial (t)

. (5.12)

Lu(t) =

where i,,and i,; are the upper and lower arm currents. The proposed average voltage controller
has two loops: voltage and current ones [9]. The voltage loop produces the reference of the

circulating current which is injected into the current loop as shown in Fig. 5.13. A proportional-
integral controller is used in the voltage loop and a proportional controller is used in the current

loop [9].
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Fig. 5.12: A single-phase MMC terminal

The current loop should respond faster than the voltage loop; in order to achieve this behavior,
the bandwidth of the current loop controller should be ten times larger than that of the voltage

Ifca z: N—] LC a (5 13)

where V4 is the voltage of the j" SM capacitor. The voltage drop across the arm inductor is
neglected here; thus, the average voltage should be %. The proposed PI controller is expressed
by [9]:

tru = ke (Vea*—Vea) + ko [ (Ve * — Veg)dt (5.14)

an = k3 (izu - izu *) (515)
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where i}, and V., * are the references to the circulating current and average SM capacitor

voltage, respectively. The gains of the controllers are k,= 0.3 A/V, k,= 3 A/(Vs), and k;=1 V/IA

[9]. These gains were selected after multiple simulations.

5.5.2 Instantaneous voltage controller of the SM capacitors

As the name implies, this controller simply forces the instantaneous voltage of the SM capacitor
to follow the reference value which is % It is a proportional controller which uses the

directions of the upper and lower arm currents. The block diagram of the controller is shown in

Fig. 5.14 and described by:
V}’fa ==+ k4 (Wcja - cha) (516)

The gain of the proportional controller is selected as k,= 0.5 [9].

Voltage loop Current loop
— = — - — = B
: \_/C’ak—. PI Iy : P an
I I -
[— I u
| Vca | 1 .
|l | ——=— ¢ |au
== '_< %)
I -
| lal
Fig. 5.13: Average voltage controller of the SMs capacitor
\70]7;—_. P il Vyja
— 1:1au>0,1a1 >0
Veix “lijlau< O, jlai< O
g: 1-2N)

Fig. 5.14: Instantaneous voltage controller of the SMs capacitor
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1: Inverter mode
-1: Rectifier mode |,

Fig. 5.15: Average voltage balancing controller of the arm

5.5.3 Average voltage balancing controller of the arm

The controller explained in sections 5.5.2 and 5.5.3 are unable to stabilize the MMC terminal in
the rectifier mode [9]. The average voltage balancing controller shown in Fig. 5.15 is proposed to
overcome this problem [9]. This controller minimizes the voltage difference between the upper

and lower arms. The control algorithm is expressed by:
Vzu == kS (‘7cau - Vcal) (517)

where ‘+1’ and ‘-1’ indicate inverter and rectifier modes, respectively. V,,,and V,,; represent the
average voltages of the upper and lower arms, respectively. The proportional gain is selected as

ks=0.5 A [9].

5.6 Generation of the Reference Voltages for the PS-PWM Algorithm
The reference signal for the switching devices is generated by combining the output of all the
controllers. Since the upper and lower arms operate in a complementary manner, the reference

signals also follow similar patterns. The generation of the reference signal is shown in Fig. 5.16.
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Fig. 5.16: The generation of the reference voltage: (a) upper arm, (b) lower arm

The reference signals for the upper and lower arms are expressed by [1]:

Va . Vac

ngau: an+ Vyja =+ Vzu+ Fa + E (518)
- VZ Vac
ngal_ Veat Vyja + Vou — N + E (5.19)

where V4, is the reference signal for the upper arm SMs, V ;,, the reference signal for the

lower arm, V,,, the output signal of the average voltage controller, V,;, the output of the
instantaneous voltage controller, V,,, the output of the arm average voltage controller, V" the

output of the current controller and V. the dc-link voltage. The Matlab/Simulink™

implementation of the PS-PWM algorithm is provided in the next section.

5.7 Matlab/Simulink™ Models Used for Generating Switching Signals
The average value of SM capacitor voltage was required for the average voltage controller. The

model used to calculate this value is shown in Fig. 5.17. The balance control block in Fig. 5.17
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containing the average voltage controller of the SM capacitor voltages is shown in Fig. 5.18. The

proportional and integral controllers gains of Fig. 5.18 were provided in section 5.5.1.
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Fig. 5.17: The model used for the calculation of the average SM capacitor voltage
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Fig. 5.18: The model used for the average voltage controller of SM capacitor voltages
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The instantaneous voltage controller of the SM capacitors is shown in Fig. 5.19. The selected

proportional controller gain is 0.5. The arm-balancing controller is presented in Fig. 5.20. The

selected proportional controller gain is 0.5 A™.
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Fig. 5.19: The model used for the instantaneous voltage controller

[

p Wb _rect

65



Outl —|_>
Qut2

+
— .
Out3 >+
ol ———®* ]
=
ous| [ >
Vsm1
Scope2
o+
» f ,WBa_rectl
= -
QOut1 —l_.
Out2 N
[ i+
Out3d P+ "
ous|——31: ey * |-
Outs Product10
Vsm2
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Finally, the generation of the switching signal is given in Fig. 5.21. The reference voltage
generation procedure was explained in section 5.6. These reference voltages are then normalized
with respect to the actual SM capacitor voltages. Finally, these normalized signals are used as the

carrier signals to generate the corresponding gate signals.
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5.8 Switching Signal Generation for The SHE Algorithm

As mentioned in section 4.3 of chapter 4, the center of the square pulse y; is calculated based on
the reference modulation index. A two-dimensional look-up table is produced in
Matlab/Simulink™ where a specific reference modulation index will trigger a value of .
Finally, the m-file will generate the switching pulses based on the value of y;.. The pulse width is
kept at 7t to ensure that there will be no even order harmonics in the output voltage. The
balancing of the SM capacitor voltages is achieved by selecting the pulse pattern mentioned in
section 4.3 of Chapter 4. The next chapter will present the simulation results for all four MMC

terminals.

5.9 Conclusions

This chapter discussed various procedure used for designing various controllers. The proposed
controllers’ performances are evaluated by means of simulations and the results of both the PS-
PWM and SHE algorithms are presented in the Chapter 6 that also provides the combined results

of the PS-PWM and SHE algorithms.
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Appendix A.1

Simulation Model of The Park’s Transformation

The dq transformation of the grid voltages and currents in Matlab/Simulink™ is shown in Fig.
A.1l and Fig. A.2. The PLL produces the angle “Theta”, which is used in the dq transformation,
as shown in Fig. A.3. The proportional and integral controllers gains for PLL are set at 2 and 0.1,

respectively [4]. The functions f1(u), f2(u), f3(u), and f4(u) perform the following operations:

f1(u) = u(1) - % {u@2) + u(3)} (A.1.1)
f(u) = > {u(2) - u@)} (A.1.2)
f3(u) = p(1)cosé + p(2)sind (A.1.3)
fa(u) = - p(1)sind + p(2)coso (A.1.49)

where u(1), u(2), u(3) and p(1), p(2) are the input signals for the functions f1(u), f2(u) and fz(u),
f4(u), respectively. u(1), u(2), u(3) denote three phase voltages and three line current of the grid
for the dq transformation of the grid voltage and current, respectively. p(1) and p(2) are the a,

components of the grid voltage and current.
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The inverse Park’s transformation is shown in Fig. A.4. The functions fs(u), fs(u), fz(u), fs(u), and

fo(u) perform the following operations:
fs(u) = q(1)cosh - q(2)sind
fs(u) = q(1)sin@ + q(2)cosh

fz(u) = r(1)

fa(u) = -5 (1) + ? r2)

foU) = - > (1) - 2 1(2)

(A.1.5)
(A.1.6)

(A.1.7)

(A.1.8)

(A.1.9)

where q(1), q(2), and r(1), r(2) are the input signals for the functions fs(u), fs(u) and f(u), fg(u),

fo(u), respectively.
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Fig. A.4: Inverse Park’s transformation
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Appendix A.2

Simulation Model for a Two-Level Rectifier

The two-level rectifier model used to evaluate the gains of the controllers is shown in Fig. A.5.
The simulation model was developed in [4] and modified for this research. The control block
contains the dc-voltage controllers mentioned in section 5.3. The rectifier block is modeled with

ideal switches and switched with the signals generated in the control block.

Discrete
5e-06 5.
powergui
Control
A=A Rectifier
N 3 ﬂ—,_l A
l_. bf—s|B S
J_ T
C
—  Three-Phase "L ac o s
Programmable  Three-Phase Three-Phase L
Voltage Source V- Measurement Series RLC Branch I T

Fig. A.5: Two-level rectifier model in Matlab/Simulink™
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Appendix A.3
Matlab™ Codes Used to Determine the Gains of the Controllers

The dc-link voltage and current controller’s gains were calculated using Matlab™. The step-
response and the Bode diagram were also generated in Matlab™. The code used for the dc-link

voltage controller is provided below:

C = 35e-3; %dc-link capacitance

Gdc = tf(1,[C 0]); %dc cap transfer function

d=sqrt(2)/2; %damping

fcdc=20; %controller natural frequency iIn Hz

wndc=2*pi1*fcdc; %controller natural frequency iIn rad/s
ki_v=C*wndc”"2; %integral gain of the dc-link voltage controller
kp_v=2*d*wndc*C; %proportional gain of the dc-link voltage
controller

Cdc=tf([kp_v ki_v],[1 0]); %Vdc controller tf

% Pre-filter %

Fdc=tf(1, [kp_v/ki_v 1]); %pre-filter tf to minimize overshoot
controller = feedback(Gdc*Cdc,1);

controller_pre_fTilter = Fdc*feedback(Gdc*Cdc,1);

% Stability plots %

figure(3)

step(controller,controller_pre_ fTilter)

figure(4)

bode(controller,controller_pre_filter)
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The code used for current controller is provided below:

L=28e-4;

R=0.64;

Ginv = tf(1,[L R]); %Transfer function

% To calculate the gains of the current controller %

d = sqrt(2)/2; %damping

Tfci1=200; %controller natural frequency iIn Hz

wn=2*pi*fci; %controller natural frequency iIn rad/s
ki_1=L*wn”"2; %integral gain of current controller
kp_1=2*d*wn*L-R; %proportional gain of current controller
Cc=tf([kp_1 ki_i1],[1 0]); %current controller tf

% Pre-filter %

Fi=tf(1, [kp_i/ki_1 1]); %pre-filter tf to minimize overshoot
control ler=feedback(Ginv*Cc,1);
controller_pre_fTilter=Fi*feedback(Ginv*Cc,1);

% Stability plots %

figure(l)

step(controller,controller_pre_fTilter)

figure(2)

bode(controller,controller_pre_filter)
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CHAPTER 6

SIMULATION RESULTS OF THE MPS SYSTEM

6.1 Introduction

Simulation models of different MMC terminals are produced in Matlab/Simulink™ using two
different PWM switching strategies. The PS-PWM-based terminal behavior will be discussed in
section 6.2 and the SHE-based terminal behavior will be analyzed in section 6.3. Finally, the
combined response of the MPS system is discussed in section 6.4. The controllers developed in
Chapter 5 are used in the simulation models to evaluate the overall performances of the system.
The system parameters and values of the passive components used in the simulations are listed in

Table 6.1. The gains of the different controllers are listed in Table 6.2.

Table 6.1: Simulation parameters of the MPS system

Properties MMC #1 MMC #2 MMC #3 MMC #4
Active power (MW) 6 6 6 6
Rated rms line-line voltage (kV) 25 25 13.8 13.8
DC-link voltage (kV) 44 44 24 24
Rated rms current (A) 138.6 138.6 251 251
Peak current (A) 196 196 355 355
Operating frequency (Hz) 60 1000 1000 60
Switching frequency (Hz) 1000 1000 1000 1000
SM capacitance (mF) 0.6 0.3 1 2
Arm inductance (mH) 8.29 0.5 0.15 2.53
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Table 6.2: Gains of the different controllers

DC-Voltage Current SM Capacitor Voltage Controllers
Controller Controller
Parameter ky v ki, ky i ki ; ky k, ks k, ks
Value 6.22 552.7 | 48.3 | 4.42x10* | 0.3 3 1 05 | 05
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Fig. 6.1: Simulation set-up of MMC #1 terminal
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6.2 PS-PWM Based Operation

MMC #1 and MMC #4 terminals are operating under the PS-PWM algorithm where the first one
operates as a rectifier and the later operates as an inverter. The simulation model of MMC #1
terminal is presented in Fig. 6.1 when the terminal is delivering power to a resistive load. The
phase-to-neutral voltage of the terminal, having a peak value of 20.41 kV, is shown at the top of
Fig. 6.2. The line current of the terminal, having a peak value of 196.1 A, is at the bottom of Fig.
6.1. The values and the wave-shape match the theoretical values. The dc-link voltage and current
are shown in Fig. 6.3 and the average values are 44.1 kV and 136.06 A, respectively. The circuit
breaker is closed at 0.02 s and the system stabilize within 0.05 s. Overshoots were not observed
in the voltage and current. However, the dc-link voltage contains a ripple of £16% because the
designed system has only five levels and each level corresponds a voltage of 8.8 kV. When the
number of levels increases significantly this ripple will reduce accordingly for example if the
system is simulated with 11 levels, the system would have a ripple of £9%. DC-link current also
carries this ripple which is generated from the voltage ripple. Although the load is resistive, there
are grid and arm inductance in the system which cause the phase difference between the voltage
and current. The shape of the dc current simply flows the dc-link voltage which had that

significant ripple.
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Fig. 6.2: MMC #1 terminal voltage and current waveforms
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The simulation model of MMC #4 terminal is shown in Fig. 6.4. The dc-link voltage is
represented as a dc voltage source injecting 6 MW power into the inverter terminal. A resistive
load is used in this terminal as well. The phase-to-neutral voltage and line current of this terminal
are shown in Fig. 6.5. The peak values of the voltage and current are 11.3 kV and 353.9 A and
are in accordance with the theoretical values. The behavior of this terminal with a change in load
is also verified by changing the load command with the results are shown in Fig.6.6. At time
0.15 s, the load is suddenly doubled from 3 MW to 6 MW and the power controllers react

accordingly.
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Fig. 6.4: Simulation set-up of MMC #4 terminal
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Fig. 6.5: MMC #4 terminal voltage and current waveforms
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Fig. 6.6: Tracking of the system active power

The blue line is the reference signal that is commanded and the green line is the actual signal
which is tracking the reference signal. The changes in voltage and current are shown in Fig. 6.7.
This sudden disturbance in the system is automatically handled by the controllers within a
second. The peak values of the voltage and current reached peak values of 12.54 kV, and 496.4

A, respectively; and these overshoots do not cross the safe operating area of the system.
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Fig. 6.7: MMC #4 terminal voltage and current waveforms with a change in load

The behavior of the phase and circulating currents are demonstrated in Fig. 6.8. The phase
current (blue line) has a peak value of 351 A, which is very close to the theoretical value of 340
A and verifies that the system is operating at 60 Hz. The green line represents the circulating
current which contains a significant 2"@ order harmonic. The FFT analysis of the circulating
current is conducted and shown in Fig. 6.9, shows that the 2" order harmonics has the magnitude
of 3.9 times of the fundamental component. A dc-offset current is present due to the contribution
of the system dc current. The peak value of the circulating current is 200 A which is in

accordance with its theoretical value.
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The Phase and the Circulating Currents
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Fig. 6.8: The phase and circulating current waveforms
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Fig. 6.9: The phase and circulating current waveforms

The upper (green line) and lower (red line) arm currents with the phase current (blue line) are
shown in Fig. 6.10. Both upper and lower arm currents contain significant 2" order harmonics
due to the circulating current which is presented in Fig. 6.9. These currents are out of phase as
expected. The upper and lower arms of the MMC terminal operate in a complementary manner.

This concept is verified by observing the SM capacitor voltages of the upper and lower arms.
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The blue and green lines in Fig. 6.11 represent the first SM capacitor voltages of the upper and
lower arms, respectively. The selection objective of the SM capacitor size was to keep the ripple
voltage within £10%; the average SM capacitor voltage is 4.8 kV and contains +6.25% ripple.
The behavior observed in the simulation results of the PS-PWM based terminals were similar

with the behavior observed in [1]- [4].
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Fig. 6.10: The phase and arm current waveforms
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Fig. 6.11: SM capacitor voltage waveforms
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6.3 SHE Based Operation

The MMC #2 and MMC #3 terminals operated using the SHE algorithm where the first one
operates as an inverter and later operates as a rectifier with resistive loads. The simulation model
of MMC #2 terminal is presented in Fig. 6.12. The circuit configuration is identical to the MMC

#4 terminal. The operating and switching frequencies are kept at 1 kHz.
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Fig. 6.12: Simulation set-up of MMC #2 terminal
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Gate Signal of SM-1
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Fig. 6.13: The gate signal of the first SM of the upper arm

The firing angles values listed in Table 4.1 are used in the simulations to balance the SM
capacitor voltages. The procedure explained in section 4.3 is used in the simulations. The pulse

pattern used to switch the first SM of the upper arm is expressed by the vector:

Be=Ir1 va Vvs Vs V2l (6.1)

This gate signal is shown in Fig. 6.13 which shows that the gate signal is periodic to five
fundamental cycles. The line-to-line voltage and line current of this terminal are shown Fig. 6.14.
The dc-link voltage applied to MMC #2 terminal is 44 kV. The line-to-line voltage of a three-

phase inverter terminal is calculated by [5]:

v = 0.612 m,V,, (6.2)

where v;;, m,, and V,. are the line-to-line voltage, modulation index and dc-link voltage,
respectively. A peak value of 38 kV is observed in the line-to-line voltage waveform for unity
modulation index which follows (6.2). The peak line current is 200 A which is close to the

theoretical value.
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Fig. 6.14: MMC #2 terminal voltage and current waveforms
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Fig. 6.15: MMC #2 terminal voltage and current waveforms with a change in load
An identical approach is used to determine the behavior of this terminal under disturbances. The

load is again doubled at 0.15s and the response of the voltage and current waveforms are shown

in Fig. 6.15. The system became stable within a cycle. There is no overshoot observed in the

voltage and the current.
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The simulation set-up of MMC #3 terminal is shown in Fig. 6.16 which is identical to MMC #1
terminal. The phase-to-neutral voltage and line current waveforms having the peak values of

11.25 kV and 357 A, respectively, are shown in Fig. 6.17. The values are similar to the

theoretical values.
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Fig. 6.16: The simulation set-up of MMC #3 terminal
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Fig. 6.18: SHE-based dc-link voltage and current waveforms

The dc-link voltage and current waveforms having the average values of 24 kV and 247 A,
respectively, are shown in Fig. 6.18. The ripple in dc-link voltage is less than 1%, and
significantly less than that for the PS-PWM algorithm because the proposed SHE algorithm only
produces the pre-defined voltage whereas the PS-PWM algorithm continuously forces the system

to follow the controllers command to generate the desire voltage.
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The Phase and Arm Currents
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Fig. 6.19: SHE-based phase and arm current waveforms

The simulation results of the SHE-based algorithm are in accordance with those in [6]- [7]. The
phase, upper, and lower arm current waveforms are shown in Fig. 6.19. The peak value of the
phase current is 200 A which is close to the theoretical value. The upper (green) and lower (red)
arm currents are out of phase as expected. Subtracting of the lower arm current from the upper
arm current produces the phase current which verifies the theoretical claims. The balancing
technique used in the switching algorithm is verified by examining SM capacitor voltage which
is shown in Fig. 6.20. An average value of 8.85 kV is observed in the SM capacitor voltage
which is very close to the theoretical value of 8.8 kV. The period of the SM capacitor voltage is
5 ms which is five times of the fundamental period because there are five different pulses in five
consecutive fundamental cycles used to balance the SM capacitor voltage. A £5.1% ripple is
observed in the SM capacitor voltage which is well within the desired level of 10%. The angles
were calculated to eliminate the 5™ order harmonic in the output voltage. The FFT analysis of
output voltage is shown in Fig. 6.21, showing the elimination of the 5 order harmonic.
However, the 71, 11, 13" and higher order harmonics were present and a THD of 6.02% is

observed in the output voltage.
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Fig. 6.20: SHE-based SM capacitor voltage
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Fig. 6.21: FFT analysis of output voltage

6.4 MPS Operation

A three-phase transformer is connected in between MMC #2 and MMC #3 terminals whose
parameters are given in the Table 6.3. MMC #1 and MMC #4 terminal are connected to MMC
#2 and MMC #3 terminals, respectively, to form the MPS system which is shown in Fig. 6.22.
The gains of the dc-link voltage and current controllers are increased four times than the earlier
values to get a stable system, because these controllers were designed to perform separately. The
new values of the gains are given in the Table 6.4. When the four MMC terminals connected, the
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performance of one terminal depends on the other terminals. The bandwidth of the MPS system
is different than the individual MMC terminals; thus, the modification was required to get a

stable system.

Table 6.3: Three-phase transformer parameters

Winding 1 Parameter | Winding 2 Parameter | Magnetization Component
Parameter R1 L1 R2 L2 Rm Lm
Value 0.002 (pu) | 0.08 (pu) | 0.002 (pu) | 0.08 (pu) 500 (pu) 500 (pu)

Table 6.4: Gains of the different controllers for the MPS operation

DC-Voltage Current SM Capacitor Voltage Controllers
Controller Controller
Parameter ky v ki, ky i ki ; ky k, ks k, ks
Value 25 2111 193 | 1.77 x 10° 0.3 3 1 0.5 0.5
Discrete,
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Fig. 6.22: The MPS simulation set-up
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The voltage and current waveforms of MMC #1 terminal are shown in Fig. 6.23. The peak
values of the line-to-line voltage and current are 35.36 kV and 197 A, similar to the theoretical
values. However, these waveforms exhibit large ripples of £12.7% as the system is no longer

operating with ideal voltage sources and controller performances deteriorate in the MPS system.
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Fig. 6.23: MMC #1 terminal voltage and current waveforms in the MPS system
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The dc-link voltages are presented in Fig. 6.24. The MMC #4 line-to-line voltage and current
waveforms are shown in Fig. 6.25. The peak values of the line-to-line voltage and current are
19.52 kV and 355 A, close to the theoretical values. However, a large ripple of £14.7% is

present in the dc-link voltage which contributes in the ripple of the output voltage.
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Fig. 6.24: DC- link voltages of the MPS system
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Fig. 6.25: MMC #4 terminal voltage and current waveforms in the MPS system
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Fig. 6.26: MMC #4 terminal behavior with a change in the power demand

A power demand command is changed at 0.15 s in MMC #4 terminal to observe the change in
behavior; the results are shown in Fig. 6.26. The peak values of the voltage and current
waveforms are 22 kV and 510 A, respectively due to this disturbance. The overshoot values are
well within the safe operating area of the designed MPS system. The system became stable

within a cycle. The partial results of the MPS system are published in [8].

6.5 Conclusions

The simulation results verified the theoretical claims indicated in earlier chapters. However, the
performance of the system could be improved for example, the ripples in the dc-link and line-to-
line voltages. The next chapter will provide the conclusions and recommendations for future

work.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR THE FUTURE WORK

7.1 Conclusions

The main objective of this research was to develop a compact and light-weight MPS system

which can connect two medium-voltage feeders. The available technologies were analyzed and

the MMC-based solution was proposed. The selection of switching algorithms and devices were

analyzed and a suitable solution was proposed. Finally, the simulation model was built and the

theoretical claims were verified. The achievement of this research can be summarized as follows:

A brief description of the traditional MPS and its applications was provided. A power
electronics based solution was proposed. Available technologies were discussed based
on different references. Finally, the MMC topology was selected for its advantages.
Fundamentals of MMC were analyzed. The half and full-bridge structures of the SM
were discussed and the HB-SM was selected because of its lower component count and
higher efficiency. The selection procedure for the SM capacitor and arm inductor were
derived based on simple mathematical models. Design examples were provided on the
selection procedure for these passive components.

The availability of the switching devices in the present market was analyzed. The IGBT
was selected as the switching device due to its advantages over the other switching
devices in terms of current ratings. Different types of IGBT losses were calculated using
the datasheet values. A thermal management technology was proposed using heat pipes.

The maximum achievable switching-frequencies were calculated for selected switching
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devices. The switching-frequency was set to 1 kHz. IGBT module CM750HG-130R was
selected for MMC #1 and MMC #2 terminals and IGBT module 5SNA 0800N330100
was selected for MMC #3 and MMC #4 terminals. The characteristics of these switching
devices were analyzed and the required numbers of components were calculated.
Different modulation strategies based on the switching-frequency were discussed. The
PS-PWM topology was selected for the MMC #1 and MMC #4 terminals. The
fundamentals of the PS-PWM algorithms were analyzed. The operating-frequency of the
MMC #2, MMC #3 terminals, and transformer was set to 1 kHz. The SHE algorithm was
selected for the modulation of these two terminals. The fundamentals of the SHE
algorithm was discussed with mathematical derivations and examples. A specific pulse
pattern was described to balance the SM capacitor voltages based on the energy transfer
of the SM capacitors.

The active and reactive power controllers were analyzed using the Park’s transformation.
The dc-link voltage controller was analyzed with the help of step-responses and Bode
diagrams. Matlab™ code was used to evaluate the proportional and integral gains of the
controller. A similar procedure was used for the current controllers. A two-level model
was built in Matlab/Simulink™ to validate the gains of the voltage and current
controllers. The average voltage controller of the SM capacitor was described and the
gains were calculated. The theory of the instantaneous voltage controller for the SM
capacitor was discussed. The arm voltage balancing technique was used to overcome the
limitations in rectification operation. These three controllers mentioned above were
combinedly to stabilize the MMC terminals and reduce the circulating current. The

switching signal generation for both the PS-PWM and SHE algorithms were discussed.
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e Different simulation models were built in Matlab/Simulink™ for different MMC
terminals. The four MMC terminals were designed separately based on the specifications
of the MPS system. Their performances were evaluated and verified with the theoretical
behaviors. The simulation results were explained with graphical representations. Finally,
the four MMC terminals were combined with a medium-frequency transformer. The

combined behaviors of the proposed MPS were presented and verified.

7.2 Recommendations for the Future Work

There are few suggestions to improve this research that includes:

e A further analysis of the SM capacitor voltage balancing with the modern proposed
techniques. The evaluation of these techniques can be used to compare with the proposed
technique in this research.

e HB-SM structure is unable to block the dc-side faults; thus, an FB-SM structure
performance can be evaluated.

e In this research, the hard-switching technique was used which reduced the overall
efficiency of the MPS system. Therefore, the possibilities of using a soft-switching
technique such as zero-voltage switching (ZVS) or zero-current switching (ZCS) can be
evaluated to improve the efficiency.

e The dc-link voltage contains significant ripple when modulated by the PS-PWM
algorithm. This behavior is observed when the number of levels is low. Therefore, a
modified simulation model can be built using a large number of levels to evaluate the
ripple in the dc-link voltage.

e The performance of the MPS system can be enhanced by reducing the ripples in the line-
to-line voltages.
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The circulating current contains large 2" order harmonics. A controller can be developed
to mitigate this harmonic.

The switching device used in this research uses the silicon-based technology. New
silicon-carbide-based switching devices are available in the market. The performance of
the new devices can be analyzed and compared with the devices used in this research.
Furthermore, the prospect of using IGCT instead of IGBT can be evaluated for future
applications.

A small prototype can be built to evaluate the simulation results.

A detail calculation can be conducted to evaluate the weight and volume of the system.
A new simulation model can be developed to evaluate the discrete nature of the

controllers designed in the research.
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