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ABSTRACT

HIS dissertation addresses the technical challenges associated with the
T operation and control of high-power modular multilevel converters. To
improve the performance of modular multilevel converter (MMC), a general-
ized three-phase mathematical model with common-mode voltage (CMV) is
proposed. By using the proposed mathematical model, the magnitude of cir-
culating currents, capacitors voltage ripple, and the ripple in DC-link current
during balanced and unbalanced operating conditions can be minimized.

The modulation scheme and switching frequency are directly affected
the output power quality and the performance of the converter and con-
trol method. In this dissertation, a novel sampled average and space vector
modulation scheme is proposed. These modulation schemes are suitable to
control the MMC with any number of submodules (without modifications),
operates at low switching frequency, minimizes the ripple in output current
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and voltage harmonic distortion, and reduces the output filter size.

For reliable operation of MMC, the voltage balancing among submodules
is mandatory. This dissertation proposes a generalized single-stage balanc-
ing approach with reduced current sensors to control the MMC. The pro-
posed balancing approach is suitable to implement with both phase-shifted
and level-shifted pulse width modulation schemes. With the proposed ap-
proach, it is also possible to control the MMC with half-bridge and three-
level flying capacitor submodules. Also, an improved balancing approach
often referred as the dual-stage balancing approach is proposed to minimize
the voltage harmonic distortion and device power losses.

This dissertation also proposes a direct model predictive control (D-MPC)
approach to minimize the ripple in submodule capacitors voltage. To imple-
ment D-MPC approach, a discrete-time model of MMC with CMV is pro-
posed. With the use of proposed model, the D-MPC approach does not re-
quire a cost function to minimize the circulating currents.

The computational complexity is one of the major issues in the implemen-
tation of D-MPC approach for MMC. In this dissertation, a novel reduced
computational MPC approaches named as dual-stage D-MPC and indirect
model predictive control (I-MPC) approach are proposed. These approaches
significantly minimize the computational complexity and, improve the volt-
age and current waveform quality while operating at the low switching fre-
guency.

Finally, the simulation and experimental studies are presented to validate
the dynamic and steady-state performance of proposed methodologies.
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CHAPTER 1

INTRODUCTION

OWER converters are well known in industry and academia as one of
P the preferred choices for efficient power conversion systems [1]. In the
past decade, several power converters are developed and commercialized
in the form of standard and customized products that power a wide range
of industrial applications [2]. The standard power converter topologies are
available for an operating voltage of 2.3-13.8 kV only [3]. These topologies
require either a step-up transformer or high-voltage (HV) semiconductor de-
vices for HV operation. The former solution is costly and, increases the size
and volume of the converter system. The new solution is difficult to imple-
ment due to the lack of HV semiconductor devices [4]. The available semi-
conductor devices and their voltage and current ratings are shown in Table
1.1 [5]. The semiconductor devices are available in medium-voltage (MV)
range and cannot block the high operating voltages.

Alternatively, MV devices are connected in series to increase the oper-
ating voltage of power converters. The series-connected devices and their
gate drivers may not exhibit similar static and dynamic performance. These
devices may not equally share the total voltage during blocking mode and
switching transients. This approach requires equalization circuit to achieve
equal voltage sharing during blocking mode [6]. The additional voltage shar-
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Table 1.1. Market overview of power semiconductor devices

Power GCT/IGCT/ LV-IGBT/
Rating Thyristor GTO
Diode SGCT HV-IGBT
8.5 kV at 12 kV at 6 KV at 10 kV at 6.5 kV at
Max. Voltage
1.2 kA 1.5 kA 6 kA 1.7 kA 0.75 KA
9.6 KA at 5 KA at 6 KA at 5 kA at 2.4 kA at
Max. Current
1.8 kV 0.4 kV 6 kV 45 kV 1.7 kV

ing circuit increases the power losses in power converters. The series connec-
tion of devices does not improve the output voltage and current waveform
quality [7].

A modular approach has been developed to overcome the limitation of
semiconductor devices and their series connection to reach high-voltage op-
eration [8]. In a modular approach, identical low-voltage submodules are
connected in series to reach high voltages [9]. With this approach, it is easy to
scale the voltage and power rating of the power converter, reduces the com-
plexity of assembly and maintenance of power converters, and can be oper-
ate with reduced capacity during submodule failure. Therefore, the modu-
lar power converters become popular for high-voltage, high-power applica-
tions. The modular power converters are also referred as cascaded power
converters or multi-cell power converters [10].

The cascaded H-bridge (CHB), cascaded neutral-point clamped (CNPC)
converters, and modular multilevel converter (MMC) belongs to the multi-
cell converter family [11]. The CHB and CNPC topologies require phase-
shifting transformer with multiple secondary windings to generate isolated
DC sources, which increases the overall size and cost of the converter. These
topologies are not cost effective for regenerative applications [12]. Recently,
the MMC has been developed to address the problems associated with the
existing CHB and CNPC topologies. The main features of MMC are modu-
lar construction, high reliability, cost effective due to the use of low-voltage,
insulated gate bipolar transistor (LV-IGBT) technology to reach high-voltage



(HV) operation, does not require isolated DC sources and direct connection
to the high-voltage networks without line frequency transformer [13]. The
MMC is commercialized in medium-voltage motor drives, high-voltage di-
rect current (HVDC) transmission systems, multi-terminal HVDC systems
and static synchronous compensators (STATCOM) [14, 15].

Each leg of MMC has formed with a cascade connection of low-power
submodules. The standard submodules such as half-bridge (HB) and full-
bridge (FB) topologies are employed in commercially available MMC sys-
tems [16]. These submodules have a simple construction and easy to con-
trol. Alternatively, the multilevel submodules such as flying-capacitor (FC),
neutral-point clamped (NPC) and twin modules are investigated in place of
standard submodules [17]. These submodules reduce the foot-print size and
improve the efficiency of MMC. However, it requires a control scheme with
complex structure and functions to manage several control objectives simul-
taneously [17].

In this dissertation, novel linear and model predictive control methods
have been proposed aimed at standard and multilevel submodule based mod-
ular multilevel converter system. The proposed approaches are more generic
in nature, operate at the low switching frequency and produce high-quality
voltage and current waveforms with lowest harmonic distortion. Also, the
steady-state and dynamic performance of MMC is significantly improved.
Furthermore, these approaches minimize the computational burden of the
real-time implementation.

This chapter is organized as follows: an overview of high-power convert-
ers is presented in Section 1.1. Among them, the voltage source converters
(VSCs) have the highest market share and widely used in industry appli-
cations. The recent development of VVSCs is discussed in Section 1.2. The
fundamental details and technical challenges associated with the operation
and control of MMC are presented in section 1.3. The background overview
of control methods for MMC is presented in Section 1.4 and 1.5, respectively.
The dissertation objectives are given in Section 1.6. In Section 1.7, the outline
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of the dissertation is summarized.

1.1 Overview of High-Power Converters

High-power converters are categorized into two groups as shown in Figure
1.1. The first group consists of power converters with an intermediate DC-
link (DC energy storage element). This group of converters performs the
power conversion in two stages of AC-DC and DC-AC between the AC-grid
and machine. This group is further categorized into voltage source convert-
ers (VSCs) and current source converters (CSCs), depending on the nature of
the DC energy storage element [18]. VSCs normally employ DC capacitors
as DC energy storage element, whereas CSCs employ DC inductors in the
DC-link. VSCs are referred as voltage source rectifiers (VSR) in the AC-DC
conversion stage, and voltage source inverters (VSI) in the DC-AC conver-
sion stage [18]. Similarly, CSCs are referred as CSR and CSI, depending on
the functionality [19, 20].

The second group consists of power converters without an intermediate
DC-link (DC energy storage element). This group of converters performs di-
rect AC-AC conversion between the AC-grid and machine. Cycloconverters
(CCVs) and matrix converters belong to this group. CCV is a widely used

High—-Power
Converters

||
§ 4

Power Converters Power Converters
With DC-Link Without DC-Link
I I
\Voltage Source Current Source i
Matrix Converters Cycloconverters
Converters Converters

Figure 1.1. Classification of high-power converters.
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topology in high-power applications, which use an array of thyristors for
the direct connection of the AC-grid to a machine [21]. CCV allows efficient
power flow in both directions. However, CCVs have poor dynamic perfor-
mance, limited operating voltage and frequency range, and low-power factor
at low-speed of operation [21]. Matrix converter is a new topology capable
of direct AC-AC conversion without DC energy storage. The main features
of matrix converters include sinusoidal input or output waveforms, control-
lable input power factor, wide range of output voltages and frequency con-
trol, and light-weight design unlike CCVs [22,23].

1.2 \oltage Source Converters

Over the past decade, VSCs exhibited higher market penetration and more
evident developments compared with CSCs and matrix converters. The most
prominent developments in VSCs are shown in Figure 1.2. Two-level con-
verters are limited to low-voltage (LV), low-power applications. For high-
power applications, two-level converters require either device in parallel to
carry high-current at LV operation or devices in series to reach MV oper-
ation with low current carrying capacity [24]. The parallel and series con-
nection of devices do not introduce any additional benefits regarding power
guality (reduction of voltage and current harmonic distortions) and % re-
duction. Power losses and voltage blocking is uneven in series connected
devices. Thus, the two-level converters are not very popular for high-power
applications [25].

New converter topologies with low-cost semiconductor technology are
developed for high-power applications. These converters are referred as
multilevel converters. The multilevel converters have significant advantages
compared with two-level converters, which includes low % and harmonic
distortion, near sinusoidal currents, the smaller size of input and output fil-
ters (if necessary), high-efficiency, low common-mode voltage, and possible
fault tolerant operation in certain cases [25-27]. Multilevel converters are
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Figure 1.2. Classification of voltage source converters.

composed with an array of LV or MV devices and DC capacitors. These con-
verters generate a stepped voltage waveform with proper arrangement of
devices, capacitive voltage sources, and control methods [25-27].

Several multilevel converter topologies are established in the past years,
and very few succeeded in the industry as shown in Figure 1.2. Neutral-point
clamped (NPC), active neutral-point clamped (ANPC), flying capacitor (FC)
and nested neutral-point clamped (NNPC) converters can handle a voltage
of 2.3-4.16 kV [25-27]. These converters require significant modifications to
increase the operating voltage and the number of voltage levels, which is
not cost-effective. These converters are shut down during faults and other
failures, leading to a significant loss of production in various industrial pro-
cesses.
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Aforementioned problems can overcome with the cascaded converter top-
ologies, also referred as multi-cell converters. The CHB and CNPC con-
verters are constructed with a cascade connection of low-power submodules
with an isolated DC source in each phase. These topologies have modu-
lar construction and, can reach an operating voltage higher than 6 kV upto
13.8 kV. The cascaded converters can operate with reduced capacity dur-
ing faults as well [25-27]. The number of submodules in each phase is in-
creased to reach a high voltage. However, CHB and CNPC requires a phase-
shifting transformer with multiple secondary windings to generate isolated
DC sources, which increases the cost of the converter and limits the number
of submodules in each phase [25-27]. Recently, MMC has been developed to
address the problems associated with the existing cascaded converter topolo-
gies.

1.3 Fundamentals of Modular Multilevel Converter

The voltage and power capacity of MMC is naturally increased by adding the
submodules in each arm. The submodule (SM) is a building block of MMC,
configured in various forms with IGBTs and DC capacitors. Unlike CHB and
CNPC, any power converter circuit such as full-bridge or H-bridge, flying ca-
pacitor, and neutral-point clamped converters can be utilized as a submodule
in MMC [28,29]. The type and number of submodules in each arm vary with
the application, operating voltage and the rating of IGBT devices [30]. For
example, medium-voltage motor drives with 3.3-13.8kV operating voltage
require 5-20 SM/arm [31], high-voltage direct current (HVDC) transmission
system needs 200-400 SM/arm to reach + 320 kV (DC) voltage [32] and static
synchronous compensators employ 15-200 SM/arm to reach 13.8-220 kV op-
erating voltage [33]. The three-phase MMC can be extended to multi-phase
applications because of its modular construction.

Figure 1.3 shows the generalized circuit configuration of three-phase mod-
ular multilevel converter. The DC system is often referred as a DC-bus or
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Figure 1.3. Configuration of modular multilevel converter
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DC-link, connected to the positive and negative bars of the converter legs.
The three-phase AC system is connected to the mid-point of each leg (a, b, ¢).
Each leg of MMC is divided into two arms. The arms connected to the posi-
tive bar is referred as upper arms (u) and the arms connected to the negative
bar are referred as lower arms (/). Each arm consists of a group of submod-
ules and an inductor (L). The arm inductor is connected in series with each
group of submodules to limit the current due to the instantaneous voltage
difference of the arms [34].

The main features of MMC are as follows:

e It has modular construction with an ability to scale the voltage and
power rating,

e |t can generate an output voltage and current waveforms with reduced
‘fi—j and ripple. Typically, a very low total harmonic distortion (THD) can
be obtained,

e Since MMC can produce an output voltage waveform with very large
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number of voltage levels, it is possible to operate at very low switching
frequency while achieving high efficiency,

e It can employ redundancy submodules in each arm to operate during
faults.

1.3.1 Configuration of Submodules

The submodule (SM) is a simple DC-AC power conversion circuit. Usually,
low-voltage IGBT devices (1200-1700 V) and DC capacitors are used to con-
figure a submodule. Most widely used submodule configurations in MMC
are as follows [35-37]:

e Half-bridge (HB) submodule
e Full-bridge (FB) submodule
e Cascaded half-bridge (CH) submodule

e Double clamp (CD) submodule

Among them, the half-bridge (HB) submodule is most popular and widely
used in the commercial products. The HB-SM is often referred as a chopper
cell, and its circuit configuration is shown in Figure 1.4. It’s simple construc-
tion (two semiconductor devices and one floating capacitor) results in simple
control and design. During normal operation, only one device (either S; or
S1) will be in "ON” state. Therefore, the HB-SM has low power losses and
high efficiency [35-37]. The output voltage of half-bridge submodule has
positive levels only, and can not support the bipolar operation and DC fault
current blocking in MMC.

The full bridge (FB) submodule is referred as H-bridge, which consists
of four semiconductor devices and one DC capacitor as shown in Figure 1.5.
The number of semiconductor devices becomes double as that of the HB-SM
for the same voltage rating. However, the control and design complexity
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Figure 1.4. Half-bridge submodule and output voltage

are same as that of HB-SM. During normal operation, two devices in a con-
duction state results in higher power losses and low efficiency [35-37]. The
negative voltage levels in FB-SM are used to limit the current during DC-side
faults.
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The cascaded half-bridge (CH) submodule is formed using two HB-SMs
connected in series, resulting in three-level operation as shown in Figure 1.6.
It requires simple control and low design complexity, low power losses and
high efficiency similar to HB-SM [35-37]. The CH-SM cannot block the DC-
side faults and does not support bipolar operation.

Table 1.2. Comparison of submodules

Performance Index HB-SM FB-SM CH-SM  CD-SM
No. of output voltage levels 2 3 3 4
Max. blocking voltage of SM U, U, 2v, 2v,
Max. No. of DC capacitors normalized to v, 1 1 2 2
No. of devices normalized to v, 2 4 4 7
Max. No. of devices in conduction path 1 2 2 3
Power losses Low Moderate Moderate  High
Bipolar operation No Yes No Yes
SM design complexity Low Low Low High
SM control complexity Low Low Low Low
DC fault blocking No Yes No Yes
¢
DBI (3
. Sy 7 Sy cb
Teq c2
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Figure 1.7. Double clamp submodule and output voltage

The double clamp (CD) submodule is also formed using two HB-SMs
along with three additional devices as shown in Figure 1.7. This topology
limits the DC-side fault currents by generating the negative voltage levels

11
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during blocking mode (BM) of operation. However, the power losses, ef-
ficiency and design complexity are significantly high due to the additional
devices [35-37]. A summary of submodule comparison in terms of rating,
operation, control and design complexity, losses, and DC fault blocking ca-
pability is presented in Table 1.2 [35-37].

1.3.2 Principle of Operation

In this section, the operation of MMC with HB-SM is presented. The struc-
ture of three-phase MMC is shown in Figure 1.8(a), where the DC system is
modeled as a split DC source of voltage Vg in series with an inductor L.
and a resistor r4.. The three-phase AC system is connected to a passive load
of an inductor L, and a resistor r,. As the name suggested, the MMC is con-
figured using multiple HB-SMs with an identical construction in each arm to

generate the multilevel stepped waveform at the output.

idc Tde, de

Zau

S}

Ldc ial Ty Tl

@ (b)
Figure 1.8. Converter and arm configuration: (a) MMC with passive load, (b)
Connection diagram of HB-SMs in an arm
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For easy of understanding, In each arm, four half-bridge submodules are
considered, and their connection diagram is shown in Figure 1.8(b). Each
submodule capacitor voltage is rated for ¢, and its output voltages are named
as v,,, Uy, Uy, and v,,. The submodule output terminals are connected in se-

ries and give an arm voltage.

Table 1.3. Switching states and voltage levels

S1 Sy S3 Si vy, Uy, Vys Uy, Uy, Voltage Level

0o 0o 0o o 0 0 0 0 O 0
1 0 0 0 v, 0 0 0 wu

0 1.0 0 0 w9, 0 0 =« 1
0 010 0 0 v, 0

0 0 01 0 0 0 wv u

1 1 0 0 v, v 0 0 2y

1 0 1 0 v, 0 wu 0 2y

1 0 0 1 v, 0 0 w, 2y 2
60 1.1 0 0 v, v, 0O 2,

6 1. 01 0 v, 0 wu 2u

0 0 1.1 0 0 v wu 2

1 1 1 0 v v v 0 3y

1 1 0 1 v, v, 0 w, 3y 3
1 0 1 1 v, 0 vy, vy 3y

0 1. 1 1 0 v, v wu 3y

1 1 1 1 v v v v N 4

The switching states, the output voltage of submodules, and arm volt-
age are shown in Table 1.3. With four submodules, the arm voltage has five
voltage levels 70, v, 2v,, 3u., and 4v,”. The highest voltage level 44" is gen-
erated by turning "ON” S, S,, S3, and S,. Similarly, the lowest voltage level
“0” is generated by turning ”OFF” all the submodules. Table 1.3 shows that
the intermediate voltage levels are generated using multiple switching com-
binations (redundancy switching states). The redundancy switching states

13
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are often used to control the submodule capacitors voltage in MMC. The arm
voltage equation, which represents the operation of an arm is given by

ey = Uy Uy + Uy T Uy = S10 + S22, + 530, + Sav, (1.3.1)

The arm voltage is equal to the summation of submodules output volt-
age. Each submodule output voltage is equal to the product of submodule
capacitor voltage and corresponding submodule switching state. The above
philosophy can be easily extended to any number of submodules per arm.
The multilevel voltage waveform across the load is generated by controlling
the submodules in upper and lower arms of MMC.

1.3.3 Technical Challenges

The operation and control of MMC involve several technical challenges, which
are summarized as follows:

1) Mathematical Model: The design and performance of control scheme
are greatly depends on the mathematical model of the system. Due to
the modular construction, the per-phase modeling is used to control
the MMC. These models are approximate in nature and affect the per-
formance of MMC [38]. Hence, the accurate mathematical models are
necessary to improve the performance of MMC.

2) Pulse Width Modulation (PWM) Schemes: The PWM schemes require
significant modifications, depending on the number of submodules,
converter configuration, and type of submodule. Also, the output volt-
age and current waveform quality vary with the number of submod-
ules and switching frequency. Hence, a generalized low switching fre-
quency PWM scheme which can generate high-quality output voltage
and current waveforms is required to control the MMC.

3) Submodule Capacitor Pre-Charging Process: Each submodule is de-
signed with IGBT devices and floating capacitors. These floating capac-

14
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4)

5)

6)

itors have zero initial voltage and must be charged to its nominal volt-
age level before starting the normal operation. However, the charging
process of submodule capacitors during startup leads to a large inrush
current due to the small equivalent impedance of the converter [39].
The pre-charging of submodule capacitors without inrush current is
one of the major challenges in MMC.

Submodule Capacitor Voltage Control: The control of submodule ca-
pacitors voltage at the given reference voltage value is mandatory to
generate a multilevel stepped waveform at the output of MMC. The
MMC has several submodules in each arm. A complex control struc-
ture is required to control these submodules [40]. Also, a significant
number of current and voltage sensors is required to implement the
submodule capacitor voltage control. Hence, a control scheme with re-
duced computational complexity and sensors is required to reduce the
system cost.

Submodule Capacitor Voltage Ripple: The interaction between arm
current and arm voltage causes voltage ripple in submodule capaci-
tors [41,42]. These voltage ripples increase the device voltage stress and
effect the reliability of the converter. Each submodule requires large ca-
pacitance value to suppress the voltage ripple, thus increases the con-
verter cost [41,42]. Hence, the suppression of voltage ripple without
using large capacitors is one of the challenging tasks.

Circulating Current: Circulating currents originate from the voltage
difference between the arms in each converter leg [41,42]. The circulat-
ing currents does not affect the AC output voltages and currents. How-
ever, it increases the peak and RMS value of the arm current which
consequently increases the converter power losses and the ripple in
submodule capacitors voltage [41,42]. Therefore, the suppression of
circulating currents is mandatory for a reliable and efficient operation
of MMC.
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Several control methods have been developed to address the above chal-
lenges. The overview and limitations of existing methodologies are discussed
in the following sections.

1.4 Overview of Classical Control Methods for MMC

The digital control schemes enable safe, reliable, and efficient operation of
MMC. These control schemes provide superior dynamic and steady state
performance. The control of MMC is quite challenging and involves mul-
tiple control objectives as shown in Figure 1.9. The MMC control objectives
are divided into two categories of primary and secondary. The output cur-
rents and submodule (SM) capacitors voltage control are primary objectives,
associated with the operation of MMC. The control of circulating currents
and submodule capacitor voltage ripple belongs to the secondary objectives.
These objectives affect the size, reliability, and efficiency of MMC. These ob-
jectives are achieved using classical control methods. The classical control
methods require an independent controller for submodule capacitor voltage,
output current and circulating currents. Also, the pulse width modulator is
required to generate the gate signals for each submodule. The background
overview and limitations of classical control methods are discussed in the
following sections.

Primary Control Objectives +o
. (¥
Output Current SM Capacitor . .
Modulating Gating
Control \oltage Control . . 3¢
Signals Pulse Width Signals
D AV] maan®)
Secondary Control Objectives Modulator
Circulating SM Capacitor 0”:}
Current Control \oltage Ripple
o1
Digital Control System MMC

Figure 1.9. Block diagram of classical control system
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1.4.1 Pulse Width Modulation Schemes

The pulse width modulation (PWM) is widely used to control the AC output
voltage of a power converter. The duty cycle of switching devices varies
to generate the targeted (reference) AC output voltage. The PWM schemes
are designed to reduce the output voltage harmonic distortion and increase
the magnitude of the output voltage at a given switching frequency [43-45].
Based on the switching frequency, the PWM schemes for modular multilevel
converter are categorized into high-switching frequency and fundamental
switching frequency modulation schemes as shown in Figure 1.10 [43-45].

Pulse Width Modulation

Schemes
Il
High-Switching Fundamental Switching
Freugency Modulation Frequency Modulation
I I
Phase-Shifted Level-Shifted Staircase Selective Harmonic
Carrier Modulation Carrier Modulation Modulation Elimination
IL
Phase-Disposition Phase-Opposition Alternate Phase
Modulation Dispostion Opposition Dispositon

Figure 1.10. Pulse width modulation schemes for MMC.

The carrier modulation scheme is often referred as sine-triangular mod-
ulation, which is well established for two-level power converters. In carrier
modulation, the modulating signals are compared with a single triangular
carrier signal to generate the gating signals for the switching devices of the
two-level converter. The carrier modulation schemes are extended to multi-
level converters, where multiple triangular carrier signals are compared with
phase modulating signals to generate the gating signals. This approach is re-
ferred as multi-carrier modulation scheme [43-45]. Depending on the type
of carrier arrangement, the multi-carrier modulation schemes are categorized
into phase-shifted (PSC-PWM) and level-shifted (LSC-PWM) carrier modu-
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lations [43-45].

The natural balancing of submodule capacitors voltage in MMC can be
achieved with high-carrier frequency based PSC-PWM scheme [46]. The
high-switching frequency operation causes higher switching losses, which
is not desirable for high-power applications [46]. Therefore, an additional
voltage balancing algorithm is used with lower carrier frequency based PSC-
PWM scheme, provided that the number of submodules is high [47]. The
PSC-PWM is investigated with and without interleaving angle, and the re-
sults show that carrier interleaving improves the total harmonic distortion
of the output voltage at the expense of higher ripple and RMS (root mean
square) value of arm current [48, 49].

The LSC-PWM is further categorized into phase-disposition (PD-PWM),
phase-opposition disposition (POD-PWM), and alternate phase-opposition
disposition (APOD-PWM) schemes [50]. Among them, the PD-PWM gener-
ates output voltage with lowest harmonic distortion compared to POD-PWM
and APOD-PWM schemes [50]. The control of MMC with PD-PWM is pre-
sented in [51] and its performance is compared with the PSC-PWM scheme.
The results show that the LSC-PWM scheme produces a large ripple in sub-
module capacitors voltage and large magnitude of circulating currents com-
pared with the PSC-PWM scheme [52-54]. Also, the change in the number
of submodules affects the arrangement of carrier signals. Hence, the carrier
PWM modulator needs to be redesigned by the converter configuration and
affects the flexibility in extending the existing MMC system to the higher op-
erating voltage levels.

The staircase or nearest level modulation (NLM) method is easy to imple-
ment and studied for MMC based HVDC systems [55]. In this approach, each
submodule is switched at the fundamental frequency, which significantly re-
duces the switching losses. Also, the MMC generates an output voltage with
very low harmonic distortion (THD <1%) due to the large number of sub-
modules (200-400 SMs) in each arm, which is the case for MMC based HVDC
systems [55]. However, this approach requires higher sampling frequency
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to reduce the harmonic distortion by triggering the submodules as quickly
as possible [56]. A modified NLM method generates output voltage levels
equivalent to the carrier PWM with the interleaving angle and is presented
in [57].

The selective harmonic elimination (SHE) scheme is also operated at fun-
damental switching frequency [58,59]. The implementation of SHE scheme
involves the calculation switching angles [58,59]. The number of switch-
ing angles drastically increase with the number of voltage levels. Also, it is
difficult to obtain the solution for such a large number of switching angles.
Therefore, the SHE scheme is not an ideal solution for MMC. Other hand, the
staircase modulation approach is easy to implement and does not involve
any complicated calculations like SHE scheme.

In [60], several fundamental switching frequency modulation schemes are
presented for MMC. In these schemes, optimized pulse-pattern or switching
angles are calculated in real-time and, applied to the submodules based on
their capacitors voltage and the direction of arm current. The fundamen-
tal switching frequency modulation schemes are suitable for MMC with a
large number of submodules in each arm [60]. There are no other modula-
tion schemes in literature, which can operate at the low switching frequency
and suitable for MMC with a smaller number of submodules. The develop-
ment of low switching frequency modulation schemes for MMC is another
interesting research topic.

1.4.2 Output Current Control

The MMC is used in high-voltage direct current (HVDC) transmission, medi-
um-voltage motor drives, and static synchronous compensator (STATCOM)
applications [61-64]. Each application requires a different technique to con-
trol their output currents. For example, voltage oriented control (VOC) is
used in HVDC application [61] and field oriented control (FOC) or direct
torque control (DTC) is applied to motor drive systems [62]. In the case of
STATCOM, the output currents are controlled to meet the reactive power or
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power factor requirement [63, 64]. These control techniques are well estab-
lished and implemented in stationary-abc, stationary-«5 and synchronous-dg
reference frames [65].

1.4.3 Submodule Capacitors Voltage Control

The MMC has several low-voltage submodules in cascade to reach the re-
quired operating voltage. The number of floating capacitors per submodule
varies with its configuration. For example; three-level submodules have two
floating capacitors, while the four-level submodules have three floating ca-
pacitors. During normal operation of MMC, these floating capacitors volt-
age need to be regulated at their nominal value. At the same time, the total
average leg voltage of MMC should be equal to the DC-link voltage. These
objectives are achieved by using a leg voltage control and submodule voltage
balancing approach.

The simplest way to balance the voltage of the capacitor is, by the peri-
odical rotation of gating signal pattern based on the phase-voltage switch-
ing state redundancy [66,67]. However, this method is difficult to apply for
MMC with a large number of submodules per arm. In [68-70], a balancing
controller is presented for capacitor voltage balancing between the submod-
ules. In this approach, each submodule has a dedicated balancing controller
and its output is added to the corresponding submodule reference modulat-
ing signal [68-70]. However, the designing of multiple balancing controllers
is difficult and increases the complexity of control scheme. This method can
achieve good balancing and current controllability when the switching fre-
guency is sufficiently high. Other hand, the capacitors voltage balancing is
achieved by adjusting the duration of PWM gating pulses in real-time [71,72].
These approaches are studied for half-bridge based MMC with phase-shifted
carrier pulse width modulation (PSC-PWM) scheme only.

Alternatively, the sorting based voltage balancing approaches are devel-
oped to control the MMC with level-shifted carrier pulse width modulation
(LSC-PWM), selective harmonic elimination (SHE) schemes and nearest level
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modulation (NLM) methods [73-76]. In this approach, the submodules in the
arm are sorted in either ascending or descending order for each PWM pe-
riod based on the instantaneous value of capacitor voltage and the direction
of arm current. When the arm current is positive, the submodules with the
lowest voltage is chosen to be inserted to let them charge and avoid any over-
charging of those capacitors with highest voltages, and vice-versa [73-76].
This approach mainly involves logical functions and implemented after the
modulation stage [73-76]. These approaches are further extended to control
the multilevel submodule (3L-FC, 3L-NPC) based MMC system, and verified
its performance with PSC-PWM and LSC-PWM schemes [77].

The sorting based voltage balancing algorithms are custom designed ac-
cording to the type of modulation scheme and submodule. There is no unique
solution in the literature, which can be used to control the MMC irrespective
of the type of modulation scheme.

The direction of arm current is widely used in the implementation of volt-
age balancing methods. The three-phase MMC has total six arms and re-
quires six current sensors to measure the arm currents. The system cost can
be reduced by eliminating or reducing the number of arm current sensors.
In [78], the charging and discharging of submodule capacitors is analyzed
based on the pulse width duration of gating signals. The optimum gating
signal is applied to the submodule, which requires extreme charge transfer.
This approach eliminates the arm current sensors and improves the relia-
bility of the system by reducing the number of components that can poten-
tially fail [78]. This approach is only applicable for fundamental switching
frequency modulation schemes and difficult to apply for MMC with a large
number of submodules per arm. The design of generalized voltage balancing
algorithm without measuring arm currents and suitable to implement with
any modulation scheme needs to be addressed.

Itis also possible to achieve voltage balancing among submodules by con-
trolling the submodules energy rather than their voltages. In [79], a sim-
ple open-loop energy estimation approach is presented for half-bridge based
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MMC system. The energy balancing methods effectively control the submod-
ule capacitors voltage at their nominal value even under submodule fault
conditions [80]. The voltage or energy based balancing approaches show
identical performance in the case of half-bridge based MMC [81, 82]. How-
ever, there is no definite answer in the case of multilevel submodule based
MMC. The design and study of energy balancing approach for multilevel
submodule based MMC is one of the challenging and interesting research
topics.

1.4.4 Minimization of Submodule Capacitors Voltage Ripple

Submodule capacitors voltage ripple is one of the major issues in an MMC
based motor drive systems under constant-torque, low-speed operation [83,
84]. Low-frequency voltage ripple, particularly second and fourth-order har-
monic components can be observed in submodule capacitors voltage. The
voltage ripple generates the circulating current on the arm side correspond-
ing to the ripple frequency [85]. The circulating current increases the peak
value of arm current, thereby increasing the voltage stress on devices and in-
troducing additional conduction losses. The ripple in submodule capacitors
voltage can be reduced at the system level by selecting the proper size of sub-
module capacitors, which increases the cost and size of the converter [86,87].

The classical control methods are designed to minimize the low-frequency
voltage ripple components by using two additional degrees freedom, i.e.,
common-mode voltage (CMV) on the AC-side and a circulating current be-
tween the converter legs [88-90]. In [88], a zero-sequence voltage at twice the
output frequency is injected to compensate the double line frequency compo-
nents in the capacitors voltage. In [89], an injection of the second harmonic
circulating current component is presented to shape the capacitors voltage
ripple. The second-and fourth-order harmonic circulating current compo-
nents are also used to minimize the voltage ripple in MMC [90].

The voltage ripple can be minimized by using either proper PWM scheme
or by adding the CMV to the modulation signals [91,92]. In [91], discontinu-

22



1.4 Overview of Classical Control Methods for MMC

ous-PWM scheme is presented for ripple minimization in MMC. This ap-
proach includes the CMV in the modulation stage itself. In [92], an improved
PSC-PWM is presented to minimize the submodule capacitors voltage ripple.
This scheme improves the total harmonic distortion of output voltage com-
pared to the conventional PSC-PWM scheme. Alternatively, several CMV in-
jection methods such as sinusoidal, third-order harmonic, and square-wave
CMVs are studied in [93]. Among them, the square-wave CMV injection
method significantly minimizes the voltage ripple without increasing the
peak-value of arm current (50% smaller than that of other methods) and has
low conduction losses.

A combination of high-frequency CMV and circulating current is used to
reduce the voltage ripple further [94-96]. CMV and circulating current can be
injected at the same frequency or different frequencies. Among these meth-
ods, the CMV at three-times the output frequency and circulating current at
twice the output frequency are highly effective in minimizing the voltage rip-
ple [96]. However, these methods require complex analysis and off-line opti-
mization techniques to generate the reference CMV and circulating currents.
In [97,98], a simplified decoupled current model is presented for online gen-
eration of reference CMV and circulating current. The decoupled model is
simple and highly effective with a ripple reduction capability of 60%. These
methods increase the RMS value of arm current and, the voltage stress on
motor windings and bearings.

Alternatively, the converter configuration can be modified to operate at
low-frequency region without increasing the ripple in capacitors voltage.
Several new topologies such as passive cross-connected, active cross-connec-
ted arm based MMCs, and modified MMC are presented [99-101]. The cross-
connected arm topologies consist of a cross-connected branch between upper
and lower arms. This cross connected branch absorbs the power fluctuations
in upper and lower arms during low-frequency operation [100, 101].

The off-line and online methods are studied with the classical control
methods, where proportional-integral (Pl) regulators, resonant regulators,
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and synchronous PI regulators are used to control the reference signals. The
parameters in the classical controller are difficult to tune, and their band-
widths are limited, which significantly affects the performance and control-
lability of classical control methods.

1.45 Circulating Current Control

Another major issue in MMC is the circulating currents among the converter
legs. These currents originate from the voltage difference between the upper
and lower arms of the converter legs. This current mainly consists of negative
sequence component at twice the fundamental frequency during balanced
operation [102]. The circulating current does not have any impact on the AC
side voltages and currents. However, the improper control of circulating cur-
rents increase the peak/RMS value of the arm current, which consequently
increases the rating of devices, device power losses, and ripple in submodule
capacitors voltage [103]. By proper sizing of arm inductors, the magnitude of
circulating currents can be suppressed to an extent [104]. However, a closed-
loop control technique is required to eliminate the circulating currents from
the converter legs.

In [105, 106], the open-loop methods are presented for the circulating cur-
rent control and harmonic suppression. These methods are very sensitive to
the parameters variation. The synchronous reference frame based control ap-
proach is widely used for the complete elimination of circulating currents. In
this approach, the circulating currents in the stationary-abc frame are trans-
formed into the synchronous-dq frame rotating at twice the fundamental fre-
guency [107,108]. In the synchronous-dq frame, the double line frequency
circulating current component becomes DC signals. The DC signals are eas-
ily controlled using a simple Pl-regulators [107,108].

The resonant regulators are employed to control the circulating currents
in the stationary-abc frame. In this approach, the resonant regulators are de-
signed to eliminate the specific dominant harmonic frequency component
such as second and fourth-order harmonic components from the circulating
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currents [109-111]. In [112], a parallel combination of repetitive and PI regu-
lator is used to eliminate multiple harmonics in the circulating currents. The
parallel combination imposes a limitation on the PI regulator performance
and complicates the design of the repetitive controller. To overcome these
problems, a cascade structure of repetitive controller and PI regulator is pre-
sented [113]. The repetitive controller improves the bandwidth and dynamic
performance of circulating current control, and total harmonic distortion of
output voltage.

During unbalanced operating conditions, the circulating current consists
of positive and zero sequence components besides negative sequence com-
ponents at the double the line frequency [114]. The positive and negative
sequence components flow through the converter legs. On the contrary, the
zero sequence circulating current flows through the DC-link and converter
legs, leading to a ripple in DC-link power. These ripples appear in DC-link
current, considering that the DC-link voltage is stiff [114]. The DC-link cur-
rent ripple increases the ripple in submodule capacitors voltage and the mag-
nitude of arm current, which has a cascade effect on the device voltage stress
and conduction losses.

In [114], the proportional+integral+resonant (PIR) regulator is employed
to control the positive, negative and zero sequence circulating currents. In
[115], the proportional+resonant (PR) regulator based on the instantaneous
power theory is designed to suppress the zero sequence circulating currents.
Thereby, the power fluctuations on DC side are minimized. In [116], a con-
trol method to suppress the circulating currents in the stationary-a 30 frame
is presented. In this approach, the high-pass filter (HPF) is used to extract
the double line frequency components from the circulating currents, which
effect the dynamic performance of the controllers [116]. A non-ideal PR reg-
ulator is presented to adapt the grid frequency variation and minimize the
circulating currents during unbalanced conditions [117]. In [118], the circu-
lating currents are controlled using a PR regulator, where the PR regulator is
designed to control the fundamental and double frequency components.
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Alternatively, the circulating currents are separated into positive, nega-
tive and zero sequence components in synchronous-dq0 frame and controlled
using a simple Pl regulators [119]. In [120], decoupled double synchronous-
dq0 frame based current control is presented to control the sum and differ-
ential energies of each converter leg. The stationary-abc frame based con-
trol method is presented in [121], where the combination of PI regulator and
VPI (vector proportional integral) regulator is used in the current control.
Other hand, the DC-link current or submodule capacitors voltage ripple is
directly controlled by using PR regulators. Therefore, the magnitude of zero
sequence circulating currents is minimized [122]. These controllers generate
zero sequence voltage command, which is added to the reference modulating
signals. The performance of classical control methods is greatly limited by
the parameters of current controller, switching frequency, and type of PWM
scheme.

1.4.6 Pre-Charging of Submodule Capacitors

Conventionally, the MMC consists of HB-SMs in series to handle the required
operating voltage. Each HB-SM has single floating capacitor with zero initial
voltage. These floating capacitors are pre-charged to its nominal value dur-
ing start-up process and maintained at their nominal value during normal
operation. However, the capacitor charging process leads to a large inrush
current due to very low equivalent impedance of the converter. These cur-
rents threatening the safe operation of MMC during the start-up process.

Several uncontrolled and controlled charging methods are presented to
achieve the smooth charging of floating capacitors during start-up process
[123-126]. The simplest method is to include a resistor in series with an
arm inductor for a short period to limit the inrush current [123]. The ex-
ternal resistor, arm inductor, and submodule capacitor form an RLC damp-
ing circuit. These RLC elements are designed such that it has over damp-
ing response to avoid the oscillations in DC-link current and results in large
response time [123]. In [124,125], the charging of submodule capacitors is
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achieved using a staggering switching sequence, where each submodule ca-
pacitor is inserted in the arm one after another to charge them. In this ap-
proach, the DC-link voltage is maintained at the rated voltage of submodule
capacitor by using an auxiliary voltage source [126]. It is also possible to
achieve the charging of submodule capacitors using a low-voltage auxiliary
voltage source [127]. This method is cost-effective and easy to implement.
In this method, the submodule capacitors can be charged simultaneously or
one after another.

The controlled charging methods have a fast dynamic response and able
to limit the inrush current during the start-up process. In [128], a closed-loop
current controller is used to control the magnitude of charging current flow-
ing through the submodule capacitors. The current controller also maintains
the average DC voltage of each converter leg at their nominal value during
normal operation. In [129], the pre-charging of submodule capacitors with-
out auxiliary voltage source is presented. The DC-link voltage of MMC is
obtained from the AC-DC converter (passive rectifier). In this method, the
submodule capacitors in each arm are simultaneously charged to its nominal
value. The charging current is controlled by swapping the working state of
submodules and duty cycle of submodule operated in PWM mode. These
methods are studied for half-bridge based MMC system only.

1.5 Overview of Model Predictive Control Methods

The model predictive control (MPC) has emerged as a powerful tool to con-
trol the power converter systems. The main advantages of MPC are fast dy-
namic response, simple design, flexibility to include multiple constraints and
non-linearities, ease of handling control delays, and robustness against sys-
tem parameter variations [130-134]. MPC eliminates the use of Pl-regulators
and modulation stage, thereby significantly improves the dynamic response
and controllability [130-134]. The generalized block diagram of MPC ap-
proach is shown in Figure 1.11. This approach requires a discrete-time model
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of the system to predict the future behavior of the control variables for each
valid switching state of the converter. The reference control variables (x*(k))
are extrapolated to (k + 1)™- sampling instant. The predicted (x(k + 1)) and
the extrapolated (x*(k+ 1)) variables are included in a cost function. The cost
function consists of multiple control objectives, which are optimized with
weight factors to reach the desired system behavior [135-137]. The resulting
switching states are applied to the converter.

MMC
X*(k+1) +o—
x*(k) ==>| Extrapolation ﬁ O”:}
inimizati G 3¢
Minimization of xyh
Cost Function v #—0

Predictive OIG
x(k) ==
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Figure 1.11. Block diagram of model predictive control
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Figure 1.12. MPC schemes for MMC: (a) direct MPC, and (b) indirect MPC

The MPC approach is rigorously investigated for multilevel converters,
such as neutral-point clamped (NPC) [138, 139], active NPC [140], flying ca-
pacitor [141], cascaded H-bridge [142], matrix converters [143], and hybrid
converter topologies [144, 145]. MPC is further extended to the MMC [146].
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Based on the design procedure, the MPC approach is categorized into direct
model predictive control (D-MPC) and indirect model predictive control (I-
MPC) approach as shown in Figure 1.12. In D-MPC, the control goals are
achieved using single cost function. In case of I-MPC, the voltage balance
strategy is used along with the predictive strategy to achieve the required
control objectives.

1.5.1 Direct Model Predictive Control

The direct model predictive control (D-MPC) is one of the model predictive
approach, which allows the simultaneous control of output current, circulat-
ing currents and submodule capacitors voltage in MMC. These control objec-
tives are included in a cost function and evaluated for all possible switching
states [147-149]. The number of switching states drastically increases with
the number of submodules, which increases the computational burden on
the digital controller.

The per-phase MPC strategy is adopted to control the MMC and to re-
duce the computational complexity of the real-time implementation [147-
149]. Therefore, the D-MPC approach requires to evaluate 22V switching
states per phase to control the MMC with N submodules per arm. The ef-
fectiveness of D-MPC is studied under balanced conditions only, where the
negative sequence circulating currents are effectively controlled using a cost
function [148, 149]. During unbalanced conditions, the zero sequence circu-
lating current causes large ripple in DC-link current and there are no studies
about the minimization of ripple in DC-link current using MPC approach.

The per-phase MPC approach is studied for MMC-HVDC systems and
not suitable for motor drive systems, where the control of common-mode
voltage is one of the primary objectives. The mathematical model of CMV
involves the three-phase voltages, which are required simultaneously dur-
ing the prediction process. Therefore, the three-phase modeling and control
is required for motor drive systems. Also, the minimization of ripple in sub-
module capacitors voltage is also an important aspect in MMC fed motor
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drive systems.

1.5.2 Indirect Model Predictive Control

The computational complexity of D-MPC is reduced by using either multiple
cost functions to achieve the control objectives or use the voltage balancing
strategy with the predictive algorithm. This approach is referred as indirect
model predictive control (I-MPC) approach [150-152]. The voltage balanc-
ing strategy is used to achieve the voltage balancing between submodules in
an arm, while the predictive control algorithm is used to control the output
and circulating currents. The predictive algorithm requires (N + 1)? switch-
ing states to optimize the cost function, but the dynamic response becomes
sluggish [152]. In [153], the submodules in each arm is divided into several
groups and sorted them based on the direction of current and their voltages.

In [154], the fast-MPC is presented to improve the dynamic performance
of MMC. These approaches evaluate only 3(/NV + 1) voltage levels in a three-
phase system. The work in [155], analyzed a reduced switching state based
MPC approach, where each control objective is achieved through an inde-
pendent MPC algorithm. However, a further deeper analysis is required to
study the dependency of each MPC strategy and their impact on the con-
verter performance. The existing I-MPC approaches operate at high switch-
ing frequency and generates an output voltage and current waveforms with
higher harmonic distortion, and large ripple in output current.
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Figure 1.13. Summary of dissertation research.

Aforementioned technical challenges of MMC are addressed in this dis-
sertation. The research objectives and contributions of this dissertation are
summarized in Figure 1.13. The first problem addressed in this dissertation is
capacitors voltage balancing among submodules with reduced current sen-
sors, power losses and harmonic distortion. The second important aspect
is generalized and reduced computational pulse width modulation schemes
with improved harmonic performance. Particularly, the development, im-
plementation and submodule capacitors voltage balancing with sampled av-
erage and space vector modulation schemes are discussed. The third aspect
discussed in this dissertation is pre-charging method for flying capacitor sub-
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module based MMC. The next target of this dissertation is to address the
capacitors voltage ripple minimization and circulating currents using model
predictive control without cost function. Finally, the computational complex-
ity of model predictive control is addressed through novel indirect and dual-
stage model predictive control approaches. The main contributions of this
dissertation are as follows:

1) Research on Submodule Capacitors Voltage Balancing Method with
Reduced Current Sensors

The existing voltage balancing methods are customized according to the type
of submodule configuration and type of pulse width modulation scheme.
Also, the balancing methods require arm current direction for the selection
of submodules. The three-phase MMC has six arms and requires six current
sensors to measure the arm currents. The system cost can be reduced by
eliminating or reducing the number of current sensors.

Considering the above issues, a generalized single-stage voltage balanc-
ing method with reduced current sensors is proposed in this dissertation.
The proposed approach reduces the required number of current sensors by
50% and is suitable to control both half-bridge and three-level flying ca-
pacitor submodule based MMC without any modifications. The proposed
approach is also suitable to implement with any pulse width modulation
scheme including the fundamental switching frequency schemes.

2) Research on Submodule Capacitors Voltage Balancing Method With
Reduced Power Losses and Harmonic Distortion

The improper design of balancing method causes uneven submodule switch-
ings in MMC. These additional switchings increase the harmonic distortion
of arm currents and output voltages. The harmonic current components and
unwanted switchings increase the submodule power losses, which will af-
fect the efficiency of MMC. Also, the total power losses should be equally
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distributed between the submodules in each arm. Hence, identical thermal
and cooling systems can be used in MMC.

To address these issues, an improved balancing method is proposed in
this dissertation. The proposed approach is specifically designed to control
the flying capacitor submodule based MMC. This approach is implemented
in two stages unlike the existing single stage balancing method and mini-
mizes the voltage harmonic distortion and submodule power losses.

3) Research on Generalized, Reduced Computational Pulse Width Mod-
ulation Schemes With Improved Harmonic Performance

As summarized in Figure 1.10, several high and fundamental switching fre-
guency modulation schemes are presented in the literature. Among them,
the PSC-PWM and LSC-PWM schemes have very good control capability,
when the switching frequency is sufficiently high. However, any change
in the number of submodules (i.e., adding new submodules to increase the
power rating and output voltage levels or bypassing faulty submodules) ef-
fect the arrangement of triangular carrier signals. Hence, the carrier mod-
ulator needs to be redesigned by the converter configuration. Other hand,
the NLM requires either higher sampling frequency or higher number of
submodules in each arm to generate high-quality voltage and current wave-
forms. Also, an external common-mode voltage (CMV) is added to the mod-
ulation signal to minimize the internal unbalance between upper and lower
arm submodule capacitors voltage.

In this dissertation, a sampled average PWM and a space vector PWM is
proposed to address the above problems. The proposed modulation schemes
are generic in nature, computationally less complex and directly applied to
MMC with any number of submodules without any modifications. These
modulation schemes inherently generate CMV along with the fundamental
frequency component across the arms. The magnitude of CMV is controlled
by selecting the proper switching vector. The proposed modulation schemes
minimize the ripple in output current, output filter size and total harmonic
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distortion.

4) Research on Minimization of Submodule Capacitors Voltage Ripple
and Circulating Currents Using Direct MPC Approach Without Cost
Function

The per-phase methodology is employed to develop the mathematical model
of MMC and in the implementation of direct model predictive control (D-
MPC) approach. In D-MPC approach, the cost function is used to minimize
the circulating currents among the converter legs. The circulating current
control ensures the arm voltage balancing and minimizes the submodule ca-
pacitors voltage ripple, but its effectiveness is limited.

In this dissertation, a new direct model predictive control with common-
mode voltage (CMV) injection is proposed to address the above issues. An
accurate discrete-time model of three-phase MMC which includes the common-
mode voltage (CMV) is presented to implement the proposed approach. The
injection of CMV not only minimizes the capacitors voltage ripple but also
significantly reduces the magnitude of circulating currents in the converter
legs. The proposed approach also guarantees arm voltage balancing without
circulating current control.

5) Research on Reduced Computational MPC Approaches With Improv-
ed Harmonic Performance

In direct MPC approach, the control objectives of MMC are included in single
cost function and evaluated for all possible switching states. The number of
switching states drastically increases with the number of submodules, which
further increases the computational complexity of real-time implementation.
The reduced computational MPC approach often referred as indirect MPC or
fast MPC is presented in the literature. These approaches adopt the classi-
cal balancing method with a predictive strategy to achieve the control objec-
tives of MMC. The indirect or fast MPC operates at high-switching frequency,
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which is not feasible for high-power applications. Also, the output voltage
and current waveform quality is deteriorated due to the unwanted switch-
ings.

In this dissertation, an improved indirect MPC and novel dual-stage di-
rect MPC approaches are proposed. These approaches significantly minimize
the computational complexity, harmonic distortion in output voltage and rip-
ple in output current while operating at the lowest switching frequency:.

1.7 Dissertation Outline

The research presented in this dissertation is organized in six chapters. The
research outline of the dissertation is summarized in Figure 1.14. The work
carried out in each chapter is summarized as follows:

Chapter 1
———=> Review of Modular Multilevel Converters, Technical Challenges,
Control Methods and its Limitations

Chapter 2
———=> Reseacrh on Submodule Capacitors Voltage Balancing Approaches
with Carrier Based Pulse Width Modulation Schemes

HB and 3L-FC Chapter 3
Modular Multilevel > Reseacrh on Sampled Average and Space Vector
Converters Pulse Width Modulation Schemes for Modular Multilevel Converter
Chapter 4
— Research on Direct Model Predictive Control

with Common-Mode Voltage for Modular Multilevel Converter

Chapter 5
————=> Research on Reduced Computational Model Predictive Control
Schemes for Modular Multilevel Converter

Figure 1.14. Summary of Dissertation Outline.

35



Chapter 1 — INTRODUCTION

e Chapter-1: In this chapter, the review of the modular multilevel con-
verter and associated technical challenges are presented. Also, the ex-
isting control methods and their limitations are discussed. Finally, the
research objectives and outline of this dissertation are presented.

e Chapter-2: In this chapter, a novel single-stage balancing approach
along with a simple pulse width modulator structure is proposed. The
dynamic and steady-state performance of single-stage balancing ap-
proach are verified on an HB and 3L-FC based MMC with PSC-PWM
and LSC-PWM schemes.

Also, a novel dual-stage balancing approach is proposed for 3L-FC based
MMC system. The performance comparison of single and dual-stage
balancing approaches are presented in terms of total harmonic distor-
tion, submodule power losses under different modulation indices and
power factors. Finally, the pre-charging of submodule capacitors in 3L-
FC based MMC system is presented.

e Chapter-3: In this chapter, a generalized sampled average pulse width
modulation scheme along with voltage balancing approach is proposed.
The development and implementation of a modulation scheme and bal-
ancing approach are discussed in detail. Simulation and experimental
results are presented to validate the dynamic and steady-state perfor-
mance of the proposed approach. The performance comparison be-
tween the sampled average modulation and PSC-PWM schemes are
presented in terms of total harmonic distortion and output current rip-

ple.

Also, a dual space vector modulation scheme is proposed for MMC.
In addition, a simple voltage balancing approach with reduced current
sensors is proposed to control the submodule capacitors voltage. The
step-by-step design procedure of modulation scheme and balancing ap-
proach is presented. The dynamic and steady-state performance of pro-
posed methodology are validated through simulations and dSPACE-
DS1103 experiments on a three-phase 3L-FC based MMC.
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e Chapter-4: In this chapter, a novel D-MPC with CMV is proposed.
The generalized continuous- and discrete-time modeling of three-phase
MMC is presented and analyzed. The step-by-step design procedure of
proposed strategy is presented. The regulation of output current, sub-
module capacitors voltage, minimization of ripple in submodule capac-
itors voltage, circulating currents and ripple in DC-link current during
balanced and unbalanced operating conditions, is discussed in detail.
Simulation and experimental results are presented to validate the pro-
posed methodology.

e Chapter-5: In this chapter, a reduced computational D-MPC approach,
also referred as dual-stage D-MPC approach is proposed. The step-
by-step design procedure of dual-stage D-MPC is presented. The per-
formance of proposed approach is evaluated in terms of dynamic re-
sponse, total harmonic distortion, output current ripple, and computa-
tional complexity.

In addition, an improved I-MPC approach is proposed. The design
steps of I-MPC approach are presented. The regulation of output cur-
rent and submodule capacitors voltage is discussed in detail. The per-
formance comparison of proposed strategy with the existing methodol-
ogy is presented in terms of dynamic response, switching frequency, to-
tal harmonic distortion, output current ripple, and computational com-
plexity. The performance of reduced computational MPC schemes is
validated through MATLAB simulations and dSPACE-DS1103 experi-
ments on a three-phase HB-MMC.

e Chapter-6: The main contributions and conclusions of this dissertation
are summarized in this chapter. The possible extensions and future di-
rections to the research presented in this dissertation are also suggested.
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CHAPTER 2

SUBMODULE CAPACITORS VOLTAGE
BALANCING METHODS

ODULAR multilevel converters (MMCs) are equipped with low-volt-

age submodules in cascade to reach the required operating voltage.
The number of floating capacitors per submodule vary with the configura-
tion and number of output voltage levels. These floating capacitors are pre-
char-ged to their nominal value during a start-up operation and maintained
at their nominal value during normal operation. The control of submodule
capacitors voltage involves three main objectives such as (i) maintaining the
average DC voltage of each converter leg equal to the DC-link voltage, (ii)
realize the equal DC voltages between upper and lower arm submodule ca-
pacitors, and (iii) maintaining the voltage balancing among submodules in
an arm. The first two objectives are achieved using standard closed-loop
controllers, while the final objective is realized using either closed-loop con-
troller or balancing algorithm.

This chapter proposes a generalized single-stage voltage based balancing
approach to control the half-bridge (HB) and three-level flying capacitor (3L-
FC) submodule based MMC. Also, a simple carrier pulse width modulator
is presented to implement the balancing approach with PSC-PWM and LSC-
PWM schemes. The performance of proposed approach is verified through
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simulation and experimental studies on a 3L-FC based MMC. The proposed
balancing approach is further extended to control the HB-SM based MMC
without any modifications. Also, a dual-stage balancing approach is pro-
posed to improve the performance of MMC. The performance comparison of
single-stage and dual-stage balancing approaches are presented in terms of
total harmonic distortion and submodule power losses at different load dis-
placement factors and modulation indices. Finally, the step-by-step design
procedure to pre-charge the submodule capacitors in 3L-FC based MMC is
presented.

2.1 Modular Multilevel Converter and Submodule Configu-
ration

The detailed configuration of MMC and 3L-FC submodule is discussed in the
following subsections.

n

S}

Figure 2.1. Three-phase MMC with passive load
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2.1.1 Converter Configuration

The configuration of three-phase MMC with passive load is shown in Fig-
ure 2.1. The DC-link voltage is divided into two equal parts with a voltage
of % The DC-line is represented with an equivalent inductance ”L,.” and
resistance ’r;.”’. Each arm consists of several submodules in series with an
inductor ”L”. The inductor power losses are represented by resistance r”.
The three-phase upper and lower arm currents are represented with i,,,, i,
1y @Nd iy, 1y, 10, respectively. The difference between upper and lower arm
current gives the output current flowing through the load. The three-phase

output currents are represented with i, i, i..

2.1.2 Three-Level Flying Capacitor Submodule

Figure 2.2(a) shows the configuration of 3L-FC submodule. It is composed of
four IGBT devices with antiparallel diodes (S;, S; and S,, S,) and two DC
capacitors (C; and (). The voltage of DC capacitors €} and C, is given by
1 t
/l} _
C1 Cl ot

[t
Vg = 62 /0+ oo (T>dT

The outer and inner capacitors current (i, and i_,) is given in terms of
device switching states and AC current as follows:

iy (T)dT
(2.1.1)

iy = St lay

| | (2.1.2)
loy = (S2 = 51) iy

The device switching states (S; and S;) of 3L-FC submodule are shown
in Table 2.1. There are total four switching combinations, generates three
voltage levels of 707, "y, —v.,” or ”v_,”, and "y, as shown in Figure 2.2(a).
The DC capacitor voltage v, is regulated at twice that of the DC capacitor
voltage "v,,”, resulting in symmetrical steps in output voltage and reverse

2
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Figure 2.2. 3L-FC submodule and output voltage: (a) three-level operation (b)
two-level HB operation

Table 2.1. Switching states of 3L-FC submodule

State S S Upeo gy >0 loy <0
© o0 o0 0 Uy R Uy X Uy R Uy R
@ o0 1 Vs U R T U R
@ 1 0 vy —Uy UsTUod Udites?
® 1 1 Uy Uy T ™ U b, =

blocking voltage of IGBT devices. When the devices 57, S; are ’ON”, the AC
output voltage is equal to v, . In this mode, the DC capacitor voltage v,
increases during the positive direction of current and decreases during the
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negative direction. The DC capacitor voltage ”v,,” remains constant.

The AC output voltage will be "y, —v,.,” for a switching state S;—"ON”, Sy—
”OFF”. In this mode, the DC capacitor voltage v, increases and v,,, decreases
for the positive direction of current, and vice versa. Similarly, for a switch-
ing state S;-"OFF”, S,="ON”, the AC output voltage is equal to v.,. In this
mode, the DC capacitor voltage v, will change, while the DC capacitor volt-
age v, remains constant. When the switching state 5;, S, are "OFF”, the AC
voltage level is ’0”. The AC output voltage of 3L-FC submodule is given by,

Vpe = Sl Uy -+ (SQ — Sl) Ve (213)

The 3L-FC submodule requires four semiconductor devices with a volt-
age rating of v, and three DC capacitors (rated at v.), which is three times the
capacitors in the full-bridge submodule. The capacitors have different nomi-
nal voltages, which results in complex design and control complexity. During
normal operation of 3L-FC submodule, maximum two devices carry the cur-
rent. Efficiency and power losses are comparable to that of FB submodule.
The flying capacitor submodule generates only positive voltage levels and
can not limit the current during DC-side faults.

The HB-SM operation can be obtained from the 3L-FC submodule. Figure
2.2(b) shows the equivalent operation of HB submodule with 3L-FC submod-
ule. The switching combinations corresponding to the states (2 and (o) are
used to generate the two voltage levels ”0” and v, at the output. The DC
capacitor C is completely bypassed in this mode of operation. The output
voltage of half-bridge submodule is equal to

Uy = Sl SQ Vot (214)

2.2 Phase-Shifted Carrier Modulation Scheme

The triangular carrier signals can be disposed in either horizontally or ver-
tically within the linear modulation range. The modulation scheme with
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horizontally disposition of identical triangular carrier signals is referred as
phase-shifted carrier modulation (PSC-PWM). In PSC-PWM, all triangular
signals have the same frequency and peak-to-peak amplitude, but there is
a phase-shift between the adjacent triangular signals. The main features of
PSC-PWM are [156]:

e It provides natural balancing of submodule capacitors voltage at high
switching frequency (carrier frequency),

e The semiconductor device stress and power handled by each submod-
ule are evenly distributed,

e Eliminates the DC-bus current ripple.

The implementation of PSC-PWM scheme for MMC is mainly consists of
the following steps:

2.2.1 Generation of Modulating Signals

Each leg of MMC is divided into two arms, named as upper and lower arms.
The submodules in upper and lower arm are modulated to generate the ref-
erence output phase voltage. The modulating signals for upper and lower
arms are obtained from phase modulating signals. The simplified per-phase
equivalent representation of MMC is shown in Figure. 2.3. The submod-
ules in upper and lower arm are modeled as a controlled AC voltage source.
The DC system is modeled as a battery source with a voltage V,. and split
into two halves. From equivalent circuit, the voltage equations of upper and
lower arm are given by [77],

Vie digy .
Vg = — Ugo — L —Tilgy
2 dt (2.2.1)
- ‘/c-lc + I dle .
Vgl = 9 Vzo dt T g1

where = € {a,b,c} represents the phase. The arm inductor (L) is de-
signed to limit the magnitude of circulating currents flowing through the
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Figure 2.3. Per-phase equivalent circuit

arms. These circulating currents mainly exist due to the switching mismatch
between upper and lower arm submodules and ripple in submodule floating
capacitors voltage. These circulating currents are controlled using a circu-
lating current control. To simplify the analysis, the submodule capacitors
are replaced with ideal battery sources. The delay in switching between the
upper and lower arms are also neglected. From equation (2.2.2), the arm
modulating signals at steady-state are given as follows:
Ve

Vg 9 — Ugo = VUzz — Udet

(2.2.2)

Vdc

Vgl = + Vzo — Vaz — Vdet

where v,,, v,; represents the upper and lower arm modulating signals, i,,,,
i represents the upper and lower arm currents, v,, represents the phase-
modulating signal, v,. represents the voltage component corresponding to
the converter internal unbalance, and v, represents the voltage component
corresponding to the total DC-link voltage control.

Depending on the type of application, the phase modulating signals are
generated by using either closed-loop or open-loop control methods. In grid
connected systems, voltage oriented control (VOC) and the field oriented
control (FOC) method in motor drive systems are used to generate the phase
modulating signals. In this study, the MMC is connected to a passive load.
The phase modulating signals are generated by using an open-loop approach.
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The phase modulating signal is defined as follows:

Vpo = My X V;C sin(w, t + ¢) (2.2.3)

where m, is the amplitude modulation index of range 0 to 1, w, is fundamen-
tal angular frequency and ¢ € {0, -2, —T} represents the phase angle in
rad.

2.2.2 Generation of Triangular Carrier Signals

To apply the PSC-PWM for MMC with N submodules per arm (R number of
capacitors) requires R triangular carrier signals. These R triangular carrier
signals are disposed of with a phase angle shift of ¢.. The phase shift (¢.)
between the carrier angles is given by [77]:

360°
O =5
where R = N for HB-SM and R = 2N for 3L-FC submodule. The upper and
lower arm triangular signals are displaced with an interleave angle (¢.;) of

360°
¢ci - 2R

(2.2.4)

(2.2.5)

With an interleave angle between upper and lower arms, the MMC gen-
erates an output voltage with 2R + 1 voltage levels. It is also possible to use
the similar triangular carrier signals for upper and lower arms (i.e., ¢.;=0), re-
sulting an output voltage with R + 1 voltage levels. The reduction in voltage
levels increases the total harmonic distortion (THD) of the output voltage.

2.2.3 Pulse Width Modulator

The pulse width modulator is designed to generate the gating pattern for
submodules in MMC. Figure 2.4 shows the structure of proposed pulse width
modulator, which is suitable for any carrier modulation scheme. In this ap-
proach, the upper arm modulating signal (v},) is compared with carrier sig-
nals 7i ... Tx. The output of each comparator is added together to obtain a
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normalized voltage waveform (D,,), which resembles the actual output volt-
age waveform of the upper arm. Similarly, the normalized voltage waveform
of lower arm (D,,) is generated by comparing the lower arm modulating
signal (v};) with lower arm carrier signals Tx.; ... T>r and their outputs are
added together. The normalized voltage waveform (D,, and D,;) has volt-
age levelsof 0,1,2..., R (R = 2N for 3L-FC and R = N for HB-SMs). The
normalized voltage waveform represented the required number of ON-state
submodules in each arm and given to the voltage balancing approach. Sim-
ilarly, the proposed modulator can be used with other carrier arrangements
such as PD-PWM, POD-PWM, and APOD-PWM schemes.

Output
Current Control

\oltage G
rus

Vo R EDM
s Approach

Leg
Voltage Control

3¢

\oltage

' T Ton R ‘D " Gan
; *EL"IW"\-IL - Balancing s q
: : Approach

'~ Pulse Width Modulator MMC

Circulating
Current Control

Figure 2.4. Block diagram of pulse width modulator

2.3 Single-Stage Voltage Balancing Approach

The basic principle of voltage balancing approach is to control the charg-
ing and discharging of submodule capacitors, depending on the direction
of arm current and the instantaneous value of capacitors voltage. For the
positive direction of current, capacitors with the lowest voltage and for the
negative direction, the capacitors with the highest voltage are inserted in the
arm to achieve the voltage balancing. The closed-loop controllers are em-
ployed for the robust control of capacitors voltage. However, the complex-
ity of closed-loop controllers increases with the number of submodules per
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arm. Alternatively, the redundancy switching states are used to achieve the
voltage balancing among submodules. The redundancy switching states are
also increases with the number of submodules. For the selection of required
switching state from such a high redundancy is difficult and requires sophis-
ticated method.

2.3.1 Design Procedure

The design steps of proposed voltage balancing approach are shown in Fig-
ure 2.5(a) and summarized as follows:

/U:rk i if 711/ 2 0
cy1 O > Comparison _ )
zk - | D=1 [€<—0 1,
v o3 Logic else ‘
CyR D=0
V[h Y ¢ D Umkn —
Cyl > < 3= +
Al =VIy* D+ (R—=1=VI;)*(1—- D) > . L > v
) < » +
A]h g
v /Uzk'no -
if A]h > R— Dry Cy2 > < »
Seyn=1 ‘,—- —> VI,
Dyy o> <l +
else >
Sxyhzo ,U'lk'n,
CyR O > S —
\ 4 Sxyh, < > +
i ) ——> V]
D,, o—>» ifDy, # DE, 1 . R
nyh = S:cyh,
DP o—
*y else
SP - o—p Gi‘i‘/h - S.zyh
xyh

i Gzyh,

@

—

b)

Figure 2.5. Voltage balancing approach: (a) design steps of balancing ap-
proach, (b) comparison logic
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e Step-I: Selection of Submodule Capacitors Voltage

The capacitors voltage comparison logic is shown in Figure 2.5(b) and is uti-
lized for the selection of submodule capacitors voltage in each arm. The com-
parison logic requires normalized submodule capacitors voltage as input.
The normalized capacitors voltage is obtained by dividing the actual capac-
itors voltage with the rated value. Each 3L-FC submodule has two floating
capacitors and their normalized voltages are given by,

zk

zkn _ Gyl
Cyl V
c1
o (2.3.1)
zkn _ _Oy2
Cy2
RS 729

where v**" and v2*" are the normalized submodule capacitors voltage, v**

and vg’“ are the actual capacitors voltage, and V/, and V_, are the rated capac-
y2

itors voltage.

Each normalized submodule capacitor voltage is compared with other
normalized capacitors voltage. The output of each comparator is added to-
gether and resulting in a virtual index number VI,,. The range of virtual
index numberis VI, € {0,1,...,R—1,R}and h € {1,2..., R — 1, R}. Simi-
larly, the comparison between other capacitors voltage is executed, and their
index numbers are obtained. These index numbers are rearranged in either
ascending or descending order, depending on the direction of arm current. A
simple mathematical expression is presented below to arrange the submod-
ule index numbers.

Al =VI,+* D+ (R—1-VI,) = (1 - D). (2.3.2)
where D represents the direction of arm current and is given by

1 gy >0
D = (2.3.3)
0 gy <0

where i, represents the arm current and, x € {a,b,c} and y € {u,[}.
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e Step-1l: Generation of Reference Index Number

The reference index number is generated from the difference between num-
ber of submodule capacitors (R) and the normalized voltage waveform (D,,).
The reference index number represents the required number of ON-state sub-
modules in each arm to generate the output voltage level. The reference in-
dex number is given by

R=R—-D,,. (2.3.4)

e Step-llI: Generation of Submodule Switching State

The switching state of each submodule is generated by comparing the actual
index number (AI,) with the reference index number (®). If the actual in-
dex number is greater than or equal to the reference index number, then the
corresponding IGBT device is "ON” else it will be "OFF”.

e Step-1V: Generation of Gating Pattern

The submodule switching states (5,,,) are applied to the selected IGBT de-
vices (G,,,) for a duration of the normalized voltage level (D,,). If there is
a change in the normalized voltage level, then the balancing approach gen-
erates new switching state to meet the control objectives. To avoid the inter-
mediate and uneven switchings, the present voltage level (D,,) is compared
with the past voltage level (D7, ). If the present and past voltage levels are
equal then the balancing approach apply the switching state corresponding
to the past voltage level (Sﬁyh) during the present sampling interval.

2.3.2 Comparison of HB and 3L-FC based MMC

In this section, the performance comparison of HB-MMC and 3L-FC MMC
systems are presented. The HB and 3L-FC MMC systems are designed with
identical system parameters to handle a voltage of 6 kV and power of 2.5 MW.
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Figure 2.6. Simulation results: (a) output line voltages (b) output line currents
(c) upper and lower arm current of phase-a (d) upper and lower arm SM!
capacitor voltage (e) upper and lower arm SM? capacitor voltage

The performance of HB-MMC with m,=0.9, f,=60Hz and PF=0 is shown
in Figure 2.6. In this study, each arm of HB-MMC consists of ten SMs to
generate 21-levels in the line voltage. Each SM capacitor is designed with a
capacitance of 2200uF and a nominal voltage of 1 kV. The three-phase line
voltages are very close to sinusoidal signal as shown in Figure 2.6(a). The
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output voltage has a harmonic distortion of 5.53% as shown in Table 2.2.
Figure 2.6(b0 shows the three-phase output currents, which are sinusoidal in
nature and has a distortion of 0.59% only. The upper and lower arm current
has a dominant second harmonic current of 88.66 A as shown in Figure 2.6(c).
The upper and lower arm submodule capacitors voltage is maintained at an
average value of 1 kV as shown in Figure 2.6(d)-(e). These capacitors have a
peak-peak ripple of 300 V, which is around 30% of nominal voltage.

The 3L-FC based MMC consists of five SMs in each arm to generate 21-
levels in the line voltage as that of HB-MMC. Each 3L-FC has two floating
capacitors ' and Cs, which are designed with a capacitance of 2200uF. The
nominal voltage of floating capacitors C; and C, is 2 kV and 1kV, respec-
tively. The performance of 3L-FC MMC with m,=0.9, f,=60Hz and PF=0
is shown in Figure 2.7. The three-phase line voltages are very close to sinu-
soidal signals and have a harmonic distortion of 5.44% as shown in Figure
2.7(a). The three-phase output currents have harmonic distortion of 0.4% as
shown in Figure 2.7(b). The second harmonic component in upper and lower
arm current is reduced by 45.91% as shown in Figure 2.7(c). The submodule
outer and inner capacitors have a peak-peak voltage ripple of 200 V and 84
V, respectively. These ripples are 9% and 8.4% of their nominal voltage as
shown in Figure 2.7(d)-(e).

Table 2.2. Comparison of HB and 3L-FC based MMC

Zero PF (Lag) Unity PF
Performance HB-MMC 3L-FC MMC HB-MMC 3L-FC MMC
Indices
Viun 5.53% 5.44% 3.72% 2.66%
L., 0.59% 0.4% 3.05% 2.74%
CC (RMS) 88.66 A 4071 A 52.79 A 277A
V., Ripple (p-p) 269V 200V 180 V 140V
V_,Ripple (p-p) 300V 84V 187V 80V
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Figure 2.7. Simulation results: (a) output line voltages (b) output line currents
(c) upper and lower arm current of phase-a (d) upper and lower arm SM!
outer capacitor voltage (e) upper and lower arm SA* inner capacitor voltage

The performance comparison of HB-MMC and 3L-FC MMC under unity
power factor operation is summarized in Table 2.2. With 3L-FC MMC, the
V.., and L., is reduced by 28.49% and 10.16%, respectively. The magni-

tude of the second harmonic component in the arm current is reduced by
57.82%. Also, the ripple in the outer and inner capacitors voltage is reduced
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by 61.11% and 57.2%, respectively. Considering the above advantages, the
3L-FC submodule is a suitable candidate for MMC based motor drive appli-
cations.

2.3.3 Dynamic Performance of Single-Stage Voltage Balancing Approach

The simulation studies are conducted on a three-phase MMC with 3L-FC
system to validate the effectiveness of proposed voltage balancing approach.
The MMC consists of five 3L-FC submodules in each arm to handle a voltage
of 6 kV and 2.5 MW power level. The submodule outer and inner capacitors
rated voltage are V,, =2 kV and V, =1 kV. The MMC requires a total DC-link
voltage of 10 KV to generate an output voltage of 6 kV at unity modulation
index.

The dynamic performance of balancing approach is presented with PSC-
PWM scheme. Each 3L-FC submodule requires two triangular carrier signals
and twenty triangular carrier signals are required to control ten submodules
in a converter leg. These triangular carrier signals are disposed of with a
phase shift of 18°. The triangular carrier signals belong to the same arm are
arranged with a phase shift of 36°. With the above carrier arrangement, the
MMC generates an output voltage with 21-levels. The frequency of each tri-
angular carrier signal is selected as 180 Hz, and the average switching fre-
quency (f,,) of the converter is equal to 3600 Hz.

e Dynamic Performance With Step Change in Modulation Index

The dynamic performance of balancing approach is presented with a step
change in the modulation index (m,), and corresponding results are shown in
Figure 2.8. Initially, the converter is operating at steady-state with a modula-
tion index of m, = 0.5 and frequency f, =60 Hz. The submodule outer and in-
ner capacitors voltage is maintained at 2 kV and 1 kV, respectively as shown
in Figure 2.8(a)-(b). The outer and inner capacitors have peak-peak voltage
ripple of 3.95% and 4.2%, respectively.
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Figure 2.8. Simulation results for dynamic performance: (a) upper and lower
arm SM*! outer capacitor voltage (b) upper and lower arm SM! inner capac-
itor voltage (c) three-phase line-line voltages (d) three-phase line currents (e)
upper, lower arm and phase-a line current

The converter generates 12-level output voltage waveform across the load,
corresponding to a modulation index as shown in Figure 2.8(c). The three-
phase currents are sinusoidal in nature and has a peak value of 190 A as
shown in Figure 2.8(d). The output fundamental frequency current compo-
nent is equally distributed between upper and lower arms as shown in Figure
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2.8(e). Also, the arm current consists of DC current component along with the
second harmonic current component.

Att=1.2s, the modulation index is changed from 0.5 to 0.9 and frequency
kept constant. Even though there is an external disturbance, the balancing
approach is effectively maintaining the capacitors voltage at their rated value
as shown in Figure 2.8(a)-(b). The magnitude of the output voltage and cur-
rent flowing through the load is proportionally increased with the modula-
tion index as shown in Figure 2.8(c)-(d). The increased number of levels in
the output voltage significantly minimizes its harmonic distortion. Due to
the increment in load current, the outer and inner capacitors peak-peak volt-
age ripple are increased by 7.15% and 8.5%, respectively. Figure 2.8(e) shows
that the shape of the arm current waveform at m, =0.5 and m, =0.9 are very
close except its magnitude.

e Dynamic Performance With and Without Balancing Approach

The converter performance with and without voltage balancing approach is
shown in Figure 2.9 and Figure 2.10. At t=0 s, the voltage balancing ap-
proach is activated. The converter is operating with m, =0.9 and f, =60 Hz.
The balancing approach maintains the upper and lower arm submodule outer
capacitors voltage at 2 kV as shown in Figure 2.9(a)-(b). The upper and lower
arm submodule inner capacitors voltage is maintained at 1 kV as shown in
Figure 2.9(c)-(d). Therefore, the reverse blocking voltage across each device
is equal to 1 kV. The converter generates a balanced output voltage and si-
nusoidal currents across the load as shown in Figure 2.10(a)-(b). The output
currents are equally distributed between upper and lower arm as shown in
Figure 2.10(c)-(d).

At t=0.07 s, the balancing approach is disabled. During this period,
the converter is controlled with open loop PWM scheme. The submodule
outer and inner capacitors voltage are diverging from their nominal value as
shown in Figure 2.9. The increment (or) decrement in the submodule capaci-
tors voltage depends on their duty cycles. The uneven submodule capacitors
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voltage affects the device reverse blocking voltages and, output voltage and
current waveform quality as shown in Figure 2.10(a)-(b). In addition, the
magnitude of arm current exceeds the rated value, which affects the relia-
bility and performance of the converter as shown in Figure 2.10(c)-(d). At
t=0.1s, the voltage balancing approach is enabled. The balancing approach
can bring back the submodule capacitors voltage to their nominal value.

Balancing Approach Balancing Approach
Deactivated ] [ Activated

3.0 kv ; T

1.25kv
1.0 kv
0.75kV
0.5 kV

1.5 kV
1.25kv

1.0 kv

0.75kV
0.5 kV

0 0.05 0.1 0.15 0.2
— t(s)

Figure 2.9. Simulation results: (a) upper arm submodule outer capacitors volt-
age (b) lower arm submodule outer capacitors voltage (c) upper arm sub-
module inner capacitors voltage, and (d) lower arm submodule inner capac-
itors voltage
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igure 2.10. Simulation results: (a) three-phase line-line voltages (b) three-
phase line currents (c) three-phase upper arm currents (d) three-phase lower
arm currents

e Performance With Different Submodule Capacitances

The submodule capacitors voltage ripple increases with the reduction in the
size of the capacitor. These voltage ripples affect the shape of arm current,
circulating current, and output voltage harmonic distortion of MMC. The
half-bridge submodule consists of a single floating capacitor and any varia-
tion in its size has a direct impact on the AC side performance. In contrast,
the 3L-FC submodule has two floating capacitors. These capacitors are re-
ferred as outer capacitor (C}) and inner capacitor (C5). In this study, the effect
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Figure 2.11. Simulation results: (a) output line voltage harmonic distortion (b)
arm current harmonic distortion (c) second harmonic current component

of outer and inner capacitors size on the converter performance is analyzed.
The 50% variation in outer capacitor size is selected such that the stored en-
ergy is equal to the energy stored in half-bridge submodule.

The simulation results are presented for the following three cases.

e Case-l : outer and inner capacitors size is equal (C; = C5)

e Case-ll : outer capacitor is 50% smaller than the inner capacitor (C; =
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e Case-lll: inner capacitor is 50% smaller than the outer capacitor (C; =

In this study, the case-I is used as a reference to compare the case-Il and case-
Il performances. In case-l, the harmonic distortion of the output voltage and
arm current is 4.33% and 19.38%, respectively. The circulating current mainly
consists of a second harmonic component of 0.18 pu. In case-Il, The out-
put voltage and arm current harmonic distortions are increased by 9% and
75.33%, respectively. In case-Ill, the harmonic distortion and magnitude of
the second harmonic current component are very close to the value obtained
in case-1. The analysis is conducted at different modulation indices, and their
performance is shown in Figure 2.11. These results show that the case-I and
case-11 performances are very close in the complete operation range. Also,
the magnitude of the second harmonic current component increases with the
reduction in outer capacitor size. In overall, the outer capacitor size has a
dominant effect on the AC side performance compared with the inner capac-
itor size.

2.3.4 Experimental Validation

To validate the performance of proposed balancing approach, a low power
experimental prototype of 208 V, 3 kVA rated three-phase modular multilevel
converter (MMC) with 3L-FC submodule is developed. Each 3L-FC submod-
uleis constructed by using Semikron dual pack SKM100GB12T4 IGBT/diode
modules of 1200 V, 100 A capacity, SKHI22-B dual-core IGBT gate drivers,
and EPCOS DC capacitors. The submodule is designed such that the lab-
oratory prototype can be easily extended to higher operating voltage and
output voltage levels by connecting the submodules in cascade. The MMC is
controlled by using dSPACE/DS1103 research and development control plat-
form. The capacitors voltages and current feedback signals are measured by
LEM LV25-P and LA55-P sensors, respectively. The measurements are sent
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to the controller through a CP1103 1/0 connector. The input DC-link voltage
is generated by using Xantrex DC power source of 600 V, 20 A capacity.

The prototype consists of two 3L-FC submodules per leg and requires
four triangular carrier signals. The four triangular carrier signals are ar-
ranged with a phase-shift of 90° and carrier signals belong to the same arm
are arranged with a phase-shift of 180°. With the above carrier arrangement,
the MMC generates line voltage with a maximum nine voltage levels. The
carrier signals are generated with a frequency of 540 Hz and the average
switching frequency of MMC is equal to 2160 Hz. The submodule outer and
inner capacitors voltage are rated to V, =350 V and V,=175 V.

e Dynamic Performance

The dynamic performance of proposed voltage balancing approach is pre-
sented with a step change in the modulation index (m,). Initially, the MMC
is operating with m,=0.5 and f,=60 Hz. The three phase line-line voltages
and line currents are shown in Figure 2.12(a) and Figure 2.12(b), respectively.
The line voltages (va, v, Vo) have five levels with a voltage step of 87.5V
and output currents (i,, 7, i.) have a peak value of 5 A.

The phase-a, upper and lower arm SM; outer and inner capacitors volt-
age (v2! , ve! . vel, v2l) is presented in Figure 2.12(c). The results show that
the outer and inner capacitors voltage is regulated at 346V and 173V, respec-
tively. The steady-state voltage error can be eliminated by using leg and arm
voltage balancing controller. The upper and lower arm current of phase-a
(few and i) is shown in Figure 2.12(d) and their difference is equal to the
current flowing through the load. After some time, the modulation index is
changed from m,=0.5 to m,=0.9 and frequency kept constant. The voltage
balancing approach is perfectly maintaining the submodule capacitors volt-
age at its rated value. The number of levels in the line voltage is increased
from five to nine. The output current has a magnitude of 10 A, which is also

proportionally increased with the modulation index.

Further, the converter operation is presented with and without voltage
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Figure 2.12. Experimental results with step change in modulation index: (a)
three-phase output line voltages, (b) three-phase output currents, (c) upper
and lower arm submodule capacitors voltage, and (d) upper, lower arm and
output current
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Figure 2.13. Submodule capacitors voltage with and without balancing ap-
proach

balancing approach and their results are shown in Figure 2.13. Initially, the
converter is operating with the balancing approach at m,=0.9 and f,=60 Hz.
With the help of proposed approach, the submodule capacitors voltage is
maintained at the rated value. At =250 ms, the voltage balancing algorithm
is deactivated. During this period, the gating signals are directly generated
based on the intersection of the carrier and modulating signals. The results
show that the diverging of submodule capacitors voltage towards zero value.
If the converter continues to operate without voltage balancing approach,
then the submodule capacitors voltage becomes zero. Instead, the voltage
balancing approach is reactivated at t=500 ms. The balancing approach can
bring back the submodule capacitors voltage to its rated value. In overall, the
proposed voltage balancing approach is successfully maintaining the sub-
module capacitors voltage at their nominal value under external disturbance
as well.

e Performance With LSC-PWM Scheme
The proposed pulse width modulator and balancing approach can be ex-

tended to the LSC-PWM scheme without any modifications. Particularly,
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Figure 2.14. Experimental results with for PD-PWM scheme: (a) upper and
lower submodule capacitors voltage and (b) output voltage and current
waveforms

the phase-disposition PWM (PD-PWM) scheme is considered to control the
MMC with 3L-FC submodules. Only, the triangular carrier signals are re-
arranged according to the requirement of PD-PWM scheme. The perfor-
mance of the MMC-3L-FC system with PD-PWM scheme is shown in Figure
2.14. The results are presented for m,=0.9, f,=60 Hz, and carrier frequency
f.=1080 Hz. The results show that the phase-a, upper and lower arm outer
and inner capacitors voltage (v , v*! , v%!, 19} ) is maintained at their rated
value as shown in Figure 2.14(a). The converter generates line voltage (v.)
with nine levels and output current (i,) with 10 A peak value as shown in Fig-
ure 2.14(b). The upper and lower arm current (i,, and i,;) has less switching

ripples compared to the PSC-PWM scheme as shown in Figure 2.14(b).
e Extended Operation With Half-Bridge Submodule

The proposed balancing approach is extended to the MMC with half-bridge
submodules as well. In this system, each arm consists of two half-bridge sub-
modules with identical nominal voltages. Each submodule capacitor voltage
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Figure 2.15. Experimental results for MMC with HB-SM: (a) three-phase out-
put line voltages, (b) three-phase output currents, (c) upper and lower arm
submodule capacitors voltage, and (d) upper, lower arm and output current

is rated for 175 V. The performance of HB based MMC system with PSC-
PWM scheme is shown in Figure 2.15. The results are presented for m,=0.9,
fo=60 Hz and carrier frequency f.=540 Hz. The three-phase output volt-
ages and currents are perfectly balanced as shown in Figure 2.15(a)-(b). The
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phase-a, upper and lower arm SM"' and SM? capacitors voltage (v*! , v

vg}l, vgfl) IS maintained at their nominal value of 175V as shown in Figfjre
2.15(c). The upper and lower arm current has similar shape and ripple as that
of 3L-FC based MMC as shown in Figure 2.15(d). In overall, the proposed
approach can be easily implemented with any CPWM scheme to control the

MMC (2L-HB and 3L-FC submodules) without any major modifications.

2.4 Dual-Stage Voltage Balancing Approach

The dual-stage voltage balancing approach is proposed to improve the per-
formance and reduce the computational complexity of single-stage balancing
approach. The single-stage approach requires 2N x (2N — 1) comparisons
to implement the sorting technique for an MMC with N-3L-FC submodules
per arm (2N submodule capacitors). Other hand, the dual-stage approach
requires 0.5 x N x (N — 1) comparisons, which are quite low in comparison
to the single-stage methods.

2.4.1 Submodule Energy Distribution

The energy stored in the phase-z, outer and inner capacitor of £"-SM is given

by
C C

zk 1/ zk\2 xk 2/ xk \2

cy1 7(1}0;’1) ) ECyQ - 7(1]03,2) : (2.4.1)
where Eg’“ and v** represents the energy and voltage of £"-SM, outer ca-

yl Cyl

pacitor, and Eggﬁ and v§f2 represents the energy and voltage of £"-SM, inner
capacitor. The total energy stored in the £"-SM is obtained from the equation

(2.4.1) as follows:
Ej" = B 4+ B2 (24.2)

Cy2’

where k represents the SM index number. Each arm of MMC has N-SMs in
cascade. The total arm energy (E,,) is equal to the sum of energy stored in
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N-SMs as follows:

N
B =Y E™ (2.4.3)

The total arm energy is equally distributed between the SMs in each arm
as follows:
xl x2 N
B =E"=..=E". (2.4.9)

The relationship between the AC and DC side SM power is given by,

dE,,
ey _ o 2.45
o = Doy (2.4.5)

The instantaneous AC power of each arm (p,,) is given by,

Pzy = Vzy ia:yy (246)

where = € {a,b,c} represents the phase, y € {u,l} represents the arm and,
vy and i ,, represents the arm voltage and arm current. From equation (2.4.3)
and (2.4.5), the symmetrical energy distribution ensures identical power han-
dling capability on AC side of the SM and given as follows:

pit=pit = =p". (2.4.7)

The instantaneous value of SM output power is given by,

pgk = v;;”k ' (2.4.8)

Uy -

2.4.2 Principle of Operation

The proposed approach is implemented in two-stages to handle the objec-
tives of 3L-FC based MMC such as voltage balancing among submodules and
internal capacitors voltage balancing of 3L-FC submodule (i.e., maintaining
the 50% voltage difference between outer and inner capacitors voltage).
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e Stage-l: Energy Balancing Among Submodules

In this stage, the SMs are arranged in either ascending or descending order
based on their energy and the direction of arm current. The SM energy is cal-
culated using the equations (2.4.1) and (2.4.2). Each arm has N-SMs and their
energies are stored in an array of Eg’“ = {Egl, E;CQ, e E;N}. The direction of
arm current (D) is obtained from

Ascending i, >0
D = (2.4.9)
Descending i,, <0

The SMs energy is sorted using a sorting algorithm and corresponding
indices are given by:
I* = sort (EX*, D), (2.4.10)

where I* is an array, which contains the indices of SMs energy. These ener-
gies are arranged in ascending order for the positive direction of arm current.
Therefore, the SMs with the lowest energy is inserted in the arm to charge
them. Similarly, the SMs with the highest energy is inserted to discharge
them during the negative direction of arm current. The number of inserted
SMs vary with the required voltage level, which is obtained from the modu-
lation stage.

The modulation stage gives the information of required voltage level and
is distributed symmetrically between the submodules. The distribution of
voltage levels between the submodules is presented for N=3 per arm in Table
2.3. For example, the required voltage level of L, = 2 is generated using two
submodules with a voltage of v, and one submodule is turned off. Similarly,
the output voltage level L, = 5 is generated using two submodules with a
voltage of 2, and one submodule with a voltage of v.,. These voltage levels
are assigned to the submodules based on their energy as follows:

SM(I*) = MF (2.4.11)

where S M represents the array of submodule output voltage levels.
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Table 2.3. Assignment of voltage level to SMs
L, M, M2 M3
0

o O A W DN -

N NN P - O
NN P PO O
N P PP O O O

e Stage-lI: Internal Capacitors Voltage Balancing of 3L-FC Submodule

Once the voltage level has been assigned to the submodules, the next step
is to generate the gating pulses. From Table 2.4, the voltages levels ’0” and
72" are generated by using the states (o) and (3, respectively. However, the
voltage level ”1” can be generated by using the states either (O or (2). These
states are referred as redundancy states. The redundancy states are selected
based on the error between outer and inner capacitor voltage.

Table 2.4. Switching table of 3L-FC SM
state  S1 Sy Uuy/V. iy Jiny Gy /lxy

©@ 0 0 0 0 0
® 0 1 1 0 1
@ 1 0 1 1 -1
® 1 1 2 1 0

The normalized voltage error of k"-SM is defined as follows:

zk xk
ok _ Yoyt Yoy 2.4.12
AV = = 5 (2.4.12)

C1 C2

where V, and V_, are the nominal voltage of capacitors ¢} and C5, respec-
tively.
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Table 2.5. Selection of redundancy switching states
lyy >0 13y, <0
v Ve >0 Ve, © @)
Un/Ver < /Ve, @ ®

From Table 2.5, the variation of capacitors voltage for state (D) is given as

Av*F =0

Cyl
T (2.4.13)
Av®* i

Cy2 = 52 Zl‘y

where T, is the sampling time. The voltage error for switching state (O is
given by

1
zk _ zk .
AV — pr o, A (2.4.14)
The voltage variation for switching state (2) is given by,
T, .
Avé”lk = szy
1T (2.4.15)
Avgk = — iy,
2 02
Hence, the voltage error for switching state (2) is given as follows:
IO C Y (S S (2.4.16)
Y ’ Gy VC1 Cy VC2 9Cy o

From equations (2.4.14) and (2.4.16), it is observed that the voltage error
depends on the switching state, initial voltage error (ng) and the direction

U:Ek vmk
of arm current. From equation (2.4.12), if {7~ > > then the voltage error
C1 C?2

becomes AV;’“ > 0. To minimize the voltage error, the state () is applied for
izy > 0. If the direction of arm current is negative (i,, < 0), then the state 2
is applied to the submodule.
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2.4.3 Design Procedure

The implementation of proposed balancing approach mainly involves the
logical functions corresponding to the Tables described in the Section 2.4.2.
The design steps of dual-stage voltage balancing approach are shown in Fig-
ure 2.16 and are summarized as follows:

xk ) ifi,, >0
Uey1 0| Calculation of Y=
zk xk zk D=1 ¢ C 7ary
(AN Egtand AV else
D=0
Erk D
L / \ 4

I = sort(E:*, D)

]k

Y

Y

Calculation of

zk pxk xk
ag”, byt and cy

xk Tk xk
a,”, by, ¢

Y

Calculation of
Switching State

xk xk
l Syl ! Sy2

Figure 2.16. Dual-stage voltage balancing approach

Define the parameters C; and (5, normalized SM capacitors voltage
vgfﬁ and ch’;" and the number of SMs per arm N inside the argument,

Measure the SM capacitors voltage vg’“ and v®* , and arm current i,
yl Cy2

Calculate the SMs energy using the equations (2.4.1) and (2.4.2),

Calculate the voltage error using the equation (2.4.12),

Obtain the direction of arm current using the equation (2.4.9),
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e Arrange the SMs in either ascending or descending order based on the
SMs energy and the direction of arm current using the sorting technique
given in the equation (2.4.10),

e Obtain the voltage level L, from the modulation stage,
e Assign the voltage levels to the SMs (1/F), which is given as
My = alF + b2k, (2.4.17)

The constants «}* and b;" are obtained from the comparison between
voltage level (L,) and SM energy indices as follows:

N 1 L,>1I"
a,” =
! 0 L,<IF
(2.4.18)
o _ L, > (I"+N)
! L, < (I* + N)

e According to the Table 2.5, if the product between the sign of the arm
current and the voltage difference is positive, then the state O is ap-
plied to the converter. On the contrary, if the product is negative, then
the state (2) must be applied. Hence, the logical function cg’“ is defined
based on the voltage error (AVy‘C’“) and the direction sign of arm current
as follows:

(AV; # sign(iy)) < 0

= (2.4.19)

zk 1
0 (AVF % sign(izy)) > 0

C _=

e The possible switching state of devices Si" and S5 are given in Table
2.6. These switching states are mathematically represented using the
logical variables given in (2.4.18) and (2.4.19) as follows:

zk __ _zk 12k ok xk
Sy = ay" (by" ik + ")

zk __ _xk 12k xk Tk
Sya = a," (b, ;" + c2F)

(2.4.20)
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Table 2.6. Generation of gating signals
k k k k k
att bk ko gme gl

)

Yy Yy

0O 0 O 0 0
0O 0 1 0 0
0 1 0 - -
0 1 1 - -
1 0 O 0 1
1 0 1 1 0
1 1 0 1 1
1 1 1 1 1

2.4.4 Dynamic Performance of Dual-Stage Voltage Balancing Approach

The main objective is to verify the energy balancing between the SMs in one
arm and the control of capacitors voltage in each SM. Therefore, the per-
phase structure of MMC with three 3L-FC SMs per arm is considered. Each
SM has two floating capacitors with a nominal voltage of V=120 V and
V.,=60 V. The two floating capacitors are designed with a capacitance of 1000
uF. The nominal value of energy stored in the outer capacitor is £, =7.2 ]
and the inner capacitor are £, =1.8 J. The total energy stored in each SM is
equal to the sum of outer and inner capacitors energy of £=91.

e Dynamic Performance With Step Change in Modulation Index

The dynamic performance of proposed approach is validated with the step
change in the modulation index. Initially, the converter is operating at a mod-
ulation index of m,, = 0.5 and frequency of f, =60 Hz. The converter generates
7-level voltage waveform with a voltage step of 30 V across the load as shown
in Figure 2.17(a). The magnitude of arm and load currents is proportionally
generated with the modulation index as shown in Figure 2.17(b).

The peak value of load current is around 6 A, corresponding to the mod-
ulation index 0.5. The balancing approach maintains upper arm SMs energy
at 9Jas shown in Figure 2.17(c). The SM outer capacitors voltage is regulated
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Figure 2.17. Dynamic performance: (a) output voltage, (b) upper, lower arm
and output currents, (c) upper arm SMs energy, (d) upper arm SM* and SM?
capacitors voltage, and (e) upper and lower arm SM* capacitors voltage.
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at 120 V and corresponding SM inner capacitors voltage is regulated at 60 V
as shown in Figure 2.17(d). Similarly, the lower arm SM capacitors voltage
is regulated at their nominal value as shown in Figure 2.17(e). At¢=0.05s,
a step change in modulation index from m, =0.5 to m, =0.9 is applied. The
magnitude of output current and output voltage levels is proportionally in-
creased with the modulation index. The balancing approach maintains all
the SMs energy and corresponding capacitors voltage at their nominal val-
ues. The ripple in SMs energy and capacitors voltage increases proportion-
ally with the magnitude of load current.

e Dynamic Performance With and Without Balancing Approach

In this study, the two capacitors in each SM is designed with a capacitance
value of 1000 pxF. The nominal value of energy stored in outer capacitor is
7.2 J and the inner capacitor are 1.8 J. The total energy stored in each SM is
equal to the sum of outer and inner capacitors energy, which is equal to 9 J.
The dynamic performance of proposed energy balancing approach is shown
in Figure 2.18. Initially, the balancing approach is enabled with a modula-
tion index of m, =0.9 and frequency of f,=60Hz. The balancing approach
maintains all the SMs energy at their nominal value of 9 J as shown in Figure
2.18(a). The SM outer capacitors are regulated at 120 V and inner capacitors
at 60 V as shown in Figure 2.18(b). Similarly, the lower arm SM capacitors
voltage is regulated at their nominal value as shown in Figure 2.18(c).The
converter generates a symmetrical sinusoidal output voltage waveform of
120 V peak with voltage steps of 15 V as shown in Figure 2.18(d). The output
load current is equal to the difference of upper and lower arm currents as
shown in Figure 2.18(e).

From ¢t=0.05sto t=0.1s, the balancing approach is disabled. The SM ca-
pacitor voltages and corresponding energies are diverging from their nomi-
nal value. During this process, the converter generates highly distorted volt-
age and current waveforms across the load. At t=0.1 s, the balancing ap-
proach is enabled again, and the system returns to the normal operation.
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Figure 2.18. Dynamic performance: (a) upper arm SMs energy, (b) upper arm
SM*' and SM? capacitors voltage, (c) upper and lower arm SM* capacitors
voltage, (d) output voltage, and (e) upper, lower arm and output currents.
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During the disabling of balance approach, the performance of load is signifi-
cantly deteriorated. Therefore, the balancing approach is required to achieve
better converter and load performance.

e Submodule Power Losses

The submodule power losses are evaluated at different load power factors
with the curve fitting techniques. Each 3L-FC submodule consists of four
IGBT devices with anti-parallel diodes. The device power losses (P,.,) are
given by

Piew = P+ Py (2.4.21)

where P, represents the power losses in the transistor and P, represents the
power losses in the diode. The losses in the transistor consist of conduction
losses (P, on-state (F,,,) and off-state (P, ;) losses as follows:

Pt :Ptc+Pton+Ptoff (2422)

The power losses in the diode is given by,
P;= Py.+ Py, (2.4.23)

where P,. and P, represents the conduction and reverse recovery losses of
the anti-parallel diode in IGBT.

The loss distribution between the SMs in each arm with dual-stage bal-
ancing approach at zero power factor is shown in Figure 2.19(a). The sub-
modules in upper arm have identical power losses (F, ,, P, ;, P, ;) and
proportionally increases with the modulation index. The power loss analysis
is further extended to other load power factors. The SAM' power losses at
zero and unity power factors are shown in Figure 2.19(b). The submodules
have higher power losses at zero power factor operation compared with the
unity power factor. At zero power factor, the submodule capacitors voltage
has large second harmonic voltage ripple. These voltage ripples increase the
magnitude of circulating currents and thereby the power losses in the sub-

modules.
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Figure 2.19. Analysis of submodule power losses: (a) upper arm submodule
power losses, and (b) submodule power losses at different power factors

2.4.5 Experimental Validation

To validate the simulation study, a low power 3L-FC based MMC laboratory
prototype is developed. Due to the limitations of control platform, the per-
phase structure of MMC is considered to validate the performance of pro-
posed approach. Each arm consists of three 3L-FC SMs per arm with a total
DC bus voltage of 360 V.

e Dynamic Performance

The dynamic performance of the dual-stage approach is shown in Figure
2.20. Initially, the balancing approach is enabled with m,=0.9 and f,=60 Hz.
The balancing approach maintains the energy of SA*!, SM? and SM?3 in the
upper arm (E%, £, E) at their nominal value of 9 J as shown in Figure
2.20(a). The SM outer capacitors are regulated at 120 V and inner capacitors
at 60 V as shown in Figure 2.20(b). Similarly, the lower arm SM capacitors
voltage is regulated at their nominal value as shown in Figure 2.20(c). The
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Figure 2.20. Experimental results with and without balancing approach: (a)
upper arm submodules energy, (b) upper arm submodule capacitors volt-
age, (c) upper and lower arm submodule capacitors voltage, and (d) output
voltage and current waveforms
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converter generates a symmetrical sinusoidal output voltage (v,,) waveform
of 160 V peak with voltage steps of 25 V as shown in Figure 2.20(d). The
output load current (i,) is equal to the difference of upper and lower arm
currents as shown in Figure 2.20(d).

From ¢=0.05 s to ¢=0.1 s, the balancing approach is disabled. The SM ca-
pacitor voltages and corresponding energies diverging from their nominal
value. During this process, the converter generates highly distorted voltage
and current waveforms across the load. The magnitude of arm current ex-
ceeds the rated current, which may damage the semiconductor devices as
shown in Figure 2.20(d).

At t=0.1 s, the balancing approach is enabled, and the system returns to
the normal operation. During the disabling of balance approach, the load
performance is significantly deteriorated. Therefore, the balancing approach
is required to achieve better converter and load performance. From the above
results, it is observed that the proposed approach is effectively balancing the
SMs energy even under external disturbance.

e Performance at Low-Switching Frequency

The voltage balancing at the low switching frequency is another major chal-
lenge in 3L-FC based MMC. At low switching frequency operation, either
large size of submodule capacitors or higher number of submodules per arm
is required to ensure the perfect balancing with smaller capacitor voltage rip-
ple. In MMC-HVDC system, each arm is designed with 200-400 SMs and
switched at a frequency of less than 200 Hz. Therefore, the power losses
can be significantly minimized without affecting the output power quality.
In this study, the performance of dual-stage approach with the average sub-
module switching frequency of 180 Hz as shown in Figure 2.21, where m,, is
set to 0.9, f,=60 Hz and load power factor 0.85 (lag). Figure 2.21(a) shows
the stair case voltage waveform with a step of 30 V. The arm currents have
a higher ripple, due to the low-switching frequency operation and a smaller
number of submodules in each arm. Other hand, the dual-stage balancing
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Figure 2.21. Experimental results at low-switching frequency: (a) output volt-
age and current waveforms, (b) upper arm submodules energy, (c) upper
arm submodule capacitors voltage, and (d) upper and lower arm submodule
capacitors voltage

approach effectively balancing the SMs energy and corresponding capaci-
tors voltage at their nominal value as shown in Figure 2.21(b)-(c). The upper
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and lower arm SMs outer and inner capacitors voltage are regulated at 120 V
and 60 V, respectively as shown in Figure 2.21(d).

2.5 Comparison of Single and Dual-Stage Approaches

The performance comparison of single-stage and dual-stage balancing ap-
proach is presented in terms of switching frequency, voltage harmonic dis-
tortion and power losses under different load displacement factors and mod-
ulation indices.

1.00%/ = 1.00%/ 3 4 0.0s 1.6802/ [ Trigd? ]
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A I e T i enas vz
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T 1T 1 e
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Sy
islal R DR
S, Ch-2:1V/div
110 NI i

(b)
Figure 2.22. Submodule switching frequency: (a) dual-stage approach, and (b)
single-stage approach

2.5.1 Switching Frequency

To analyze the switching frequency of dual-stage and single-stage balancing
approaches, the gating pulse of devices S, and S, in SM! for one fundamen-
tal cycle is presented in Figure 2.22. In dual-stage balancing approach, the
devices S; and S, are switched at 17 and 16 times in one fundamental cy-
cle, which is equivalent to the frequency of 1020 Hz and 960 Hz, respectively
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as shown in Figure 2.22(a). The average submodule switching frequency is
990 Hz. Similarly, the SM! gating signals with the single-stage balancing ap-
proach are shown in Figure 2.22(b). The switching frequency of devices 5
and Sy is around 900 Hz and 960 Hz, respectively. The average submodule
switching frequency is 930 Hz. From the above results, it is observed that the
dual-stage and single-stage approaches have similar operation value.
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Figure 2.23. Experimental analysis of

v

THD

at different power factors: (a) unity,

(b) 0.6 lagging, (c) 0.4 lagging, and (d) zero lagging
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2.5.2 Total Harmonic Distortion

The performance comparison between dual and single-stage balancing meth-
ods at different power factors is shown in Figure 2.23. The results show
that the dual-stage approach has lowest voltage harmonic distortion com-
pared with the single-stage approach. When m, >0.7, the voltage harmonic
distortion obtained from the dual and single-stage methods are very close.
At lower modulation indices, the single-stage method has very poor perfor-
mance irrespective of the load power factor. The above results prove the
superiority of the dual-stage balancing approach over the single-stage bal-
ancing approach.

2.5.3 Submodule Power Losses

The loss comparison between dual and single-stage balancing approach is
shown in Figure 2.24. The results show that the submodules have low power
losses with dual-stage balancing approach compared with that of the single-
stage balancing approach. At lower modulation indices, the performance of
dual and single-stage balancing approaches is very close.
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Figure 2.24. Submodule power losses at zero power factor (lag).
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2.6 Start-Up Operation of 3L-FC based MMC

The three-level flying capacitor (3L-FC) submodule consists of two floating
capacitors with unequal rated voltage capacity. These floating capacitors
have zero initial voltage and must be charged to its nominal value during
converter start-up process. However, the direct start-up process leads to a
large inrush current due to the very low equivalent impedance of the con-
verter. These inrush currents may damage the IGBT devices, capacitors and,
effects the reliability and operation of MMC. From safety and reliability per-
spective, a systematic procedure is required for smooth pre-charging of sub-
module capacitors in MMC.

2.6.1 Principle of Start-up Operation

During submodule pre-charging process, the AC output voltage (v,,) is set
to zero. Therefore, the AC output current (z,) and circulating current (i,.)
component becomes zero. The upper and lower arm current mainly consists
of DC current component and is given as

ia:u - is
(2.6.1)
i:cl - 7;5
The DC current component is given by
= Lo Tl (2.62)
2
Substitute v,, = 0 and equation (2.6.2) in (2.2.1), which results in
1
0= é[vwl - U;ru] (263)
From equation (2.2.1), the DC-side dynamics are given as
dig . 1
L o +rig= §(VdC — Vg — Vgp) (2.6.4)
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2.6 Start-Up Operation of 3L-FC based MMC

The upper and lower arm reference voltage commands during start-up
process are given as

Vdc
Vg = 9 Vdct
KA (2.6.5)
Vgl = 9 Vdet

where vy = L % + 114 IS the voltage component corresponding to the cur-
rent drawn from the DC-link. The magnitude of the DC-current component
depends on the active power demanded by the load and, the difference be-
tween DC-link voltage and the sum of submodule capacitors voltage in each
leg. The smooth pre-charging of submodule capacitors is achieved by con-
trolling the DC-current component i;.

The start-up process of 3L-FC based MMC system is divided into three
stages. In each stage either outer (or) inner capacitor of 3L-FC submodule
is charged by using passive (or) active current control technique. The three-
stages of start-up operation are as follows:

e Stage-l: Uncontrolled Charging Process of Submodule Outer Capac-
itor

The equivalent circuit of stage-I start-up operation is shown in Figure 2.25(a).
In this process, the pre-charging of submodule capacitors is achieved by us-
ing the main DC-link voltage (V). When the DC-source (V;.) is connected
to the MMC terminals, the submodule outer capacitors are automatically
charged in an uncontrolled manner. In this stage, the switching state (3) is
applied to all the submodules in each leg. Thus, the submodule inner capaci-
tors C,» and Cj; in upper and lower arms are completely bypassed, and their
voltages are maintained at zero value. The submodule outer capacitors C,;
and Cj; are charged through an antiparallel diode of the IGBT devices to a
maximum voltage of

Vdc
v = =

o = Yon = 7 (2.6.6)
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Figure 2.25. Start-up operation of 3L-FC based MMC: (a) stage-1 and stage-IlI
sistor (R.) with a by-pass contactor (S.) is connected in series with main DC-

(b) stage-II
source. The magnitude of charging current is given by
Your — Yenr

i = Vdc -
s — Rc
(2.6.8)

For normal operation of MMC, the outer capacitors (C,; and Cj;) in upper
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and lower arms should be charged to a voltage of
Vdc
Your = Yo = N
but, the uncontrolled charging process is only able to charge the submodule

outer capacitors to 50% of its nominal voltage.



2.6 Start-Up Operation of 3L-FC based MMC

e Stage-11: Uncontrolled Charging Process of Submodule Inner Capac-
itor

The equivalent circuit of stage-1l start-up operation is shown in Figure 2.25(b).
In this process, the switching state () is applied to all the submodules in each
leg. Thus, the submodule inner capacitors are charged in an uncontrolled
manner. During this process, the antiparallel diode of devices S,; and S
is reverse biased, and there is no effect on the submodule outer capacitors
voltage (C,; and C};). The inner capacitors C,» and Cj, are slowly charged
through the antiparallel diode of S,, and S;; to a maximum voltage of

Vdc
UCU,Q = /UCZQ = 2N (269)
The magnitude of charging current is given as
. Vdc — Uc — Ucz
s . u2 2 2.6.10
i i (2.6.10)

and it is controlled by using pre-charging resistor (R.). For normal operation
of MMC, the submodule inner capacitors should be charged to a value of

- o Vdc
UCU,Q - /UCLQ - 2N

(2.6.11)

which is equal to the capacitors actual voltage given in equation (2.6.6) dur-
ing uncontrolled charging process.

e Stage-I11l: Controlled Charging Process of Submodule Outer Capaci-
tor

In flying capacitor submodules, the outer capacitor can not fully charge to its
nominal value through the uncontrolled charging process. It further requires
a control method to charge the outer capacitors to its nominal value. The
equivalent circuit of stage-Ill operation is similar to the stage-1 operation as
shown in Figure 2.25(a). The pre-charging resistor (R,) is bypassed by using
the contactor (S,). In this stage, the outer capacitors are slowly charged to its
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Figure 2.26. Start-up current controller

nominal value by controlling the magnitude of charging current using closed
loop controller as shown in Figure 2.26. The closed-loop control system has
an outer voltage and an inner current control loop. The voltage control loop
regulates the average DC-voltage per leg and provides a reference charging
current per leg (:X). The reference charging current is given by

iy = kpo (U, — 1) + Ky /(U; —u,,)dt (2.6.12)

where v’ represents the reference average DC-voltage per leg, v, represents
the actual average DC-voltage per leg and, k,, and k;, are the gains of voltage
Pl-controller. The reference charging current per leg (:f) is compared with
the actual charging current flowing through each leg (i;). The current error
is controlled by using current Pl-controller, and its output is equal to the
reference voltage command (vj,.,). The reference voltage command is given

by

Vi = by (05 = i0) 4 B [ (32— ) (2.6.13)

where i, is the actual charging current flowing through each leg. The refer-
ence voltage command v}, is added to the feed-forward DC-voltage compo-
nent to obtain the upper and lower arm reference voltage commands. These
voltage commands are used with a pulse width modulator and voltage bal-
ancing approach to achieve the equal charging of the submodule outer ca-
pacitors in each leg.
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2.6 Start-Up Operation of 3L-FC based MMC

2.6.2 Experimental Validation

The start-up performance of 3L-FC based MMC is shown in Figure 2.27. Ini-
tially, all the submodule capacitors have zero voltage. From ¢=0 to 2 s, the
switching state (3 is applied to all the submodules. The submodule outer ca-
pacitors are charged to a voltage of 175 V through the anti-parallel diodes of
IGBT devices as shown in Figure 2.27(a). During stage-I, the inner capacitor
of each submodule is completely bypassed, and their voltage is maintained
at zero value. During this period, the charging current is controlled by using
an external pre-charging resistor of R.=100€2. The magnitude of upper and
lower arm current (i, and i,;) is slowly decreased and eventually reaches
to zero value when the sum of submodule outer capacitors voltage in each
leg is equal to the voltage of main DC-link voltage as shown Figure 2.27(b).
The magnitude of the output current is equal to the difference between upper
and lower arm current, which is equal to zero. During start-up process, the
reference output voltage component v}, in arm modulating signals is set to
zero. Therefore, the output voltage across the load is close to zero as shown
in Figure 2.27(b).

At = 2s (stage-I1), the switching state (U is applied to all the submodules.
In this stage, the outer capacitor is bypassed, and the inner capacitor is con-
nected to the main DC-link through a pre-charging resistor and antiparallel
diodes of IGBT devices. The charging current flowing through the inner ca-
pacitor becomes zero, when the inner capacitor of each submodule is charged
to a voltage of 175 V as shown in Figure 2.27(a)-(b).

At t=4 s (stage-I11l), the pre-charging resistor is bypassed, and the closed-
loop start-up controller is activated. In this stage, the closed-loop current
controller is used along with the balancing approach to boost the outer ca-
pacitor voltage from 175 V to 350 V as shown in Figure 2.27(a). In this ap-
proach, the reference command is slowly varied at a rate of 0.0035V/sample
(i.e. the outer capacitor voltage should reach to 350 V from 175 V within 2 sec
period). During this period, the inner capacitor voltage has slightly reduced
due to the delay in switching of IGBT devices and device loss, etc. Ideally,
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Figure 2.27. Experimental results for MMC start-up process: (a) upper and

lower arm submodule capacitors voltage, and (b) output voltage and current
waveforms
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the output voltage and an output current flowing through the load should
be zero. However, it consists of switching ripple corresponding to the volt-
age component v}, as shown in Figure 2.27(b). The magnitude of switching
ripples vary with the number of submodules in each arm.

2.7 Summary

In this chapter, a novel single-stage balancing approach along with a simple
pulse width modulator is proposed for half-bridge and three-level flying ca-
pacitor submodule based MMC. The performance of HB-MMC is compared
with 3L-FC MMC under identical operating conditions and system parame-
ters. The 3L-FC MMC has smaller circulating current component and capac-
itors voltage ripple compared with HB-MMC system. The performance of
flying capacitor submodule is analyzed under different submodule outer and
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2.7 Summary

inner capacitors size. The size of inner capacitor has least significant effect on
the converter performance compared with the outer capacitor size. Also, the
dynamic and steady-state performance of balancing approach is presented
with PSC-PWM and LSC-PWM schemes. The LSC-PWM scheme generates
arm current with less switching ripple compared to PSC-PWM. Finally, the
balancing approach is extended to control the half-bridge submodule based
MMC and their performance is experimentally validated.

To improve the performance and reduce the computational complexity,
a dual-stage balancing approach is proposed for flying capacitor submodule
based MMC. The principle of operation and design procedure of dual-stage
balancing approach is presented. The dynamic and steady-state performance
of dual-stage approach is presented under high and low-switching frequency
operating conditions. The performance comparison of single-stage and dual-
stage balancing approaches are presented in terms of switching frequency,
voltage harmonic distortion and submodule power losses under different
operating conditions. The results show that the dual-stage approach has
superior performance over the single-stage approach. Finally, the start-up
process of flying capacitor submodule based MMC is presented. The simu-
lation and experimental results are in a close relationship and thus validate
the proposed methodology.
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CHAPTER 3

PULSE WIDTH MODULATION SCHEMES WITH
IMPROVED HARMONIC PERFORMANCE

HE carrier modulation schemes require significant modifications if the-
T re is any change in the system configuration or a number of submod-
ules in each arm. These modulation schemes require either high sampling
frequency or a large number of submodules to generate high-quality output
voltage and current waveforms. In addition, acommon-mode voltage (CMV)
signal is added to the modulation signals to minimize the internal unbalance
between upper and lower arm submodule capacitors voltage.

In this chapter, two novel modulation schemes named as sampling av-
erage modulation (SAM) and space vector modulation (SVM) schemes are
proposed. The sampled average modulation approach independently mod-
ulates each leg of MMC. This approach can be directly applied to an MMC
with any number of submodules without any modifications. The three-phase
equivalent of sampled average modulation results in (i) the elimination of av-
erage zero sequence voltage in each sampling interval, (ii) reduces the ripple
in output current, and (iii) minimizes the harmonic distortion in output volt-
age and current. In addition, a simple balancing approach is proposed to
achieve the voltage balancing among submodules. The experimental studies
are presented to validate the performance of sampled average modulation
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3.1 Sampled Average Modulation

and voltage balancing approach.

The second approach is dual space vector modulation (SVM) scheme,
which has more freedom to select the switching vectors with different mag-
nitudes of common-mode voltage (third-harmonic voltage component). In
this approach, the upper and lower three-phase arms are independently con-
trolled using space vector philosophy. The proposed approach is imple-
mented in abc-coordinate system, which reduces the computational com-
plexity and, easy to obtain the switching vectors and corresponding dwell
times. Also, a balancing approach with reduced current sensors is proposed.
The experimental studies are presented to validate the performance of pro-
posed approach. The performance comparison of balancing approach with
and without a reduction in current sensors is also presented.
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Modulating »| \oltage Levels and Y
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Balancing > 4[:}
e »|  Approach B

Figure 3.1. Control block diagram of MMC with sampled average modulation

3.1 Sampled Average Modulation

The control block diagram of MMC with sampled average modulation sche-
me is shown in Figure 3.1. The reference modulating signals (v},) are gener-
ated with required modulation index (m,) and frequency (f,). These mod-
ulating signals are given to the sampled average modulator, in which the
two nearest phase voltage levels and corresponding duty cycles are calcu-
lated. From phase voltage levels, the upper and lower arm voltage levels
are estimated. The voltage balancing approach generates gating signal to the
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submodules based on the voltage levels, the direction of arm current and sub-
module capacitors voltage. The implementation of sampled average modu-
lation and submodule capacitors voltage balancing approach is discussed in
the following subsections.

3.1.1 Implementation of Sampled Average Modulation

The sampled average modulation scheme directly controls the phase volt-
age of the MMC allows to generate the line-to-line voltage implicitly. This
approach is computationally less complex and easy to apply for MMC with
any number of submodules without any modifications. In this method, the
reference phase voltage is generated by averaging the two nearest voltage
levels in each sampling interval. This approach eliminates the volt-sec error
in the staircase or nearest voltage level modulation. The volt-sec balance of
reference phase voltage expressed in terms of two nearest voltage levels and
corresponding dwell times as,

U:‘Lajo Ts - ‘/;rl T;rl + vg:Q Ta:Q
3.1.1)
Ts - T:cl + T:c2'

where v, represents the normalized reference phase voltage, V,; and V,,
represents the nearest phase voltage levels, and 7, and T,, represents the
dwell times of phase voltage levels, respectively, and T, represents the sam-
pling time, which is equal to the summation of dwell times 7},; and T,. The
implementation of sampled average modulation scheme involves three ma-

jor steps as follows:
e Step-I: Identification of Two Nearest Voltage Levels

The total DC-link voltage of each arm is expressed in terms of number of SMs
and rated SM capacitor voltage as,

Vie=R XV,

C

(3.1.2)
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3.1 Sampled Average Modulation

where R = N for HB submodule and R = 2N for 3L-FC submodule. The
two nearest phase voltage levels are obtained from the normalized reference
phase voltage in each sampling interval. The reference phase voltage is given
in terms of number of submodules and its capacitor voltage as,

Vo = RZVC X Mg SIN(w,t + @) (3.1.3)

The normalized reference phase voltage is obtained by dividing the equa-
tion (3.1.3) with submodule rated capacitor voltage as,

vl = g X Mg SiN(w,t + @) (3.1.4)

The sampled average modulation requires nearest voltage levels, which
are positive integers only. Therefore, an offset value of % is added to the
equation (3.1.4) and results in

ol = i X [1 4 mg Sin(w,t + ¢)] (3.1.5)

rro 2

where v? represents the normalized reference phase voltage, v",, represen-ts
the normalized reference phase voltage with offset, m,, represents the ampli-
tude modulation index of range 0 to 1, and w, is the fundamental angular
frequency in rad/sec. The phase voltage levels are obtained from the equa-
tion (3.1.5), where the lower voltage level (V) is obtained from the operator

floor(v. ) and the upper voltage level (V,,) isequal to 1 + V.

rITOo

Va1 = floor (v},
1= floor (vr) (3.1.6)
Vig = 14+ V1.

e Step-II: Calculation of Dwell Times

The voltage levels V,; and V,, are applied for a time duration of 7,,; and 7.,
respectively over a sampling interval 7;,. From the volt-sec balance principle
given in equation (3.1.1), the dwell times 7, and T, are given by

Vo — Vit
T = o205,
2T Ve — Vi (3.1.7)
T:cl - Ts - Tx2
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These dwell times are compared with a symmetrical triangular waveform
to generate the pulses g, and g4 as shown in Figure 3.2. The pulse g4 is
applied to the submodules in upper and lower arms of the corresponding
phase to generate the phase voltage level V. Similarly, the voltage level V,,
is obtained by modulating the submodules in upper and lower arms for a

pulse duration of g4s.
——

o

/
—

T
Gd1 0
Gaz
Vi Vo Vao Vi
Vrul Vru2 VruQ ‘/zul
Vi Vo Vo Vi

Figure 3.2. Dwell times of voltage levels

e Step-I1I: Calculation of Arm Voltage Levels

The phase voltage levels V,; and V,, are generated by using the submod-
ules from the upper and lower arms together. In each sampling interval, the
upper and lower arms are controlled such that R-number of submodule ca-
pacitors out of 2R submodule capacitors from each leg are used to generate
the required phase voltage level (i.e., the number of on-state submodule ca-
pacitors is maintained constant and equal to R in each sampling interval).
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According to this criteria, the upper and lower arm voltage levels are
given by

quk + Vxlk =R
Ve = Vir (3.1.8)
Veu = R — Vg

where k& € {1,2} represents the voltage levels, V,,, and V. represents the
upper and lower arm voltage levels.

3.1.2 Capacitors Voltage Balancing Approach

The sampled average modulation scheme has an ability to maintain the volt-
age balancing between arms. However, the additional balancing approach
is required to achieve the voltage balancing among submodules. The basic
principle of voltage balancing approach is to control the charging and dis-
charging of submodule capacitors, depending on the direction of the current
and the instantaneous value of the capacitor voltage [49,51,61,71,73,75, 76,
93,156]. The implementation of proposed approach involves various stages
as shown in Figure 3.3(a). The design steps of voltage balancing approach
are as follows:

e Stage-I: Selection of Submodule Capacitors Voltage

The comparison logic is shown in Figure 3.3(b), which is utilized for the se-
lection of submodule capacitors voltage. It requires normalized submodule
capacitor voltage as input. Particularly, the 3L-FC submodule has two float-
ing capacitors with different rated voltages, which are normalized to their
rated value and applied to the comparison logic. The normalized outer and
inner capacitors voltage of 3L-FC submodule is

zk

<

zkn _ Gyl
Cyl V
c1
o (3.1.9)
zkn _ _Cw2
Cy2
RS 7%
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Figure 3.3. \oltage balancing approach: (a) design steps of balancing ap-
proach, (b) comparison logic

Each normalized capacitor voltage is compared with other capacitors volt-
age as shown in Figure 3.3(b). The output of each comparator is added to-
gether and the resultant output becomes a virtual index number of the capac-
itor voltage (V' I,). The range of virtual index numberis VI, € {0,1....R — 1}
and h € {1,2.....R — 1, R}. The actual index number of the capacitor voltage
is obtained based on the direction of the arm current and the virtual index
number. Equation (3.1.10) gives the actual index number of each capacitor
voltage (A1),

AL, =VI,x(1-D)+(R—1-VI,)*« D (3.1.10)
where D represents the direction of the arm current and is given as

1 gy >0
D= (3.1.11)

0 23y <0
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where i,, represents the arm current, = € {a,b, ¢} represents the leg and y €
{u,} represents the arm.

e Stage-Ill: Generation of Submodule IGBT Status

Stage-II requires the two nearest voltage levels of either upper and lower arm
(Vayk), Where k represents the voltage levels & € {1,2}. These voltage levels
are compared with the actual index number (A1},) to generate the IGBT status
(SMy,;) of the corresponding capacitor voltage. If SM,, = 1, then the IGBT
device corresponding to that particular capacitor voltage should be turned-
on; otherwise, it should be turned off for a duration of either d; or d,.

e Stage-l1l: Generation of Gating Pattern

After the determination of IGBT status S M, the final step is to generate the
gating pattern for the IGBT devices of each 3L-FC submodule. The general-
ized equation for the gating pattern of IGBT device is given as

h=R

k=2
Gayh = Z Gar * SMpy, (3.1.12)
k=1

h=1
Equation (3.1.12) is expanded for single IGBT device of G, as,

Gay1 = ga1 ¥ SMyy + gao * SMs (3.1.13)

3.1.3 Three-phase Equivalent Approach

The per-phase philosophy of sampled average modulation scheme is ex-
tended to a three-phase MMC system, which results in (i) elimination of
average-zero sequence voltage in each sampling interval, (ii) minimization
of ripple in output current. These features are similar to the conventional de-
coupled sampled average zero sequence voltage elimination scheme (DSAZE-
PWM) [157, 158]. Therefore, the three-phase approach is also referred as
DSAZE-PWM.
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The three-phase normalized reference output voltages are defined as fol-
lows:

Va (1) 1+ mg sin(w,t)
w(t) | = ) 1+ my sin(w, t — &) (3.1.14)
ve(t) 14 mq sin(w,t — %)

The nearest output phase voltage levels are given as

Va1 = floor(va(t)), Ve =1+ Vi
Vior = floor(vy(t)), Vie =1+ Vi (3.1.15)
Ve = floor(ve(t)), Vo =14V

The duty cycle corresponding to each voltage level is given as:

dal =1- da27 da? - Ua(t) - Val
dpy = 1 — dpa, dpo = vp(t) — Vi (3.1.16)
dcl =1- dc2a ch - /Uc(t) - ‘/cl

These duty cycles are converted into time durations and corresponding
gating pulses as shown in Figure 3.2. The upper and lower arm voltage
levels are obtained from equations (3.1.14) and (3.1.15). These voltage lev-
els are generated by using upper and lower arm submodules. In this study,
the upper and lower arm submodules are equally modulated in each sam-
pling interval. This approach is also known as equal-duty DSAZE-PWM ap-
proach [157,158]. The voltage levels and duty cycles are applied to a voltage
balancing approach shown in Figure 3.3(a). The voltage balancing approach
generates the final gating pattern to meet the required control objective. In
DSAZE-PWM scheme, the average-zero sequence voltage in a sampling in-
terval becomes zero. The zero sequence voltage is given as

1
Vem = g[vao + Vpo + Uco] (3117)

Equation (3.1.17) is expressed in terms of upper and lower arm voltages
[38]:

[(Vat + Vb + V) — (Vau + Vou + Vew)] (3.1.18)

=

UC’ITL
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The proposed DSAZE-PWM scheme is analyzed with a simple example
given in Table 3.1.

Table 3.1. Example with N=3, R=6, m,=0.8 and f,=60 Hz

Phase at t=4.1667 ms (‘/1, ‘/2) (Vula ‘/21) (Vug, ‘/12) (dl, dg)

Va(t) 5.4 (5,6) (1,5) 0,6)  (0.6,0.4)
(1) 1.8 (1,2) (5,1) 42)  (0.2,0.8)
ve(t) 1.8 (1,2) (5,1) 42)  (0.2,0.8)

The average-zero sequence voltage for one sampling interval is given as

1
Vem(average) = 5 [(5X 0.6 +6 X 0.4+1x02+2x0.8

+1x02+2x08)—(1x0.6+4+0x0.4
+5%02+4%x0845x0.2+4x0.8)] (3.1.19)

1
= S[(64+18+18) — (0.6+4.2+42)]

Vem(average) — 0

Equation (3.1.19) shows the average value of zero sequence voltage be-
comes zero in each sampling interval. In other words, the dynamic balanc-
ing of the zero sequence voltage is achieved, which results in the dynamic
balancing of zero sequence current.

The equivalence between the proposed and conventional space vector
modulation (SVM) approach is shown in Figure 3.4. In the multilevel-SVM
approach, the reference space vector is decomposed into an offset and two-
level space vector. From the offset vector, the origin of the two-level space
vector diagram formed by the eight possible switching vectors (V,1, Vi1, Vi),
(Vaz, Vor, Ver)y (Var, Viz, Ver)s (Var, Vi, Vea)s (Vaz, Vi, Ver), (Var, Viz, Vea), (Vaz, Vi, Vea),
and (V,2, Vie, Vo) are located [159-162]. From the position of the two-level
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Figure 3.4. Three-phase equivalent switching sequence

space vector, the nearest four vectors are selected to realize the reference
space vector. The four vectors (on sequence) 71@7374 are applied for time
durations of 7,,-T1-T>-T,,, respectively. The time durations 7,; and T,, are
equally distributed in the conventional SVM approach. In the proposed ap-
proach, the three-phase voltage levels together represent the nearest four vec-
tors, similar to the switching sequence of the conventional SVM approach as
shown in Figure 3.4. However, the proposed approach does not require the
sector identification procedure, which is one of the major differences between
the proposed and conventional SVM approach. In addition, the time dura-
tions T,; and T,, are not equally distributed in the proposed approach. The
T,, and T,, are proportionally varied with the instantaneous value of three-
phase modulating signals.

3.2 Dynamic Performance of Sampled Average Modulation

The performance of proposed modulation scheme and voltage balancing ap-
proach is validated on a per-phase MMC system by using MATLAB software.
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In per-phase MMC system, the load is connected between the midpoint of
DC-link and the AC output terminal. Each arm of MMC has a single buffer
inductor and three 3L-FC submodules. Each 3L-FC submodule has two float-
ing capacitors with a rated voltage of I/, =120V and V_,, =60 V. The sampling
frequency of proposed modulation scheme is 1080 Hz, and the average de-
vice switching frequency is equal to 180 Hz.

3.2.1 Dynamic Performance

The performance of proposed modulation scheme and balancing approach
is validated with the step change in load. The simulation results with a step
change in load is shown in Figure 3.5. The converter is operating at a modula-
tion index of m, =0.9, frequency of f,=60Hz, and a half-load condition. The
upper arm submodule outer and inner capacitors voltage is perfectly main-
tained at 120 V and 60 V, respectively as shown in Figure 3.5(a). The lower
arm submodule outer and inner capacitors voltage are also maintained at the
same value of upper arm submodule capacitors voltage. The charging and
discharging of upper and lower arm capacitors voltage is in-phase opposi-
tion as shown in Figure 3.5(b). The output voltage has seven levels with a
step of 53.33 V as shown in Figure 3.5(c). The voltage levels are perfectly
clamped and there is no intermediate switchings in the output voltage. The
load current has a peak value of 5 A and is equally distributed between upper
and lower arms as shown in Figure 3.5(d).

Att=0.1s, the load is suddenly (step) changed from half-load to full-load
condition. The modulation index and frequency are kept constant at 0.9 and
60 Hz, respectively. The magnitude of the load current is increased with the
load. However, the balancing approach perfectly maintaining the submodule
capacitors voltage from the upper and lower arms at their nominal values.
But, the ripple in submodule capacitors voltage is increased with the load
current. At full-load condition, the output voltage has a similar number of
voltage levels as that of the half-load condition.
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Figure 3.5. Dynamic performance with step change in load: (a) upper arm
SM*' and SM? outer and inner capacitors voltage, (b) upper and lower arm
SM* outer and inner capacitors voltage, (c) output voltage, and (d) upper,
lower arm, and load current waveforms.

3.2.2 Total Harmonic Distortion

The harmonic spectrum of the output voltage with PSC-PWM and proposed
modulation schemes are shown in Figure 3.6(a) and Figure 3.6(b), respec-
tively. With proposed approach, the output voltage harmonic distortion is
38.84%, which is smaller than the harmonic distortion of 66.34% produced
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by the conventional PSC-PWM scheme. In addition, the percentage of har-
monics around the switching frequency is 75% smaller than the PSC-PWM
method. Hence, the ripple in output current is significantly minimized and
requires smaller output filter, which is low cost. Overall, there is a 50% re-
duction in the voltage harmonic distortions with the proposed modulation
scheme as compared to the conventional PSC-PWM method.
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Figure 3.6. Harmonic spectrum of output voltage: (a) PSC-PWM scheme (b)

SAM scheme at m,=0.25 and f,=15Hz

3.3 Experimental Validation

The effectiveness of the proposed methodology is validated on a low-power
MMC laboratory prototype with 3L-FC submodule. The total DC-link volt-
age of 360 V is equally distributed between the submodules in each arm.
Each arm consists of three 3L-FC submodules with a rated capacitor voltage
of V=120V, and V_,=60 V. The sampling frequency set to 1080 Hz.
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Figure 3.7. Experimental results with step change in load: (a) upper arm sub-
module capacitors voltage, (b) upper and lower arm submodule capacitors
voltage, (c) output voltage and current waveforms, and (d) arm currents and
its direction

3.3.1 Dynamic Performance

The transient performance of proposed modulation scheme and voltage bal-
ancing approach with a step change in the load is shown in Figure 3.7. Ini-
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tially, the converter is operating at a modulation index of 0.9, frequency of
60 Hz, and half-load condition. The submodule outer and inner capacitors
voltage of upper and lower arm is shown in Figure 3.7(a)-(b). The outer and
inner capacitors voltage is maintained at 120 V and 60 V, respectively. The
converter output has seven level voltage waveform as shown in Figure 3.7(c).

After some time, the load is suddenly changed from half-load to full-load
condition (i.e., the value of load resistance is decreased). The magnitude of
the fundamental output voltage is maintained constant. According to Ohm’s
law, the variation in the magnitude of the load current is inversely propor-
tional to the value of the load resistance. The upper and lower arm current
and its direction (D, and D;) is shown in Figure 3.7(d). According to the
proposed voltage balancing approach, D=1 (analog equivalent of 10 V) for
the positive direction and D=0 (analog equivalent of 0 V) for the negative
direction of the arm current. The variable D is sent to the D/A converter and
captured by using DSO-2024A oscilloscope.

3.3.2 Performance With Different Size of Arm Inductor

The performance of proposed methodology is investigated with a different
size of buffer inductor. Typically, the size of the buffer inductor is selected
based on the arm current ripple, short circuit current capability, circulating
current limit, and submodule capacitance [29, 104]. The buffer inductor also
helps to minimize the magnitude of switching frequency circulating current
components. The smaller buffer inductor with high switching frequency (or)
slightly larger size with lower switching frequency is preferred [68, 163].

The experimental results with a buffer inductor size of L=5 mH and L=1
mH are shown in Figure 3.8 and Figure 3.9. The outer and inner capacitors
voltage is perfectly regulated at 120 V and 60 V irrespective of the buffer
inductor size as shown in Figure 3.8 and there is no impact on the output
voltage and current as shown in Figure 3.9. However, the upper and lower
arm current waveforms have higher distortion with the reduction in buffer
inductor size as shown in Figure 3.9. The peak value of the arm current also
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Figure 3.8. Experimental results with different size of buffer inductors: (a) L=5
mH and (b) L=1 mH [Scope: upper and lower arm submodule capacitors
voltage]

5.00a/ = 5.008¢ 3 200%/ 4 5.0058¢ 0.0s 10,002/ Trig'd?

e, L T | cnasava
A A AL P A Samem
P W A A~ N S Ch-4:5A/div
\J \7 J ‘q'ac \J \J o \/ \J Time: 10 ms/div
| @ -

nmmww%wwmwmww%wmmw Ch-1:5 A/div
A TAN A (A N AN AN AN AN N R
WS WL A NCA NN s ara
\J \ial / \ oo \J o / \/ Time: 10 ms/div

(b)
Figure 3.9. Experimental results with different size of buffer inductors: (a) L=5
mH and (b) L=1 mH [Scope: output voltage and current waveforms]
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increased due to the increment in the magnitude of circulating current, and
the device power loss is affected.
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Figure 3.10. Experimental results for dynamic performance: (a) SAM scheme
(b) PSC-PWM scheme [Scope: output voltage and current waveforms]

3.3.3 Performance Comparison With PSC-PWM

The dynamic performance of the DSAZE-PWM is experimentally validated
on a three-phase MMC system with a single 3L-FC submodule per arm. The
three-phase converter is designed for a 208 V, 3 kW rated capacity. The main
DC-link voltage of 360 V is generated by using the Xantrex DC-power source
of 600 V, 20 A capacity. The submodule outer and inner capacitor rated
voltages are approximately 360 V and 180 V respectively. The sampling fre-
guency of 1080 Hz is selected. The experimental results with a step change
in the modulation index are shown in Figure 3.10. Initially, the converter is
operating at a m,=0.5, f,=60 Hz, and full-load condition. The output voltage
and current waveforms are shown in Figure 3.10(a). The converter output
has two-level line-line voltage waveform. The output and arm currents have
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less switching ripple.

At t=50 ms, the modulation index is changed from 0.5 to 0.9. The out-
put line-line voltage waveform has three voltage levels with a step of 180
V as shown in Figure 3.10(a). The magnitude of output and arm currents
increased with the modulation index. The experimental results with conven-
tional PSC-PWM are shown in Figure 3.10(b). The output voltage is shown
in Figure 3.10(b), which represents the three-level equivalent operation of
MMC. However, the harmonic distortion with PSC-PWM is much higher
than the DSAZE-PWM scheme. The ripple in the output current is also
higher compared with the DSAZE-PWM scheme.

3.4 Dual Space Vector Modulation

The control block diagram of MMC with dual space vector modulation sche-
me is shown in Figure 3.11. The reference phase modulating signals are gen-
erated with the required modulation index (m,) and frequency (f,). The up-
per and lower arm modulating signals are derived from the phase modu-
lating signals. The nearest switching vectors and dwell times are obtained
from the reference arm modulating signals. Each switching vector represents
the required number of SMs that should be turned on in three-phases. The
switching vectors and dwell times are applied to the voltage balancing ap-
proach. The balancing approach generates gating signals to the selected SMs,
depending on the submodule capacitors voltage and direction of arm cur-
rent.

The space vector modulation (SVM) is one of the low switching frequency
modulation approach applied to the high-power multilevel converters. The
SVM approach is flexible in the selection of best switching vectors among
the redundancy switching vectors to enhance the DC-link utilization, better
harmonic performance, and regulation of common-mode voltage magnitude,
etc. In spite of its significant advantages, SVM for more than three-level con-
verter is difficult to implement, due to the large number of switching vectors
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Figure 3.11. Control block diagram of MMC with dual-SVM scheme

and switching sequences that accompany the higher number of voltage lev-
els. The space vector diagram of m-level converter consists of m? switching
vectors and 6(m — 1)? triangles. In SVM scheme, the determination of re-
dundant switching vectors and switching sequences is a more challenging
task.

The implementation of SVM scheme in o« — g and a — 5 — 0 coordi-
nate system involves coordinate transformation, trigonometric functions and
look-up tables, which increases the computational load of the modulation
stage [160]. The implementation of SVM in abc-coordinate system overcomes
the above drawbacks and easy to obtain the switching vectors and duty cy-
cles as it were an equivalent of two-level SVM [158, 164, 165]. This approach
has the following features:

e switching states, duty cycles, and switching sequences are obtained by
simple calculations; thus, no look-up table is required.

e computationally less complex and extendable to the modular multi-
level converter with any number of voltage levels without any modi-
fications.

3.4.1 Design Procedure

The upper and lowers arms of three-phase MMC system are controlled us-
ing an independent SVM scheme. This approach is referred as dual SVM
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approach. The three-phase upper and lower arm reference voltages are ob-
tained from the reference phase voltages. The nearest switching vectors and
corresponding duty cycles are calculated by decomposing the multilevel spa-
ce vector into several two-level space vectors in abc-coordinate system. The
implementation of dual SVM approach mainly consists of following three
steps:

e Step-l: Synthesis of Reference Arm Voltage Vectors

The normalized reference output vector (7',) for an m-level modular multi-
level converter is defined as follows:

a* . Mg SiN(w, t)
m — .
T,= b | = 5 | e sin(w,t — 27) (3.4.1)
c* me SiN(w, t — 47”)

The upper and lower arm reference vectors are obtained from the normal-
ized reference output vector and expressed as follows:

[ o ] . 1 — myg sin(w,t)
m — .
v.=1 b | = —5— | 1= masin(wt - 2r)
cr 1 — mg sin(w,t — &)
- - ) - (3.4.2)
aj . 1+ mg Sin(w,t)
m — .
7” = b}k = T 14+m, Sln(wot — 2?”)
e |1+ mg sin(w,t — %) |

where m,, is the number of output voltage levels, m, is the modulation index
in the range of 0 < m, < 1, and w, is the fundamental angular frequency.

112



3.4 Dual Space Vector Modulation

i

[040] [140] A [240] [340] [440]

™ [141] [241] [341] [441] .
on Vo)V "[5'31;]'*“4 |'[1:~,a]'*V23 |'['2;;(;]'*V2%"[;;?:af V] on
‘ S S oaz [342] Claazs S
. [142] [131] [231] [331] [431]
ot Ve~ v 2"'"[;];;1']'|V |'fo'=;af*" |'['1;(;]"| |'Ez'é6i'
' \ ’ 8 [243] [343] [443]
[143] [132] [232] [332]
foss |V48* """ |"27|'[;;3;]'i 12 |'[a2'1']'1 |'i;g;]"| h‘;;;;i" Vas| ta10
s [010] {444] 0 N
[244] [344] "3
[144] [133] *[233] [411]
V- ' 28"[5:»::»:]'* e "['1'2'2']"|, iy 2 i LY g D38y (Vo
[044] * N [011] > 000] ¢ S [oo] SN s
8 " [234] [334] C[34] N [423] N N
[134] [123] [223] [323] [312] [412]
W‘“*“'V«“{ - * 29'1;;2'?:]'* i "fa;éi*"*‘. i Ve Ve h;(;;HVs?h?:aii'i‘,’wl“““
N N \[oo1] N [101] 2
N Slz2a 2N Ta2a)
- [124] [113] [213] [313] [413]
2] Vo - i 3°|'[[;1'33'| |'faaz']'1v |'ii6éj'|v |'Ez'6éj'| SSH?;"]"|V59|[“°21
[114] / [214] [314] [414]
[o14] |V52 |' ------ | 31 |[003]{ 3?‘ |-[-1-0-?;]-1 33 |[203]'| 34 |-E-‘;(-)-‘-3]-1V58|[403]
Vool (Vo V- Van] V]
[004] [104] [204] [304] [404]
jb
o

Two-Level Space Vector Hexagon

Figure 3.12. Space vector diagram for a 5L-MMC
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The generalized five-level space vector diagram is shown in Figure 3.12.
The normalized arm reference vector (ﬁry) iIs decomposed into an offset volt-
age vector (ﬁryo) and a two-level voltage vector (7Tyt) as follows:

7ry = 7ryo + 7ryt (343)

The offset voltage vector represents the origin of the two-level space vec-
tor diagram, and their coordinates (a,0, by, c,0) are given by,

ayo = floor(a;)
byo = floor(b;) (3.4.4)

cyo = floor(c,)

The two-level voltage vector (7ryt) is located in one of the six sectors of
the two-level space vector diagram as shown in Figure 3.12. The switching
vectors, which forms the two-level space vector diagram are obtained from
the coordinates (ayo, by, cy0) and (a1, by1, cy1). The coordinates (ayi, by, c,)
are given by,

ay1 = 1+ ay

by =14 by (3.4.5)
Cy1 = 1 + Cy0
The switching vectors, which forms the two-level space vector diagram

are (ay07 byOu CyO)a (ayla byOu CyO): (ayh byh CyO)a (ay07 bylu CyO): (be(), byb Cyl)a (ay07 byOu Cyl):

(ay1, byo, cy1), and (aya, byr, cy1).
e Step-II: Determination of Switching Vectors

In abc-coordinate system, the normalized reference vector is synthesized by
using the nearest four switching vectors. The volt-sec balance of the reference
vector is given by,

77‘y Ts - 7yl Tyl + 7:1/2 Ty2 + 73}3 Ty3 + 7y4 Ty4

(3.4.6)
T, = Tyl + Ty2 + Ty3 + Ty4
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Table 3.2. Switching Vectors in each Sector

sector T Ty T y3

T a

i

(ayo, byo, cy0)  (ay1,byo, c0)  (ay1, byr, cyo)
(ayo, byo, cy0) (%07 by1, ¢y0) (%17 by1, CyO)
(ayo, byo, cy0)  (ayo, byr, cyo)  (ayo, by1, cy1)
(ayo, byo, cy0) (%07 byo, Cy1) (%07 by1, Cyl)

(ay0, byos cy0)  (ayo, byos cy1)  (aya, byo,s cyn)

0 0001

(ay0; byos cyo)  (ay1, by, o) (ay1, byo,s cyn)

(ay1, by1, ¢y1)
(ayb by, Cyl)
(ay1, by1, ¢y1)
(ayb by, Cyl)
(ay1, by1, ¢y1)

(ay1, by1, cy1)

These switching vectors are identified based on the location of the nor-
malized reference vector in two-level space vector diagram. The location of
the normalized reference vector is obtained from the coordinates (ay, b0, ¢,0)
and (ay1, by1, c,1). The nearest four switching vectors in different sectors are
shown in Table 3.2. The vectors ¥/,; and /,, are located at the origin of
the two-level space vector diagram. The distribution of the duty cycles be-
tween the vectors 7y1 and 7y4 will affect the common-mode voltage com-
ponent only. In this study, the duty cycles between the vectors 7y1 and 7,

are equally distributed.

e Step-I1I: Calculation of Dwell Times

Once the switching vectors are identified, the next step is to calculate the
dwell times of each switching vector. These dwell times are calculated from
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the reference arm voltages. The dwell times of each arm are given by,

Toy = (a, — floor(ay)) x T
— floor(b,)) x T, (3.4.7)

The dwell time of each switching vector is expressed as follows:

Ty =1—max(T,,, Ty, T.,)

Tyo = max(Tyy,, Tyy, Tey) — med(Toy, Toy, Tey)

Tys = med(Toy, Toy, Try) — min(Tay, Ty, Tey) (3.4.8)
Tys = min(Tyy, Ty, Tty)

Ty=Tp+Ty

3
S
3
S

S

+|

+
“[El
+f

SRRV

Gdy1

Gdy2

o T

Jdy4

73}1 ?yQ 73}3 7y/l § 7y/l 73;3 71/2 7yl

Figure 3.13. Dwell times of the switching vectors

These duty cycles are compared with the symmetrical triangular wave-
form shown in Figure 3.13, to obtain the pulses gu,1, gay2, gays, and g4, COr-
responding to the switching vectors ¥ ,1, 7,2, U3, and ¥4, respectively.
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After the switching vectors and duty cycles are calculated, the final output of
the modular multilevel converter is determined by selecting the appropriate
sequence of switching vectors. The symmetrical switching sequence is ex-
tensively used to achieve the lowest voltage harmonic distortion and current
ripple. The symmetrical switching sequence ¥, — U yo— U y3— U ya— Uy
— 35— U ya— U, is applied over a sampling time (7).

3.4.2 Capacitors Voltage Balancing Approach With Reduced Current Sen-

SOrs

The voltage balancing approach requires the direction of arm current, which
is obtained from the direct measurement of arm currents using hall sensors.
The three-phase MMC requires six current sensors to obtain the direction of
arm current. However, the number of current sensors can be reduced by es-
timating the arm currents. The arm current consists of the following current
components: AC circulating current (i,..), DC current component (i,), and AC
output current (i,). The AC circulating currents are mainly presents due to
the voltage difference between upper and lower submodule capacitors volt-
age. These circulating currents affect the efficiency and reliability of MMC
only. Therefore, the circulating currents can be neglected during the capac-
itors voltage balancing among submodules. Hence, the DC current and AC
output current components only exist in the arm current. The magnitude of
DC current component varies with the active power demanded by the load
and is estimated by using the following equation [90]:

iy = e 0050 (3.4.9)
4

where [ represent the root mean square (RMS) value of load current and cosy

represents the load power factor. The AC output current is directly mea-

sured by using three current sensors and its magnitude equally distributed

between upper and lower arms. By doing so, the number of current sensors

is reduced by 50% compared with the existing balancing approaches.
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The flow chart of proposed voltage balancing approach is shown in Figure
3.14(a). The implementation of proposed voltage balancing approach mainly
consists of three stages, as follows:

@mk o—> ) if 711/L >0
Cyl Comparison D=1 .
o Logic olse 0 e
v o—
CyR D=0
(% D .
h 'y Y ,U(g:jln, Z o
IDy, =CVyxD+(m—2—CV,)*(1—D) > >V,
1 > » +
IDh ~
y ,;rknc -
if [Dh > ka Cy2 = > » +
SM, hk — 1 S —> C1},
Vi (el p—> v >
else >
Sﬂjyhk = prkn
CyR O >
VSA’LJhk > > +
~— —>» CVi
h=2N >
k=4 > ; +
Gdyk o—> Gyh = ’; Gayk * S]\'[yh,k 4’]
h=1

i Gyh

@ (b)

Figure 3.14. Voltage balancing approach: (a) design steps of balancing ap-
proach, (b) comparison logic

e Stage-l: Generation of Index Number for Submodule Capacitors

In proposed approach, the SM capacitor with the lowest voltage is inserted in
the arm during the positive direction of the current. Similarly, the SM capac-
itors with the highest voltage are chosen to be inserted to let them discharge
during the negative direction of the current. Achieving this objective requires
a relative comparison logic with the normalized capacitor voltage as shown
in Figure 3.14(b).
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The normalized capacitor voltage of the 3L-FC module is expressed as

follows:
xk

<

zkn _ _Cvl
Cyl V
o (3.4.10)
v
zkn _ _Oy2
Cy2
AR 725

Each capacitor voltage is compared with other capacitor voltages, as sho-
wn in Figure 3.14(b), and their outputs are added together. The final out-
put becomes an index number (C'V},). The range of index numbers is C'V}, €
{0,1....m —2}and h € {1,2....2N — 1,2N}. The output of comparison logic
can be directly used to generate the SM IGBT status in stage-Il for the pos-
itive direction of the current. However, these index numbers should be re-
arranged for the negative direction of the current. The direction of current
is incorporated into the process of index number generation to meet this ob-
jective and maintain the compatibility between the stage-I and stage-I1 vari-
ables. The actual index number (/D) for each capacitor voltage is obtained
using Equation (3.4.11)

where D is the direction of estimated arm current and is expressed as follows:

1 igye >0
D= (3.4.12)
0 tpye <0

Based on the equations (3.4.11) and (3.4.12), the relative comparison logic
in stage-I assigns the highest priority index number to the highest capacitor
voltage during the positive direction of the current (D=1 and I D, = CV}).
In the negative direction of the current, the highest priority index number
is assigned to the lowest capacitor voltage (D=0 and ID;, = m — 2 — C'V}).
Index number generation is further explained in the example shown in Ta-
ble 3.3. In this example, two 3L-FC (N=2) modules per arm are considered.
Table 3.3 shows that the highest priority index number is assigned to SM?
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inner capacitor (v5") in the positive direction of the current. In the negative
direction of the current, the highest priority index number is assigned to the
SM? outer capacitor with the lowest voltage ().

Table 3.3. Index number generation for N=2, m=2N+1=5

Normalized 1D, for 1D, for
CV,

Cap. Voltage izye > 0& D=1 iaye < 0& D=0
ve" = 0.95 cvi=2 I1D,=2 ID;=1
ve" = 0.93 CVy=1 1D,=1 1D,=2
Ug:g =0.92 C’V;),ZO ID3:0 ID3:3
ve" = 0.98 CcV,=3 I1D,=3 1D,=0

e Stage-Il: Determination of Submodule IGBT Status

Stage-1l requires the nearest switching vectors from the modulation stage.
Each vector has three elements, which represent the required number of
SMs that should be turned on in three phases. These elements are extracted
from the switching vectors and processed by using the voltage balancing ap-
proach. The term 7yk(cl) represents the elements of the switching vector
(upper and lower arm), where y € {u,l} represents the arm, k € {1,2,3,4}
represents the switching vectors, and ¢l € {1,2,3} represents the elements
in each switching vector. These elements are used to generate the reference
index number (Z,;), which is given by,

Ip = R— 0 y(cl)

3.4.13
R=m-1 ( )

The reference index number (/,,) dynamically varies with the switching
vectors. The reference index number is compared with the actual index num-

120



3.4 Dual Space Vector Modulation

ber of the capacitor voltage (I D;) to determine the IGBT status (SM,) cor-
responding to that capacitor voltage, that is, ON (1) / OFF (0). If SM, = 1,
then the IGBT device corresponding to that particular capacitor should be
turned on. Otherwise, it should be turned off.

The implementation of stage-II is explained by using the example shown
in Table 3.4. In this example, the switching vectors v/,,=(3,2,2), 7 ,2=(4.2,2),
7y3:(4,3,2) and 7y4:(4,3,3) are considered. The switching states correspond-
ing to phase-a is extracted from the switching vectors and are expressed as
V1 (1)=3, ¥ 2(1)=4, 7 3(1)=4 and 7,4 (1)=4. Based on the equation (3.4.13),
the reference index numbers for each switching vector are expressed as /,,=1,
1,,=0, I,5=0, and [,,=0. The actual index number (I D;) of the SM is compared
with the reference index number. The IGBT status of the corresponding SM
capacitor voltage is shown in Table 3.4.

Table 3.4. Determination of IGBT status N=2, m=5, R=4 and D=1

IDh -[yk SMyhk

ID1:2 Iylzl SMyH:l, SMym:l, SMy13:1, SMy14:1
ID2:1 IyQZO SMyglzl, SMyggzl, SMy23:1, SMy24:1
ID3:O Iy3:O SMy?,l:O, SMy?)Q:l, SMy33:1, SMy34:1

ID4:3 Iy4:O SMy41:1, SMy42:1, SMy43:1, SMy44:1

e Stage-l1l: Generation of Gating Pattern

After determining the IGBT status, the final step is to generate the gating
pattern for the IGBT devices of each 3L-FC module. Stage-Ill requires the
gating pulses (gay1, gay2, gays, and gq,4) corresponding to the nearest switch-
ing vectors (7,1, 7,2, U3, and ' ,4), respectively. These gating pulses are
obtained from the modulation stage. The IGBT status (SM,;) from stage-II
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is used along with the pulses to generate the final gating pattern (G,;). The
generalized gating of the IGBT device is defined as follows:

h=2N

k=4
Gyn = Y Gaye * SMyn (3.4.14)
k=1

h=1

Equation (3.4.14) is expanded and presented for single IGBT device of
G, as follows:
Gy1 = Gan * SMy11 + Gay2 ¥ SMy1o

(3.4.15)
+ gayz * SMy13 + Gaya * SMy14

Similarly, the equations for the gating patterns of other IGBT devices in an
arm can be obtained by using the equation (3.4.14). Stage-I11 of the proposed
approach is explained by the example shown in Table. 3.5. The devices Gy1
and G, belong to SM', whereas G, and G4 belong to SM?. We observed
that SM' is inserted, whereas the SM? is operated in the PWM mode. In
one sampling interval, only one device changes its state to either ”ON-OFF”
or "OFF-ON”. In this example, the devices G,,, G, and G, are inserted,
and G is operated in PWM mode over a sampling interval. The proposed
approach mainly involves simple comparisons only. The digital implemen-
tation of these comparison logics is easy and can be easily extended to the
large number of SMs per arm without any difficulty.

Table 3.5. Gating pattern generation

Gyn

Gyl = Jdy1 + Gdy2 + Gdy3 + Gdya
Gy2 = Gay1 + Gay2 + Gay3 + Gaya
Gy3 = Gdy2 + Gdy3 + Gdya

Gys = Gay1 + Gay2 + Gay3 + Gaya
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3.5 Dynamic and Steady-State Performance of Dual-Space
Vector Modulation

The performance of the proposed SVM scheme and capacitor voltage balanc-
ing approach is verified on a three-phase MMC system by using the MAT-
LAB /SIMULINK software. The three-phase MMC system consists of three
3L-FC modules per arm. The rated voltage of outer and inner capacitors is
V., =333 kV and V, =1.66 kV, respectively. The sampling frequency of the
proposed modulation scheme is 1200 Hz.

3.5.1 Dynamic Performance

The simulation results with the step change in modulation index are shown
in Figure 3.15. From t=0sto ¢t =0.1s, the converter operates at a modulation
index of m, =0.5 and frequency of f,=60Hz. At¢=0.1s, the modulation in-
dex is changed from 0.5 to 0.9 and frequency is kept constant. The upper and
lower arm submodule outer and inner capacitors voltage are maintained at
3.33 kV and 1.66 kV, respectively as shown in Figure 3.15(a)-(b). The ripple
in capacitors voltage is increased with the modulation index. Unlike CPWM,
the SVM approach perfectly maintaining the upper and lower arm submod-
ule capacitors voltage at an identical average value during the external dis-
turbance. The three-phase output voltages and currents are balanced. The
output voltage steps and the magnitude of the output current are increased
with the modulation index as shown in Figure 3.15(c)-(d). With SVM, the
ripple in arm current and output current is significantly reduced as shown
in Figure 3.15(e). Hence, the smaller output filter is required to eliminate the
switching frequency harmonics.
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-0.4kA

(e)
0.0 0.05 0.1 0.15 0.2

Figure 3.15. Transient operation: (a) phase-a, upper and lower arm SM* outer
capacitors voltage, (b) phase-a, upper and lower arm SM* inner capacitors
voltage, (c) three-phase line voltages, (d) three-phase line currents and (e)
upper, lower arm and phase-a current waveforms
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1.8 kv

1.7 kv

1.6 kV

1.5 kV

0.0 0.02 0.04 0.06 0.08
—  t(9)

Figure 3.16. Simulation results of unbalanced operation: (a) three-phase line
voltages, (b) three-phase line currents, (c) three-phase upper arm currents,
(d) three-phase lower arm currents, (e) phase-a, -b, upper and lower arm
SM* outer capacitors voltage, and (f)phase-a, -b, upper and lower arm SM*!
inner capacitors voltage
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3.5.2 Unbalanced Operation

The performance of proposed approach with the unbalanced load is shown
in Figure 3.16. In this case, the load parameters of phase-b are different from
those of phases-a and ¢. The converter output has the balanced three-phase
output voltages corresponding to a modulation index of m,=0.9 and fre-
quency of f,=60Hz as shown in Figure 3.16(a). During the unbalanced op-
eration, the three-phase output currents are sinusoidal and unbalanced in na-
ture as shown in Figure 3.16(b). The output currents are equally distributed
between upper and lower arms as shown in Figure 3.16(c)-(d). The unbal-
anced operation causes positive and zero sequence circulating currents along
with the negative sequence circulating current component at double the fre-
guency. These additional circulating currents contribute additional device
stress and conduction losses [117,118]. The phase-a and -b submodule outer
and inner capacitors voltage is maintained at their nominal value as shown
in Figure 3.16(e)-(f). The submodule capacitors in unbalanced phase-b have
higher voltage ripple compared with other phases.
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Figure 3.17. THD analysis
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3.5.3 Total Harmonic Distortion

The performance comparison of PSC-PWM, DSAZE-PWM and SVM strate-
gies in terms of total harmonic distortion (THD) at different modulation in-
dices is shown in Figure 3.17. The results show the DSAZE-PWM scheme
has less harmonic distortion compared with the PSC-PWM scheme. How-
ever, it has a slightly higher THD compared with the SVM strategy owing to
the asymmetrical distribution of time duration for zero vectors. The asym-
metrical distribution of zero vectors generate sub-harmonics, which leads to
higher harmonic distortion.

3.6 Experimental Validation

The performance of dual space vector modulation and submodule capacitors
voltage balancing approach is verified on a 3 kVA, 208 V rated prototype of
three-phase MMC with 3L-FC SMs. Each arm has single 3L-FC SM with two
floating capacitors of 350 VV and 175 V rated capacity.

3.6.1 Dynamic Performance

The transient operation of proposed voltage balancing approach is shown in
Figure 3.18. These results are presented for a lagging load power factor of
0.85. Initially, the converter is operated at m,=0.5 and f,=60 Hz. The phase-
a, upper and lower arm submodule outer and inner capacitors voltage are
maintained at 350 V and 175V, respectively as shown in Figure 3.18(a). The
output line-voltage has two levels corresponding to a modulation index of
0.5 as shown in Figure 3.18(b). The load current has a magnitude of 5 A,
which is equally distributed between the upper and lower arms as shown in
Figure 3.18(b).

The modulation index is suddenly changed from 0.5 to 0.9, and the fre-
guency is maintained constant. The balancing approach effectively main-
tains the upper and lower arm submodule capacitors voltage at their nomi-
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nal value. The number of output voltage levels is increased with modulation
index. At m,=0.9, the output voltage has three-levels equivalent to three-
level operation. The magnitude of the output current is increased to 10 A, as
shown in Figure 3.18(b). The arm currents have low ripple compared to the
PSC-PWM scheme.

f— me=05 ———f—— me=09 —
a11 7)“1 - —

T 11 i
\ \* Ch-1:100 V/div
Ch-2:100 V/div
Ch-3:100 V/div
7 7 Ch-4:100V/div
N vy v Time: 20 ms/div

10.0A7 = 100a&7 3 200%/ 4 10.087 0.0s 20.002/ Trigd?

Zal a au N o, A N 2 A
9@@@@9@@ 9@4%% Ch-1:10 AZdiv
¥ 4 Ch-2:10 A/div
Wmﬂ'lr Ch-3:200 V/div
Ch-4:10 A/div

III]L%“L Time: 20 ms/div

¢
¢
3
o

et
0]
<
)

(b)
Figure 3.18. Experimental results for step change in the modulation index: (a)
upper and lower arm submodule capacitors voltage, and (b) output voltage
and current waveforms

3.6.2 Unbalanced Operation

During this operation, the three-phase modulating signals are generated with
a modulation index of m,=0.7 and frequency of f,=60Hz. Initially, the load
is perfectly balanced, and converter generates balanced three-phase voltages
across the load as shown in Figure 3.19(a). These voltages generate balanced
currents with a magnitude of 5 A as shown in Figure 3.19(b). The upper and
lower arm currents of phase-a and b are balanced and equal in magnitude
shown in Figure 3.19(c). The three-phase upper and lower arm submodule
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outer and inner capacitors voltage perfectly maintained at 350 V and 175V,
respectively as shown in Figure 3.20(a)-(c).
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Figure 3.19. Experimental results with unbalanced load at m,=0.7 and
f,=60Hz: (a) three-phase output line voltages, (b) three-phase output cur-
rents, and (c) upper and lower arm currents

Subsequently, the impedance of phase-b is changed, resulting in unbal-
anced operation of MMC. The converter generates balanced voltages across
the load due to balanced modulating signals as shown in Figure 3.19(a).
However, the load currents are unbalanced in nature due to the unbalanced
load as shown in Figure 3.19(b). The unbalanced nature of load currents
reflects in the arm currents as shown in Figure 3.19(c). Due to the unbal-
anced operation, the circulating currents consist of zero sequence compo-
nents along with the positive and negative sequence double frequency com-

129



Chapter 3 - PULSE WIDTH MODULATION SCHEMES WITH IMPROVED
HARMONIC PERFORMANCE

ponents. These additional current components increase the device stress and
power losses. Minimizing the circulating currents by using circulating cur-
rent controller is necessary to improve the performance of MMC. However,
the circulating current does not have any negative affect on the submodule
capacitors voltage balancing approach. The three-phase submodule outer
and inner capacitor voltages from the upper and lower arms are shown in
Figure 3.20(a)-(c). The balancing approach is effectively maintaining the SM
capacitor voltages by using the estimated arm currents.

Balanced Unbalanced
Condition 1 Condition I
oovs 3 100 40.00z 10,002/ [ Trigd? |

100%; 2 1 WS4 100W/ Trigd?

pal pe

Yon Cupl Ch-1:100V/div
q;f; 475112 Ch-2:100V/div
y Ch-3:100V/div
Ch-4:100V/div
Time: 10 ms/div

100/ 2 100W/ 3 100vs A 100w/ 10.00g 10.00%¢ Trig'd?

il l“cul Ch-1:100 V/div
o P Ch-2:100 V/div
y - Ch-3:100 V/div
Ch-4:100V/div
Time: 10 ms/div

UV 2 TUUWS E 0 TUUYS 4 ULV au.uug RLERV/EEYS Irigrdy

cl cl
ci Cul

i~ 4 — Ch-1:100V/div
Usud Tcip Ch-2:100V/div
3 ) Ch-3:100V/div
Ch-4:100 V/div

Time: 10 ms/div

()
Figure 3.20. Experimental results with unbalanced load at m,=0.7 and
fo=60Hz: (a) phase-a submodule capacitors voltage, (b) phase-b submodule
capacitors voltage, and (c) phase-c submodule capacitors voltage
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-------- With Reduced Sensors —— Without Reduced Sensors
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Figure 3.21. Experimental results: (a) submodule outer capacitor voltage, (b)
submodule inner capacitor voltage, (c) upper arm current, and (d) phase-a
line current

3.6.3 Comparison of Balancing Approach With and Without Current Sen-

sors Reduction

The performance of voltage balancing approach with the direct measurement
of arm currents is compared with the balancing approach with the estimated
arm currents. The experimental results of this comparison are shown in Fig-
ure 3.21. The voltage variation of submodule outer and inner capacitors is
very close in a relationship as shown in Figure 3.21(a)-(b). However, there is
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a marginal error in their average voltages. The current flowing through the
arm and load is identical in shape as shown in figure 3.21(c)-(d). Overall, the
results show that the performance of balancing approach with direct mea-
surement and estimated arm currents are very close and identical. As such,
using the estimated arm current for voltage balancing in the MMC is possi-
ble. With this approach, the required number of current sensors is effectively
reduced by 50% in a three-phase system.

3.7 Summary

In this chapter, two novel modulation schemes named as sampled average
modulation and dual space vector modulation schemes are proposed. These
modulation schemes are equivalent to the sinusoidal modulation with third-
order harmonic injection. The injected third-order harmonic component min-
imizes the internal converter unbalance (i.e., voltage balancing between arms).

The sampled average modulation approach follows the per-phase phi-
losophy, computationally less complex and easy to apply for MMC with
any number of phases and submodules. The three-phase equivalent of sam-
pled average modulation is named as DSAZE-PWM and generates an output
voltage with lowest harmonic distortion, output current with the lowest rip-
ple and reduces the magnitude of switching frequency harmonics compared
with the PSC-PWM. In addition, a simple voltage balancing approach is pro-
posed to achieve the voltage balancing among submodules. The experimen-
tal and simulation studies are conducted, and results show the satisfactory
performance.

The SVM controls the three phases together and is flexible in the selec-
tion of switching vectors from redundancy vectors. The implementation of
SVM in abc-coordinates significantly reduces the computational complexity,
easy to obtain the switching vectors and their dwell times, and extendable
to higher number of voltage levels without any modifications. In SVM ap-
proach, the zero vectors are equally distributed, which results in output volt-
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age with lowest harmonic distortion. Finally, a submodule capacitors volt-
age balancing approach with reduced current sensors is presented. This ap-
proach uses estimated arm current, which reduces the number of current
sensors to 50% compared with the conventional balancing approach. The
performance of balancing approach with estimated and direct measurement
of arm current is presented. The results are very close in a relationship and
thus validate the proposed methodology.
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CHAPTER 4

MINIMIZATION OF SUBMODULE CAPACITORS
VOLTAGE RIPPLE USING DIRECT MODEL
PREDICTIVE CONTROL

MINIMIZATION of submodule (SM) capacitor voltage ripple is one of
the main technical challenges in an MMC [84]. Low-frequency voltage
ripple, particularly second and fourth-order harmonic ripple components,
can be observed in submodule capacitor voltages. Capacitor voltage ripple
generates the circulating current on the arm side with corresponding rip-
ple frequency [42]. The circulating current increases the peak value of the
arm current, thereby increasing the voltage stress on devices and introduc-
ing additional conduction losses [104]. These circulating currents are con-
trolled using either proportional-integral (PI) or resonant regulators in clas-
sical control methods [90,108,111,117]. In direct model predictive control (D-
MPC), the objective of circulating current control is included in a cost func-
tion [146-149]. The circulating current control ensures the voltage balancing
between upper and lower arms and minimizes the ripple in submodule ca-
pacitors voltage as well.

In this chapter, a direct model predictive control without cost function is
proposed to minimize the circulating currents and ripple in submodule ca-
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pacitors voltage. To implement the proposed approach, a three-phase math-
ematical model of MMC in the discrete-time domain is presented. The pro-
posed three-phase equivalent model of MMC includes the common-mode
voltage (CMV), which minimizes the power fluctuations in the arm. Hence,
the ripple in submodule capacitors voltage is reduced. The injected CMV
also guarantees the voltage balancing between arms, minimizes the magni-
tude of circulating currents and eliminates the need for the cost function.
During unbalanced operation, the injected CMV effectively minimizes the
second harmonic fluctuations in DC-link current, considering that the DC-
link voltage is stiff. The simulation and experimental studies are conducted
on a laboratory prototype to validate the performance of proposed approach
during balanced and unbalanced operating conditions.

4.1 Mathematical Modeling of 3L-FC Based MMC

For the digital implementation of direct model predictive control (D-MPC)
approach, a discrete-time model of the MMC is required. The discrete-time
(DT) model is obtained from the discretization of continuous-time (CT) model.
In this Section, the continuous-time and discrete-time model of MMC con-
nected to a passive load are presented.

The configuration of three-phase MMC connected to a simple passive
load is shown in Figure 4.1. Each leg of MMC is composed of two arms,
namely upper and lower (y € {u,l}). Each arm consists of N-submodules
in series with an inductor (L). The power losses in each arm are represented
with an equivalent resistance (r). The DC system is represented by a split
DC source of V, and V;, where V,, = V|, = VTd The DC source output is
connected to the upper and lower DC bus bars of each leg in MMC through
a DC-line. The DC-line is modeled as an inductor (L,.) and a series resis-
tance (r4.). The passive load consists of an inductor (Z,) and a resistor (r,)
connected in between mid-point of each leg (x € {a,b, ¢}) and neutral point
(n), which forms a star configuration. The potential difference between the
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Figure 4.1. Three-phase MMC.

star point of passive load (n) and the mid-point of DC source (o) is consid-
ered in the modeling of MMC. The submodules in each arm are modeled as
a controlled voltage source with a value equal to the sum of N submodule
capacitor voltages as shown in Figure 4.2.

To analyze the dynamic behavior of the MMC, the arm current (i,,) is
decomposed into various current components, which includes the DC cur-
rent component (i,), AC output current (i), and AC circulating current (i,.).
From the equivalent model shown in Figure 4.2, the upper and lower arm
current of phase-a is given by,

Z.au - ia _'_Zs _'_iaz

(4.1.1)

lal = g — s — lgz-
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Figure 4.2. Equivalent model of MMC.

The current flowing through the upper and lower DC-link of MMC is
given by
Z.u :Zau+2u+zcu:37/s
’ (4.1.2)
i = lg + Uy + 1 = —31s.
Similarly, the AC output current flowing through the phase-a of the pas-
sive load is formulated as follows:

fon = 2ia. (4.1.3)

From the equivalent model shown in Figure 4.2, the voltage equations of
phase-a, upper and lower arms are given as,

d.u . d'au . d.Oa .
Vu:ded—Zt—i_Tdclu—i_vau—i_L ;t +Tlau+L0 C;t +Toloa+vn0
di di, , diog ,

_‘/l - ded_zl +Tdcil — Vi +L%+T1al +LO% + 76 %0a + Uno-

(4.1.4)
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Substraction of lower arm voltage in equation (4.1.4) from the upper arm
voltage results in,

d(lu —Zl) . . d(iau _ial)
Vc:L c— 1, c \lu — au a L
d d 7 + Tae (g — 1) + Vau + Va + B E— (4.15)
+r(iau _ial)-

Similarly, the summation of phase-a, upper and lower arm voltages in
equation (4.1.4) gives the following equation,

d 'U/ ) . . d ‘au 'a
t . t (4.1.6)

Zoa .
+ 7 (lgu + Gar) + 2L, p + 27 Goq + 2Uno.

OZde

4.1.1 Modeling of DC Current Component

The DC current component flows from the DC system through the converter
legs, and its magnitude varies proportionally to the active power demanded
by the load. From equation (4.1.2), the DC current component is given by
by — 1
6
The equations (4.1.1) and (4.1.7) are substituted in equation (4.1.5), which
results in

(4.1.7)

ls =

dig , dis ,
Ve = 6Lg. als 4+ 67 g ts + Vgy + Vg + 2L ! + 211,
dt dt (4.1.8)
di o
+ 2L df + 2r g,
Similarly, the phase-b and -c voltage equations are obtained as follows:
dis , dis )
Vdc = 6ded—zt —|—6’f‘dcls + Vpy + Uy + 2L dzt —|—27‘Z5
dip,
+2L CZ’ + 2y
di di (4.1.9)
Ve = 6Lge d—; + 674 s + Ve + Ve + 2L dts + 21 i,
d 'CZ .
+2L ;t + 2.
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The dynamic model of DC current component is obtained by adding the
equations (4.1.8) and (4.1.9):

di, 1

Vdc Vg, + Uyl
dt — 3Lg+ L 2

7 6 — (Brdc -+ 7“) /L's

(4.1.10)

r=a,b,c

The continuous-time model of DC current component given in equation
(4.1.10) is transformed into discrete-time domain by using forward Euler ap-
proximation,

T, 3Lg. + L 2 = 6 (4.1.11)
3rge + 1 .
— " (k).
3L, L)

which is simplified and its equivalent discrete-time model is given by,

2 6 (4.1.12)

Vi) _ g~ (k)¢ vm]
r=a,b,c

+ @ iy (k),

777

where superscript ”p” denotes the predicted variable, ”m” denotes the mea-
sured variable, and T, represents the sampling time. The discrete-time pa-
rameters are defined by,

T, (3rge + 1) T

M= py=1— T /s 4.1.13
3L4 + L 3Lg + L (4113)

4.1.2 Modeling of AC Circulating Current

The circulating current flows among the converter legs due to the difference
between the upper and lower arm voltages. This current mainly consists of
even order harmonic components corresponding to the multiples of twice the
fundamental frequency. These circulating currents are controlled to achieve
arm voltage balance, voltage ripple, and power loss reduction. The upper
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and lower arm currents given in equation (4.1.1), are added together and
formulated as,

_ v "l (4.1.14)

Z’CLZ S
2

The dynamic model of phase-a, AC circulating current is obtained by
solving the equations (4.1.8), (4.1.10), and (4.1.14) as follows:

dig; 1 wu + Uz au T Va .
2 _ 1 [Z v 'UZ_U Ul—’l“laz]. (4115)

dt L 6 2

r=a,b,c

From equation (4.1.15), the generalized representation of three-phase AC
circulating currents is given by

d iXZ 1 U;U’U, _'_ U;rl qu + Vxl .
=7 L;C c - 5 — Tiyg | (4.1.16)
where,
Z.(IZ Uau Ual
ixz = ibz y Vxu = | Uby | 5 VxI = [ Uy | - (4117)
Z.CZ Ucu UCl

With the forward Euler approximation, the discrete-time model of three-
phase AC circulating currents is formulated as,

i,k 1=, | 3 ) v el

Bt 6 2 (4.1.18)
+ @, i, (k),
where,
P==2 &, =1- Tf. (4.1.19)

4.1.3 Modeling of AC Output Current

The magnitude of DC current component equally flows among the three-
phase, upper and lower arms. The three-phase arm currents are added to-
gether and results in,

1y + 1 = 0. (4.1.20)
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The AC output current is equally distributed among the upper and lower
arms. From equation (4.1.1), the magnitude of phase-a, AC output current is
given by

iau + Z.al
5
Substitution of equations (4.1.3), (4.1.20) and (4.1.21) into equation (4.1.6)
results in,

(4.1.21)

lg =

di,
au — Ya 2L
v Vgl + at

dig .
+ 2ri, + 4L, a4 Aryiq + 20, = 0. (4.1.22)

dt

Similarly, the phase-b and -c voltage equations are given by

di di
Obw — Oyt 4 2L 28 9y 4L, S Ay iy + 20, = 0

ddf j;f (4.1.23)
dtc +2ri.+4L, d—tc + 47,4, + 2v,, = 0.

Ve — Ve + 2L

From equations (4.1.22) and (4.1.23), the common-mode voltage (v,,) is
given by:

Vgl — U

Uno = Z 6

r=a,b,c

(4.1.24)

The dynamic model of phase-a, AC output current is obtained by solving
the equations (4.1.22), (4.1.23), and (4.1.24):

di,

dt  L+2L,

1

Vgl — U

Val — Vau
2 2 6

r=a,b,c
N

N

Common-Mode Voltage

— (r+2r,) i,

(4.1.25)

From equation (4.1.25), the generalized dynamic model of three-phase AC
output current is developed as,

dix

dt L +2L,

1

Common-Mode Voltage
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The continuous-time model given in equation (4.1.26) is transformed into
the discrete-time domain using forward Euler approximation as follows:

lg(ki + 1) =T, Vfc’l(k) — Vgu(k) . Z ’Ugl(k) gvgu(k) + @, lgl(k’),

~
Common-Mode Voltage

(4.1.27)

where,
T 2r )T,
R LR S R Ul (O R
L+2L, L+2L,

(4.1.28)

4.1.4 Modeling of Arm \Voltage

The MMC is constructed using a three-level flying capacitor (3L-FC) submod-
ule as shown in Figure 4.3. The 3L-FC submodule has two floating capacitors
C, and C, with a voltage of v, and v_,, respectively.

21

ZCI

Uy == C1 Yoy Cy -H—T/\,
S ACH

Figure 4.3. Flying capacitor submodule

The voltage equations of capacitor C'; and C in continuous-time are given
as follows:

0 (1) = 1, (0) + — / iy (7) dr

C1
@ or (4.1.29)
1 :
ta®) =0+ g [ e
+
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where v, (0) and v, (0) represents the initial voltage of capacitors C; and C»,
respectively, 7., and i, represents the current flowing through the capacitors
C, and O, respectively. The voltage equations of capacitor C; and C5 in
discrete-time are given by,

T .
P (k+1)=v0 (k) + Ezgl(k)

o (4.1.30)
vb (k+1) =0 (k) + ii&(k}.

The capacitors current in terms of switching states and arm current is
given by,

(4.1.31)

The capacitor ' voltage is regulated at twice the value of capacitor C;
voltage to generate three voltage levels at the output. The submodule output
voltage is given by,

W (k) = ST (k) + (S5 — ST) o (k), (4.1.32)

SM1 1 "

where " (k) and v (k) are the measured voltages.
Each arm consists of N-submodules. The summation of N-submodules
output voltage gives the arm voltage,

b (k) =l (k) +of (k) +...+of (k). (4.1.33)

SM1 SM2 SMN

4.2 Direct Model Predictive Control Approach

The direct model predictive control (D-MPC) is one of the predictive ap-
proach, which allows the simultaneous control of output current, circulating
currents and submodule capacitor voltages in the modular multilevel con-
verter (MMC). In conventional D-MPC approach, the control objectives of
each phase are included in a cost function and optimized for 2%V switching
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states [148, 149]. In this approach, the circulating current control is required
to minimize the ripple in submodule capacitors voltage and DC-link current,
and voltage balancing between arms during balanced and unbalanced con-
ditions. These objectives are achieved by using an approximate mathemati-
cal model in the implementation of conventional D-MPC. The approximate
mathematical model significantly affects the performance of MMC.
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Figure 4.4. Block diagram of D-MPC with CMV injection.

The performance of D-MPC can be significantly improved by using an ac-
curate mathematical model of MMC. The exact model includes the common-
mode voltage (CMV), which minimizes the ripple in capacitors voltage and
DC-link current, eliminates the cost function to control the circulating cur-
rent and ensures the voltage balancing between arms. In D-MPC with CMV
injection, the three-phase control objectives can be achieved using single cost
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function. This approach has high computational complexity compared with
the conventional D-MPC.

The block diagram of D-MPC for a simultaneous control of output current
and submodule capacitor voltages in an MMC is shown in Figure 4.4. The
three-phase reference output currents (i (k)) are generated with a required
magnitude (I*) and frequency (f,). These currents are in alternating in nature
and extrapolated to (k + 1)""-sampling instant using Lagrange extrapolation
technique. Other hand, the submodule capacitors voltage are DC in nature.
Hence, the extrapolation is not required for the DC signals. The reference
output currents and capacitors voltage are included in a cost function. These
reference signals are compared with the predicted signals. The output cur-
rents and submodule capacitors voltage are predicted to (k + 1)"-sampling
instant using the system parameters, predicted voltages, and measured cur-
rents. Finally, the cost function is evaluated for all possible switching states.
The switching state which minimizes the cost function is selected and ap-
plied to the converter. The implementation of D-MPC with CMV injection
involves various steps, such as synthesis of feedback and reference signals,
prediction of future behavior, optimization of cost function and selection of
switching state. The step-by-step design procedure of D-MPC with CMV
injection is presented in the following subsections.

4.2.1 Design Procedure

The design procedure of direct model predictive control (D-MPC) with CMV
injection involves the following steps:

e Measurement and Synthesis of Feedback Signals

The three-phase output currents (iy), DC current component (i,), and circu-
lating currents (i) are synthesized from the measured upper (ix,) and lower
arm currents (iy;) as follows:

lx(k‘) _ ixu(k> ;‘ ixl(k) (421)
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and, the measured submodule capacitor voltages (v;‘fh) are used in the pre-
dictive block.

e Calculation of Reference Currents

The reference output currents are generated proportional to the required
magnitude (7*) and frequency (f,). In the case of motor drive applications,
the reference currents are obtained from the torque/speed and flux controllers
[140, 166]. In grid-connected systems, the reference currents are obtained
from the active and reactive powers demanded by the grid [139]. The ref-
erence output currents are defined as follows:

(k) =1I"sin(2nfot +6,) (4.2.2)

X

where 0, € {O, —%”, —4{ . The reference value of submodule outer and inner

capacitors voltage is set to V! (k) = Vi /N and V (k) = Va /2N, respec-
tively.

e Extrapolation of Reference Currents

To minimize the steady-state tracking error, the sinusoidal reference output
currents are extrapolated to (k + 1)"-sampling instant by using a third-order
Lagrange extrapolation technique. The extrapolated reference currents are
given by,

(k4 1) =4it(k) — 615(k — 1) + 4i(k — 2) — if(k — 3) (4.2.3)

whereas the submodule capacitors voltage is DC in nature. Therefore, the ex-
trapolation of these signals are not required. The submodule capacitor volt-
ages at (k + 1)"-sampling instant are equal to their values at (k)"-sampling
instant (i.e, V2 (k+1) =V (k) and V7 (k + 1) = V;_(k)).
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e Prediction of Future Behaviour of MMC

By using the measured quantities and off-line computed system parameters,
the future behavior of the output currents is predicted with the following
discrete-time model:

ig(kﬁ + 1) =T, Vxl(k) — V:I:u(k) . Z le(k) gvgu(k) + @, ixm(k)’

~
Common-Mode Voltage

(4.2.4)
where ”p” denotes the predicted quantity and ”m” denotes the measured
guantity. These currents are expressed in terms of measured currents and
predicted arm voltages. The predictive model of arm voltage is given by,

b (k) =l (k) +of (k) +...+of (k). (4.2.5)

SM1 SM2 SMN
The predictive model of submodule output voltage is given by

o (k) = STul (k) + (S5 — ST) v (k), (4.2.6)

SM1

The predictive model of submodule outer and inner capacitors voltage is
given by,

vP (k+1) =0 (k) + Eigl(k)
e 4.2.7)
vh (k+1) =0 (k) + ing(k).

e Minimization of Cost Function

The converter cost function to meet the required goals is defined as follows:

g(k) = X |i(k + 1) — (% + 1)] + At [VZ, (k + 1) — v2& (k + 1)

(4.2.8)
+ A2 | V5, (k4 1) = v (k + 1)
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The primary control objective is to force the actual output current to follow
their reference and thus A\, = 1. The weight factor ). is adjusted to achieve
the desired response in secondary control objective. The value of ). is calcu-
lated using the per unit method. During each iteration, the cost function is
evaluated over switching states of 3C2". The optimal switching state which
minimizes the cost function is selected and applied to the converter.

e Calculation of Weighting Factors

The weighting factors for the error terms given in Equation (4.2.8) are ob-
tained by using the per-unit conversion method [145]. The current error term
is divided by the rated reference current (I};), and the capacitor voltage error
terms are divided with the rated capacitor voltage (V> and V*). Finally, the
overall cost function is multiplied with the rated reference current and given
as follows:

g(k) =

it — i v (k+1)—vw k41
ngPlx(k—i—l) lx(k+1>|}+fgxl\ 1y F D) ~Vour (W DI

I A
]* X |VC*2_xy (k _'_ 1) - VC2_xy (k _'_ 1)|
B 7

C2

(4.2.9)

The weighting factors are obtained from Equations (4.2.8) and (4.2.9) as

follows:
Iy

*
Is Iy

*7
|78

Ao = 1B .
Ve

— B o\, =
IEJ 1

Az = (4.2.10)

4.2.2 Control Algorithm

The flowchart of a direct model predictive control algorithm for MMC is
shown in Figure 4.5. The arm currents and submodule capacitor voltages
are measured in block C_The (k + 1)"-sampling instant reference output
currents and weight factors \,, \. are calculated in [_The iterative loop is
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performed between the blocks [Cadd [_Tm blocks [fal [, the MMC arm volt-
ages vk, [j](k), output currents i[j](k + 1), and submodule capacitor voltages
vg;‘f-(k + 1) are predicted, and minimization of cost function g[j](k) is per-

formed for all 3C2Y possible switching states. An optimal switching state j,,,

( Initialize Digital Controller )

v

] Measure: i, (k), v}¥ (k), v¥¥ (k)

' "Cyh ' "cy2

v

Calculate: i (k + 1), Ao Act, and Ao
3 I‘. Initialize MPC Algorithm: j = 0, gop = c©
v 4 Increase Counter Value: j = j + 1 <
PS5 Calculate: i, (k)
N Predict i2[j](k + 1), vBy [](k), vE(k + 1), and
‘\_6_," vg;;k(k: + 1) using (4.2.4), (4.2.5), (4.2.6), and (4.2.7)
-" 7 Minimize Cost Function g¢[j](k) using (4.2.8)
,"é\\ Select Optimal Switching State
- if g < gop, then gop = g and jop = j |gop
Yes
I‘ 9 ,'
' 10 Apply S35 [jop] (%)

Figure 4.5. Flowchart of direct model predictive control.
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and corresponding switching signals are selected and applied directly to the
MMC in blocks [fal C_With direct model predictive control approach, the si-
multaneous control of output current and submodule capacitor voltages are
achieved.

4.3 Dynamic and Steady-State Performance Analysis of D-
MPC

The performance of proposed MPC scheme with CMV injection is verified
on a three-phase MMC system with 3L-FC submodules. In this study, the
DC system is replaced with an ideal DC source of V,.=7.354 kV, in series
with an inductor. The MMC consists of two 3L-FC submodules in each leg,
and each submodule has two floating capacitors with a nominal voltage of
V., =3.677 kV and V,=1.838 kV. The AC system is represented with a simple
three-phase passive load of 4.16 kV/5 MVA rated capacity.

4.3.1 Performance of D-MPC With and Without CMV Injection

The performance of MPC with CMV injection is shown in Figure 4.6. In this
study, the objective of output current and submodule capacitors voltage con-
trol is included in the cost function. The MMC supplies a constant current
of 0.6 pu at an operating frequency of 60 Hz to the load, as shown in Figure
4.6(a). From ¢=0 s to ¢=0.05 s, the third-order harmonic CMV is injected into
the system as shown in Figure 4.6(b). With CMV injection, the upper and
lower arm submodule capacitors voltage is maintained at identical average
value as shown in Figure 4.6(c)-(d). In addition, the second-order harmonic
ripple in submodule capacitors voltage is significantly minimized. The mag-
nitude of circulating current is significantly reduced with CMV injection as
shown in Figure 4.7(a). The magnitude of upper and lower arm current of
phase-a is less than the rated value, as shown in Figure 4.7(b). Hence, the
device voltage stress and power losses are within the nominal range. The
output voltage levels are symmetrically distributed, which minimizes the
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Figure 4.6. Steady-state performance of MPC with CMV injection: (a) phase-a
output current, (b) CMV, (c) upper and lower arm submodules capacitor C}
voltage in phase-a, and (iv) upper and lower arm submodules capacitor C;
voltage in phase-a

harmonic distortion as shown in Figure 4.7(c).

At t=0.05 s, the CMV is forced to zero as shown in Figure 4.6(b). Hence,
the upper and lower arm submodule capacitors voltage slowly diverging
from their nominal value and settled at different average values as shown
in Figure 4.6(c)-(d). This difference in arm voltages causes large circulating
currents among the legs as shown in Figure 4.7(a). In addition, the ripple in
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submodule capacitors voltage and RMS value of arm currents exceed their
nominal value as shown in Figure 4.7(b). The output voltage has additional
voltage levels caused by the unwanted switching actions as shown in Figure
4.7(c).
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Figure 4.7. Steady-state performance of MPC with CMV injection: (a) phase-

a circulating current, (b) upper and lower arm current of phase-a, and (c)
output voltage

The performance of MPC with and without CMV injection is summa-
rized in Table 4.1. The performance assessment parameters %V, ., %L, .
the peak-peak voltage ripple of V,, and V_,, the peak-peak value of circulat-
ing current (CC) and the peak value of CMV are considered. The voltage and
current harmonic distortions are reduced by 40.51% and 44.07% with CMV
injection, respectively. The capacitor C; and C, voltage ripples (p-p) are re-
duced by 51.22% and 21.43%, respectively. The magnitude of the circulating

current is reduced by 81.25% compared with the base case (without CMV
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injection). However, the increase in CMV causes voltage stress on winding
insulation in case of motor drives.

Table 4.1. Simulation analysis of MPC with and without CMV
Performance Indices Without CMV With CMV

Vs 41.20% 24.51%
L, 2.70% 1.51%
V., Ripple (p-p) 123V 60 V
V_,Ripple (p-p) 42V 33V
CC (p-p) 720 A 135 A
CMV (peak) oV 2450

4.3.2 Comparison of Conventional D-MPC and D-MPC With CMV Injec-

tion

The performance of the proposed MPC with CMV injection is compared with
that of the conventional MPC. In conventional MPC approach, CMV is not
included in the discrete-time model of the output current and demonstrated
with the following model [146-148]:

v+ 1) = 7, (V2 E Viu(k)

|+ B, i (k). (4.3.1)

The dynamic performance of conventional MPC approach is shown in
Figure 4.8 and Figure 4.9. The converter is controlled to supply a current
magnitude of 0.4 pu to the load. At ¢ = 0.05 s, the magnitude of the refer-
ence output current is changed from 0.4 pu to 0.8 pu. The actual output cur-
rents perfectly following their reference currents, as shown in Figure 4.8(a).
However, the output voltage waveform has multiple changes in the voltage
steps (i.e., unwanted additional switchings of submodules), which increases
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the harmonic distortion and device switching frequency as shown in Fig-
ure 4.8(b). The MMC CMV mainly consists of switching ripples with a peak
value of 600 V as shown in Figure 4.8(c).

1.0 kA
0.5 kA
0.0 [

-0.5 KA
-1.0 KA
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4.0 kv

-4.0 kV
-8.0 kV

5.0 kv

2.5kV

0.0
T .

-2.5kV

0.0 0.05 0.1 0.15
— t (S)

Figure 4.8. Dynamic performance of conventional MPC: (a) three-phase outp-
ut currents, (b) output voltage, and (c) CMV

Given that the CMV is not included in the discrete-time model of the con-
ventional MPC approach, the control does not have any effect on voltage
ripple and circulating current reduction. The upper and lower arm submod-
ule capacitors C; and C; voltage from phase-a are shown in Figure 4.9(a)-
(b). The submodule capacitors voltage in the same arm is perfectly balanced.
However, the charging and discharging of upper and lower arm submodule
capacitors are not identical. The difference in the upper and lower arm sub-
module capacitors voltage causes phase circulating currents as shown in Fig-
ure 4.9(c). The phase circulating current increases the submodule capacitor
voltage ripple and the peak value of arm current as shown in Figure 4.9(d).
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It further increases the device voltage stress and power losses as well.
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Figure 49. Dynamic performance of conventional MPC: (a) upper and lower
arm submodules capacitor C; voltage in phase-a, (b) upper and lower arm
submodules capacitor C; voltage in phase-a, (c) upper and lower arm current
of phase-a, and (d) phase-a circulating current

In proposed MPC approach, the CMV is included in the discrete-time
model of MMC given in equation (4.1.27). The dynamic performance of pro-
posed MPC with CMV is shown in Figure 4.10 and 4.11. The actual output
currents are perfectly following the reference currents as shown in Figure
4.10(a). The output voltage levels are symmetrically distributed as shown
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Figure 4.10(b), which reduces the output voltage harmonic distortion signifi-
cantly. The peak value of CMV generated by the MMC is approximately 35%
of the total DC-link voltage shown in Figure 4.10(c). The upper and lower
arm submodule capacitors C; and C, voltage from phase-a are maintained
at 3.677 kV and 1.838 kV, respectively as shown in Figure 4.11(a)-(b). The
magnitude of circulating current and the peak value of the arm current are
reduced, as shown in Figure 4.11(c)-(d).
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Figure 4.10. Dynamic performance of MPC with CMV: (a) three-phase output
currents, (b) output voltage, and (c) CMV
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Figure 4.11. Dynamic performance of MPC with CMV: (a) upper and lower
arm submodules capacitor C; voltage in phase-a, (b) upper and lower arm
submodules capacitor (', voltage in phase-a, (c) upper and lower arm current
of phase-a, and (d) phase-a circulating current

The performance of conventional and proposed MPC approaches is sum-
marized in Table 4.2. With proposed MPC approach, the voltage and cur-
rent harmonic distortion are reduced by 30% and 23.9%, respectively. The
peak-peak value of capacitor C; and C; voltage ripple is reduced by 35.8%
and 13.78%, respectively. A significant reduction of 69.28% also exists in the
peak-peak value of the circulating current compared with the conventional
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MPC approach. Overall, the proposed MPC with CMV injection improves
the performance of MMC.

Table 4.2. Simulation analysis of conventional MPC and MPC with CMV

Performance  Conventional MPC  Proposed MPC

Indices Approach Approach
Vorn 29.61% 20.54%
Lo 1.38% 1.05%
V... Ripple (p-p) 162V 104V
V_,Ripple (p-p) 58 V 50V
CC (p-p) 700 A 215 A
CMV (peak) 600 V 2450

4.3.3 DC-link Current Ripple During Unbalanced Operation

The performance of conventional MPC during unbalanced operation is sho-
wn in Figure 4.12, where the phase-a and -c reference currents are generated
with a peak value of 0.6 pu and frequency of 60 Hz. The phase-b reference
current is generated with 20% unbalance in the magnitude as that of other
phases. The actual output currents perfectly follow their reference currents
as shown in Figure 4.12(a). The unbalanced operation generates asymmet-
rical AC circulating currents, which leads to asymmetrical nature of arm
currents as shown in Figure 4.12(b). The AC circulating current consists of
zero sequence current components along with the positive and negative se-
guence components as shown in Figure 4.12(c). The zero sequence circulating
current at twice the fundamental frequency flows through the DC-link and
causes a significant ripple in DC-link current as shown in Figure 4.12(d). The
DC-bus current has a second order harmonic component of 59.31 A along
with the DC current component. The ripple in DC-link current increases the
magnitude of arm currents and thereby, the converter power losses.

The performance of proposed MPC with CMV is shown in Figure 4.13,
under identical operating conditions as that of conventional MPC. The pro-
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Figure 4.12. Unbalanced operation of conventional MPC: (a) three-phase out-

put currents, (b) three-phase upper arm currents, (c) dc-link current, and (d)
phase-a circulating current

posed approach uses the discrete-time model given in equation (4.1.27), whi-
ch consists of CMV in the AC output current model. The proposed approach
generates a CMV along with the fundamental voltage across the arm. The
fundamental voltage forces the fundamental frequency current component
corresponding to the reference current as shown in Figure 4.13(a). The CMV
consists of third-harmonic voltage component, which generates third-harmo-
nic current component. The third-harmonic voltage and current component
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Figure 4.13. Unbalanced operation of MPC with CMV: (a) three-phase out-

put currents, (b) three-phase upper arm currents, (¢) dc-link current, and (d)
phase-a circulating current

ensures the internal balance between the converter legs. The three-phase arm
currents identical in nature except for a minor difference in the magnitude as
shown in Figure 4.13(b). Therefore, the magnitude of AC circulating currents
is within the nominal range as shown in Figure 4.13(c). In addition, the in-
jected CMV reduces the ripple in DC-link current as shown in Figure 4.13(d).
The DC-link current has a second harmonic component of 16.71 A, which is
reduced by 71.8% in comparison to the conventional MPC.
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4.4 Experimental Validation

The performance of the proposed MPC approach is verified on a 3L-FC-based
MMC laboratory prototype with a 3 kVA/208 V rated capacity. Each arm
consists of single 3L-FC submodule with two floating capacitors. The capac-
itor C; is rated for 360 V and C; for 180 V.

4.4.1 Submodule Capacitors Voltage Ripple and Circulating Currents

The experimental verification of proposed MPC with CMYV injection is shown
in Figure 4.14. From t=0 s to ¢=0.08 s, a CMV of 105 V (peak) is injected into
the system. The injection of CMV minimizes the magnitude of the circulating
current. In particular, the current component that corresponds to twice the
output frequency is minimized. At ¢=0.08 s, the CMV is forced to zero, as
shown in Figure 4.14(a), which increases the magnitude of arm currents and
corresponding circulating current component. The increase in arm current
magnitude contributes to the additional power losses, which deteriorates the
MMC efficiency.

In phase-a, the upper and lower arm submodule-1 capacitors C; and Cs
voltage are shown in Figure 4.14(b). The capacitors C; and C; voltage are
perfectly maintained at 360 V and 180 V, respectively. However, capacitor
C, and (s voltage ripples are increased without CMV, as shown in Figure
4.14(c). The output voltage and the current waveforms are shown in Figure
4.14(d). The actual output current perfectly following their reference current.
The voltage steps in output voltage are perfectly clamped with CMV injec-
tion into the system.

The performance of comparison is summarized in Table 4.3. The output
voltage and current harmonic distortion are reduced by 46.95% and 41.58%,
respectively, through CMV injection. Capacitor C; and C, voltage ripples
(peak-peak) are reduced by 25% and 46.15%, respectively. The magnitude of
the circulating current (peak-peak) is reduced by 40.82%.
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Figure 4.14. Performance of MPC with and without CMV injection: (a) upper,
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tors voltage, and (d) output line voltage, phase voltage and output current
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Table 4.3. Experimental analysis of MPC with and without CMV
Performance Indices Without CMV  With CMV

Vs 68.69% 36.44%
L., 7.07% 4.13%
V.., Ripple (p-p) 16V 12V
V_,Ripple (p-p) 13V A
CC (p-p) 9.8A 5.6 A
CMV (peak) ov 105V

4.4.2 Comparison of Conventional and Proposed D-MPC

A comparison between the conventional and proposed approaches are pre-
sented in Figure 4.15 and Figure 4.16, respectively. The dynamic performance
of conventional D-MPC is shown in Figure 4.15, where the step change in the
reference current 5 A to 10 A is applied. The actual output current follows
the reference current. However, the output voltage levels are not symmetri-
cally distributed. The controller chooses the switching state that has multiple
changes in voltage levels to achieve the perfect current tracking, as shown in
Figure 4.15(a).

The arm voltage has three levels with a peak value of 360 V. The upper
and lower arm submodule capacitors voltage is perfectly balanced at full-
load condition. A DC-offset voltage exists between the upper and lower arm
capacitors voltage at the light-load condition as shown in Figure 4.15(b). The
magnitude of arm current and circulating current is proportionally increased
with the reference current as shown in Figure 4.15(c). The circulating current
has dominant second-order harmonic current component, which increases
the RMS value of arm current. With conventional D-MPC, the MMC gen-
erates a CMV of 60 V (peak) and does not have any effect on the converter
performance as shown in Figure 4.15(c).
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Figure 4.15. Dynamic performance of conventional MPC: (a) output line volt-
age, phase voltage, and output current, (b) ripple in upper and lower arm
submodule capacitors voltage and (c) upper, lower arm, circulating currents,
and CMV

The dynamic performance of proposed D-MPC with CMV is shown in
Figure 4.16. The actual output current perfectly following their reference
current during external disturbance as well. The output voltage levels are
symmetrically distributed and improve the output voltage waveform qual-
ity and harmonic distortion, as shown in Figure 4.16(a). The upper and lower
arm submodule capacitors voltage is perfectly balanced in the entire operat-
ing region. The capacitor voltage ripple and peak value of the circulating
current are also minimized compared with those of conventional D-MPC as
shown in Figure 4.16(b)-(c). In this approach, the CMV of 105 V (peak) is
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injected into the system as shown in Figure 4.16(c).
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Figure 4.16. Dynamic performance of MPC with CMV injection: (a) output line
voltage, phase voltage and output current, (b) ripple in upper and lower arm
submodule capacitors voltage, and (c) upper, lower arm, circulating currents
and CMV

A comparison between the conventional and proposed MPC approaches
are summarized in Table 4.4. The proposed approach reduces the output
voltage and current harmonic distortion by 37.83% and 27.79%, respectively.
Capacitor C; and C, voltage ripples are reduced by 20% and 22.22%, re-
spectively. The magnitude of circulating current (peak-peak) is reduced by
23.81%. The simulation and experimental results have a close relationship.
Thus, the proposed methodology is validated.
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Table 4.4. Experimental analysis of conventional and proposed D-MPC

Performance  Conventional MPC  Proposed MPC

Indices Approach Approach
Vorn 58.62% 36.44%
Lo 5.72% 4.13%
V.., Ripple (p-p) 15V 12V
V.. Ripple (p-p) 9V 1AY
CC (p-p) 7.35A 56 A
CMV (peak) 60 V 105 V

443 DC-link Current Ripple During Unbalanced Operation

The simulation study is validated on a dSPACE-DS1103 based MMC labora-
tory prototype. Each converter leg has two 3L-FC submodules with a nomi-
nal voltage of V, =360 V and V=180 V. The phase-b and -c reference currents
are generated for a peak value of 10 A and frequency of 60 Hz. The phase-a
reference current is generated with a 20% unbalance in magnitude. With con-
ventional MPC, the actual currents follow their reference currents as shown
in Figure 4.17(a). These currents are non-sinusoidal in nature with a har-
monic distortion of 4.71%. The unbalanced operation causes zero sequence
circulating currents, which flows through the DC-link and converter legs.
The DC-link current has a second harmonic component of 0.65 A, which in-
creases the ripple in DC-link current and distortion in arm currents as shown
in Figure 4.17(b). The submodule outer and inner capacitors voltage is main-
tained at 360 V and 180 V, respectively. These capacitors have a peak-peak
ripple of 10 V and 8.5V, respectively.

Due to the zero sequence currents, the charging and discharging of sub-
module capacitors in upper and lower arms are not in symmetry as shown in
Figure 4.17(c). The difference in upper and lower arm voltage causes nega-
tive sequence circulating current, which flows among the converter legs. The
phase-a circulating current (includes zero, negative and positive sequence
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Figure 4.17. Performance of conventional MPC during unbalanced conditions:
(a) three-phase line currents, (b) three-phase upper arm and DC-link current,
(c) upper and lower arm submodule capacitors voltage, and (d) output line
voltage, upper arm voltage, CMV and circulating current

components) has a peak-peak value of 5.35 A. The conventional MPC ap-
proach generates only fundamental frequency voltage across the arms as
shown in Figure 4.17(d). Therefore, the zero sequence currents can not be
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controlled with this approach. The output line voltage has a harmonic dis-
tortion of 38.27%. The voltage across the terminals » and o is 360 V.
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Figure 4.18. Performance of MPC with CMV during unbalanced conditions:
(a) three-phase line currents, (b) three-phase upper arm, and DC-link current,
(c) upper and lower arm submodule capacitors voltage, and (d) output line
voltage, upper arm voltage, CMV, and circulating current
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The performance of proposed approach is presented in Figure 4.18, with
the above operating conditions. The proposed D-MPC perfectly generates
three-phase sinusoidal currents with a harmonic distortion of 3.74% as shown
in Figure 4.18(a), which is 20.59% smaller than that of the conventional D-
MPC. The proposed approach reduces the ripple in DC-link current (mainly
second harmonic zero sequence component) by 61.54% as shown in Figure
4.18(b), which further minimizes the distortion in arm currents. In addition,
the submodule capacitors voltage in upper and lower arms are perfectly reg-
ulated at their nominal value as shown in Figure 4.18(c). The outer and in-
ner capacitor voltage have a peak-peak ripple of 8.5V and 6 V, respectively.
This approach ensures the symmetrical charging and discharging of submod-
ule capacitors in upper and lower arms. Therefore, the magnitude of nega-
tive sequence circulating currents can be reduced. The circulating current
has a peak-peak value of 4.4 A as shown in Figure 4.18(d), which is 17.75%
smaller than that of the conventional D-MPC. The proposed approach gen-
erates a voltage waveform across the arm corresponding to the fundamental
and zero sequence currents as shown in Figure 4.18(d). The converter gener-
ated common-mode voltage appears across the terminals n and o. The CMV
has a peak-peak value of 360 V. The inclusion of CMV in the output current
model reduces the output line voltage harmonic distortion by 12.75%.

4.5 Summary

In this chapter, a direct model predictive control is proposed to minimize
the magnitude of circulating currents and ripple in submodule capacitors
voltage during balanced operating conditions. To implement the proposed
approach, a generic three-phase mathematical model of the MMC is devel-
oped. The proposed model includes the CMV and can be applied to any
MMC structure with minor modifications. The inclusion of CMV helps to
achieve the voltage balancing between arms without using the cost function.
In addition, the DC-link current ripple is minimized during unbalanced op-
erating conditions. The simulation and experimental studies are presented to
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validate the performance of proposed MPC with CMYV injection under bal-
anced and unbalanced conditions. Finally, the performance of proposed D-
MPC is compared with the conventional D-MPC. The results show that the
injection CMV minimizes the output voltage and current harmonic distor-
tion, and current ripple along with other control objectives such as output
current and submodule capacitors voltage control are successfully achieved.
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CHAPTER D

REDUCED COMPUTATIONAL MODEL
PREDICTIVE CONTROL APPROACHES

HE computational complexity is one of the major issues in the imple-

mentation of model predictive control (MPC) for modular multilevel
converters (MMCs). The conventional direct model predictive control (D-
MPC) considers the per-phase model of MMC (approximate model) in the
implementation, which significantly influences the converter performance.
To reduce the computational burden of D-MPC, each phase of MMC is in-
dependently controlled using a per-phase D-MPC strategy. The per-phase
D-MPC approach requires only C%Y switching states to optimize the cost
function (where C represents the number of combinations) [42].

In this chapter, a novel reduced computational model predictive control
approaches are proposed for MMC. The first approach is dual-stage direct
model predictive approach, in which the control objectives are achieved in
two stages using two cost functions. The first stage is designed to control
the output and circulating currents in MMC. In this stage, the three phases
are controlled together using three-phase predictive algorithm. In the sec-
ond stage, the submodule capacitors voltage is controlled using a cost func-
tion. This approach reduces the voltage harmonic distortion and current
ripple along with the computational complexity compared with the conven-
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tional D-MPC. The dynamic and steady-state performance of dual-stage D-
MPC approach is experimentally validated on a half-bridge based MMC sys-
tem. The performance comparison of dual-stage D-MPC and conventional
D-MPC is also presented.

The second approach is an indirect model predictive control (I-MPC) ap-
proach, in which the classical voltage balancing approach is adopted with the
predictive algorithm to achieve the control objectives of MMC. The three-
phase output currents and circulating currents are controlled using three-
phase predictive algorithm. The capacitor voltage balancing among submod-
ules in each arm is achieved using voltage balancing approach. The perfor-
mance of proposed I-MPC approach is experimentally validated on a half-
bridge based MMC system. The performance of proposed indirect MPC ap-
proach is compared with the existing fast MPC [152-154], and corresponding
results are presented.

j¢e——— MPC Stage-I . MPC Stage-Il ————>»]
iy =D System iP(k+1) Systme_ Siy
N Predictive Cost Function
V:;: = Model Minimization
R T Submodule (k4 1) Submodule G
iy (k+1) Predcitive - Cost Function i
Model Minimization
I o—> Reference .
ii(k L
Currents %) e tagrarg:_e
fo > Generation xtrapoiation

Figure 5.1. Control block diagram of dual-stage MPC

5.1 Dual-Stage Direct Model Predictive Control Approach

The control block diagram of proposed dual-stage D-MPC approach is shown
in Figure 5.1. In this approach, the control objectives are categorized into two
groups; namely primary and secondary. The three-phase output currents and
circulating currents are included in the primary group, and the secondary
group consists of submodule capacitors voltage. The primary group of con-
trol objectives is evaluated in MPC stage-I for a total of m? voltage vectors,
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where m represents the number of output voltage levels. Each voltage vector
represents the number of SMs inserted in three phases. The information of
optimized voltage vector is given to the MPC stage-11, which is implemented
in the local controller. In this stage, the secondary control objectives are eval-
uated for SMs redundancy corresponding to the optimized voltage vector.
The switching state, which minimizes the cost function is selected and ap-
plied to the converter. The main features of dual-stage MPC are as follows:

e reduced computational complexity,
e less output voltage and current harmonic distortion, and

e smaller output current ripple

However, the transient response of dual-stage MPC approach is deteriorated
compared with the direct MPC approach, which is one of the trade-offs.

5.1.1 Mathematical Model of MMC

The performance of model predictive control greatly depends on the mathe-
matical model of the system. The discrete-time model of three-phase MMC
is derived and presented in the chapter 4. The mathematical model is appli-
cable to the MMC with any submodule. The output current model used in
the implementation of dual-stage MPC is given below:

Va(k) — vRu(k) v (k) — v, (F)
iP(k 1) = Fo x1 Xu o xl U CDO i (L
IX( + ) 2 $§C 6 + lx ( )’
| Common-l\?lgde \oltage ]
(5.1.1)
where,
T, (r+2r,) Ts
I, = b, =1——F—. 5.1.2
° L+2L, °° L+2L, ( )
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5.1.2 Modeling of Arm Voltage

In this study, the half-bridge submodule (HB-SM) is used to configure the
three-phase MMC. The HB-SM has single floating capacitor (C) and two

semiconductor devices (S; and S;) as shown in Figure 5.2.
i

C

St

(~d
I
1+
Q
'S

SiAF U

o Ny

Figure 5.2. Configuration of HB-SM

The floating capacitor voltage is controlled by adjusting the duty-cycle
of semiconductor devices. The devices S, and S, are operated in comple-
mentary manner. Therefore, one independent gating signal is sufficient to
control the HB-SM. The continuous-time model of HB-SM capacitor voltage
is expressed as follows:

t

v, (t) = 1. (0) + é / i, (T)dT, (5.1.3)
0+

where, v, (0) represents the initial value of submodule capacitor voltage, and

i,, represents the current flowing through the SM capacitor. The discrete-time

model of SM capacitor voltage for one-step prediction is obtained from (5.1.3)

as,

@m:@w+%mw (5.1.4)
where T, represents the sampling time, superscript m and p represents the
measured and predicted quantities, respectively. The predicted SM capacitor
current is given in terms of measured arm current and switching state as
follows:

i (k) = Sy (k). (5.1.5)
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The predicted submodule output voltage is obtained by

v (k) = S1u]'(k), (5.1.6)

SM

where 7 (k) represents the predicted SM output voltage and (k) repre-
sents the measured SM capacitor voltage.

Each arm has N-submodules and their equivalent output voltage is ex-
pressed as follows:

v, (k) = Sx?v(k) > o (k) (5.1.7)

N
h=
where S, (K) represents the arm voltage level, which is also equal to the num-
ber of submodules to be inserted in an arm.

5.1.3 Implementation of Dual-Stage Predictive Algorithm

The implementation of dual-stage D-MPC scheme involves seven major steps,
which are described below:

1) Measure the arm currents i;; and submodule capacitors voltage vg;;‘k
at k' sampling instant.

2) Generate the reference output currents. The user defines the magnitude
of reference currents. However, the proposed dual-stage MPC can be
applied to other power conversion applications by changing the proce-
dure of reference current generation. The k' sample of reference cur-
rent is extrapolated to (k-+1)" instant by using the third-order Lagrange
extrapolation technique given below [133,142]:

(k4 1) = 4it(k) — 6i%(k — 1) + 4" (k — 2) — it (k — 3). (5.1.8)

3) Predict the arm voltages «%, (k) and output current i (k+1) using (5.1.7)
and (5.1.1).
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4)

5)

6)

The reference and predicted output currents are included in a cost func-
tion given below:

Go(k) = Ao [i(k +1) —iR(k + 1) (5.1.9)

where ), is the weighting factor for output current control. The pre-
dicted output current i®(k + 1) for each voltage vector is compared with
the extrapolated reference output current?;(k: + 1). The voltage vector
which minimizes the cost function is selected and applied to stage-1l of
MPC. The m-level three-phase MMC has a total of m? output voltage
vectors.

Obtain the arm voltage level from output voltage vector (S;). Each vec-
tor consists of three elements, which represents the lower arm voltage
levels of three-phases. The upper arm voltage levels are obtained by
subtracting the lower arm voltage levels from a total number of sub-
modules per arm.

le(k) = St(k>

(5.1.10)
Sxu(k) = N — Sk

The start and end memory location (S;, and S;.) of switching states cor-
responding to required arm voltage level are obtained. These memory
locations are used in the stage-11 of MPC to retrieve the switching states.

Predict the submodule capacitors voltage using (5.1.4) and (5.1.5). The
predicted and reference submodule capacitors voltage of each leg are
included in a cost function given below:

G (k) = A |V (K + 1) = vES<(k + 1) (5.1.11)

where )\, is the weighting factor for capacitor voltage control and V' (k+
1) is a reference value of the SM capacitor voltage. The cost function
given in (5.1.11) is evaluated for switching states corresponding to the
required arm voltage level (Sky). The switching state which minimizes
the cost function is selected and applied to the converter.

176



5.2 Experimental Validation

5.2 Experimental Validation

To verify the performance of proposed dual-stage D-MPC approach, an ex-
perimental study is conducted on a half-bridge based three-phase MMC lab-
oratory prototype. The MMC has two HB-SMs in each arm with a total DC-
bus voltage of 150 V. This voltage is equally distributed between the SMs.
The SM*' and SM? in each arm are designed with a capacitance value of
1000u:F and 2200..F rated for 75 V. The MMC output terminals are connected
to a passive load of 108 V/1 kW rated capacity. The dynamic performance
of the proposed dual-stage MPC is compared with conventional D-MPC ap-
proach. In conventional D-MPC, the mathematical model of the output cur-
rent is derived under the assumption that the DC-bus midpoint and neutral
point of AC load are connected. The output current model is evaluated for
total switching states of 3C2". The output current model used in the conven-
tional D-MPC is given by,

Pk + 1) = Bi™ (k) + To[v® (k) — VP, (). (5.2.1)

5.2.1 Dynamic Performance

The performance of conventional D-MPC with a step change in the reference
output current is shown in Figure 5.3. The magnitude of reference output
current is changed from 4 A to 8 A (peak). The actual output currents are
perfectly following their reference output currents as shown in Figure 5.3(a).
The output voltage represents the three-level operation of MMC, which has
high (fl—”; and asymmetrical voltage steps leading to a higher harmonic distor-
tion. The MMC generates a CMV of 30 V (peak) and circulating current of 8
A (peak-to-peak) as shown in Figure 5.3(b). The submodule capacitor volt-
age is rated for 75 V each. The upper and lower arm SM capacitors voltage
are perfectly maintained at their rated value. The charging and discharging
of SM capacitors shown in Figure 5.3(c), are not identical due to the unequal
SM capacitance value.

The performance of dual-stage D-MPC with identical operating condi-
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Figure 5.3. Dynamic performance of conventional MPC: (a) three-phase output
currents, (b) output voltage, CMV, and circulating current, and (c) upper and
lower arm submodule capacitors voltage

tions as that of conventional D-MPC is presented in Figure 5.4. The actual
and reference output currents are perfectly following each other as shown in
Figure 5.4(a). The number of voltage steps in output voltage waveform pro-
portionally varies with the magnitude of output current. For example, the
output voltage has two levels at 4 A and three-levels at 8 A reference current.
These voltage levels are symmetrical with a step of 75 V as shown in Figure
5.4(b). The CMV is included in the discrete-time model of the MMC. That
means, the SMs in upper and lower arms of MMC generates a CMV along
with the fundamental voltage component to control the output current. The
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Figure 5.4. Dynamic performance of dual-stage MPC: (a) three-phase output
currents, (b) output voltage, CMV, and circulating current, and (c) upper and
lower arm submodule capacitors voltage

fundamental voltage appears across the load, and the injected CMV appears
across the DC-link midpoint and neutral point of AC load (v,,). The injected
CMV increases the magnitude of overall CMV generated by MMC, which
is around 50 V (peak). The increment in CMV increases the magnitude of
circulating currents as well, in comparison to the conventional D-MPC. The
circulating current has a magnitude of 10 A (peak-peak) as shown in Figure
5.4(b), which further increase the power losses and effects the efficiency of
MMC. However, the effect of CMV on the circulating currents can be mini-
mized by including the circulating current control objective in the cost func-

179



Chapter 5- REDUCED COMPUTATIONAL MODEL PREDICTIVE CONTROL
APPROACHES

tion along with the output current control. By doing so, there is a significant
improvement in the performance of dual-stage D-MPC. The SM capacitor
voltages are perfectly balanced and maintained at a value of 75 V as shown
in Figure 5.4(c).

5.2.2 Transient Response and Output Current Ripple

Figure 5.5(a) shows the instant of a step change in the reference current.
The conventional and dual-stage D-MPC approaches have identical dynamic
performance. However, the dual-stage D-MPC has marginal tracking error
compared to conventional D-MPC. The variation in the output current rip-
ple is shown in Figure 5.5(b). The output current generated by dual-stage
D-MPC has very low switching ripple compared to the conventional D-MPC
approach, which further reduces the size of output filter and harmonic dis-
tortion.

Conventional MPC Dual-stage MPC
100 A ‘ ‘ ; ‘

05.0A
0.0 |
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0.04 0.042

0.044 0.046 0.04 0.042 0.044 0.046
— t(s) (b) — t(s)

Figure 5.5. Zoomed Figure: (a) zoomed dynamic response and (b) output cur-
rent ripple
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5.2.3 Total Harmonic Distortion

The output voltage and current harmonic distortions are given in Table 5.1.
The conventional D-MPC has an output voltage harmonic distortion of 104.-
35% and current harmonic distortion of 6.93% at 4 A current reference. The
voltage and current harmonic distortions are reduced by 39.29% and 40.40%
respectively with the proposed dual-stage D-MPC approach. The output
voltage and current harmonic distortions are further reduced with the incre-
ment in output current magnitude. At 8 A current reference, the dual-stage
D-MPC approach has lowest voltage harmonic distortion of 41.56% and cur-
rent harmonic distortion of 2.36% compared to the conventional D-MPC.

Table 5.1. Experiments: Performance Comparison

Conventional Dual-Stage
MPC MPC
Performance
I*=4A ["=8A I*=4A [*=8A
Index
Voub 104.36%  63.35% 84% 41.56%
L 6.93% 4.13% 4.82% 2.36%

THD

5.2.4 Computational Complexity

The comparison of computational complexity in terms of switching states
is presented in Table 5.2. For N < 3, the conventional D-MPC requires
less number switching states compared to the dual-stage D-MPC approach.
However, the computational complexity of dual-stage D-MPC significantly
decreases with the increment in the number SMs per arm. From Table 5.2, it
is observed that for N > 4, the dual-stage D-MPC requires very small num-
ber of switching states compared to the conventional D-MPC. In the conven-
tional MPC approach, the required switching states are drastically increases
with the number of SMs. For example; with N=10 SMs per arm, the con-
ventional D-MPC requires a 554268 switching states, while the dual-stage D-
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MPC requires only 2088 switching states. In overall, the dual-stage D-MPC
has superior performance when the number of SMs per arm is greater than
equal to 4, that is, N > 4.

Table 5.2. Comparison of Computational Complexity

Conventional Dual-Stage D-MPC
Number of
D-MPC With CMV
Submodules
(Switching states) (Switching states)
1 6 12
2 18 30
3 60 68
4 210 144
5 756 247
6 2774 404
7 10296 618
8 38610 940
9 145860 1379
10 554268 2088

5.3 Indirect Model Predictive Control Approach

The control block diagram of indirect model predictive control (I-MPC) ap-
proach is shown in Figure 5.6. In this approach, the classical voltage balanc-
ing approach is integrated with the predictive algorithm. The three-phase
output currents and circulating currents are controlled with the predictive al-
gorithm, which is implemented in a central controller. The control objectives
are included in a cost function and evaluated for all possible output voltage
vectors. The voltage vector which minimizes the cost function is selected and
applied to the local controller. The optimized voltage vector represented the
number of on-state submodules in each arm and given to the local controller.
The submodule voltage balancing approach is implemented in a local con-
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troller. The local controller selects the submodules based on their capacitors
voltage, the direction of arm current and number of on-state submodules.
The selected submodules are inserted in the arm.

ix’““y = System P(k+1) Voltage Gt
Predictive Balancing > 4[:}
Vka|=',>
Cyh Model Approach
N 3(/5
Cost Function Sxu N
Minimization S
x1
I* o—> Reference x Voltage
i (k Gy
Currents x(K) . Lagralng'e Balancing o 4[:}
Jo =  Generation xtrapolation i (k+1) Approach -

Figure 5.6. Control block diagram of indirect MPC

5.3.1 Implementation of Predictive Algorithm

The implementation of the predictive algorithm involves six major design
steps given below:

1) Measure the three-phase arm currents i, (k) and SM capacitor voltages
Vka(k?).

Cyh

2) The reference output currents if (k) are defined by the user. The k™"
instant currents are extrapolated to (£ + 1) instant by using Lagrange
extrapolation as follows [167]:

i (k+ 1) = 4it (k) — 6i%(k — 1) +4ik(k — 2) —ii(k—3).  (5.3.1)

3) Using (5.1.7), estimate the future behavior of arm voltages v (k + 1)
for all possible output voltage vectors. A three-phase MMC with N-
SMs per arm has a total of (N + 1)% output voltage vectors.

4) The predicted arm voltages and discrete-time model in (5.1.1) and (5.1.2)
are used to predict the output current i (k + 1) behavior.
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5) A cost function is defined as follows such that predicted output current

6)

iP(k + 1) follow their corresponding references:
g(k) = Ao % (iL(k+1) —iP(k + 1)) (5.3.2)

where ), is the weighting factor for output current control. The volt-
age vector which minimizes cost function is selected and applied to the
local controller. Each voltage vector represents required number of on-
state SMs in three-phases.

The weighting factors for the error terms in equation (5.3.2) are ob-
tained from the per-unit method [145]. The weighting factor for output
current control is given by,

A, = z— (5.3.3)

where ¢, represents the rated or base value of the output current.

5.3.2

Implementation of Balancing Algorithm

The balancing approach for each arm is implemented in a local controller.
The flowchart of simplified balancing approach with the following design
steps is shown in Figure 5.7(a):

1)

2)

3)

Measure the SM capacitors voltage (vgy"}jk) in each arm and supply the
magnitude value to “comparison logic” as shown in Figure 5.7(b).

In relative comparison logic, each capacitor voltage is compared with
other capacitors voltage. The output of each comparator is added to-
gether to obtain an index number (V' 1,,). The highest index number is
assigned to the submodule with the lowest capacitor voltage and vice—
versa.

Measure the arm current (i, ) and determine its direction (D). For pos-
itive direction D=1 is assigned, and D=0 is assigned for negative direc-
tion.
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Figure 5.7. \oltage balancing approach: (a) design steps of balancing ap-
proach, (b) comparison logic

4) Arrange the SM index numbers in either ascending or descending order
based on the direction of arm current. A simple mathematical expres-
sion is presented below to arrange the submodule index number.

AL, =VI,*(1—=D)+ (N —1—VI,)D. (5.3.4)

5) Compare actual index number of each submodule (A1},) with reference
index number (V — §,,) to generate the “INSERT=1" (or) “BYPASS=0"
state for each submodule (G,).

5.4 Experimental Validation

To verify the performance of the proposed indirect MPC approach, a three-
phase MMC laboratory prototype based on the HB SMs is developed. The
MMC system has a total DC-bus voltage of 150 V, which can generate 105
V on AC-side. Each arm of MMC has two 2L-HB SMs with a nominal volt-
age of 75 V each. To emulate the deterioration of SM capacitance, the SM*
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and SM? are designed with a different equivalent capacitance value of 1000
uF and 2200uF, respectively. The comparison of proposed approach with
fast MPC [154] is presented. The fast MPC approach follows the per-phase
methodology and corresponding discrete-time model of output current is
given by,

P(k+1) =To[vR (k) — vB, (k)] + ®oil (k). (5.4.1)

X

From the equations (5.1.1) and (5.4.1), it is observed that the three-phase
methodology includes common-mode voltage (CMV) in the mathematical
model of MMC. The effect of CMV on the converter performance is presented
in the following subsections.
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Figure 5.8. Three-phase output currents: (a) fast MPC, and (b) indirect MPC

54.1 Dynamic Response

The dynamic performance comparison of fast MPC and proposed indirect
MPC with a step change in the reference current is shown in Figure 5.8. In
fast MPC approach, the current model given in (5.4.1) is used to control the
output currents. The magnitude of reference current is changed from 7*=4
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A to I*=8 A. The three-phase output currents are perfectly balanced and, the
reference and actual current of phase-b are perfectly following each other as
shown in Figure 5.8(a). The fast MPC approach has a very quick response
time of 0.35 ms. The dynamic response of indirect MPC is shown in Fig-
ure 5.8(b). The three-phase output currents are sinusoidal in shape and per-
fectly following their reference current. The indirect MPC approach has a
response time of 0.55 ms, which higher than the fast MPC method. However,
the switching ripple in output current is much smaller compared to the fast
MPC method. Thereby, the indirect MPC requires a smaller output filter to
reduce the switching ripple in the output current.

5.4.2 Balanced Operation

The steady-state performance of fast MPC under balanced operating condi-
tions is shown in Figure 5.9. In this study, the magnitude of the reference
output current is set to 8 A. The MMC generates three-phase output cur-
rents with a magnitude of 8 A reference value. These currents are perfectly
balanced and sinusoidal in nature as shown in Figure 5.9(a). The output line-
to-line voltage waveform resembles the three-level operation of MMC. How-
ever, the voltage waveform has high % which increases the output voltage
harmonic distortion. In fast MPC, the CMV contains only a small switching
ripple as shown in Figure 5.9(b). The fast MPC approach has a circulating
current of 1.5 A (p-p) at 4 A and 3 A (p-p) at 8 A of load current. The upper
and lower arm SM capacitors voltage are perfectly balanced around 77 V as
shown in Figure 5.9(c). The fast MPC approach has a steady-state error of 2%

in capacitors voltage.

The steady-state performance of the indirect MPC is shown in Figure
5.10. The philosophy of fast MPC and proposed indirect MPC approaches
are quite identical with a minor difference in the implementation of the pre-
dictive algorithm and the mathematical model of output current. In the pro-
posed approach, the three-phase output currents are controlled using single
predictive algorithm rather than the per-phase approach. The MMC is con-
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Figure 5.9. Balanced operation of MMC with fast MPC: (a) three-phase output
currents, (b) output voltage, CMV, and circulating current, and (c) upper and
lower arm submodule capacitors voltage

trolled to generate three-phase currents with a magnitude of 8 A as shown in
Figure 5.10(a). The output line-line voltage waveform has symmetrical volt-
age steps of 75 V and has very low harmonic distortion compared to other
MPC approaches. The CMV generated by the MMC consists of a third har-
monic component with a peak value of 50 V as shown in Figure 5.10(b). The
indirect MPC approach generates a circulating current of 2 A (p-p) at4 A and
4 A (p-p) at 8 A of load current as shown in Figure 5.10(b). This approach gen-
erates a slightly higher magnitude of circulating currents compared to the
fast MPC approach. The inclusion of CMV in the proposed approach gen-
erates a third harmonic current component, which increases the magnitude
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Figure 5.10. Balanced operation of MMC with indirect MPC: (a) three-phase
output currents, (b) output voltage, CMV, and circulating current, and (c)
upper and lower arm submodule capacitors voltage

of circulating currents. The SM capacitor voltages are perfectly balanced at
their nominal value of 75 V, without any steady-state error using a voltage
balancing approach as shown in Figure 5.10(c).

5.4.3 Total Harmonic Distortion

The voltage harmonic distortion (V/,,,,,) and current harmonic distortion (Z,,, )
of the fast and indirect MPC approaches are summarized in Table 5.3 for a ref-
erence current magnitude of 8 A. The fast MPC hasa V.., of 45.07% and [

THD THD

of 3.19%. Other hand, the indirect MPC generates a very high-quality output
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voltage and current waveforms with a THD of 25.73% and 2.1%, respectively.
The proposed MPC approach is operating at the lowest switching frequency

and obtained a reduction in V.., by 43% and ,,,,, by 34% in comparison to
the fast MPC.

Table 5.3. Performance Comparison at Balanced Conditions

Performance
Fast MPC Indirect MPC
Index
Viun 45.07% 25.73%
Lyn 3.19% 2.10%
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Figure 5.11. Unbalanced operation of MMC with fast MPC: (a) three-phase

output currents, (b) output voltage, CMV, and circulating current, and (c)
upper and lower arm submodule capacitors voltage
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5.4.4 Unbalanced Operation

The performance of fast MPC approach during unbalanced operating condi-
tions is shown in Figure 5.11. In this study, the three-phase reference currents
are generated with a 20% unbalance in magnitude. The three-phase output

anna;/ 7 ANNAS 3 ANNAS 4 4 NNAS nns 10 nne;s Trig'd?

Al b w Ch-1:4 A/div
AU NA AN chez 4Azdiv
AANANANANARAANAANA DA Ch-3-4 A/div
VAV VY VIV YNV N NVIV A O gy
AVVAY \NVAN AAVAYA YAV WA \WAN AVANIAVA Tire: 10 ms/div

(@)

2 A.00A/ 2100V A 100w/ 0.0s 10.002/ Trig'd?

Vab | m | |
| .W% Ch-2:5A/div
' Ch-3:100V/div

a2 Ch-4:100V/div
n, laz Time: 10 ms/div

2500/ 2 350V 3 2EOV/ A 250V 0.0s 10.002/ Trig'd?

Yowm | 02T 2 Y Ch-1:25V/div
4 VA N et Ch-2:25V/div
Ch-3:25V/div

Ch-4:25V/div

[

Time: 10 ms/div

©
Figure 5.12. Unbalanced operation of MMC with indirect MPC: (a) three-phase
output currents, (b) output voltage, CMV, and circulating current, and (c)
upper and lower arm submodule capacitors voltage

currents flowing through the load are not perfectly sinusoidal in nature and
have higher harmonic distortion as shown in Figure 5.11(a). The difference
between line-line voltages due to the unbalanced condition appears in the
form of CMV as shown in Figure 5.11(b). The CMV mainly consists of fun-
damental frequency component with a step of 50 V. The multilevel CMV sig-
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nificantly reduces the 2 stress on the load. The circulating current has a
peak-peak value of 3.5 A as shown in Figure 5.11(b). The SM capacitors volt-
age is maintained at an average value of 73 V, which is marginally less than
their nominal value of 75 V as shown in Figure 5.11(c).

The performance of indirect MPC approach is shown in Figure 5.12. The
three-phase currents are very close to sinusoidal in shape and, have low rip-
ple and harmonic distortion compared to the fast MPC approach as shown
in Figure 5.12(a). The indirect MPC approach generates a line-line voltage
waveform with a step of 75 V, which is quite similar to balanced operation
condition as shown in Figure 5.12(b). The CMV mainly consists of third har-
monic component with a peak value of 50 V. This CMV increases the mag-
nitude of circulating currents and has a peak-peak value of 4 A as shown in
Figure 5.12(b). In addition, the proposed approach perfectly balance the up-
per and the lower arm SM capacitors voltage at their nominal value of 75V
as shown in Figure 5.12(c).

54.5 Computational Complexity

The comparison of different MPC strategies in terms of computational com-
plexity is given in Table 5.4. In direct MPC approach, the control objectives of
output current, circulating current, and SM capacitor voltage balance are in-
cluded in a single cost function. The cost function is evaluated for 210 switch-
ing states to control the MMC with four-submodules per arm [148]. The re-
quired number of switching states drastically increases with the number of
submodules. In the case of fast MPC approach, the output and circulating
current of each phase are controlled using a per-phase MPC strategy. This
approach requires only 5-states for one phase (total 15-states in a three-phase
system) [154]. This approach requires the least number of switching states
compared to other methods. The reduced MPC strategy-l and Il are pre-
sented in [155], requires 72 and 96 switching states (for N=4) to achieve the
control objectives, respectively. The proposed approach requires 125 switch-
ing vectors to control the three-phase output and circulating currents, which
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leads to a less computational effort in comparison to direct MPC. However,
the proposed approach still requires a higher number of switching states
compared to the fast and reduced MPC strategies.

Table 5.4. Computational Load on MPC

Number of Conventional Fast Reduced Reduced Indirect

Submodules D-MPC [148] MPC [154] MPC-I[155] MPC-I1 [155] MPC

2 18 9 30 54 27
4 210 15 72 96 125
10 554268 33 342 222 1331

5.5 Summary

In this chapter, two novel reduced computational model predictive control
approaches are proposed for the modular multilevel converter. The first ap-
proach is dual-stage direct model predictive control, in which the control
objectives are achieved using two cost functions. The step-by-step design
procedure of dual-stage D-MPC approach is presented in this chapter. The
experimental studies are presented to validate the dynamic and steady-state
performance of dual-stage D-MPC approach. The performance of dual-stage
D-MPC is compared with the conventional MPC. The results show that the
computational complexity is significantly minimized through the dual-stage
D-MPC approach. When the number of SMs N > 4, then the dual-stage
D-MPC approach has superior performance and requires a lesser number of
switching states compared to conventional D-MPC. In addition, a significant
reduction in output voltage and current harmonic distortions are obtained.
For instance, at /*=0.8 pu, a reduction of 27.08% in current harmonic distor-
tion and 30.85% in voltage harmonic distortion are obtained.

The second approach is indirect model predictive control (I-MPC) ap-
proach, in which the control objectives are achieved by using classical volt-
age balancing approach and predictive algorithm together. The implementa-
tion of I-MPC approach, which includes the voltage balancing approach and
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predictive algorithm is systematically presented in this chapter. The exper-
imental studies are presented to validate the dynamic and steady-state per-
formance during balanced and unbalanced operating conditions. The per-
formance of indirect MPC is also compared with the fast MPC approach.
The results show that the I-MPC approach operates at lowest switching fre-
guency and minimizes the voltage and current harmonic distortion by 43%
and 34% in comparison to the fast MPC. The I-MPC approach generates out-
put current with lowest switching ripple. Hence, the size of the output filter
is minimized. However, the computational complexity is slightly higher than
the fast MPC. In addition, the dynamic performance of MMC with I-MPC is
marginally reduced.

194



CHAPTER 0O

CONCLUSIONS

VER the last few years, significant attention has been paid to the modu-
O lar multilevel converters. The immense features of modular multilevel
converter are attracted both academia and industry researchers, and devel-
oped several commercial products for high-voltage direct current transmis-
sion systems, medium-voltage motor drive systems and static synchronous
compensators. These applications require an accurate mathematical model
to develop a sophisticated control scheme with a complex structure to con-
trol the modular multilevel converter. For an efficient and reliable operation
of modular multilevel converter, the control scheme must fulfill the follow-
ing objectives: submodule capacitors voltage control, output current control,
minimization of circulating currents, minimization of ripple in submodule
capacitors voltage and DC-link current.

In this work, a novel voltage balancing methods and pulse width mod-
ulation schemes are proposed to control the modular multilevel converter.
These methods are generic in nature, suitable to apply for standard and mul-
tilevel submodules based modular multilevel converters, reduces the num-
ber of current sensors and eliminates the external controllers to achieve some
of the control objectives. In addition, the reduction in output voltage and
current harmonic distortion, output current ripple, and device power losses

195



Chapter 6 - CONCLUSIONS

are obtained.

This dissertation also proposes a direct and reduced computational model
predictive control approaches to control the modular multilevel converter.
A generalized three-phase mathematical model of the modular multilevel
converter, which includes the common-mode voltage is developed to imple-
ment the model predictive control approach. These methods significantly
minimize the magnitude of circulating currents, a ripple in the submodule
capacitors voltage and DC-link current without using a cost function during
the balanced and unbalanced operating conditions. The proposed methods
also reduce the computational complexity and, output voltage and current
harmonic distortion while operating at the lowest switching frequency.

6.1 Main Contributions
The main contributions of this dissertation are summarized as follows:

1) Single-stage submodule capacitors voltage balancing method with
reduced current sensors

The voltage balancing among submodules is very important objective for the
reliable operation of the modular multilevel converter. In this dissertation,
a generalized single-stage submodule capacitors voltage balancing method
with reduced current sensors is proposed. This approach uses estimated
arm currents rather than direct measurements to obtain the current direction.
The single-stage approach is suitable to implement with both PSC-PWM and
LSC-PWM schemes and possible to control both standard submodules (half-
bridge, H-bridge) and multilevel submodules (flying capacitor, neutral-point
clamp submodules) based modular multilevel converters.
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2) Dual-stage submodule capacitors voltage balancing method with re-
duced power losses and harmonic distortion

The design and implementation of balancing approach affect the performance
of the modular multilevel converter. In this dissertation, a dual-stage sub-
module capacitors voltage balancing approach is proposed to control the fly-
ing capacitor submodule based modular multilevel converter. This approach
significantly minimizes the submodule power losses and voltage harmonic
distortion compared with the single-stage balancing approach. In addition,
the total power losses are equally distributed between the submodules in
each arm. Hence, identical thermal and cooling systems are used to design
each submodule.

3) Pulse width modulation schemes with improved harmonic perfor-
mance

The performance of modular multilevel converter greatly depends on the
type of pulse width modulation scheme. In this dissertation, two novel pulse
width modulation schemes equivalent to the carrier pulse width modulation
scheme with third harmonic injection are proposed.

e The first approach is a sampled average modulation, which modulates
each leg of modular multilevel converter independently. The three-
phase sampled average modulation is equivalent to space vector mod-
ulation with an asymmetrical distribution of zero voltage vectors.

e The second approach is dual space vector modulation, which modu-
lates the three-phase upper and lower arms with a space vector philos-
ophy. In this approach, the zero vectors are symmetrically distributed
in each sampling interval.

e An external voltage balancing approach is proposed to achieve the volt-
age balancing among submodules with sampled average and space
vector modulation schemes.
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e These modulation schemes are generic in nature and directly applied
to the modular multilevel converter (irrespective of a number of sub-
modules) without any modifications.

e These modulation schemes significantly minimize the total harmonic
distortion and output current ripple compared to the carrier based mod-
ulation schemes. In addition, the magnitude of switching frequency
harmonics is significantly reduced. Hence, the smaller size of filter is
used in the output.

e The sampled average and space vector modulation schemes generate a
common-mode voltage at three-time the fundamental frequency. This
common-mode voltage helps to achieve the voltage balancing between
arms. Hence, the control scheme is simplified by eliminating the arm
voltage balancing controller.

4) Minimization of circulating currents and, ripple in submodule ca-
pacitors voltage and DC-link current using direct model predictive
control approach

The modular multilevel converter requires a control scheme to meet several
control objectives simultaneously. In this dissertation, a novel direct model
predictive control approach is proposed.

e To implement the proposed approach, a generalized discrete-time mod-
el of the three-phase modular multilevel converter with a common-
mode voltage injection capability is developed.

e The common-mode voltage helps to achieve the voltage balancing be-
tween arms. Hence, the magnitude of circulating currents are signifi-
cantly reduced without using cost function.

e The reduction in submodule capacitors voltage and DC-link current
ripple during balancing and unbalanced operating conditions is ob-
tained.
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¢ In addition, the output voltage and current harmonic distortion is min-
imized.

5) Reduced computational model predictive control approaches

The computation complexity is one of the major issues in the real-time imple-
mentation of model predictive control for modular multilevel converters. In
this dissertation, two novel reduced computational model predictive control
approaches are proposed.

e The first approach is dual-stage direct model predictive control approa-
ch, which uses two cost functions to achieve the control objectives of
modular multilevel converters.

e The second approach is indirect model predictive control approach,
which integrates the voltage balancing approach with a predictive al-
gorithm to control the modular multilevel converter.

e These approaches have less computationally complexity compared to
the conventional direct model predictive control approach

e These approaches significantly minimize the harmonic distortion of out-
put voltage and current waveforms, and output current ripple while
operating at lowest switching frequency.

6) Laboratory prototype of modular multilevel converter

The simulation studies are validated through experimental studies on a low-
power laboratory prototype of the modular multilevel converter. The labo-
ratory prototype is designed to generate 208 V/3 kVA with a total DC-link
voltage 350 V. The submodules are designed to operate as either half-bridge
or three-level flying capacitor submodule. Each submodule is equipped with
an EPCOS DC capacitors, Semikron dual pack SKM1000GB12T4 IGBT/diode
modules of 1200 V, 100 A capacity, SKHI22B dual-core IGBT gate drivers,

199



Chapter 6 - CONCLUSIONS

LEM LV25-P isolated voltage sensors and LEM LAS55-P hall sensors. The
DC-link voltage of the modular multilevel converter is generated by using
a Xantrex DC source of 600 V, 20 A capacity. The laboratory prototype is
controlled with a dSPACE/DS1103 control platform with an external CP1103
170 interface.

6.2 Suggested Future Work

The following research works are suggested as an extension to the knowl-
edge presented in this dissertation.

1) Research on space vector modulation scheme to minimize the sub-
module capacitors voltage ripple

The space vector modulation scheme has redundancy switching voltage vec-
tors with different magnitudes of common-mode voltage. The use of redun-
dancy switching vectors to minimize the submodule capacitors voltage rip-
ple is one of the interesting research topics.

2) Wave shaping of submodule capacitors voltage and circulating cur-
rents using direct model predictive control

The wave shaping of submodule capacitors voltage and circulating currents
using direct model predictive control with the externally generated common-
mode voltage and circulating currents is another important research direc-
tion. The performance of modular multilevel converter should be investi-
gated in terms of device power losses and capacitors voltage ripple under a
different type of common-mode voltages.

3) Research on modular multilevel converter topologies for motor drives

The common-mode voltage injected into the system to minimize the capaci-
tors voltage ripple in the conventional modular multilevel converter. The ex-
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ternal injected common-mode voltage increases the magnitude of common-
mode voltage generated by the converter, which is not suitable for motor
drive applications. The development of new modular multilevel converter
topologies, which overcomes the drawback of the conventional modular mul-
tilevel converter is another important research direction.

4) Research on submodule configurations with DC fault blocking capa-
bility

The submodule presented in this dissertation can not block the DC faults and
requires a DC circuit breakers to protect the system. Hence, the development
of new submodules to handle the DC faults is one of important research as-
pect in modular multilevel converter for HVDC applications.
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APPENDIX

LABORATORY PROTOTYPES

A.l. Laboratory prototype of modular multilevel converter.
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A.2. Laboratory prototype of MMC Submodule.
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