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Modélisation, controle et implementation des convertisseurs compacts multiniveaux
pour des applications de qualité de I’énergie

Amirabbas KAYMANESH

RESUME

Pour garantir a tous l'accés a une énergie abordable, fiable et moderne, il est d'une grande
importance d'accroitre la pénétration des énergies renouvelables dans le réseau électrique. Par
conséquent, les défis liés a la qualité de I'énergie doivent étre considérés avec prudence. Pour
cette raison, l'objectif principal de cette thése est de développer différentes topologies de
convertisseurs multiniveaux a haute densité de puissance ainsi que les contrdleurs nécessaires
pour améliorer la qualité¢ de 1'énergie dans les systémes ¢lectriques de maniére efficace et
fiable.

Tout d'abord, un compensateur synchrone statique basé sur des cellules U compactées
modifiées a sept niveaux (MPUC?7), soit (MPUC7-STATCOM), avec un contrdle prédictif
(AFCS-MPC) est introduit. Par rapport & un compensateur synchrone statique basé sur un pont
en H en cascade (CHB) a sept niveaux, la configuration proposée a un nombre de composants
actifs/passifs exceptionnellement réduit, et le controle AFCS-MPC congue par MPUC7-
STATCOM est également simplifié. Le fonctionnement en mode Boost et la tension nominale
plus basse des composants peuvent également étre mentionnés comme qualités du MPUC7-
STATCOM. De plus, les facteurs de pondération de I'AFCS-MPC proposé sont réglables
automatiquement en temps réel.

Deuxiémement, une nouvelle configuration d’un ressort électrique basée sur l'onduleur
modifi¢ a cinq niveaux (MPUCS5) est introduite pour atténuer les harmoniques et les
fluctuations de tension a divers points du réseau en présence de sources d’énergies
renouvelables. De plus, le principe de fonctionnement, la procédure de conception et la
configuration du ressort ¢électrique basé sur MPUCS, soit (MPUCS-ES), sont présentés. Un
contréleur simple et efficace, sans boucle de contrdle supplémentaire pour réguler les tensions
du bus CC, a également ét¢ congu et appliqué au MPUCS-ES.

Troisiémement, une configuration de ressort ¢lectrique a condensateur multiniveau a haute
densité de puissance (ES-1) basée sur un convertisseur de cellules U a sept niveaux modifié
(MPUC7), soit (MPUC7-ES1), est présentée. Une nouvelle stratégie de contrdle basée sur la
commande prédictive (FCS-MPCC) est également proposée pour l'application MPUC7-ES1.
Cet algorithme est congu pour prédire le comportement du systéme pour tous les vecteurs de
commutation possibles sur la base des modéles discrets de MPUC7-ES1 qui est développé
pour la premiére fois. Par rapport aux méthodes de contrdle linéaire ES-1 conventionnelles, la
stratégie proposée présente des avantages clés, notamment la prise en compte des modeles
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dynamiques du convertisseur ES-1, elle ne nécessite pas de modulateur et posseéde une
fréquence de commutation inférieure.

Quatriemement, afin de fournir de 1'énergie aux charges sensibles avec un niveau de fiabilité
et de qualité amélioré, une topologie compacte a ressort électrique a batterie (ES-2), fondée
sur l'onduleur Packed E-Cell (PEC) et sur sa stratégie de contrdle basée sur un réseau de
neurones artificiels (RNA), est introduite. Du point de vue de la fiabilité, I'ES-2 basé sur le
PEC (PEC-ES2) a la capacité de fonctionner instantanément de neuf a cinq niveaux en cas de
défaut sur I’un des commutateurs bidirectionnels. En ce qui concerne la qualité de I’énergie,
par rapport aux topologies ES-2 a demi-pont ou a pont complet, pour le PEC-ES2 la tension
des commutateurs est diminuée de moitié, le contenu harmonique est inférieur dans le courant
et la tension de sortie, la fréquence de commutation est considérablement plus faible, des
applications de puissance plus élevée sont possibles, etc. Le controleur intelligent proposé basé
sur un RNA peut également régler et stabiliser indépendamment a la fois la tension du réseau
et le facteur de puissance de la charge réactive avec des performances dynamiques améliorées.

Les opérations en régime permanent et dynamique du ressort électrique multiniveau compact
introduit et des topologies STATCOM et les techniques de controle proposées sont également
illustrées par des simulations approfondies et des résultats expérimentaux.

Mots-clés: ressort €électrique, STATCOM, convertisseur multiniveaux, MPUCS5-ES, MPUC7-
STATCOM, PEC-ES2, MPUC7-ESI1, qualité de 1'énergie, contrdle prédictif, RNA.



Modeling, control, and implementation of compact multilevel converters for power
quality applications

Amirabbas KAYMANESH

ABSTRACT

To ensure access to affordable, reliable, and modern energy for all, increasing the penetration
of renewable energies into the electricity grid is of great importance. Consequently, power
quality-related challenges should be considered prudently. Therefore, the focal goal of this
thesis is to develop various high-power-density multilevel converter topologies and the
required controllers for improving the power quality of electrical systems efficiently and
reliably.

First, a seven-level modified packed U-cell (MPUC?7) based static synchronous compensator
(MPUC7-STATCOM) with an autotuned finite control-set model predictive control (AFCS-
MPC) is introduced. In comparison with a seven-level cascaded H-bridge (CHB) based
STATCOM not only, the proposed configuration has exceptionally reduced active/passive
component count, but also MPUC7-STATCOM designed AFCS-MPC control method
complexity is attenuated meaningfully. Boost-mode operation and low voltage rating of the
components can be also mentioned as the merits of the MPUC7-STATCOM. Moreover, the
weighting factors of the proposed AFCS-MPC are tunable automatically and effectively in
real-time.

Second, a novel configuration of electric spring based on the modified five-level packed u-cell
(MPUCY) inverter for mitigating harmonics and voltage fluctuations at various points of a grid
with unstable generated power from distributed renewable energy sources is introduced.
Moreover, operation principles, design procedure, and configuration of the MPUCS5-based
electric spring (MPUCS-ES) are presented. A simple and yet efficient controller without any
extra control loop for regulating DC bus voltages has been also designed and applied to
MPUCS-ES.

Third, a high-power-density multilevel capacitor-based electric spring (ES-1) configuration
with boost-mode operation based on a seven-level modified packed U-cell converter (MPUC7-
ES1) is presented. A novel control strategy based on finite control-set model predictive current
control (FCS-MPCC) is also proposed for MPUC7-ESI1 application. This algorithm is designed
to predict the system behavior for all the conceivable switching vectors based on the discrete
models of MPUC7-ESI that is developed for the first time. Comparing to the conventional ES-
1 linear control methods, the proposed strategy has key merits including considering the
dynamic models of ES-1 converter, not requiring a modulator, and lower switching frequency.



Fourth, aiming at delivering power to sensitive loads with an enhanced level of reliability and
quality, a compact multilevel battery-based electric spring (ES-2) topology, founded on the
Packed E-Cell (PEC) inverter, and its respective artificial neural network (ANN) based control
strategy are introduced. From the reliability point of view, the PEC-based ES-2 (PEC-ES2) has
the capability of instant nine to five-level operation under its bidirectional switch faulty
condition. Regarding the power quality, in comparison with the half or full-bridge ES-2
topologies, PEC-ES2 has halved voltage rating switches, lower harmonic content in its output
current and voltage, considerably lower switching frequency, higher power applications, etc.
The proposed intelligent ANN-based controller can also tune and stabilize both the grid voltage
and responsive load setup power factor independently and instantly with improved dynamic
performance.

Steady-state and dynamic operations of the introduced compact multilevel electric spring and
STATCOM topologies and the proposed control techniques are also illustrated through
extensive simulation and experimental results.

Keywords: electric spring, STATCOM, multilevel converter, MPUCS5-ES, MPUC7-
STATCOM, PEC-ES2, MPUC7-ES1, power quality, model predictive control, ANN.
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INTRODUCTION

Most climate scientists believe that human influence has been the main cause of the current
global warming trend through the expansion of the greenhouse effect (Pachauri, Mayer, &
Intergovernmental Panel on Climate Change, 2015). It is unfortunate but true that the burning
of fossil fuels like coal and oil has dramatically increased the concentration of heat-trapping
greenhouse gases into the atmosphere over the last century. There are many negative effects
of global warming, including, but not limited to, more frequent severe weather, shifting
wildlife populations and habitats, rising sea levels, and higher wildlife extinction rates. The
most vital solution is reducing the demand for fossil fuels by increasing the penetration of
renewable energies like solar, wind, biomass, and geothermal into power systems. It is worth
mentioning that as of 2017, renewable energy sources including hydropower accounted for an
estimated 25% of the global power generation mix (World Energy Outlook-2017, 2017).
However, achieving the goal of having a world powered by wind, water, and sunlight has

certain challenges to the reliability, stability, and power quality of the bulk power system.

Since generated power by the non-dispatchable renewable energy resources fluctuates, they do
not correlate with consumer load demand in real-time. Therefore, power quality concerns such
as voltage stability need to be considered. Regarding mitigating different power quality issues,
recently, through the application of power electronics to power systems, various real-time
methods have been proposed. In this regard, the static synchronous compensator (STATCOM)
and electric spring (ES) technologies are of great importance for mainly compensating reactive
power accurately and instantly. Primarily, two-level voltage source converters have been
employed as single-phase STATCOM and ES. Nevertheless, in comparison to these
conventional configurations, multilevel ES/STATCOM topologies such as cascaded H-bridge
(CHB) (Ge & Gao, 2018), flying capacitor (FC) (Shukla, Ghosh, & Joshi, 2007), and neutral
point clamped (NPC) (Chivite-Zabalza, Izurza-Moreno, Madariaga, Calvo, & Rodriguez,
2013) can offer crucial merits. Lower switching frequency, improved electromagnetic
interference and dv/dt, enhanced power quality performance that is due to the quasi-sinusoidal

voltage and current waveforms, and higher efficiency are just some of them. However,



requiring an augmented number of active/passive components, complexity, and being

bulky/costly are considered as their demerits.

Motivation and Challenges

Considering the mentioned issues, various compact multilevel converters have been introduced
by researchers for a wide range of power system applications. Among the conventional and
recently introduced multilevel voltage source converters, Packed U-Cell (PUC) based
bidirectional topologies such as seven-level modified PUC (MPUC?7) and nine-level Packed
E-Cell (PEC9) have numerous encouraging advantages (Kaymanesh, Chandra, & Al-Haddad,
2021). Requiring the least possible number of independent/dependent dc sources, reduced
number of passive/active components, availability of extra switching combinations, lower
voltage stress, high reliability concerning their multilevel operation, and noticeable dynamic
performance during intensive transients are some of the main merits. Consequently, these high-
power-density multilevel converters are suitable options for high-power low/medium voltage
industrial applications. Although by far these topologies have been employed for different
applications like renewable energies integration (Vahedi, Sharifzadeh, & Al-Haddad, 2018),
they have not been analyzed and developed for ES and STATCOM utilizations yet.

Therefore, to diminish the size and cost of multilevel ES/STATCOM converters with an
improved complexity as well as having enhanced efficiency, investigating configurations that
have the capability of generating more voltage levels with the least possible component count
is key. Besides, by considering the dynamic models and nonlinearities of these novel
ES/STATCOM multilevel configurations, multifunctional control methods such as finite
control set model predictive control (FCS-MPC) should be designed and applied to them to
support their superior steady-state and dynamic performance. Instantaneous and accurate
regulation of the auxiliary capacitors’ voltages with reduced voltage ripples as well as reducing
the switching frequency are also some of the important challenges. Nonetheless, it should be
considered that increased complexity and computational burden are unfavorable features for a

controller, especially for industrial utilizations.



Research Objectives

The main objective of this thesis is focused on mathematical modeling, control, simulation,
and real-time implementation of compact multilevel converters for single-phase electric spring
and STATCOM applications to improve the power quality of a weak electrical system.

The sub-objectives of this thesis are highlighted as:

Proposing and implementing high-power-density multilevel topologies for capacitor-based ES
(ES-1), battery-based ES (ES-2), and STATCOM applications with features such as reduced

component count, high-power quality performance, and boost-mode operation;

Developing a simple but multifunctional control method for independent and concurrent
mitigation of both harmonics and voltage fluctuations of a critical load in a weak power system

using a compact multilevel capacitor-based ES;

Designing novel model predictive based nonlinear control approaches for the proposed high-
power-density multilevel STATCOM and ES-1 configurations focused on improving voltage

stability of power systems;

Development of a multifunctional intelligent controller and a modulation technique for the
introduced compact multilevel ES-2 topology with the main goal of stabilizing voltage and
power factor correction concurrently and independently with enhanced reliability and transient

operation in an electrical grid with high penetration of renewable energy resources.

Methodology

The employed methodology for achieving the objectives of this thesis is dividable into five

main stages:



Literature review: First and foremost, to form a strong basis for high-quality, innovative, and
impactful research, numerous recently published exemplary articles mainly focused on
different types and features of multilevel converters, as well as various versions of currently
available ES/STATCOM topologies and controllers, have been selected, thoroughly analyzed,
and simulated. It is worth mentioning that due to the importance of this step, it lasted until the

end of the Ph.D. program.

Operation principles: Based on the mentioned objectives, operating principles, including
detailed designs and configurations, of the proposed ESs and STATCOM are analyzed and
presented. The design process mainly consists of calculating the independent and/or dependent
dc links voltages, amounts of the inductive and/or capacitive components of the required output
filters, and capacitance values of auxiliary capacitors. On the other hand, regarding the
proposed ES/STATCOM configurations, switching states, employed modulation techniques,
required semiconductor switches, and their current and voltage ratings, and dc sources are all
clarified. Moreover, thorough comparisons with the already available technologies have been

done.

Mathematical modeling: Considering designing and developing the required controllers, the
mathematical modelings of the introduced ES/STATCOM configurations have been
performed. Consequently, their dynamic models and nonlinearities have been considered in

the designed advanced controllers.

Simulation: In order to extensively analyze and verify the steady-state and dynamic
performance of the developed ES/STATCOM configurations and controllers in a safe and
efficient manner, MATLAB/Simulink, as a block diagram multi-domain environment, has

been employed for simulations.

Experimental setup: To experimentally illustrate the operation and viability of the proposed
ES/STATCOM multilevel topologies and controllers, experimental results are also presented.

In the experiments, a 28-amp three-phase variable autotransformer (480V ac input to 0-560V



ac output voltage) has been used as a controlled voltage source. Regarding running the
designed controllers with a fixed sampling time in real-time, MicroLabBox (DS1202), which
is a compact rapid control prototyping (RCP) system, has been also utilized. Moreover, high
current/voltage measurements (OP8662), gate drivers, an isolation card, a power analyzer, and
an oscilloscope have been employed. Besides, using IGBT (FGA30N60LSD) and MOSFET
(C3MO0120090D) switches, prototypes of the proposed compact multilevel ESs/STATCOM

are implemented.

Thesis Contribution

The key contributions of this thesis are highlighted below briefly.

A new seven-level STATCOM topology (known as MPUC7-STATCOM) with promising
features such as being compact, high-power quality performance, improved complexity, boost-

mode operation, and the reduced active/passive component count is proposed.

An FCS-MPC-based controller with reduced complexity/computational burden is designed
and applied to MPUC7-STATCOM. Employing the designed controller results in fast
regulation of the capacitors’ voltages with improved overshoots and settling times especially

during transients and availability of parametric mismatches.

An intuitive and simplified online weighting factors autotuning method for the designed model

predictive-based MPUC7-STATCOM controller is developed.

In comparison to the MPUC5-based STATCOM (Vahedi, Dehghanzadeh, & Al-Haddad,
2018), although the size of utilized capacitors is reduced, not only voltage distortion of these
capacitors is decreased but also the power quality characteristics of the generated
compensation voltage and current have been improved. So, the size/cost of the required output
filter is also reduceable. MPUC7-STATCOM comparison with the single-phase seven-level
CHB STATCOM, as well as its merits, are also presented.



A novel five-level reduced component counts ES-1 converter topology has been proposed.
This five-level modified packed u-cell (MPUCS5) based ES-1 (MPUCS5-ES) improves the
operations and power quality characteristics of a capacitor-based electric spring from various
points of view. For instance, MPUCS5-ES has a boost mode operation with a halved voltage at

dc links and reduced/fixed switching frequency.

The operation principles and systematic design of an MPUCS5-based smart load have been

presented.

A simplified control method and a modulator have been developed for mitigating both
harmonics and voltage fluctuations of a critical load simultaneously in a weak electrical grid

with high penetration of renewable energies using the introduced MPUCS5-ES.

Voltage/power regulation of the introduced five-level ES-1 employed auxiliary capacitors are
integrated into the designed modulation technique. This technology is developed for capacitor-

based electric spring applications for the first time.

For the first time, a five-level electric spring using capacitors as its energy storage element has

been proposed for mitigating both harmonics and voltage fluctuations simultaneously.

A seven-level capacitor-based electric spring titled ‘MPUC7-ES1’ with boost mode
performance is proposed. This highly compact seven-level capacitor-based electric spring

employs only six semiconductor switches and two reduced-size capacitors.

Concerning demerits of existing ES-1 linear proportional-integral (PI) controllers, a nonlinear
hybrid controller based on finite control set model predictive current control (FCS-MPCC)
with a controlled switching frequency is designed and proposed. In comparison to MPUCS-ES
(Kaymanesh & Chandra, 2020), the dc-link capacitors’ dynamics and converter/output filter
nonlinearities are considered in the controller design. So, each one of the capacitors is

independently modifiable to the desired voltage level. Consequently, not only the power



density of MPUC7-ES1 topology will be improved but also it can be operational in a seven-

level mode with an even more improved power quality performance.

The MPUC7-ES1 state-space average model is developed and presented.

Concerning the inherent topological demerits of the two-level battery-based electric spring
configurations, an intelligent compact nine-level PEC-based ES-2 (PEC-ES2) is proposed. In
addition to the general merits of utilizing a compact multilevel inverter as ES-2, the proposed
PEC-ES2 has dedicated advantages. First, PEC-ES2 has the capability of five-level operation
under faulty bidirectional power switch conditions. Second, PEC-ES2 requires the least

possible number of components as a nine-level high power density ES-2.

Adjustment of the developed PEC-ES2 dc-link voltage does not compel an intricate controller
and is achieved using an active voltage tuning method integrated into the proposed hybrid

PEC-ES2 modulator with only one voltage sensor.

Design and operating principles of the introduced PEC-ES2 are presented.

A novel multifunctional ES-2 controller based on artificial neural network (ANN) and radial-
chordal decomposition (RCD) theory is proposed for concurrent and independent regulation
of both sensitive loads (SLs) voltage and responsive load (RL) power factor with an enhanced

transient operation.

Thorough comparative studies among the proposed ES-1, ES-2, and STATCOM compact
multilevel topologies and controllers and the existing configurations and control methods have

been performed.

Extensive simulations and real-time implementations of all the developed ES and STATCOM

configurations and controllers have been done.



The results of this thesis have been published in four peer-reviewed IEEE journals. The first
journal paper titled ‘Electric Spring Using MPUCS Inverter for Mitigating Harmonics and
Voltage Fluctuations’ is published in IEEE Journal of Emerging and Selected Topics in Power
Electronics (Kaymanesh & Chandra, 2020). The second journal paper titled ‘Model Predictive
Control of MPUC7-Based STATCOM Using Autotuned Weighting Factors’ is published in
IEEE Transactions on Industrial Electronics (Kaymanesh, Chandra, et al., 2021). The third
journal paper titled ‘PEC Inverter for Intelligent Electric Spring Applications Using ANN-
Based Controller’ is published in IEEE Journal of Emerging and Selected Topics in Industrial
Electronics (Kaymanesh, Babaie, Chandra, & Al-Haddad, 2021b). The fourth and last journal
paper titled ‘Model Predictive Current Control of Multilevel Smart Load Based on MPUC7
Converter’ is published in IEEE Access (Kaymanesh, Babaie, Chandra, & Al-Haddad, 2021a).
In addition, the results of this thesis have been presented more than eleven times at various
well-known prestigious international conferences such as the 2020 and 2021 IEEE Industry
Applications Society Annual Meeting, [IECON 2020 The 46th Annual Conference of the IEEE

Industrial Electronics Society, etc.

Thesis Outline

This thesis is divided into five main chapters. CHAPTER 1 is focused on presenting a thorough
literature review on topologies and controllers of various generations of currently available
STATCOMSs and electric springs. Considering improving voltage stability of single-phase
power systems, a new seven-level high-power density STATCOM configuration based on
MPUCT7 converter with an autotuned finite control-set model predictive control is proposed
and experimentally validated in CHAPTER 2. CHAPTER 3 presents a novel capacitor-based
electric spring topology employing MPUCS converter, as well as its simplified controller and
modulator, for mitigating harmonics and voltage variations of critical loads available in a weak
power system. In this chapter, simulation and experimental results are also presented to
validate the introduced five-level ES-1 and its controller. CHAPTER 4 develops and proves
the viability of a finite control set model predictive current control of a multilevel smart load

based on an MPUC?7 converter exhaustively. CHAPTER 5 mainly covers the mathematical



modeling, development, simulations, and experimental validation of an intelligent battery-
based electric spring using a PEC converter. The PEC-ES2 ANN-based control strategy and
hybrid modulation technique are also detailed in this chapter. Finally, concluding remarks and

some ideas regarding future works are also presented.






CHAPTER 1

LITERATURE REVIEW OF STATCOMS AND ELECTRIC SPRINGS

1.1 Introduction

There are various definitions of electric power quality (PQ) in numerous articles and books.
However, it is commonly defined as a benchmark to show how much voltage, current, and/or
frequency of an electrical system conform to established standards by technical organizations
like the Institute of Electrical and Electronics Engineers (IEEE) (Singh, Chandra, & Al-
Haddad, 2014). Generally, poor power quality performance will result in malfunction or even
failure of both utility and consumer electrical equipment. More importantly, the loss of
productivity in industries and businesses that can be directly resulted from these equipment
failures should be also considered. Consequently, analyzing and mitigating power quality
problems is critically important. There are various causes behind the power quality problems
in electrical systems, including but not limited to lightning strikes, severe weather, large loads
ON-OFF, nonlinear loads, unbalanced loads or utility supplies, faults, and equipment failure.
As a result, some of the major power quality issues at the point of common coupling (PCC)

are voltage and frequency fluctuations, harmonics, and low power factors.

The majority of these power quality issues, which are propagatable to other parts of the
network, can be originated from both utilities and consumers. In this regard, on the one hand,
it is the utilities’ responsibility to provide high-quality power for consumers. On the other hand,
consumers should not cause distortions that can have negative impacts on other users.
Therefore, considering mitigating power quality issues in the electrical system, several
techniques and equipment have been proposed and employed. Passive components including
reactors and capacitors, passive/active/hybrid filters with various series and parallel
combinations, shunt-mounted flexible AC transmission system (FACTS) equipment such as
static VAR compensator (SVC), static synchronous series compensator (SSSC) and

STATCOM, and demand-side management techniques like energy storage system and electric
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spring are just some of them. Among these methods, STATCOM and, more recently, electric
spring, which are power electronics-based approaches, have the main merits of being relatively
cost-effective, accurate, instant, multifunctional, and real-time. Hence, various aspects of these
reactive power compensation techniques have been investigated comprehensibly by engineers
and researchers. Correspondingly, different types of STATCOM and electric spring
topologies, controllers, and applications have been proposed and developed for low and

medium-voltage microgrids and power systems.

Recently, due to poor PQ operation and inherent topological demerits of conventional two-
level STATCOM and electric spring configurations, they are being replaced by multilevel
ones. So, utilization of these techniques for higher power applications can be a more viable
option. By far, different two-level and multilevel STATCOM and ES structures have been
proposed where each one of them has its specific merits and demerits which make it more
suitable for a particular operation. Classical multilevel converters such as CHB (Nasiri,
Farhangi, & Rodriguez, 2019) and NPC (Kaymanesh, Rezkallah, Sacedi, & Chandra, 2020)
can be also employed as STATCOM or ES. Nonetheless, increased component count and
complexity are two major issues of these structures. Thus, the trend should be developing novel
compact multilevel STATCOM and ES topologies that have improved power quality
characteristics with the least plausible components. Regarding the development of high-power-
density STATCOM and ES configurations, their control methods should be also taken into
account as a result of their considerable impact on both steady-state and dynamic operation of
the system. On the one hand, considering dynamic models of a compact STATCOM/ES
multilevel configuration in its controller is key. On the other hand, increased complexity and
computational burden are not favorable features of a controller, especially for industries. So, it
is also required to move toward intuitive and simplified nonlinear controllers rather than linear
ones. Finally, in view of STATCOM and ES applications, the multifunctional operation of
these real-time reactive power compensators increases the reliability and efficiency of the
electrical system. Accordingly, to have a thorough understanding of already available
STATCOM and ES topologies, controllers, and applications, in this chapter, an extensive

literature review is done.
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1.2 STATCOM Converter Configurations, Controllers, and Applications

STATCOM is a power electronics-based shunt-type FACTS equipment designed to enhance
voltage stability, increase the transmission capability of ac lines, and improve the power factor
through injecting/absorbing reactive power accurately and instantly. Generally, it is made up
of a converter with capacitors as the energy storage components on its dc side, a coupling
inductive filter on its ac side, and a controller. A wide range of two-level/multilevel topologies,
linear/nonlinear controllers, and monofunctional/multifunctional applications have been

proposed for STATCOM converters. Some of them are reviewed as follows.

1.2.1 Full-Bridge STATCOM

A single-phase full-bridge STATCOM topology is introduced recently. As can be seen in
Figure 1.1, this two-level STATCOM consists of a capacitor-based full-bridge converter and
an inductive output filter (Isobe, Shiojima, Kato, Hernandez, & Shimada, 2016). Normally, for
generating reactive power, produced voltage by a STATCOM converter should be higher than
the grid voltage. Accordingly, the minimum voltage rating of the required capacitor and
semiconductor switches in this topology should be equal to the peak value of its dc-link
voltage. The two-level waveform of the generated compensation voltage, which has noticeably
high harmonics contents, is yet another demerit of this STATCOM topology. However,
employing a reduced-size film capacitor and improved switching loss are the merits of this
proposed full-bridge STATCOM. A PI-based controller with a novel modulator and capacitor
voltage regulator is also developed in this work. Finally, it should be noted that in this work
steady-state performance of the proposed STATCOM topology and controller is focused and

their transient characteristics are not investigated properly.
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Figure 1.1 Topology of a full-bridge STATCOM
Taken from Isobe (2016)

1.2.2 Cascaded H-bridge Multilevel STATCOMs

Due to its modularity, the possibility of fault-tolerant operation, structural simplicity,
transformerless operation, and extensibility, the cascaded H-bridge converter has been the most
common multilevel topology employed as STATCOM. Generally, CHB topology for
applications like renewable energy integration requires several isolated dc sources which can
be costly, complicated, and bulky. However, for STATCOM utilization this issue is also
resolved as these isolated dc sources are replaced by capacitors as the passive energy storage
elements. Figures 1.2 and 1.3 illustrate a schematic diagram of a three-phase CHB-based
STATCOM and the structure of each H-bridge cell, respectively (Sajadi, Iman-Eini,
Bakhshizadeh, Neyshabouri, & Farhangi, 2018). Capacitive dc-links voltage balancing, fault-
tolerant performance, reduction of switching losses and capacitor voltage ripple, reducing the
size of the required capacitors, asymmetric performance, selective harmonic mitigation, and
developing simplified nonlinear controllers are some of the main focuses of already available

works on CHB-based STATCOMs, which are described below.
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Figure 1.2 A three-phase CHB-based STATCOM
Taken from Sajadi (2018)
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Figure 1.3 Each cell in Figure 1.2
Taken from Sajadi (2018)

1.2.2.1 Cascaded H-Bridge STATCOM Capacitive Dc-Links Voltage Balancing

15

In a CHB-based STATCOM topology, it is important to keep the dc side voltages of all the

cells balanced. However, the power losses of different H-bridge cells are not identical. In this

regard, demanded active power of each cell should be equal to its power losses. Consequently,

to control each dc-link voltage of a CHB STATCOM independently, a novel voltage balancing
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approach has been proposed (Barrena, Marroyo, Rodriguez Vidal, & Torrealday Apraiz, 2008).
This method not only resolves the issues related to the capacitors’ voltage balancing but also
distributes the required reactive power among all the employed H-bridge cells in an equal
manner. Control loops of active and reactive power of the proposed multilevel STATCOM are
demonstrated in Figure 1.4. Besides, a schematic of the designed method for regulating active
power distribution is presented in Figure 1.5 (Barrena et al., 2008). It should be also noted that

this method can be operational with any modulation method.
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Figure 1.4 Control loops of a STATCOM active/reactive power
Taken from Barrena (2008)
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On the other hand, as a result of coupling phenomena, the operation of distinct voltage
controllers, which balance dc links voltages individually, can have negative effects on the rest
of the controller subsystems, namely the output current controller and the group voltage
controller. Consequently, authors in (Farivar, Hredzak, & Agelidis, 2016) have proposed a
decoupled controller suitable for single-phase and three-phase CHB-based STATCOMs.
Based on this novel method, two main decoupling circumstances are defined. Firstly, the
summation of the squares of the dc-link voltages in the cluster voltage regulator subsystem
should be fixed. Second, the summation of the applied changes by the separate voltage
controllers to the cells’ output voltages must be equal to zero. The diagram of the introduced
decoupled control technique is depicted in Figure 1.6. Finally, the dynamic operation of the
proposed decoupled controller is demonstrated experimentally using a prototype of a single-

phase seven-level CHB STATCOM.

Cluster Voltage Controller Current Controller Individual Capacitor Voltage Controller

S

PWM

Figure 1.6 Diagram of a CHB-based STATCOM decoupled control technique
Taken from Farivar (2016)

1.2.2.2 Cascaded H-Bridge STATCOM Fault-Tolerant Operation

Failed performance of a STATCOM topology will jeopardize the power quality and stability
of an electrical power system. As a direct result of an increased number of passive and active
components employed in a CHB-based STATCOM especially for medium voltage higher
power applications, it is critical to analyze the reliability of this converter topology. Therefore,
several fault-tolerant strategies have been proposed in the literature. In (Song & Huang, 2010),

it is proposed to employ one extra H-bridge cell in each phase as a backup. To increase the
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system reliability, these available redundancies in the H-bridge cells of CHB-based
STATCOM configuration are then utilized. Consequently, as an instance, a five-level CHB
STATCOM with the extra cells in a normal performance will be operational as a seven-level
topology. However, as illustrated in Figure 1.7 in the case of failure, the problematic cells will
be bypassed and the system will continue its performance with a five-level output voltage
waveform. Moreover, Figure 1.8 demonstrates a simplified scheme of the developed controller
and the employed CHB-based STATCOM converter model. Considering both steady-state and
transient operations, this introduced method is validated for both five-level and seven-level
three-phase CHB STATCOM applications. It can be also employed for topologies with even
more voltage levels. Nonetheless, two points should be also considered. First, an amplified
number of components increases the chance of failures inevitably. Second, the increased
volume, cost, and complexity of this multilevel STATCOM topology is a critical issue that

cannot be ignored.

+ Bypass failed H-bridge :
<'and degrade the system

Figure 1.7 Schematic of a five-level CHB STATCOM with the extra cells
Taken from Song (2010)
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Figure 1.8 CHB STATCOM controller with fault-tolerant
Taken from Song (2010)

1.2.2.3 Reduction of Switching Loss/Capacitor Voltage Ripple of CHB STATCOM

High switching loss is in direct connection with the reduced operational efficiency of a CHB-
based STATCOM. Moreover, capacitor voltage ripple has negative effects on the capacitor’s
lifetime, and increased size capacitors will be also required. These are critical issues that should
be considered to improve the efficiency, reliability, and power density of any multilevel
STATCOM configuration. Consequently, in (Townsend et al., 2013), it is proposed that extra
switching vectors available in a CHB STATCOM converter make it possible to tradeoff among
harmonics content of the generated voltage, losses due to switching, and voltage ripple of the
capacitors. To effectively optimize this tradeoff, by using novel heuristic mathematical models,
a nonlinear model predictive control (MPC) method is designed and developed. The stability
of this MPC-based controller has been also proven. In comparison to a conventional space
vector modulation (SVM), it should be mentioned that although the SVM technique can
effectively control the switching frequency even better than the introduced controller, it has
negative impacts on the dc-links capacitors lifetime. Furthermore, it is proven that this MPC-
based method has superior performance compared with the PWM approach which is
extensively employed by industries. However, the computational burden and complexity of the
developed controller for CHB-based STATCOM application is still an unsolved problem. A

simplified schematic of this controller is illustrated in Figure 1.9.
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Figure 1.9 Illustration of MPC controller applied on a CHB STATCOM
Taken from Townsend (2013)

1.2.2.4 Reducing the Size of CHB-Based STATCOM Capacitors

Recently electrolytic capacitors are being replaced by film capacitors which are considered
more reliable options. However, at the same capacitance value, film capacitors are relatively
bulkier. This limits film capacitors utilizations especially for multilevel converters. From this
perspective and considering reducing the required capacitance value, an innovative CHB-based
STATCOM system has been proposed (Farivar, Townsend, Hredzak, Pou, & Agelidis, 2017).
The main idea is to develop a multilevel STATCOM system that can be functional even with
highly increased voltage ripples on dc links capacitors. However, the augmented amount of
voltage ripples should be almost the same as the calculated theoretical limits. Therefore, in
contrast with conventional STATCOM systems, this amplified voltage ripple makes it possible
to improve the power density of a CHB-based STATCOM by reducing its capacitors' cost and
volume. Another feature of this multilevel STATCOM system is its V-1 asymmetric
characteristic that is particularly suitable for reactive power compensation equipment. In this
regard, the operational range of this introduced CHB-based STATCOM system expressed as

per-unit is illustrated in Figure 1.10. A controller with a high bandwidth is also designed for
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this CHB STATCOM with reduced capacitance value to effectually tune the dc links voltages
even during severe transient operation, which is shown in Figure 1.11. By this system, the
voltage stress on the switching components will be also lower that also has a positive impact
on the system’s reliability. Finally, it has been experimentally proven that, first, through the
proposed CHB STATCOM system, although the harmonics content of generated current is
improved, the size of the employed capacitors is decreased by about 80% compared with
classical designs. Second, this system can be operational even with more than 90% voltage

ripples on the dc links capacitors.
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Figure 1.10 CHB-based STATCOM operation range
Taken from Farivar (2017)
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Figure 1.11 Control diagram of a CHB STATCOM with reduced capacitance
Taken from Farivar (2017)
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1.2.2.5 Asymmetric CHB-Based STATCOM

A CHB-based STATCOM that has an equal voltage value at its capacitive dc links is known
as symmetric topology. In this configuration, for achieving a lower harmonic content in the
generated compensation voltage/current waveform, two main methods have been employed.
First, the number of H-bridge cells should be increased to generate more voltage levels.
Second, the switching frequency should be boosted. Considering the first method, the main
issues are higher cost/volume and reduced reliability. Through the second approach, the system
will have a decreased efficiency due to a higher switching loss. To address these problems, by
choosing unequal amounts for the capacitive dc links, it will be possible to enhance the number
of voltage levels. Accordingly, without requiring more passive and active components, the
power quality operation of the system will be improved. Moreover, in this configuration,
modules with higher dc-link voltage have lower commutation frequency and vice versa. This
also leads to lower commutation loss and consequently better efficiency. In the literature, this
CHB STATCOM topology is known as asymmetric. Principally, a controller designed for a
CHB-based should have two main objectives: 1) tuning the voltages of the capacitive energy
storage elements and 2) controlling the reactive power of the system. However, to achieve an
asymmetric operation first objective should be focused on. Numerous methods have been
proposed in the literature considering these control terms. As an instant, authors in (Sajadi et
al., 2018) proposed to control the dc links voltages in an unequal manner through a novel
modulation technique with selective harmonic mitigation capability. Besides, the system’s
reactive power is controlled by regulating the current in a decoupled manner. The diagram of
this decoupled current control method for an asymmetric CHB-based STATCOM is depicted
in Figure 1.12.
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Figure 1.12 A decoupled current controller
Taken from Sajadi (2018)

1.2.2.6  Selective Harmonic Mitigation Approach for CHB STATCOM

To reduce the harmonics content of the generated voltage by a CHB-based STATCOM without
increasing the number of employed H-bridge cells, the selective harmonic elimination (SHE)
modulation approach is also proposed in the literature. Mostly, in selective harmonic
elimination modulation methods, it is required to solve several equations with transcendental
functions for numerous input conditions, which increases the complexity and computational
burden. This limits the application of this modulator-based harmonic mitigation approach. To
reduce the SHE modulation complexity, a new method is proposed to provide switching angles
in a constant manner (Haw, Dahidah, & Almurib, 2014). As a result, in this method, it is not
required to tiresomely manipulate switching angles that are calculated offline. But, this
technique is dependent on having adjustable dc links voltages which are provided by dc-dc
buck converters. Figure 1.13 demonstrates the structure of the proposed single-phase CHB-
based STATCOM for five-level operation and its generated voltage waveform. Although the
improved performance of this CHB-based STATCOM with an integrated buck converter in its
H-bridge cells is demonstrated, the increased number of components and structural complexity

are two main issues of this SHE technique.
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Figure 1.13 (a) A five-level CHB STATCOM and (b) SHE voltage waveform
Taken from Haw (2014)

1.2.2.7 Simplified Nonlinear Control Approach for CHB STATCOM

Mostly, for CHB-based STATCOM applications, over linear control methods, nonlinear ones
have critical merits such as improved steady-state errors and dynamic performance. This is due
to the fact that most of the nonlinear control methods consider the nonlinearities of the
employed converter in their design. However, the increased computational burden and
complexity of these methods are their main issues. Among various nonlinear control methods
employable for CHB-based STATCOM application, model predictive control stands out due
to its several advantages. Being multi-objective, optimizable operation, and intuitiveness are
among these merits. Nonetheless, computational complexity and high execution time are still
the main problems of this controller. Consequently, it has been extensively focused to improve
the MPC algorithm complexity to polynomial functions for CHB-based STATCOM utilization
in the literature (Y. Zhang, Wu, & Yuan, 2017). It is also suggested to implement the MPC
method on a parallel combination of a digital signal processor (DSP) and a field-programmable
gate array (FPGA) (Y. Zhang, Yuan, Wu, Yuan, & Zhou, 2020). As can be seen in Figure 1.14,
converting the analog signals into digital ones (known as ADC) at the primary stage of the
MPC algorithm and gate signals distribution at the final stage can be achieved using the FPGA.
All the remaining control tasks such as the optimization process are implemented by the DSP.

Therefore, in this parallel combination of FPGA and DSP, the execution time of the MPC
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algorithm is merely dependent on the DSP. Accordingly, in order to improve the execution
time of the MPC algorithm, the optimization process can be divided into low complexity and
high complexity problems. Hence, in (Y. Zhang et al., 2020) as depicted in Figure 1.15
flowchart, FPGA has been also exploited for running the complicated part of the optimization
process, which is the sorting task (related to the second algorithm). Through this method and
employing an inexpensive combination of FPGA and DSP, it has been shown that an online
MPC control technique can be employed for medium-voltage high power CHB-based
STATCOM applications.

DSP (Start FPGA (Start

| Read ADC Results |« Send ADC Results |

| Basic Algorithms |
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Figure 1.14 Conventional combination of DSP and FPGA
Taken from Zhang (2020)
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Taken from Zhang (2020)

1.2.3 NPC-Based STATCOM

Figure 1.16 demonstrates a simplified structure of a three-level NPC (3L-NPC) based
STATCOM (3L-NPC-STATCOM) connected to a power system (Saeedifard, Nikkhajoei, &
Iravani, 2007). Compared with a two-level STATCOM, an NPC-based STATCOM topology
has merits such as improved harmonic spectrum, reduced common-mode voltage, and higher
voltage/power application. However, a highly increased number of components and
complexity especially for higher voltage levels limit NPC applications. Besides, irregular
distribution of switching (commutation) loss in switching devices that results in uneven
thermal stresses is considered as one of the main demerits of this system. As a result, the
degradation rate of switching components is different, which reduces the system reliability.
Moreover, various operation modes result in diverse computation loss distributions in an NPC-
based STATCOM configuration. Therefore, it would be also problematic to design a heat sink
for this multilevel STATCOM configuration. Considering these commutation-related
problems, a new modulation technique (known as semidipolar) has been developed for a 3L-

NPC-STATCOM system (Zhou & Cheng, 2019). Furthermore, based on this modulator, a



27

controller is designed for balancing the active neutral point voltage. Nonetheless, it should be
noted that employing this semidipolar modulator will impose a tradeoff between the harmonics

content of the generated current and the commutation loss distribution operation.

STATCOM

_li} Local Load Utility System

Figure 1.16 Diagram of a three-level NPC based STATCOM
Taken from Zhou (2019)

1.2.4 MMC-Based STATCOMs

Among various multilevel converter structures, modular multilevel converter (MMC) has
recently gained a lot of attention for medium/high-voltage applications. The MMC structure is
founded on the idea of connecting several lower-voltage cells, such as half-bridge or full-
bridge cells, known as submodules in a cascaded manner to obtain the desired voltage level.
Modular structure, extensibility, and availability of inherent redundancy are among the main
merits of this topology (Cupertino, Pereira, Seleme, & Teodorescu, 2020). Considering these
features, MMC has been also developed for medium/high-voltage STATCOM
implementations. As depicted in Figure 1.17, single-star bridge cell (a), double-star bridge cell
(¢), single-delta bridge cell (b), and double-star chopper cell (c) are the main configurations of
the MMC available in the literature (Cupertino, Farias, Pereira, Seleme, & Teodorescu, 2019).
The first and second configurations are not favorable candidates for STATCOM applications
due to respective disadvantages of the higher number of components and lacking circulating
current. However, single-delta bridge and double-star chopper cells have circulating current

and are consequently considered as suitable candidates for STATCOM implementations. In
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this regard, these two MMC topologies have been compared from various aspects, including
structural differences, energy storage requisites, dynamic performances, etc (Cupertino et al.,
2019). As a result, it has been demonstrated that regarding requiring lower size energy storage
elements, single-delta bridge cell topology has a superior characteristic. Besides, during the
compensation of positive sequence currents, power losses in this topology are improved. On
the other hand, regarding the losses and current rating during compensation of negative
sequence components, the double-star chopper cell has an improved operation. In the end,
regarding conditions with unbalanced voltage in weak grids, it is proposed to employ a double-

star chopper cell topology as it has enhanced operation.
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Figure 1.17 Available configurations of the MMC
Taken from Cupertino (2019)

1.3 ES Converter Configurations, Controllers, and Applications

Many researchers have been working toward investigating solutions for increasing the
penetration of renewable energies into power systems without compromising on power quality.
Among all the reported methods, demand-side management (DSM)-based techniques are of
great importance and various applications of DSM can be found in the literature. Some of the
existing approaches and technologies are (Zheng, Hill, Song, Zhao, & Hui, 2020), (C.-K. Lee,
Liu, Tan, Chaudhuri, & Hui, 2020):
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Energy consumption scheduling: In this approach for flattening the demand curve, the usage
times for consumer appliances would be optimally scheduled. However, it would only be
practical to shape the load profile in terms of days or hours. Besides, these appliances should
be connected to remote communication and information systems like the Internet.

Consequently, the power systems will be even more prone to cyber-security problems.

Load control by real-time pricing (RTP): This method aims to encourage customers to reduce
their consumption or shifting their electricity usage during peak periods in response to time-
based rates. Thus, in RTP the price of electricity would change based on the cost of power
generation. Nonetheless, this method has also some disadvantages that need to be considered.
Firstly, like the first solution, it cannot cope with the real-time imbalances of power generation
and load demand. Secondly, costly electricity smart meter devices that can send and receive
information are needed to be employed. Last but not least, it could be difficult for consumers

to respond to price changes on an hourly basis.

Use of energy storage systems: The idea behind using energy storage systems such as pumped
storage hydropower, electric batteries, and flywheels is to increase energy consumption when
the generation is more than demand, and vice versa. However, it should be also considered that
although these storage systems can help to achieve real-time power balance, their round-trip

efficiency, capital investment, and space requirements are still debatable.

Direct load control (DLC): To manage the demand of consumers at the time of the peak
demand, through direct load control programs, the utility would be able to remotely control the
energy consumption of certain loads such as air conditioners or water heater systems.
Nonetheless, the implementation of DLC programs could be interrupting and cause
inconvenience, especially for residential consumers. Furthermore, this solution requires both
remote communication systems and smart metering devices that not only increase the cost but

also decrease the reliability of the power grid.
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Electric Spring: After over three centuries, the mechanical spring concept has been extended
to power systems just recently. The idea of electric spring has been proposed as a real-time
novel power electronics-based demand-side management technology. It has been mainly
designed with the aim of instant regulation of the voltage at various points of an electrical grid
with high penetration of intermittent renewable energy sources independent of any
communication systems. Therefore, ES has a great potential for improving power quality in
future power systems efficiently and reliably. In this regard, ES distributed in a power system
can have three main functions: 1) providing support for mains voltage, 2) storing electric
energy, and 3) dumping electric oscillations (Hui, Lee, & Wu, 2012). Although electric spring
technology has undeniable similarities to previous reactive power controllers such as
STATCOM and static VAR compensator (SVC), it has fundamental differences. Firstly, the
control paradigm of an ES is completely different. To be specific, it utilizes an input-feedback
and input-voltage control as shown in Figure 1.18 (Hui et al., 2012). Secondly, it not only
controls reactive power but also alters the active power consumption of its series-connected
load (C. K. Lee, Chaudhuri, & Hui, 2013). To clarify this, loads available in an electrical grid
can be classified as critical and non-critical. Critical loads such as data centers require stable
and high-quality power at their terminals. However, the voltage and power of the non-critical
loads like public lighting systems can fluctuate to some extends (C.-K. Lee et al., 2020). Non-
critical loads, which are connected in series with ES, as depicted in Figure 1.19 (Tan, Lee, &
Hui, 2013), will be converted into a new generation of smart loads. These smart loads can
dynamically modify their power consumption regarding the amount of generated
active/reactive power. Thirdly, it can be installed in all the residential, commercial, and
industrial areas and spread all over the bulky power systems for decentralizing power quality

control.
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Figure 1.18 Simplified schematic of an ES
Taken from Hui (2012)
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Figure 1.19 ES embedded in a smart load setup
Taken from Tan (2013)

By far, various versions of ES technologies, controllers, and applications have been introduced

and developed in the literature. Some of them are reviewed as follows.

1.3.1 Capacitor-Based ES

The first version of ES (ES-1) mostly consists of one or two bulky auxiliary capacitors and a
half-bridge or full-bridge converter. To reduce harmonics of the generated two-level voltage
waveform to tolerable levels, a passive LC filter should be also employed. Figure 1.20
illustrates a simplified scheme of a half-bridge-based ES-1 (C. K. Lee, Chaudhuri, & Hui,

2013). As can be seen, ES-1 should be connected in series with a non-critical load which can
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be resistive, inductive, or capacitive. As capacitive energy storage elements (capacitors) are
employed in ES-1, it compensates for reactive power directly. By controlling the dc-link
electric field dynamically, the electric spring injects a tuned magnitude of voltage in both
directions (positive or negative) to regulate its input voltage and alter its output voltage. The
ES-1 output voltage is the non-critical load input voltage. Therefore, ES-1 can also compensate
for active power indirectly. The main advantage of this first version of ES in comparison to
other generations is its structural simplicity for improving voltage and/or frequency stability

in the power system.
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Figure 1.20 Simplified scheme of a half-bridge-based ES-1
Taken from C. K. Lee (2013)

In (C. K. Lee & Hui, 2013), it is highlighted that in grids with a high percentage of renewable
energies, using a battery-based energy storage system is a costly solution for balancing
demanded and generated powers. Therefore, through extensive theoretical and experimental
results, it has been proven that employing the capacitor-based electric spring in a sample 90-
kVA electrical grid with an unstable PCC voltage can effectively reduce the required energy
storage capacity for mitigating power imbalances and stabilizing the critical load(s) voltage. A
detailed hardware circuit of a single-phase half-bridge ES-1 with a novel Undeland snubber
has been also reported in (C. K. Lee, Chaudhuri, & Hui, 2013). As seen in Figure 1.21, in this
work, a dual-loop PI-based controller with the main aim of compensating reactive power while

tuning the ES-1 dc-link voltage has been also implemented and applied to the proposed two-
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level topology. On the other hand, the first attempt to experimentally prove the effectiveness
of a group of distributed ES-1s (three 1-kVA prototypes) to stabilize a relatively small-sized
electrical grid without any communications infrastructure was reported in (C. K. Lee,
Chaudhuri, Chaudhuri, & Hui, 2013). In this work, all the employed ES-1s were able to
participate in voltage stabilization of the system based on their installation locations. In this
regard, a droop control method has been proposed for ES-1 applications. A diagram of this
method can be also seen in Figure 1.22. Nevertheless, to effectively demonstrate the
performance of several numbers of these capacitor-based distributed voltage/frequency control
devices in large-scale electrical grids, extensive simulation-based analyses should be
performed. Consequently, in (Chaudhuri, Lee, Chaudhuri, & Hui, 2014) and (T. Yang, Liu,
Chen, Yan, & Hui, 2018), simple yet relatively accurate ES-1 dynamic averaged models are
proposed and validated, which can be employed for voltage/frequency stability simulation-

based studies.
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Figure 1.21 Dual-loop PI-based ES-1 controller
Taken from C. K. Lee (2013)
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Comparing the operation and effectuality of a centralized STATCOM installed on the medium
voltage side and a group of distributed ES-1s mounted on the low voltage side in various case
scenarios is the focus of (Luo et al., 2015). The results of this comparison have proved that
although ES-1s collectively required lower amounts of capacitive energy storage, they can
achieve enhanced performance regarding the regulation of the mains voltage with improved
reliability. As mentioned earlier, ES-1 is capable of direct compensation of merely reactive
power. However, by tuning a non-critical load voltage, which is a voltage-dependent load, its
demanded active power can be also altered. Based on this fact, in (Akhtar, Chaudhuri, & Ron
Hui, 2015), PCCs frequency control is prioritized over controlling the critical load voltage and
the effectiveness of ES-1 in this regard has been also proven. The scheme of the respective
designed controller can be also seen in Figure 1.23. Finally, verifying the effectiveness of ES-
1 technology, as well as proposing the required control methods, for improving the flicker
phenomenon and enhancing the performance of an ac microgrid particularly after occurring
severe natural disturbances (such as lightning) are the main focuses of (Sharma et al., 2017)

and (Liang, Hou, Hill, & Hui, 2018), respectively.
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Figure 1.23 ES-1 frequency control loop structure
Taken from Akhtar (2015)

1.3.2 Battery-Based ES

As depicted in Figure 1.24, to extend the operating range and capabilities of ES-1, instead of
capacitors, batteries can be employed as energy storage elements (J. Chen, Yan, Yang, Tan, &

Hui, 2019). In this regard, the second version of Electric Spring (ES-2) is introduced and
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developed. Therefore, ES-2 can be employed for direct compensation of not only reactive
power but also active power. As a result, both the mains voltage and frequency of the system
can be stabilized independently and instantly. Besides, ES-2 can have also other applications
such as improving power factors and compensating loads (C.-K. Lee et al., 2020). So far, due
to its versatile and multifunctional operation, ES-2 has been the most employed and developed
electric spring technology. In (Tan et al., 2013), authors have managed to investigate steady-
state operations and control fundamentals of the ac battery-based ES for instantaneous
compensations of active and/or reactive powers regarding various types of loads (resistive,
capacitive, and inductive). To support the respective theoretical framework, extensive
mathematical equations have been also provided. Besides, all the introduced ES-2
compensation modes (eight plausible modes) have been extensively analyzed and confirmed

through experimental results.
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Figure 1.24 Diagram of the ES-2
Taken from Chen (2019)

Several control methods have been proposed for ES-2 applications. In (Q. Wang, Cheng, Chen,
& Wang, 2015), based on a new & control concept, an ES-2 controller was proposed for power
factor improvement and regulating the grid voltage. In this technique, as can be seen in Figure
1.25, a proportional resonant (PR) controller as an outer voltage control loop and a proportional
controller as an inner current control loop are designed and employed. By a §-based controller,
ES-2 operation modes considering various grid voltages can be defined and applied

automatically. However, this method requires several parameters of the electrical system,
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including characteristics of the critical/non-critical loads and transmission line. This is not a
favorable feature, especially for practical implementations. On the other hand, to regulate the
input active and reactive powers and by utilizing the synchronous reference frame control
known as DQ rotating frame, another ES-2 control approach is proposed (Q. Wang, Cheng,
Jiang, Zuo, & Buja, 2018). This method has two main advantages. First, it can decouple the
active and reactive power control. Second, its operation does not require any information from
the system. However, this method employs more than three PI controllers. So, tuning its PI
coefficients will be a tedious task. Among the introduced ES-2 controllers, due to merits such
as supporting ES-2 multifunctional operation, simplicity, and capability of direct/simultaneous
control of smart load setup active and reactive powers, a radial-chordal decomposition (RCD)
based control method stands out (Mok, Tan, & Hui, 2016). By employing this method, the
voltage and power angle of an ES-2-based smart load can be controlled in a decoupled manner
intuitively. Consequently, through a single ES-2, the power factor of the smart load setup and
critical load voltage stability are improvable independently and instantaneously. An illustration
of this controller is also presented in Figure 1.26. As can be seen, merely one closed-loop PI
controller is required which makes it a suitable option for industrial applications. This RCD

controller technique has been also validated both mathematically and experimentally.
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Figure 1.25 Control loops of ES-2 controller based on § concept
Taken from Q. Wang (2015)
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Figure 1.26 ES-2 RCD-based controller diagram
Taken from Mok (2016)

As mentioned earlier, the multifunctionality of ES-2 for mitigating power quality issues of
electrical systems is one of its main merits. So, by taking advantage of ES-2 four-quadrant
performance, in addition to alleviating voltage and frequency fluctuations in a power system,
ancillary services such as harmonics mitigation and power factor correction can be also
achieved. Correspondingly, to support this capability of ES-2, respective operation principles
and a PI-based current controller have been proposed and validated (Yan, Tan, Lee, Chaudhuri,

& Hui, 2017).

1.3.3 Back-to-Back ES

In comparison to ES-1 and ES-2 in addition to the series converter, the third version of the
electric spring (ES-3) has also a bidirectional ac-to-dc shunt converter (coupled with the grid)
in a back-to-back configuration. As illustrated in Figure 1.27, although ES-3 (also known as
back-to-back ES (ES-B2B)) does not have any battery/capacitor-based energy storage system,
it has the ability to compensate both active and reactive power independently with an extended
operating range (Akhtar, Chaudhuri, & Hui, 2017). As an instance, the operating range of an
ES-3 in comparison to ES-1 is presented in Figure 1.28 (Yan, Lee, et al., 2017). Furthermore,
without having battery physical limitations, ES-3 has an enhanced performance that is of great
importance. In this configuration, the series converter has the responsibility of controlling the

magnitude and phase angle of the compensation voltage in series with a non-critical load. On
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the other hand, the shunt converter's responsibility is to maintain the dc voltage across the dc-
link between two converters constant. So, active power compensation, which is achieved
through the series converter, can be supported (Akhtar et al., 2017). One of the main
disadvantages of the third version of ES is requiring an isolation transformer for decupling the
employed converters (Yan, Lee, et al., 2017). Nonetheless, recently, it has been proven that by
employing a three-phase converter topology, this problem can be also solved (H. Liu, Ng, Lee,

& Ron Hui, 2020).
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Figure 1.27 Third version of Electric Spring
Taken from Akhtar (2017)
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Figure 1.28 ES-3 and ES-1 operating ranges
Taken from Yan (2017)
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1.3.4 Hybrid ES with Renewable Energy

One of the recently introduced versions of electric spring technology known as hybrid ES
integrates distributed renewable energy resources such as photovoltaic (PV) panels into its
configuration as the dc source. Accordingly, without requiring any electric battery on its dc
side, hybrid ES can achieve active and reactive power control in a simultaneous, direct, and
decoupled manner. Furthermore, it enables the delivery of maximum harvested PV power to
the system at the same time. Consequently, a separated interfacing inverter will not be required.
Besides, in this topology, it is not required to consider various states of a battery such as state
of charge (SoC) and state of health (SoH) in the controller design. Nonetheless, in this system
intermittency problem of the integrated renewable energy sources should be considered. A

simplified circuit diagram of a hybrid ES is depicted in Figure 1.29 (T. Yang et al., 2019).
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Figure 1.29 Circuit diagram of a hybrid ES
Taken from Yang (2019)

1.3.5 Three-Phase ES

Due to the enhanced power density of a three-phase circuit in comparison to a single-phase
one, it is employed for distributing high amounts of power. Nevertheless, by having a
combination of single-phase and three-phase loads like available loads in residential buildings,
the load will be unbalanced. Therefore, three-phase ES has been introduced mainly for
mitigating voltage instabilities and power imbalances in three-phase electrical systems such as

high-rise residential buildings. It should be connected in series with non-critical loads to realize
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demand-side management. As depicted in Figure 1.30 (Yan, Tan, Lee, Chaudhuri, & Hui,
2015), a three-phase ES configuration comprises a three-phase converter, battery packs on its
dc link, and a lowpass filter in the output of each leg. Besides, three-phase ES has been also
developed for mitigating zero and negative-sequence currents in an unbalanced power system
(Mok, Ho, Tan, & Hui, 2017). Moreover, by taking advantage of the multifunctionality of ES
technology, three-phase ES can be utilized for more applications like harmonics reduction

(Yan et al., 2018).
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Figure 1.30 Topology of a three-phase ES
Taken from Yan (2015)

1.3.6 DCES

Recent development in power electronics technologies has renewed interest in employing dc
microgrids. A dc microgrid has some important advantages over an ac one, which can
significantly improve an electrical system’s efficiency and reliability. More convenience in the
integration of renewable energy resources without depending on dc-ac conversion systems and
not requiring frequency synchronization are some of them (M.-H. Wang, Yan, Tan, & Hui,
2018). However, similar to ac grids, variable load demands and high penetration of integrated
intermittent PV systems in a dc microgrid can cause critical power quality problems such as
voltage stability and power imbalance. Accordingly, the electric spring concept is developed
for dc microgrids and a DC ES has been introduced. It has been proven that by employing DC

ES technology in a dc microgrid all the mentioned power quality issues can be mitigated in an
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online, effective, and efficient manner (Mok, Wang, Tan, & Hui, 2017). A simplified
schematic diagram of a DC ES installed in a basic dc microgrid is presented in Figure 1.31. As
illustrated, a DC ES setup is mainly made up of a bidirectional dc-dc converter and a battery
as its energy storage element. It should be also connected in series with a non-critical load to

tune its demanded power dynamically.
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Figure 1.31 Diagram of a DC ES integrated into a microgrid
Taken from Mok (2017)

1.4 State of the Art and Originality of the Research

As can be noted from the available literature, as a response to the low power quality
performance of two-level STATCOM configurations, multilevel STATCOMs based on
different conventional topologies such as CHB and NPC have been developed. Common merits
of these multilevel STATCOMSs include but are not limited to reduced commutation frequency,
improved harmonic components of the generated voltage/current, and lower voltage stress on
the switching devices/auxiliary capacitors. However, the highly increased number of passive
and active components (auxiliary capacitors and switches), being costly and bulky, and
requiring highly complex controllers with noticeable computational burdens are some of their
main demerits, which should be considered. On the other hand, considering the developed and
reported ES technologies, mostly half-bridge and full-bridge topologies are employed as the

ESs’ converters. However, from both power quality and reliability points of view, these two-
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level ESs are not favorable options, specifically for higher power industrial or commercial
implementations. Besides, mostly, linear Pl-based controllers are applied to various
generations of ES (C. K. Lee, Chaudhuri, & Hui, 2013). Although PI-based controllers can be
implemented more conveniently, neglecting the converter nonlinearities and dynamics models,
which results in poor dynamic performance, and requiring a modulation technique are among
their shortcomings. High switching frequency, lack of boost mode and fault-tolerant
operations, high harmonic voltage/current content, and requiring bulky capacitors/output
lowpass filters are yet other disadvantages of already available ES systems. In addition, the
multifunctional operation of ES technologies increases system efficiency. But, due to the
limited number of available works on multifunctional ESs, it is also required to perform more
focused research on the multifunctionality aspect of ES technologies (M. Wang, He, Xu, Dong,
& Lei, 2021). Considering all these merits and demerits of the introduced STATCOMs and
ESs, it is clear that there are still several challenges that need to be considered to improve their

performances from various aspects.

The high-power density multilevel converters are being developed as appropriate
configurations for different single/three-phase power systems applications. Decreased number
of switching vectors, reduced component counts, improved size and cost, and more reliable
operation are some of the advantages of compact multilevel converters over conventional
multilevel topologies. Recently, a novel compact bidirectional multilevel inverter
configuration founded on a seven-level packed U-cell (PUC7) is proposed (Ounejjar, Al-
Haddad, & Gregoire, 2011). It is made up of a single dc source, merely three pairs of
complementary switching devices, and one auxiliary capacitor. Due to the significantly
reduced number of switches in this seven-level topology, there are not enough redundant
switching states to modify its capacitor voltage integrated into the modulation technique.
However, by decreasing the levels of the generated voltage (from 7 to 5) and employing the
resulted extra switching vectors, authors in (Vahedi, Labbé, & Al-Haddad, 2016) have
managed to tune the auxiliary capacitor’s voltage without using a separated controller
integrated into the modulator in an open-loop/sensorless manner. Hence, a five-level PUC-

based inverter (PUCS5) has been presented. Considering its favorable topological merits, PUCS
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has gained a lot of attention from both academia and industry. Accordingly, several types of
PUC-based multilevel topologies like five-level modified PUC (MPUCS) (Vahedi, Shojaei,
Dessaint, & Al-Haddad, 2018), seven-level modified PUC (Vahedi, Sharifzadeh, et al., 2018),
and nine-level packed E-cell (Sharifzadeh & Al-Haddad, 2019) have been introduced and
developed in stand-alone or grid-connected modes. Nonetheless, these compact PUC-based
multilevel configurations have not been yet modeled, controlled, and implemented for

STATCOM or ESs multifunctional applications.

1.5 Conclusion

Lately, as a result of the increased importance of power quality problems, various types of
STATCOM and ES technologies have been extensively developed and employed for
mitigating a wide range of power quality issues in power systems. For high/medium
power/voltage applications, on the one hand, regarding the proposed two-level (half-bridge or
full-bridge) ESs and STATCOM configurations, inherent poor power quality characteristics
such as increased harmonics of the generated compensation voltage and high voltage stress on
the passive/active components are the main issues. On the other hand, in the literature, these
problems are addressed mainly at the expense of noticeably increasing the size/cost,
complexity, and component count of the STATCOM/ES systems by employing classical
multilevel topologies (as an instance CHB). Besides, developed controllers for these multilevel
STATCOMV/ES configurations with amplified numbers of dependent and independent dc links
and switching vectors are also complex with high computational burdens. Considering these
issues, the need for developing high power density multilevel converters and the required
simplified nonlinear controllers with improved steady-state and dynamic operations for the

STATCOM and ESs applications suitable for both low and medium voltage systems is clear.
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Abstract

A seven-level modified packed U-cell (MPUC7) based static synchronous compensator
(MPUC7-STATCOM) with an autotuned finite control-set model predictive control (AFCS-
MPC) is introduced in this article. MPUC7-STATCOM is a compact four-quadrant cascaded
topology that comprises merely six switches and two isolated dc capacitors. Thus, in
comparison with a seven-level cascaded H-bridge (CHB) based STATCOM not only, the
proposed configuration has exceptionally reduced active/passive component count, but also
MPUC7-STATCOM designed AFCS-MPC control method complexity is attenuated
meaningfully. Boost-mode operation and low voltage rating of the components can be also
mentioned as the merits of the MPUC7-STATCOM. Using the proposed AFCS-MPC,
nonlinearities of the MPUC7 converter have been considered and both capacitors’ voltages are
directly regulatable at different desired amounts accurately. Moreover, the weighting factors
of the proposed AFCS-MPC are tunable automatically in real-time. Consequently, MPUC7-
STATCOM has a desirable dynamic operation and its capacitors’ values are reduced. Provided
simulation and experimental results validate the viability of the MPUC7-STATCOM topology
and robustness of the designed AFCS-MPC method as well as its steady-state and dynamic

operation.
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2.1 Introduction

With the ambition of having a low-carbon energy sector in future, the acceleration of the
renewable energy integration rate is unavoidable. Consequently, power quality-related
challenges such as voltage sag/swell should be considered prudently. The static synchronous
compensator (STATCOM), as a shunt-mounted flexible AC transmission system (FACTS)
equipment, is of great importance for stabilizing voltage and power factor correction (PFC)
through primarily instant and accurate reactive power compensation in the power system.
Recently, classical two-level STATCOM converters are being substituted by multilevel
topologies. In comparison, multilevel STATCOM configurations such as cascaded H-bridge
(CHB) (Y. Zhang et al., 2020) and neutral point clamped (NPC) (Zhou & Cheng, 2019) can
offer pivotal advantages such as lower switching frequency, electromagnetic interference and
dv/dt, enhanced power quality performance due to the quasi-sinusoidal voltage and current
waveforms, higher efficiency, etc. Nonetheless, an augmented number of active/passive
components, complexity, and being bulky/costly are considered as their demerits. For
attenuating the impact of these issues, a five-level modified packed U-cell (MPUCS) converter
was firstly introduced by Nami in 2013 (Nami, Wang, Dijkhuizen, & Shukla, 2013). Since
then, it has been employed for various applications in mostly distributed energy systems,
including active power filter (Vahedi, Shojaei, et al., 2018), (Babaie, Sharifzadeh, & Al-
Haddad, 2020), grid-connected photovoltaic (PV) utility interface (Vahedi, Sharifzadeh, et al.,
2018), capacitor-based electric spring (Kaymanesh & Chandra, 2020), battery-based electric
spring (Kaymanesh, Babaie, Tidjani, Chandra, & Al-Haddad, 2020), and dual-output rectifier
(Vahedi & Al-Haddad, 2016a).

In addition, a novel five-level STATCOM topology founded on the MPUCS has been proposed
lately (Vahedi, Dehghanzadeh, et al., 2018). In (Vahedi, Dehghanzadeh, et al., 2018), via
exploiting the availability of additional switching states, voltage and power balancing of both
isolated capacitors is integrated into the modulator. Boost transformerless operation, reduced
number of components and lower voltage rating of the utilized power switches are also other

distinctive features of the introduced MPUC5-based STATCOM. However, the designed linear
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cascade proportional-integral (PI) control technique in (Vahedi, Dehghanzadeh, et al., 2018)
has critical frailties that should be overcome. The first issue is having two closed-loop
controllers (outer/inner) with different dynamic response times that require precise and tedious
adjustment of at least four PI coefficients. Secondly, by this method, capacitors’ voltages are
regulatable merely at the same value. Nevertheless, fixing the second capacitor voltage value
to half of the first one can lead to even more reduction in the generated compensation
voltage/current total harmonic distortion (THD) by a seven-level MPUC-based STATCOM
(MPUC7-STATCOM) operation. Consequently, more reduction in the size and cost of the
required output filter inductor will be plausible. Finally, the dynamic model and nonlinearities

of the MPUCS5 converter have not been considered in the above-mentioned control method.

The recent and rapid advancement of microprocessors with significant calculation power has
made the evolution from conventional linear control methods to more developed nonlinear
controllers conceivable. This opens up more opportunities for power electronics technology.
Among numerous nonlinear control approaches for power converters such as sliding mode
control (SMC) (Shen et al., 2020) and Lyapunov control (Gavagsaz-Ghoachani et al., 2019),
model predictive control (MPC) has been focused in the literature tremendously (X. Liu,
Wang, & Peng, 2019). The superior dynamic operation, the inclusion of the exact converter
model, and intuitive multi-objective constrained optimization capability are the main motives
behind MPC popularity among researchers focused on multilevel converters. To explain MPC
modus operandi, it is worth mentioning that through using explicit mathematical models of the
converter, control objectives should be articulated in a cost function that should be minimized.
This minimization procedure is a benchmark for obtaining the required control signal in the
following sampling time. Therefore, all the control aims are achievable concurrently

(Abughalieh & Alawneh, 2019).

Continuous control-set model predictive control (CCS-MPC) and finite control-set MPC (FCS-
MPC) are the chief methodologies of the MPC for multilevel converters. On the one hand,
using CCS-MPC, multilevel power converters can be controlled indirectly, by generating a

continuous control signal. This is achievable by nullifying the cost function’s derivative. In the
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next step, via various modulation techniques, required analogue switching signals are
synthesizable. On the other hand, in FCS-MPC known as direct MPC, by taking advantage of
the fact that in a multilevel converter switching combinations are limited, the optimization
problem is solvable more conveniently. In this case, the selection of a proper switching
sequence of a multilevel converter is done directly by solving the cost function for all the
possible sequences and one that provides a minimized cost will be selected. The key merits of
this methodology are that, firstly, the control signals are generated directly, secondly, the
optimization problem is relatively straightforward and, finally, the utilization of any

modulation technique is not required (Donoso et al., 2018).

However, accurate adjustment of the FCS-MPC cost function's weighting factors is key
regarding its operation and robustness as a controller with multiple objectives. Conventionally,
various trial-and-error-based techniques have been employed for tuning weighting coefficients
in a static manner (Karamanakos & Geyer, 2020). Nevertheless, the shared drawback of these
empirical techniques is their poor performance/robustness during transients and under the
availability of mismatches in parameters. Consequently, several researches have been oriented
toward proposing methods for online adjustment of cost function’s weighting factors in FCS-
MPC for converters automatically. In (Babaie, Sharifzadeh, Mehrasa, Chouinard, & Al-
Haddad, 2021), a multi-objective algorithm based on Artificial Bee Colony (ABC) is
introduced. Various real-time modification approaches employing fuzzy have been also
proposed (X. Liu et al., 2019), (Villarroel et al., 2013). These ABC and fuzzy-based techniques
have promising operations. But, they are multifaceted methods with increased computational
burdens. In (Caseiro, Mendes, & Cruz, 2019), weighting coefficients are calculated
dynamically at each sampling time in continuous relation with the available errors regarding
the control objectives. Although this method has acceptable performance, as several extra
parameters should be defined, it has an increased complexity especially for multilevel
converters with more control objectives. It should be noted that boosted complexity and
computational burden are unfavorable features for a controller, especially for industrial

applications.
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With this regard, recently, in (Li, Zhang, Shadmand, & Balog, 2017), a simplified automatic
tuning method is presented for weighting factors in the model predictive control of a single-
phase H-bridge inverter to make the transition between grid-connected and autonomous
operation modes as seamless as possible. This autotuning technique is also enhanced for a
capacitor less three-phase STATCOM based on a 3x3 matrix converter by Shadmand in
(Shadmand, Jain, & Balog, 2019). It has the merits of online optimum weighting factors
regulation in each sampling time and being vigorous against existing system uncertainties.
Furthermore, not only it does not require unfavourable complex computations, but also it is a
very intuitive technique. Consequently, in this article, this method is extended and developed
for a single-phase multilevel converter MPC-based controller with three control objectives

(rather than two) including two auxiliary capacitors’ voltages for the first time.

Hence, this article develops and employs a nonlinear control technique based on the autotuned
FCS-MPC (AFCS-MPC) to propose a novel seven-level MPUC-Based STATCOM
configuration. Comparing with the already introduced MPUC5-based STATCOM (Vahedi,
Dehghanzadeh, et al., 2018), in this nonlinear control method, two closed-loop PI controllers,
four triangular pulse-width modulation (PWM) carriers and the switching states table are all
eliminated and replaced by a real-time constrained optimization problem including cost
function with online auto adjustable weighing factors and mathematical discrete models.
Through utilizing the presented AFCS-MPC for the MPUC7-STATCOM, not only the
dynamic performance is amended but also various objectives are achievable, specifically
instant and autonomous regulation of the capacitors’ voltages and injected compensation
current. Notice that although high computational burden can be considered as a hindrance,
AFCS-MPC computational complexity and execution time for the MPUC7-STATCOM as a
seven-level converter with the least possible number of components and switching conditions,
in comparison with a seven-level CHB STATCOM, as an instance, that has several more
switching states, switching redundancies and dc-links (Nasiri et al., 2019), (Y. Zhang et al.,
2017), is insignificant. The practicability and performance of the presented MPUC7-

STATCOM and controller are also validated experimentally in real-time.
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Major novelties of this article are highlighted as follow:

1. A new multilevel STATCOM topology with features such as being compact, high-power
quality performance, boost-mode operation and the reduced component count is proposed.
Besides, an MPC-based controller with online auto-tunable weighting factors and reduced
complexity and the computational burden is designed and applied to this configuration for the
first time.

2. Employing the designed controller results in fast regulation of the capacitors’ voltages with
an improved overshoot and settling times especially during transients and availability of
parametric mismatches.

3. In comparison to the MPUCS5-based STATCOM, although the size of utilized capacitors is
reduced, not only voltage distortion of these capacitors is decreased but also power quality
characteristics of the generated compensation voltage and current have been improved. So, the
size/cost of the required output filter is also reduceable. MPUC7-STATCOM comparison with
the single-phase seven-level CHB STATCOM as well as its merits are also presented.

4. Implementation of a single-phase STATCOM based on the modified packed U-cell

configuration has been done.

In the following, Section 2.2 introduces MPUC7-STATCOM configuration and presents
analyzation of its properties. Section 2.3 presents a detailed comparative study of the multilevel
STATCOM configurations. The applied autotuned finite control-set model predictive control
technique is presented in Section 2.4. Moreover, Sections 2.5 and 2.6 present the simulation
and experimental results of the MPUC7-STATCOM performances, respectively. Finally, in

Section 2.7, the conclusion is provided.

2.2 MPUC7-STATCOM Configuration

To diminish the size and cost of multilevel converters as well as having improved efficiency,
investigating configurations that have the capability of generating more voltage levels with the
least possible component count is key. Given this, a single-phase MPUC7-STATCOM
configuration, as a credible alternative for the MPUCS-based STATCOM and seven-level
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CHB STATCOM, is introduced. The MPUC7-STATCOM as a compact four-quadrant
cascaded topology is depicted in Figure 2.1. As seen, two back-to-back crossed-connected half-
bridge cells constitute this configuration. Regarding various switching combinations presented
in Table 2.1, MPUC7-STATCOM topology can generate up to seven voltage levels (0, £E,
+2E, +3E) in its output (Vab). It consists of only six semiconductor switches and two dc
capacitors. To achieve seven-level voltage waveform operation, capacitors’ voltages, Vci and
V2, should be regulated at 2E and E, respectively. Concerning employed switches’ voltage
ratings, S and Se should withstand 3E. Besides, Sa and Sq should have a voltage rating of 2E,

while Sc and St voltage rating is merely E.

MPUC7-STATCOM .

3E

-3E

Figure 2.1 MPUC7-STATCOM configuration

Table 2.1 MPUC7-STATCOM switching states

States | Sa Sp Se Vab Voltage Level
1 1 0 1 Vci+Ver 3E
2 1 0 0 Vi 2E
3 0 0 1 Va2 E
4 0 0 0 0 0
5 1 1 1 0 0
6 1 1 0 -V -E
7 0 1 1 -Vcei -2E
8 0 1 0 -Vci-Ve2 -3E
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Another critical quality of the MPUC7-STATCOM topology is that its maximum value of the
generated compensation voltage (3E) is the summation of both auxiliary capacitors’ voltages.
This boost-mode operation makes it possible for the dc links (Ci and C2) and four of the six
switches (Sa, Sc, Sd¢, and Sr) to have voltage ratings notably smaller than the MPUC7-
STATCOM output voltage maximum value. Therefore, relatively small-sized capacitors can
be utilized to provide the required maximum voltage value in the STATCOM output. This is
one of the structural merits of the proposed topology over two-level-based STATCOM
configurations that is interesting for the proliferation of this single-phase STATCOM topology
in higher voltage level applications. Operation of MPUC7-STATCOM switches Sa, Sb, and Sc
are also complementary to Sd, Se, and St, respectively. By having capacitors as its energy
storage elements, MPUC7-STATCOM is designed to mainly and directly compensate reactive
power. However, it is also capable to exchange required active power with the grid for
charging/discharging the employed capacitors. Therefore, on average, the active power should
be controlled continuously to about zero. Yet, it can fluctuate around zero to compensate for

system losses.

23 Multilevel STATCOM Configurations Comparative Study

Regarding the required active/passive components and generated voltage level, comparison
results among MPUC7-STATCOM, MPUC5-based STATCOM, and well-known seven-level
single-phase converter topologies, which can be also employed as STATCOM, such as CHB,
NPC, and Flying Capacitor (FC) are presented in Table 2.2. As is clear, in the introduced
STATCOM topology the minimum number of both passive and active components has been
used for generating a seven-level compensation voltage. Consequently, MPUC7-STATCOM
can be considered as the most efficient, compact, and cost-effective seven-level configuration.
It should be also noted that regarding the single-phase STATCOM application, NPC and FC
have not been reported for seven-level operation in the literature. So, although these
configurations are mentioned in Table 2.2, they are not compared with the proposed topology

1n more detail.
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Table 2.2 Comparison of Multilevel STATCOM Topologies

STATCOM Type | Capacitor | Diode | Switch | Voltage Level
CHB 3 0 12 7
NPC 6 10 12 7
FC 15 0 12 7
MPUCS5 2 0 6 5
Proposed MPUC7 2 0 6 7

2.3.1 Comparison with MPUCS-based STATCOM

One of the main differences between the proposed topology and the MPUCS5-based
STATCOM is their desired capacitors’ voltages. To be clearer, for having the same maximum
amount of output voltage (3E), voltages of the capacitors should be fixed at the same value of
3/2E. So, a five-level operation that perceptibly contains more harmonic content is
conceivable. Hence, MPUC5-based STATCOM generated current has also higher THD.
Besides, in the MPUC5-based STATCOM, through the employed PI-based control method
(Vahedi, Dehghanzadeh, et al., 2018), merely the output current is controlled and by using
available additional switching states, voltages of both capacitors are regulatable only at the
same value. Consequently, as the employed controller is not dependent on the converter
dynamic models and charging and discharging of the capacitors is reliant on the required
compensation current, voltage distortion on the capacitors is relatively high. Therefore,
MPUCS5-based STATCOM needs comparatively larger auxiliary capacitors. On the other hand,
through the superior operation of the designed AFCS-MPC, voltages of the capacitors are
controlled directly and their dynamic models have been also considered. Therefore, employed
capacitors’ values and their voltage distortion are reduced at the same time in the MPUC7-

STATCOM. This reduces the total size and cost of the converter and improves its efficiency.
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2.3.2 Comparison with Seven-level CHB-STATCOM

On the other hand, to make a comparison between topologies of the single-phase MPUC7-
STATCOM and a seven-level CHB-STATCOM as one of the most appealing multilevel
STATCOM configurations, which is illustrated in Figure 2.2, the following points are to be
noted: 1) the number of the required power switches is reduced from 12 in the CHB-
STATCOM topology to only 6 switches, 2) instead of three isolated capacitors, in the MPUC7-
STATCOM only two capacitors are required, 3) there are 3 switching states in a seven-level
CHB-STATCOM, however, merely 7 switching combinations are available in the proposed
topology. Consequently, a reduced number of components in the MPUC7-STATCOM results
in improved reliability, size, and cost immensely as well as higher efficiency. Besides, a
reduced number of dc links and switching states decreases the nonlinearities of the STATCOM
model. This is the key reason that in comparison with the single-phase seven-level CHB-
STATCOM, designed AFCS-MPC controller complexity and computational burden are

alleviated significantly.
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24 Proposed Autotuned Finite Control-Set Model Predictive Control

Although auspicious features of the MPUC7-STATCOM topology have been exhibited, three
focal control objectives are required to be achieved for ensuring its proper performance. These
objectives are the grid current (Is), first capacitor voltage (Vci), and second capacitor voltage
(Vc2). For simplifying computations, all of the semiconductor switches are deemed to be ideal
and merely have ON or OFF states. Besides, there is a requirement for defining two additional
variables (S1 and S2) to make the application of power switches” ON/OFF states into the

calculations more straightforward. Thus, S1 and Sz are calculatable as follows:
S1=8.—-3S (2.1)
S, =8,— S, (2.2)
All of the possible states’ variables of MPUC7-STATACOM based on the Si and S» are
presented in Table 2.3. Notice that, inasmuch as there are two switching states for the zero-
voltage level, seven of the eight plausible switching combinations of the MPUC7-STATCOM

presented in Table 2.1 are considered in the controller design. The seven-level compensation

voltage (V,p), generated by the MPUC7-STATCOM, is also calculatable as below:

Vab = Sl X VCl - SZ X VCZ (23)
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Table 2.3 Revised MPUC7-STATCOM Switching States

States S1 Sz Vab Voltage Level

1 1 -1 Vci+Va 3E

2 1 0 Vei 2E

3 0 -1 Ve E

4 0 0 0

5 0 1 -V -E

6 -1 0 -Vci -2E

7 -1 1 -Vci-Ve2 -3E

Regarding the voltages of both first and second capacitors (Vci and Vcz2), we have:

dVeq

Il == Cl X dt = _Sl X IS (24)
dv,
12=cz><d—§2=52><15 (2.5)

here, 11, I2, C1, and C2 are the currents and capacitances of the first capacitor and the second
capacitor, respectively. By utilizing the well-known Euler forward estimation presented in
(2.6) and (2.7), for the sampling time of Ts, auxiliary capacitors’ voltages predictive models

(Vc1 (K + 1) and Ve, (k + 1)) are calculatable based on (2.8) and (2.9) as follows:

dVeq _ Ver(k +1) = Veq (k)

2.6
dt T, 2.6)
dVe; _ Ver(k+ 1) = Vi (k) 2.7)
dt T,
S, XT,

Gy
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S, XT.
Voo (k +1) = 22

X (k) + Vey (k) (2.9)

After achieving predictive models of the capacitors’ voltages, the grid’s current predictive
model (Ig(k + 1)) is still required. In this regard, MPUC7-STATCOM dynamic model is

described by the below differential calculation.

dl

- (2.10)

Vab:VS+erIS+le

here, rf and ¢ represent resistance and inductance of the MPUC7-STATCOM output inductive
filter, respectively. Besides, Vs defines the ac voltage of the grid. Another time, by employing

the Euler forward approximation, the grid current (Ig) can be also calculated as below:

dly  Ig(k + 1) — (k)
at T,

2.11)

Considering (2.10) and (2.11), the grid’s current predictive model (Ig(k + 1)) can be written
based on (2.12).

I(k+1) = (1 i ZTS> x Is(k) + % X (Vap (k) = Vs(k)) (2.12)

Regarding the capacitors’ voltages and the grid’s current calculated predictive models, the cost

function of the MPUC7-STATCOM AFCS-MPC (g(k+1)) is designable as follows,
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1
gk+1)=a, x T |Is(k +1)— Isref|
n

N

1
+ 0(2 X |VC1(k + 1) - VClrefl (213)
Cln
1
+ az X % Ve (k + 1) — Vc2ref|
Cc2n

where, Viirer, Vearer, and g denote first and second capacitors’ reference voltages (2E and
E) and the reference of the grid’s current, respectively. Vcin, Vean, and I, represent the
nominal amounts for the first and second capacitors’ voltages and the grid’s current that are
used for normalizing the employed quantities. Besides, a;, o, and oz are the autotuned

weighting factors that will be defined.

To explain the weighting factor’s impact and importance two main points should be
considered. First, as cost function includes multiple control objectives, via weighting factors
and regarding the tolerable difference between the predictive models and their respective
references, these control objectives can have different prioritizations. As an instance, if in
(2.13) the difference between I (k + 1) and Ig.¢ is higher than its permissible value, by
increasing o4, this control objective will be prioritized in relation to other control aims and
appropriate switching states will be selected with this consideration. Second, combining
control targets with various nature such as different magnitudes and units (voltage, current,
switching losses, etc.) in a cost function necessitates the employment of weighting factors.
Therefore, optimum operation of the FCS-MPC is in direct connection with the accurate
adjustment of its cost function's weighting factors. As mentioned, various empirical
approaches can be employed for tuning weighting factors in a static manner (Karamanakos &
Geyer, 2020), which have promising results during the steady-state operation of the system.
However, due to the availability of numerous transients and parametric mismatches, there is a
need for utilizing a method based on an online selection of weighting factors in an automated

manncr.

To accommodate online and automated adjustment of optimal weighting factors in this article,
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these coefficients are selected based on the achieved predicted errors of the control terms. So,
in each Ts, divergences between the control objectives and their references, which are already

calculated in (2.13), are required. Consequently, (2.13) should be splitted as below,

1
91 = I_ |Is(k + 1) - Isrefl (2.14)
sn
1
92 = Vorr |VC1(k +1) - Vc1ref| (2.15)
1
s =5 — |ch(k +1) - VCZrefl (2.16)
C2n

Besides, g1, g2, and g3 should be calculated regarding the seven plausible switching
combinations (i=1-7). Next, the minimum amounts of the calculated g, (i), g, (i), and g5(i)

should be chosen as follow:

T, = min g, (i) (2.17)
T, = min g,(i) (2.18)
T3 = min gz(i) (2.19)

Now, 14, T,, and 13, which are the respective selected minimum values of the calculated g, (i),
g, (i), and g5 (i) for all the seven switching states should be compared with the permissible
errors of the control aims concerning the system constraints.

T1<&g->2a1=Y (2.20)

T,<&>a, =Y (2.21)
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358 >a3=Y (2.22)

where, €4, €,, and &3 define the tolerable tracking errors of the control purposes (g1, g2, and
g3). In this article, the importance of employing reduced size auxiliary capacitors has imposed
a tradeoff with the current control objective. With this regard and concerning reducing the
capacitors’ voltage ripple, permissible error for capacitors’ voltages is defined below 5% of
their desired voltage values. Besides, permissible error for the current control objective is
selected below 10% of the maximum value of the injected current (Kolluri, Gorla, & Panda,
2020). Moreover, y is a determined coefficient. To determine the value of vy, it should be
considered that the defined control objectives have different variables’ nature. As an instance,
when the maximum value of the required current is around 11.8 A and the first capacitor’s
voltage is almost 133.3 V, the current error can be much smaller than the error of the first
capacitor’s voltage. This renders having a cost function with control objectives that are not
equally important. In this regard, as can be noted from (2.13), the cost function has been
normalized to have variables with the same degree of importance. As a consequence of having
normalized control objectives, which are significant equally, as a beginning point y should be
equal to 1. However, if any of the (2.20), (2.21), and (2.22) is unsatisfied, for prioritization of
the unfulfilled control objectives, a bigger amount for the corresponding weighting factors

must be chosen as follow:

T1<KXg»>a, =KXy (2.23)
T, <KXé&g-oa, =KXy (2.24)
T3S KXeg-a3;=KXy (2.25)

here, K € {1,2,...,N}. In each sampling time, a4, a5, and o are selected regarding the
quantities of T4, T,, and T3, respectively. Therefore, these achieved real-time tuned weighting

factors are applicable to (2.13) for the next sampling period.
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To have a better notion of the proposed AFCS-MPC, a flowchart of this MPUC7-STATCOM
non-linear controller is illustrated in Figure 2.3. As seen, it contains two main loops. Through
the external loop, which should be performed each sampling time (k), the variables of I5(k),
Vs (K), Vcq(Kk), and Vi, (k) are measured and send to the controller. On the other hand, in the
internal loop that contains weighting factors autotuning subdivision, for achieving the optimal
values, the calculations of Vy,, Ve (k+ 1), Ve (K + 1), and Ig(k + 1), based on (2.3), (2.8),
(2.9), and (2.12) correspondingly, should be done for all the plausible switching combinations.
Based on these achieved amounts, g, (i), g,(i), and g5(i) will be also calculated and, as
explained before, the weighting factors selection process is performed. As the next step,
regarding (2.13) and by taking advantage of the discrete feature of the MPUC7 converter, Si
and Sz that result in a minimized amount of g(k+1) are selected. After determining the
switching state number by employing Table 2.3 and the achieved Si and Sz, with regard to
Table 2.1, switching signals will be generated and directly transferred to the MPUC7-
STATCOM switches. Figure 2.4 also depicts a simplified schematic of the presented AFCS-
MPC for the MPUC7-STATCOM application. As can be seen, for compensation of merely

reactive power, the arbitrarily chosen reference grid current (Ig.e¢) should have 1/ 2’ phase

difference with the grid voltage (V).
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Figure 2.4 Simplified illustration of the designed AFCS-MPC

2.5 Simulation Results

Utilizing the SimPowerSystems toolbox of MATLAB, a simulated system comprising the
proposed MPUC7-STATCOM as depicted in Figure 2.5 is designed. Besides, specifications of

this Simulink-based system are presented in Table 2.4. All the simulation parameters are
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selected as the same values considered in (Vahedi, Dehghanzadeh, et al., 2018) excluding the
dc capacitors amounts and voltages. By utilizing the designed AFCS-MPC, it has been possible

to decrease the values of C1 and Ca.

WODLVIS-LONdN

Figure 2.5 Diagram of the simulation/experimental

Table 2.4 Parameters of the simulation setup

RMS Voltage of Grid (V) 120V
Grid Frequency (F) 60 Hz
Output Filter Inductance (If) 2.5 mH
Output Filter Resistance (ry) 0.1 Q
Maximum Value of Output Voltage (3E) 200V
First Capacitor DC Voltage (Vo1 = 2E) 1333V
Second Capacitor DC Voltage (V¢, = E) 66.7V
First Capacitor Capacitance (C;) 2000 pF
Second Capacitor Capacitance (C,) 2000 pF
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2.5.1 Comparison Between MPUC7-STATCOM and MPUCS-based STATCOM

To make a valid performance comparison between the MPUC5-based STATCOM (Vahedi,
Dehghanzadeh, et al., 2018), and the introduced MPUC7-STATCOM, firstly, the steady-stated
operation results of the MPUC7-STATCOM at approximately 1 kVAr (I, = 11.8 A) are
focused. In this regard, Figure 2.6 illustrates the recorded measurements of this simulation test.
As can be seen, instead of the five-level, the generated compensation voltage has a seven-level

performance. This results in a lower THD of the generated voltage and consequently superior

power quality performance. In addition, the grid current has 1/ 2’ phase difference with the
generated voltage to compensate mainly reactive power. Moreover, Vci and Ve are
successfully fixed at around their desired values (133.3 V and 66.7 V). On the other hand,
although smaller capacitors have been employed in this work in comparison with (Vahedi,
Dehghanzadeh, et al., 2018), voltage distortion on the capacitors is reduced from around 10%
in (Vahedi, Dehghanzadeh, et al., 2018) to almost 5%. This improvement is mainly the result
of controlling the capacitors’ voltages directly through the designed AFCS-MPC. The other
important point is that the consumed amount of active power, which is mostly due to the
converter losses and voltage/power balance of the capacitors, is reduced from around 15 W in
(Vahedi, Dehghanzadeh, et al., 2018) to less than 5 W. Nonetheless, as desired, the produced

reactive power is stabilized at around 1 kVAr.
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Figure 2.6 Simulation results at 1 kVAr

The harmonic spectrum analysis of the MPUC7-STATCOM injected current during the
aforementioned simulation is indicated in Figure 2.7. As depicted, the THD content is merely
1.6% which is less than half of the harmonic content of the injected current during the same
circumstances and output filter inductor using an MPUCS5-based STATCOM (Vahedi,
Dehghanzadeh, et al., 2018). This is a direct result of the MPUC7-STATCOM seven-level
operation. It should be also considered that, while comparing to the MPUC5-based STATCOM
proposed in (Vahedi, Dehghanzadeh, et al., 2018), MPUC7-STATCOM has enhanced power
quality operation, it employs auxiliary capacitors with reduced capacitance values. This
confirms the improved power density, size, and cost of the proposed MPUC7-STATCOM
topology. On the other hand, for demonstration of the MPUC7-STATCOM dynamic operation,
firstly, by instant reduction of Im from 11.8 A to 5.9 A the reactive power generation is
decreased from roughly 1 kVAr to approximately 0.5 kVAr suddenly. Secondly, by increasing
Im from 5.9 A to 11.8 A, the reactive power generation is increased from around 0.5 kVAr to
almost 1 kVAr instantly. As demonstrated in Figures 2.8 and 2.9, after these transients, the

capacitors’ voltages have been kept at the required values successfully. Moreover, the seven-
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level waveform of the MPUC7-STATCOM voltage is acceptable during both of these sudden
transients. However, as expected, the injected current and reactive power have been reduced

and increased instantly within just one cycle, respectively.
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Figure 2.7 Injected current harmonic analysis
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Figure 2.8 Reactive power reduction from 1 kVAr to 0.5 kVAr
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Figure 2.9 Increasing the reactive power from 0.5 kVAr to 1 kVAr

2.5.2 Comparison Between AFCS-MPC and the Conventional FCS-MPC

In order to demonstrate the superior operation of the proposed AFCS-MPC for the MPUC7-
STATCOM, its dynamic performance and computational burden during the converter start-up
have been compared with the conventional FCS-MPC with fixed weighting factors (o =
1.5, a, = 1.2, and a3 = 1.85). Firstly, for comparing the start-up transient performance of the
proposed AFCS-MPC with the conventional FCS-MPC with fixed weighting coefficients,
Figure 2.10 illustrates the measured parameters of the system during MPUC7-STATCOM start
up for roughly 1 kV Ar operation. It should be also mentioned that the model capacitance values
of the capacitors in both controllers have been changed to 3000 puF to apply parametric
mismatches. As can be noted, although there is an unstable condition, as well as harsh
mismatches available in the system, both overshoots and settling times of the capacitors’
voltages, are improved significantly by the proposed controller. Moreover, to show the real-
time auto-adjustment performance of the designed AFCS-MPC, as an instance, Figure 2.11
depicts three-dimension curve of the second capacitor’s voltage tracking errors (|Veo (K + 1) —

Vearer|) based on the related weighting factor (o3) and time during this simulation. Presented
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results prove the online and automated adjustment of weighting factors based on the calculated

tracking errors of the related control goal.
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On the other hand, to compare their computational costs, both of these controllers have been
applied to the MPUC7-STATCOM. During the start-up and with a sampling time of 20 ps,
execution times of the controllers are measured for a period of 0.2 s. As illustrated in Figure
2.12, the average execution time of the conventional FCS-MPC is at about 3.32 us. However,
AFCS-MPC average execution time is increased to roughly 3.56 ps. As is clear, on average
there is only around a 7.2% increase in the computational burden of the proposed control
method that proves its practicality. This is mainly due to the fact that the main parameters
employed for real-time auto-adjustment of the weighting coefficients are control objectives’
tracking errors which are already calculated in (2.13). This demonstrates that AFCS-MPC for
MPUC7-STATCOM is a computationally efficient controller.
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Figure 2.12 Execution times of FCS-MPC and AFCS-MPC

2.6 Experimental Results

This section is mainly devoted to demonstrating the steady-state and transient operation of the
introduced MPUC7-STATCOM in addition to its feasibility experimentally. Accordingly,
exploiting six insulated-gate bipolar transistor (IGBT) switches (FGH30N60LSD) and two dc
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capacitors, a laboratory prototype of the MPUC7-STATCOM has been implemented.
Moreover, the designed AFCS-MPC algorithm is applied to this MPUC7-STATCOM
prototype by a MicroLabBox dSPACE 1202 control board and associated channels of I/O in
real-time with a static sampling time of 50 ps. Using dSPACE analog-to-digital converter
(ADC) cards, measured signals of I(k), Vs (k), V¢q (k), and Vi, (k) via OPAL-RT high voltage
and current monitoring interface (OP8662), are also sampled and transferred to the
MicroLabBox in an online manner. It should be also mentioned that using OPAL-RT
voltage/current probe, the range of measured parameters will be converted to merely =10 V
voltage signals that are manageable and readable by the real-time controller's inputs. The
schematic design of the prepared experimental setup and its picture are illustrated in Figures.
2.5 and 2.13, respectively. Additionally, the parameters of this MPUC7-based laboratory

arrangement are the same as the simulation system presented in Table 2.4.

Figure 2.13 Experimental setup picture

As above-mentioned, the main objective of the MPUC7-STATCOM is to maintain the point
of common coupling (PCC) voltage stability through instant reactive power compensation.
Hence, initially, to confirm the MPUC7-STATCOM performance in steady-state, Figures 2.14
and 2.15 depict measured parameters of the system when grid-connected MPUC7-STATCOM
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operates, as an instance, at around 0.5 kVAr. This means that the maximum value of the grid
current reference (I,,) is set at about 5.9 A. As Figure 2.14 shows, although the maximum
value of the MPUC7-STATCOM produced voltage is 200 V (3E), Vc1 and V2 are controlled
at around 133.3 V (2E) and 66.7 V (E), respectively. Therefore, MPUC7-STATCOM boost-
mode operation competence can be proven. Besides, as seen, regarding the defined permissible
error for capacitors’ voltages, the voltage distortion of capacitors is merely at around 5%.

Moreover, as is clear in Figure 2.15, the grid’s current waveform leads the grid and MPUC7-

STATCOM voltages by about 1t/ 2" for compensating primarily reactive power. Nonetheless,
MPUC7-STATCOM consumes an insignificant value of active power mainly for fixing the
auxiliary capacitors’ voltages to their desired values and switching losses. Furthermore, due to
the accurate regulation of the capacitors’ voltages with tolerable ripples through the proposed
AFCS-MPC, the seven-level waveform of the generated compensation voltage by the MPUC7-
STATCOM is acceptable.
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Figure 2.14 From top to bottom, Vci, Vcz, and Vab
during steady-state 0.5 kVAr operation
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Figure 2.15 From top to bottom, Vab, Vs, and Is
during steady-state 0.5 kVAr operation

With regard to the MPUC7-STATCOM dynamic performance illustration, firstly, MPUC7-
STATCOM generated reactive power is decreased from about 1 kVAr to almost 0.5 kVAr
instantly. Secondly, it is increased from roughly 0.5 kVAr to around 1 kVAr. So, 50%
reduction and 100% amplification in the MPUC7-STATCOM injected reactive power have
been tested. Recorded waveforms of these tests are presented in Figures 2.16 and 2.17. As can
be noted, during both of these sudden reactive power changes, as a result of MPUC7-
STATCOM's superior dynamic operation, although the maximum values of the grid current
are reduced and increased instantly, the capacitors’ voltages are effectively and simultaneously
kept stable at their wanted amounts. Consequently, the seven-level waveform of the generated
compensation voltage is satisfactory throughout these significant transients. On the other hand,
using a power analyzer, THD analysis of the MPUC7-STATCOM current throughout 1 kVAr
operation can be seen in Figure 2.18. The injected current THD is around 3.7% that satisfies
the IEEE 1547 standard requirement. Furthermore, to investigate the robustness of the
designed AFCS-MPC for the MPUC7-STATCOM against the availability of the parametric
mismatches, model capacitance values of Ci and C: in the real-time controller have been

changed from 2000 pF to 3000 pF. Figure 2.19 provides the measured and recorded harmonic
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analysis of the MPUC7-STATCOM current throughout 1 kVAr operation in this case. As can

be seen, even during the presence of severe parametric mismatches, measured THD is still less
than 5%.
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Figure 2.16 From top to bottom, Vci, Vc2, Vab, and Is
during instant reduction of the compensated reactive power
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Figure 2.17 From top to bottom, Vci, Vcz, Vab, and Is
during instant amplification of the reactive power
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Figure 2.18 Power analyzer results of the injected current THD analyzation
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Figure 2.19 Power analyzer results of the injected current
THD analyzation under availability of the parametric mismatches

Finally, it is clear that achieved experimental results are in accordance with the simulation tests
and a higher amount of injected current THD in the experimental results is mainly due to the

higher sampling time of the real-time controller.

2.7 Conclusion

This article presents a compact single-phase MPUC7-STATCOM topology and its particular
auto tunable FCS-MPC method for the first time. Previously, in the five-level MPUCS5-based
STATCOM, by utilizing a linear PI-based controller, only the grid current was controllable in
a closed-loop manner and capacitors’ voltages were regulated at only the same value through

the extra switching states. However, regulation of the MPUC7-STATCOM capacitors’
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voltages and injected compensation current accurately and autonomously using only a single
control loop are made possible by the objective constrained optimization with auto-adjusted
weighing factors competence of the designed AFCS-MPC. Subsequently, although both of
these STATCOM configurations have the same component count, seven-level operation with
reduced-size capacitors is realizable via the introduced MPUC7-STATCOM. Furthermore, PI-
coefficients adjustment is not required and a dynamic model of the MPUC7 converter has been
also considered. On the other hand, in comparison with a CHB-STATCOM, MPUC7-
STATCOM has two pivotal merits. First, the number of required switches is halved and only
two isolated dc capacitors are employed. Secondly, its AFCS-MPC control algorithm is less
complex as a result of having a lower number of active/passive components, switching states,
and control objectives. By the presented extensive simulation and experimental results,
MPUC7-STATCOM feasibility and operation are also confirmable effectively. Finally, the
proposed STATCOM topology can also be a superior candidate for replacing the three-phase
seven-level CHB-STATCOM.
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Abstract

This paper introduces a novel configuration of electric spring based on the modified five-level
packed u-cell (MPUCS) inverter for mitigating harmonics and voltage fluctuations at various
points of a grid with unstable generated power from distributed renewable energy sources.
Immanent merits of the proposed configuration include, but are not limited to, halved DC links
voltages, boost mode operation, possibility of higher power applications, smooth five-level
voltage waveform with low total harmonic distortion (THD) index, the smaller size of output
low pass filter, and low switching frequency. The operation principles, design procedure, and
configuration of the MPUCS5-based electric spring (MPUCS5-ES) are also presented. Besides,
a simple and yet efficient controller without any extra control loop for regulating DC bus
voltages has been proposed. Finally, the introduced multilevel electric spring is tested through
extensive simulation and experimental studies to confirm its dynamic and steady-state
performances in various operation modes in a weak grid fed by both conventional and

intermittent renewable energy sources.



78

3.1 Introduction

In order to ensure access to affordable, sustainable, and modern energy for all, increasing the
penetration of inverter-based renewable distributed energy resources such as solar power into
the electricity grid is of great importance. As of 2019, renewable energy sources including
hydropower accounted for an estimated 17.3% primary energy supply of the Canada power
generation mix (Canada, 2017). However, achieving the goal of having a world powered by
wind, water and sunlight has certain challenges to the stability and reliability of operation of
the bulk power system. In order to encounter these issues, electric spring (ES) has been
proposed as a modern demand response management technology (Hui et al., 2012). It has been
mainly designed with the aim of regulating the voltage at various points of the grid with high
penetration of intermittent renewable energy sources by merely reactive power compensation.
Therefore, power electronic-based electric spring could have a pivotal role in stabilizing power
grids with high penetration of nonsynchronous generators in the future. By far, various versions

of ESs have been reported in several papers.

Chi Kwan and Shu Yuen (C. K. Lee & Hui, 2013) have proved that employing electric spring
can reduce the needed energy storage capacity for stabilizing the grid. Steady-state analysis
and control principle of the ES have been reported in (Tan et al., 2013). Hardware and control
implementation of an ES have been done for the first time in (C. K. Lee, Chaudhuri, & Hui,
2013). Authors in (Chaudhuri et al., 2014) and (T. Yang et al., 2018) have managed to present
a dynamic model of an ES that can be employed for voltage and frequency control
analyzations. Most recently, in (Q. Wang et al., 2018) and (Zheng, Hill, Meng, & Hui, 2017)
new control schemes for both active and reactive power of different types of ESs have been
proposed. In all the reported works, half-bridge or full-bridge voltage source inverters have
been employed as ES. However, in comparison to these conventional topologies, multi-level
inverters (MLI) have numerous advantages such as higher power application, lower switching
frequency and losses, better power quality performance, improved total harmonic distortion
(THD), less voltage stress on the power semiconductor devices, lower electromagnetic

interface, reduced size of output LC filter etc.
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The cascaded H-bridge, flying capacitor and neutral point clamped inverters are considered
classical multi-level configurations that can be employed as ES. However, these topologies for
producing a higher number of output voltage levels have disadvantages such as an increased
number of independent DC sources, switches and capacitors (Gautam, Kumar, & Gupta, 2018).
In addition, for utilizing classical multilevel inverters as the first version of ES, which
exchanges only reactive power with the system, a complex external controller is required to
balance the voltage of energy storage elements. Recently, modified five-level packed U-cell
converter so-called MPUCS5 with a novel characteristic of balancing power and voltage of the
DC capacitors through redundant switching states has been introduced in (Vahedi & Al-
Haddad, 2016a) as an active buck power factor corrector rectifier. In (Vahedi, Shojaei, et al.,
2018), authors have also managed to employ MPUCS5 configuration as an active power filter.
This topology is operational at no-load conditions, which makes it a suitable option for ES

application.

In comparison to the progress of various controller methods applied on ES, there are few works
with the focus on the topology of the ES itself. Therefore, in this work, MPUCS5 topology has
been introduced as an electric spring for the first time. Besides, a control method has been also
proposed for mitigating both harmonics and voltage fluctuations using a five-level type of ES
with MPUCS. Exploiting MPUCS5 configuration as an ES will result in the following
improvements.

1. Proposed ES operates in boost mode with a halved voltage at DC links, which makes the
application of ES for higher power/voltage levels a plausible option.

2. The value of THD is decreased at the output of the MPUC5-based ES (MPUCS-ES) due to
the symmetrical five-level waveform of the generated voltage. This also results in less current
harmonics, which leads to a reduced size of output low pass LC filter.

3. The switching frequency is notably lower and thus losses in switches will be reduced and
total efficiency is higher.

4. It has a promising dynamic performance in various operation conditions.
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5. Semiconductor switches in MPUCS-ES configuration endure lower voltage stress in
comparison to conventional ES and the voltage and power rating of the employed components

are lower.

The main contributions of this work are also highlighted below briefly.

1. A multilevel topology as ES has been proposed which improves the operation and power
quality characteristics of electric spring from various points of view.

2. The systematic design of a multilevel smart load has been presented for the first time.

3. Although harmonics mitigation employing ES technology has been recently proposed in (Q.
Wang, Cheng, & Jiang, 2016) and (Yan, Tan, et al., 2017), in (Q. Wang et al., 2016) a current
source inverter based on a full-bridge configuration is utilized as an ES and in (Yan, Tan, et
al., 2017) a battery-based ES founded on a half-bridge topology is employed for harmonics
suppression. To the best of our knowledge, it is the first time that a five-level electric spring
using capacitors as its energy storage elements for mitigating both harmonics and voltage

fluctuations has been proposed.

In detail, this paper is organized as follows. In section 3.2, operating principles as well as the
design procedure of an MPUC5-based electric spring are presented. Configuration and voltage
balancing method of the proposed MPUCS5-ES have been described in section 3.2. The
proposed controller algorithm and design are the focus of section 3.4. Section 3.5 discusses
simulation and experimental results and analyzation of the introduced MPUCS5-ES extensively.

Finally, the conclusion is gotten in section 3.6.

3.2 Operating Principles and Design of the MPUC5-Based ES

Loads in power systems can be separated into two main different categories namely, critical
and noncritical. Contrary to critical loads (CLs), noncritical loads (NCLs) such as street
lighting systems can endure some extend of voltage fluctuations with relatively lower power
quality. An NCL connected in series with an ES will be converted into a new generation of

smart load (SL). These so-called SLs not only can stabilize the point of common coupling
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(PCC) voltage with high power quality but also modify their power consumption with the
availability of the generated renewable energy (Hui et al., 2012). These electric springs can be
mounted in all residential, commercial and industrial areas and spread all over the bulk power

system for decentralizing stability control in the near future.

Figures 3.1 and 3.2 depict the circuit diagram of the proposed ES in an SL setup and its vector
diagram for PCC voltage regulation, respectively. As illustrated in Figure 3.1, two main
categories of the loads are connected to a weak grid with a fluctuating distorted PCC voltage
due to unstable produced power by distributed renewable energies. The proposed MPUCS5-
based ES is connected in series with the NCL to set up a multi-level SL configuration. It is
worth mentioning that the NCL might be also a group of electrical devices that can endure
voltage fluctuation in the same range. The SL setup is in parallel with a CL that is highly
sensitive to the voltage variations and demands a constant amount of power with high quality
such as electronic devices. Based on the vector scheme of the MPUC5-based ES depicted in
Figure 3.2, the PCC voltage is the vector summation of the MPUC5-based electric spring
output voltage and the NCL voltage. Thus, NCL voltage in the inductive mode will be reduced

and conversely, through the capacitive mode will be increased.
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Figure 3.1 MPUCS-ES circuit in the SL setup
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Figure 3.2 Vector scheme of the MPUCS5-based ES with
an inductive NCL (1) inductive operation (2) capacitive operation

As mentioned, a CL demands high-quality power, therefore, the application of the MPUCS-
ES can be extended to also reduce the THD of a distorted PCC voltage. For effectively
mitigating CL harmonics, MPUCS-ES should also generate the harmonics component of the

PCC voltage.
3.2.1 Operating Principles

The equation of the instantaneous PCC distorted voltage (V;(t)) can be expressed as below.

V(t) = Z V. sin(nwt + o) 3.1)
n=1

here, n is the order of harmonic, V is the peak amount of voltage, w denotes fundamental
angular frequency, and ¢,, is the respective phase angle. Employing Fourier analysis, (3.1) can

be decomposed as below,

Ve(t) =V sin(wt + ¢q) + Z V, sin(nwt + ¢,) (3.2)

n=2
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Therefore, for improving the power quality of the PCC voltage, and based on the instantaneous
voltage equation of this system (3.3), MPUCS-ES by producing the harmonics components of
the PCC voltage will be able to reduce the THD of the CL voltage effectively.

Vs(t) = Vncl(t) + Ves(t) (3.3)

On the other hand, based on the MPUCS5-based ES vector diagram for both inductive and

capacitive operation, the PCC voltage (V) can be also expressed as

Vs2 = (Vncl cos 9)2 + (Vncl sin® £ Ves)2 (3.4)

where © denotes the angle of power factor (PF) of the NCL and V,,.; and V.4 are NCL and
MPUCS-ES voltages, respectively. Besides, as can be seen in Figure 3.2, for the inductive
operation of the SLs, injected compensation voltage by the MPUCS-ES is positive and for the

capacitive operation, V, is negative. By solving (3.4), for the NCL voltage we have

Voot = Vo sin© + V2 sin 02 — V2 + V2 (3.5)

As can be noted form (3.5), NCL voltage is dependent on both of the PCC and MPUCS5-ES
voltages. Thus, by adjusting the MPUCS5-ES voltage and consequently modifying the NCL
voltage, the active and reactive power of the NCL can be modified based on the generated
power of the available renewable energy sources in the grid in order to stabilize the power
system. This flexibility in the demanded power is the main reason for considering this setup as
a multilevel smart load. Consequently, current, active power and reactive power of the smart
load can be calculated based on (3.6) to (3.8), respectively (C. K. Lee, Chaudhuri, & Hui,
2013). It needs to be also clarified that for the sake of simplicity the power loss on the Ly is

neglected and the ES is considered to be a controllable AC voltage source.

Vncl _ Vncl

Ig = = (3.6)
Znct W/erwl + szwl
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V2. cos©
Py = Vyulg cos© = % (3.7)
ncl
V2. sin®+V, .V
Qst = Vel sin 6 + Vg = nel s (3.8)

chl
where Z,,.; = Ry + jXne defines the NCL impedance.

3.2.2 Design Procedure

For designing a multifunctional multi-level inverter-based SL firstly, the required reactive
power produced by ES should be calculated based on (3.9). Furthermore, for the inductive
operation of the MPUC5-based ES, Q. has a positive sign and conversely for the capacitive

operation, it should have a negative sign.

_ + Ves Vncl

es —
chl

(3.9)

The current rating of the MPUCS-ES inverter MOSFET switches is dependent on the NCL
rated current, which can be calculated by (3.6). Besides, the voltage rating of two switches
namely S2 and S5 is the DC reference voltage of the inverter that can be determined by (3.10).

However, four other switches endure half of the reference DC voltage of the inverter.

Vpe = V2V (3.10)

The MPUCS-ES output voltage range is reliant on the allowable voltage fluctuation range of
the NCL. Thus, for a resistive NCL and based on (3.2) V., is obtained as

Vg = V2= V2 (3.11)
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where V¢ 1s the minimum permissible value of the non-critical load voltage, which could be

different based on the NCL characteristics. For choosing the capacitors (C1 and C2) at the DC

buses of the inverter, (3.12), as defined below, can be employed.

I X At
Crory = P (3.12)
ripple

here Vy.ippie is @ permissible ripple of the voltage of the capacitor, L,eqxnc 18 the peak current
of NCL and At is the duration of charging and discharging of the capacitors in each switching
period. Finally, for the selection of the low pass output filter (3.13) and (3.14) as presented
below can be used (Abarzadeh, Vahedi, & Al-Haddad, 2019).

— VDC
8X (n—1) X AL,y X fsw

Ly (3.13)

1

fcutoff - 2T X Lfo

(3.14)

where n is the number of voltage level, AL, is the NCL acceptable ripple of current, which is
normally 15% of nominal current, fsw is the switching frequency, and fey¢ 55 1s the cutoff

frequency of the low pass filter.
33 MPUCS-ES Configuration and its Voltage Balancing Method

Although various configurations such as half-bridge (C. K. Lee, Chaudhuri, & Hui, 2013) or
full-bridge (Yuan, Feng, Tong, Yang, & Tang, 2019) single-phase power inverters can be
employed as the first version of ES, in this paper, due to the promising characteristics of the
MPUCS topology, it has been employed for ES-based SL application for the first time. On the
one hand, for instance, a full-bridge based electric spring (Yuan et al., 2019) consists of one

bulky auxiliary capacitor and four switches. The maximum value of its output voltage is equal
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to its DC link voltage. Consequently, if it is required to have a peak voltage of £ in the output,
the DC link voltage level should be also E in this topology. Furthermore, the switching
frequency, which is proportional to the switching power losses, of this conventional
configuration is as high as 20 kHz, and all the switches should withstand the DC link voltage
with high dV/dt. Finally, it has a two-level voltage waveform with a THD of around 100%
(Vahedi & Al-Haddad, 2016b).

On the other hand, as illustrated within the dashed rectangle in Figure 3.1, the proposed five-
level ES configuration has six active semiconductor switches (S1, S2, S3, S4, S5, and S6) and
two auxiliary capacitors as its energy storage elements (C1 and C2). As mentioned before, the
current rating of the employed active switches is equal to the NCL current. The voltage rating
of the two middle switches (S2, S5) is equal to the DC reference voltage (E). However, these
can be low-frequency switches with switching frequency as low as the grid frequency (60 Hz).
Nonetheless, the voltage rating of the rest of the switches (S1, S4, S3, S6) is half of the DC
reference voltage (£/2). Although these four switches should be high-frequency switches, their
switching frequency that is 2 kHz is meaningfully lower than the employed switches in the
two-level-based electric spring. Thus, the proposed topology is more efficient with lower
switching loss. Besides, from a switching cost point of view, if both of these topologies were
designed regarding having switches with the same voltage rating, both of them would consist
of eight switches (Vahedi & Al-Haddad, 2016b, p. 5), while the switching frequency of the
MPUCS-ES is lower. Consequently, in this case, cheaper switches with the same voltage rating
but lower switching rates can be employed. Therefore, the proposed topology is a superior

substitute for conventional ES configurations at no extra cost.

Regarding the capacitors, although MPUCS-ES has two auxiliary capacitors, due to its boost
mode operation capability, DC links’ voltages are half of the peak value of the generated five-
level voltage. In addition, with regard to the five-level waveform of the produced voltage by
the MPUCS-ES, its THD content is significantly lower at around 26%. Thus, the size and cost
of the required output low pass filter are also lower. Considering all the mentioned advantages,

MPUCS-ES is a more efficient topology with lower power/voltage rating switches and superior
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power quality characteristics. Consequently, due to the distributed nature of the ES in the
power system, the proposed topology will be a superior substitute, especially on a large scale.
Finally, it should be also mentioned that each couple of S1-S4, S2-S5, and S3-S6 are

complimentarily switches.

Recently, in (Patil et al., 2017) and (Sundar, Philip, Tapasvi, Akash, & Hiraj, 2016) a three-
level and five-level ES topologies based on the cascaded H-bridge multilevel inverter have
been introduced, respectively. However, both of these configurations are introduced for a
battery-based ES. Thus, for being employed as the first generation of electric spring, which
employs capacitors instead of batteries as its energy storage element, a complex closed-loop
control method is required for controlling the voltage and power of the capacitors. In addition,
in order to compare the proposed three-level configuration in (Patil et al., 2017) with the
MPUCS-ES, it should be mentioned that MPUCS-ES has a boost mode operation, better power
quality characteristics due to its five-level performance, and switches in MPUCS-ES
configuration endure lower voltage stress. On the other hand, regarding the five-level cascaded
H-bridge ES introduced in (Sundar et al., 2016), although it has a five-level operation, this

topology requires eight switches and two isolated DC sources that limit its application.

MPUCS-ES configuration is founded on the idea of balancing energy storage elements voltage
and power without any complicated extra closed-loop controllers and by just using redundant
switching states as presented in Table 3.1 (Vahedi & Al-Haddad, 2016a). Regarding Table
3.1, it should be noted that Vab represents the voltage level in the output. Besides, AEc1 and
AEc2 define chagrining (+) and discharging (-) of the first and the second capacitors,
respectively. This is the first time that this technique has been employed for controlling the
voltage of a multilevel electric spring auxiliary capacitors in an open-loop manner. As an
example, by activating state number 2 when V1 is lower than V2, NCL current will flow into
the C1 from a positive side, which means that this capacitor will be charged. However, C2 will
be discharged at the same time. On the other hand, when V1 is higher than V2, by choosing
state number 3, C1 will be discharged, however, C2 will be charged. Thus, through choosing

proper switching states 2 or 3 and similarly 6 or 7, DC-links’ voltages and powers of both
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capacitors will be balanced. Consequently, the DC voltage on each of the energy storage
elements will be half of the calculated reference DC voltage of the MPUC5-based ES.
Therefore, one of the primary merits of this topology, which is halved DC-link voltage, is also
achieved. It should be stressed out that inasmuch as MPUCS-ES is in series connection with
an NCL, its energy storage elements can be charged as soon as non-critical load current flows

through them.

Table 3.1 MPUCS5-Based ES Switching States

States | St | S2 | S3 | Sa | Ss | Se Vab AEc1 | AEc2
1 1010|110 Vi+V2=E + +
2 1010|001 1 Vi=E/2 + -
3 0] 0|1 1 1|0 V2=E/2 - +
4 01001 1 1 0 - -
5 1 1 1101 0]|O0 0 - -
6 1 1 10]0]0|1 -V2=-E/2 - +
7 0|1 1 1 {00 -Vi=-E/2 + -
8 O(1 0] 1]0]1]-Vi-Vo=E + +

34 Implemented Controller

The proposed MPUCS5-based ES simplified controller block diagram is depicted in Figure 3.3.
All the parameters of the designed controller scheme are also presented in Table 3.2. This
controller consists of two main separated parts. First, AC and DC voltage closed-loop
proportional-integral (PI) controllers that are responsible for regulating the input voltage of the
inverter (PCC voltage) and its DC buses, respectively. The second part is intended for

harmonics mitigation of the CL voltage and current.
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Figure 3.3 Schematic of the MPUCS5-ES controller

Table 3.2 MPUCS-ES Proposed Controller Specifications

AC PI Controller | DC PI Controller Harmonic Controller
Kpac Kiac Kppe Kipc Kpn Kin K
0.15 10 0.01 0.001 0.1 0.07 0.5

In the first part, as can be seen in the blue rectangle in Figure 3.3, in order to guarantee the
input of this control loop is accurate and composed of the fundamental component, ;" , which
is the cleared PCC voltage (1), is compared with the root mean square (RMS) value of the

reference voltage V;,., which is 110 V, and the error will be attained based on (3.15).
Verac = Vor — V;I (3.15)

The obtained error (V,,.4) is the input of the AC PI controller and its output is as below.

KIAC
Var = (Kpac + T) X Verac (3.16)
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where Kp,yc and K4 are the proportional and integral gains of the AC proportional-integral
controller. The V. is the reference amount of required reactive power from MPUCS5-based ES
in order to stabilize PCC voltage. On the other hand, based on (3.10), reference for the DC
voltage in the DC control loop can be calculated. Moreover, voltages of the capacitors are
sensed, sampled, and added together and the result is compared with the calculated reference

DC voltage as below.
Verac = Vper — [V1 + V2] (3.17)

where Vp, denotes calculated reference DC voltage of the multilevel inverter and V; and V,
are voltages of the capacitors C1 and C2, respectively. The acquired error (V4. ) is the DC PI
controller input for regulating DC voltage of the MPUC5-based ES inverter. Its output is as,

KIDC
Var = (Kppc + T) X Verdc (3.18)

here Kppc and Kp are the proportional and integral gains of the DC proportional-integral
controller. V,, denotes essentially the reference amount of the required active power from the
MPUCS-ES inverter. It should be noted that the main purpose of this part of the controller is
to stabilize PCC voltage and modify the required power by SL through exchanging merely
reactive power with the grid. Nevertheless, mostly due to the power losses on switches, the

MPUCS-ES also consumes a slight amount of active power.

In the next step, for calculating the reference of reactive power part of the ES voltage (V,;), it
should have 90 degrees phase difference with the NCL current. On the other hand, the
estimated reference of the required active power should be in-phase with the NCL current.
Thus, NCL current is measured and sent to the Phase Locked Loop (PLL) to determine its
phase angle. Therefore, for the active and reactive power components of the MPUCS5-ES

compensation voltage, we have the below formulas.
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Vors = Vgr X cos © (3.19)
Vire = Vgr X sin O (3.20)

Finally, the first part of the modulation index (M;) of the implemented controller can be

expressed as follows:

My = Vi — Vors (3.21)

In the second part, the performance of harmonics elimination is highly dependent on the
employed method for extracting the harmonic content of the CL voltage. Two main methods
that can be used for detecting and damping all harmonic components of the PCC voltage are
the Fast Fourier Transformation (FFT) and the Second Order Generalized Integrator (SOGI).
Nevertheless, the first method has a longer computation time. Therefore, in this paper, the
SOGI technique, which is suitable for systems with relatively low THD, is utilized with a faster
estimation time (Hackl & Landerer, 2020). The structure of the employed SOGI is depicted in
the red rectangle of Figure 3.3. Its closed-loop transfer function is as (Ciobotaru, Teodorescu,

& Blaabjerg, 20006)

~

|74

Vs KwS
Vs

H = =
(s S? + KwS + w?

()

(3.22)

here, w denotes the resonance frequency of the system, K is the value of damping factor, and
;' is the cleared CL voltage. With regard to the damping factor selection, the bandwidth of
the employed SOGI is proportionate to the selected value of K. In other words, the smaller
amount of damping factor means more harmonic content of the CL voltage can be eliminated.
However, the smaller amount of damping factor deteriorates the dynamic response time of the
designed controller. Thus, there should be a trade-off considering these two aspects for
damping factor selection. On the other hand, tuning of this system is realized in a frequency-

dependent manner. Therefore, frequency fluctuations of the system with high penetration of
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renewable energy sources might cause some problems. Consequently, adjustment of the w has
been achieved in an adaptive manner. To be clearer, the value of w is adjusted through the

frequency of the PCC voltage delivered by a PLL (Ciobotaru et al., 2006).

For mitigating the CL voltage harmonics, V;' is compared with V; and the resulted error signal

is fed to a PI controller. The output of this control loop is as below,
_ th 1
My = (Kpn + =) X (V5" = 1) (3.23)

where, Kp, and K;; are the proportional and integral gains of the employed proportional-
integral controller and M, is the modulation index of the harmonic mitigation section. By far,
it has been demonstrated that M; is computed with the aim of regulating the PCC voltage,
while M, is calculated for mitigating the harmonic content of the distorted PCC voltage. In the
end, for performing both of these tasks in real-time, as MPUCS-ES generated voltage should
compensate PCC voltage fluctuations and contain its harmonics components the total

modulation index (M) should be determined by adding both M; and M, as below,

It should be also mentioned that stabilizing the PCC voltage and mitigating its harmonic
content are contradictory tasks. Besides, the harmonic content of the PCC voltage is transferred
to the employed NCL. Therefore, there is a compromised operation regarding all the mentioned

aspects. As a result, the proposed controller is suitable for systems with relatively low THD.

As can be seen in Figure 3.4, the output of the utilized controller will be a reference to the
implemented modulation method. As explained in section 3.3, the voltage/power of the energy
storage elements of the proposed MPUCS-ES is also balanced integrated into the utilized
modulation technique in an open-loop manner. The exploited switching method has three main

parts. In the first part, it has the typical four-level-shifted triangular carries and comparators
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for implementing the phase disposition pulse width modulation (PDPWM) technique. In the
second part, it includes logical operators for the AND and NOT operations. Finally, the last
part is the switching states table based on Table 3.1.
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3.5 Simulation and Experimental Results

3.5.1 Simulation Results

In MATLAB/SIMULINK, a weak power grid, fed by a single-phase ac source and a PUCS5-
based inverter as an unpredictable distributed renewable energy generator, has been modelled.
Figure 3.5 illustrates the schematic of the simulated setup of the MPUCS5-based electric spring
and the grid structure. Besides, the complete specifications of the employed parameters are
provided in Table 3.3. As can be seen, a resistive NCL is equipped with the MPUCS-ES as a
five-level smart load. For emulating a renewable energy source, a PUCS5 inverter in grid-
connected mode has been also utilized. This inverter is capable of injecting various amounts
of active and reactive power to the grid. As a result, the PCC voltage of the grid will be highly
fluctuating (voltage sags and swells) around its nominal value, which is 110 V RMS (155.56
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V peak). Details of the design of this inverter and its controller are presented in (Vahedi et al.,

2016) comprehensively.
PCC
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Figure 3.5 Simulation setup of MPUCS5-ES and the grid structure
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Table 3.3 Parameters of the Modeled System

AC Grid RMS Voltage (V) 110V
Grid and switching Frequency (Fj), (Fsy) 60 Hz, 2 kHz
Range of MPUCS5-ES RMS Voltage (V) 0~70V,
Inductor of LC Filter of MPUCS5-ES (L¢1) 1.5 mH
Capacitance of LC Filter of MPUCS-ES (Cf) 35 uF
Output Filter Inductor of PUCS (Lg,) 4 mH
DC Voltage Reference (Vpcr) 100 V
DC Bus Capacitance (C;) and (C,) 2200 uF
DC Bus Capacitance of REE (Crgg) 2500 pF
DC Source Voltage of REE (Vzgg) 200V
Source Impedance Z, 0.49+j6.139 Q
Distribution Line 1 Impedance Z;; 0.1+j0.91 Q
Distribution Line 2 Impedance Z;, 0.1+0.45 Q
Non-critical load resistance R 25Q
Critical load resistances (R,), (R3) 25,75 Q

The sample time of the simulation is as low as 20 us. Reference of the DC voltage controller
has been arbitrary chosen to 100 V. This results in a halved amount of voltage on the DC
capacitors, which is only 50 V. Thus, based on (3.7) the voltage range of the simulated
multilevel ES would be around 0~70 Vac RMS. It should be noted that based on the
permissible range of the voltage fluctuation tolerable by the noncritical load these amounts can
be changed and recalculated. However, in this work, it is assumed that the minimum
permissible value of the non-critical load voltage V,,¢; can be as low as around 85 Vac RMS.
Five different scenarios with and without harmonic control loop have been designed to prove
the superiority of the dynamic and steady-state performance of the proposed MPUCS5-based
ES for stabilizing and improving power quality of the PCC voltage of the system with high

penetration of unpredictable renewable energy.
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3.5.1.1 MPUCS-ES Steady-States Modes Without Harmonic Control

The focus of this part is verifying the effectiveness of the proposed MPUCS5-based ES in
various steady-state operation modes for improving PCC voltage stability. Throughout the
neutral mode, the generated and consumed power are almost balanced and the PCC voltage is
at its nominal value. Consequently, the MPUCS5-ES RMS voltage is around merely 1 V and
the PCC and NCL voltages are almost equal. Measured waveforms of the system parameters

during the neutral operation of the MPUCS5-ES are shown in Figure 3.6.
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Figure 3.6 Waveforms during the steady-state neutral operation

Figures 3.7 and 3.8 illustrate MPUCS5-ES five-level waveform and output voltage, NCL current
and voltage, and PCC voltage during the inductive and capacitive operations, respectively. In
order to compensate reactive power, as can be seen in Figure 3.7, during inductive operation,
ES voltage is leading the NCL current by about 90 degrees. On the other hand, as illustrated in
Figure 3.8, during the capacitive mode, the voltage of the MPUCS-ES is lagging the NCL
current by roughly 90 degrees. Besides, the five-level waveform of the output voltage of the
MPUCS5-based ES is agreeable in both conditions as illustrated. In Figure 3.9, as an instance,
the harmonic spectrum analysis of the MPUCS-ES injected five-level voltage during capacitive
operation is also depicted. It shows that compared with conventional two-level inverters,

utilizing the introduced configuration has improved the THD of the generated voltage from
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around 100% (Vahedi & Al-Haddad, 2016b) to almost 26%. As a result, with a switching

frequency of only 2 kHz, a relatively small-sized output filter is required.
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Figure 3.7 Waveforms during the steady-state inductive operation
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Figure 3.8 Waveforms during the steady-state capacitive operation
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Fundamental (60Hz) = 101.1 , THD= 26.41%
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Figure 3.9 Voltage waveform FFT analysis

3.5.1.2 Waveforms in a Steady-States Mode with Harmonic Control

The focus of this part is to verify the performance of the proposed five-level electric spring
and its controller with the harmonic control loop for improving both stability and power quality
of the CL voltage in a steady-state mode. Therefore, the voltage of the grid is considered to be

distorted as below,

Vgn = 155.56 sin wt + 23.3 sin 3wt + 15.6 sin Swt + 10.9 sin 7wt
(3.25)
+ 7.8 sin 9wt

Figures 3.10 and 3.11 illustrate the measured waveforms of this system, as an instance in a
capacitive mode operation, without and with MPUCS5-ES, respectively. As can be seen, the CL
and NCL voltages’ maximum value without MPUCS5-ES is around 129 V (91.2 RMS V) with
roughly 10% THD. However, after activating MPUCS5-ES, through injecting the compensation
voltage that is lagging the NCL current by roughly 90 degrees, the CL voltage is stabilized to
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its nominal value. Besides, the power quality of the CL voltage waveform has been improved
with only around 3% THD. FFT analyzations of the PCC voltage waveform without and with
MPUCS-ES, in this case, are also presented in Figures 3.12 and 3.13, respectively. Finally, it
is clear that the employed resistive NCL is drawing the harmonic components of the PCC

voltage.
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Figure 3.10 Steady-state waveforms with a distorted PCC
and without MPUCS5-ES
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Figure 3.11 Steady-state waveforms of the system
with a distorted PCC voltage with MPUCS5-ES



100

Mag (% of Fundamental)

LS 2 -4

IV.AY

10

500

1000 1500

Frequency (Hz)

2000

2500

Figure 3.12 Distorted PCC voltage waveform

FFT analysis without MPUCS-ES

Mag (% of Fundamental)

Fundamental (60Hz) = 155.5, THD= 3.21%

251

-
o
T

-
T

05}

_m_uJ_[lnIu L

o

0

500

1000 1500
Frequency (Hz)

2000

2500

Figure 3.13 PCC voltage waveform FFT
analysis with MPUCS5-ES in capacitive mode




101

3.5.1.3 MPUCS-ES Response to the Fluctuation in the Injected Power

In this part of the simulation, the emulator of the renewable energy is injecting a fluctuating
amount of active power to the grid. This simulation has been performed for a duration of 20 s.
The same profile of injected active power to the grid is repeated each 10 s. During the first
time, MPUCS-ES is activated and during the second time, it is deactivated through closing the
bypass switch 1 at t=10 s. The measured RMS values of the PCC, MPUCS-ES, and NCL
voltages, throughout the simulation time, can be also seen in Figure 3.14. In the first interval,
due to the performance of the MPUCS-ES, the PCC voltage is effectively stabilized at the
nominal value of 110 Vac RMS. On the other hand, during the second interval, due to the
volatility of the injected active power, the PCC RMS voltage is varying from roughly 93.5 to
116 Vac. In fact, this is the voltage range of the designed MPUCS5-ES based on the Electric
Elasticity Limit (EEL) (Z. Zhang, Xie, Tong, & Gao, 2019). During both sag and swell
conditions, MPUCS5-ES has effectively alleviated the system overshoots and undershoots
within just one cycle. Besides, even in the worst-case scenarios, voltage transients are less than
10% of the PCC nominal voltage, which is acceptable (Khamis, Zakzouk, Abdelsalam, &
Lotfy, 2019).
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Figure 3.14 Measured RMS values due to the fluctuations
in the injected active power

In Figure 3.15, the active and reactive power of the MPUCS-ES before and after closing the
first bypass switch are shown. In almost all the conditions, the active power consumption of
the implemented MPUCS-ES is around zero. However, during the first interval, proposed ES
consumes a slight amount of active power mainly due to switching losses. On the other hand,
during the under-voltage condition, it is providing reactive power to the grid and reducing the
NCL voltage at the same time to support PCC voltage dynamically. However, during the over-
voltage condition, it consumes reactive power from the grid to reduce the PCC voltage to its
nominal value. As a result, based on (3.7) by varying the NCL voltage, the active power
consumption of the NCL is adjusted based on the generated active power by the renewable
energy source dynamically. Conversely, the CL consumed active power is kept constant
effectively. Measured active power consumption of the NCL and CL throughout the

experiment is also depicted in Figure 3.16.
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Figure 3.15 Active and reactive power of MPUCS5-ES
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Figure 3.16 Active power consumption by NCL and CL

Figure 3.17 shows DC links’ voltages namely V1 and V2 during this simulation. As can be

seen, DC links’ voltages are dynamically kept constant and equal to half of the reference DC
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voltage during the simulation. This proves the effectuality of the implemented voltage

balancing technique and its dynamic performance.
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Figure 3.17 MPUCS5-ES DC links voltages during
fluctuation in the injected power

3.5.1.4 MPUCS-ES Dynamic Response to a CL. Change

In this scenario, as an instance, during the inductive operation of the MPUCS-ES by closing
the second bypass switch another critical load (R3) is suddenly inserted in parallel with the R2
at t=2.0 s. Consequently, the total resistance of the CLs is changed from 25 Q to 18.75 Q.
Figure 3.18 illustrates the measured and recorded waveforms of the system during this
simulation. It is obvious that the proposed ES successfully managed to keep the PCC voltage
to its nominal value with high power quality. Besides, injected compensation voltage, without
any noticeable transient, has instantly decreased. This is yet another proof for showing the

superiority of the proposed MPUCS-ES dynamic performance.
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Figure 3.18 Waveforms of the system during a transient

3.5.1.5 Comparative study between MPUCS-ES and full-bridge ES

Here, in order to validate the merits of the MPUCS-ES, such as boost mode operation, lower
THD and switching frequency, less voltage stress on switches and so on, in comparison with
a conventional two-level full-bridge ES topology, in the simulated system with the same
control method, MPUCS-ES has been replaced with a two-level full-bridge-based ES. It should
be mentioned that all the parameters of this system are the same as the specifications presented
in Table 3.3. However, as this time a conventional two-level ES topology is employed, the
switching frequency and the capacitor’s capacitance of the designed full-bridge ES are 20 kHz
and 4400 pF, respectively (C. K. Lee, Chaudhuri, & Hui, 2013).

Firstly, for comparing the output voltage waveform and DC-link’s voltage of the full-bridge-
based ES with the proposed topology, Figure 3.19 illustrates the full-bridge ES two-level
output voltage waveform and its DC-link voltage in comparison with the MPUCS5-ES five-

level output voltage waveform during a steady-state capacitive operation mode, as an instance.
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As illustrated, the two-level ES DC-link voltage is as big as 100 V. However, as previously
presented in Figure 3.17, the MPUCS5-ES DC-links’ voltages are equal to only 50 V with the
same maximum value of the output voltage (100 V) that proves MPUCS5-ES boost mode
operation. In addition, harmonic analyzation of the two-level ES generated voltage is presented
in Figure 3.20. As can be seen, in comparison with the MPUCS-ES harmonic spectrum analysis
during the same experiment presented in Figure 3.9, the harmonic content of the generated
voltage by the two-level ES increased to around 100 %. This proves the superior power quality
performance of the proposed multilevel ES topology. Finally, in order to compare the voltage
and switching frequency of the employed switches in both configurations, during the previous
experiment, the voltage of one of the two-level ES switches and three switches of the MPUCS5-
ES have been measured and recorded that can be seen in Figure 3.21. It should be also
mentioned that all the switches utilized in the full-bridge-based ES topology have the same
voltage rating and switching frequency. Therefore, the voltage of only one switch of this
configuration is presented. On the other hand, as in the MPUCS-ES topology S1-S4, S2-S5,
and S3-S6 are complimentarily and each pair has switches with the same voltage rating,
measuring the voltages of S1, S2, and S3 is sufficient for this comparison. Based on Figure
3.21, it is clear that although the voltage rating of S2 and the full-bridge-based ES switches are
equal, the switching frequency of S2 is much lower at only 60 Hz. On the other hand, regarding
S1 and S3, not only the voltage rating of these switches is only 50 V, which is half of the full-
bridge-based ES switches, but also their switching frequency is around 2 kHz that is ten times

lower.
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Figure 3.19 MPUCS-ES, ES, and ES DC-link voltages
during the capacitive operation
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Figure 3.21 Voltage on one of the two-level ES switches
and three switches of MPUCS5-ES

3.5.2 Experimental Results

In order to verify the feasibility and steady-state and dynamic performance of the proposed
configuration in various operation modes, using six MOSFET switches, a prototype of the
MPUCS-ES inverter has been built. A dSPACE DS1104 controller board has been also used
for implementing the control part of the SL in real-time. A variable single-phase AC power
source emulator (V) in series with grid impedance as a relatively weak grid has been used for
checking the steady-state and dynamic performance of the proposed SL configuration in
different operation modes. Regarding the limited capability of the employed real-time
controller board, harmonic analyzation of the proposed topology with proper sampling time

and considering both control loops has been performed extensively using Simulink. Therefore,
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for demonstrating MPUCS5-ES performance and viability experimentally, mitigating PCC
voltage fluctuations is the focus of this part. Figures 3.1 and 3.22 illustrate the schematic and
the photograph of the experimental setup of the MPUCS5-based electric spring implemented in
the GREPCI Laboratory at ETS University, respectively. The experimental parameters of the

setup can also be found in Table 3.4.

Figure 3.22 Picture of the experimental setup

Table 3.4 Parameters of the experimental setup

Variable Source (V) in Neutral and Inductive 115V, 121 VRMS
Grid and Switching Frequency (Fy), (F,) 60 Hz, 2 kHz
Range of MPUCS-ES RMS Voltage (V) 0~ 70 Vye
Inductor of LC Filter of MPUCS-ES (L) 1.5 mH
Capacitance of LC Filter of MPUCS-ES (Cf) 35 uF

DC Voltage Reference (Vpcy) 100 V

DC Bus Capacitance (C;) and (C,) 2500 uF
Source Impedance (Z,) 0.14j5.65 Q
Non-critical and Critical Loads (Z,,), (Z) 40 Q
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3.5.2.1 MPUCS-ES performance in various steady-states modes

Firstly, to show the steady-state performance of the proposed configuration, MPUCS5-ES
voltage, PCC voltage, NCL voltage, and its current are measured and recorded during neutral
and inductive operation conditions. In the neutral mode operation of the MPUCS5-ES, measured
waveforms are illustrated in Figure 3.23. On the other hand, Figure 3.24 shows the equivalent
waveforms in the inductive operation mode. In accordance with the simulation results,
MPUCS-ES voltage in neutral operation is negligible and thus measured PCC and NCL voltage
are almost equal to 110 Vrms (155.6 V Max). Consequently, in this mode injected reactive
power to the grid by the MPUCS-ES is around zero. However, as expected in the inductive
operation of the SL, the MPUCS5-ES injected compensation voltage leads the NCL current by
about 90 degrees. Therefore, a positive amount of reactive power is generated to stabilize the
PCC voltage of the system at its nominal value (155.6 V Max) by modifying the NCL voltage
(from 155.6 V to 136 V) and current (from 3.8 A to 3.4 A). The smooth five-level waveform
of the output voltage of the MPUCS5-based ES in this condition can be also seen. It should be
mentioned that due to limitations of the employed dSPACE controller, the sampling time of
the experiment is 60us, which is more than two times higher than the sampling time of the
simulation section. This has a negative impact on the THD and transients settling time of the

system.
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3.5.2.2 MPUCS-ES dynamic performance

Secondly, in weak grids, variation in the demanded power is one of the main causes of the PCC
voltage fluctuations. Thus, to experimentally check the dynamic performance of the proposed
SL, in the second experiment during the inductive operation mode, the resistance of the critical
load is changed from around 40 Q to roughly 26 Q. In Figure 3.25, the measured waveforms
of this experiment are depicted. As can be noted, through increasing the NCL voltage and
current and reducing the injected MPUCS5-ES compensation voltage to the grid, the PCC
voltage is stabilized effectively after a sudden reduction in the CL amount by about 35%.
Finally, Figure 3.26 shows the recorded DC voltages of both energy storage elements during
this transient. And, it is clear that the employed voltage balancing technique has managed to

keep the DC-links’ voltages constant at around 50 V after the change in the power consumption

of the CL.
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Figure 3.25 Experimental results of respectively Vab, Vs, Vaci, and Inc
under transient
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Figure 3.26 Experimental results of respectively Vs, Vi, V2, and Inci
under the CL resistance variation

3.6 Conclusion

In this chapter, the MPUCS inverter has been used as a multifunctional single-phase ES for
improving voltage stability and power quality of a weak grid for the first time. The principles
of the operation and design, configuration, and control method of the proposed MPUC5-based
ES are also described. The key advantages of the MPUCS-ES are 1) balancing capacitors’
voltage and power without any external controller; 2) five-level voltage waveform in its output
with reduced THD and better power quality performance; 3) halved DC links’ voltages; 4)
plausibility of higher power application in comparison to the full-bridge or half-bridge
topologies; 5) no need of bulky output LC filter, and 6) lower switching frequency and voltage
stress on the switches. We have also managed to assess the performance of the proposed
multilevel ES for automatic regulation of the PCC voltage, harmonics reduction, and load
shedding of the NCL in an SL setup. Comprehensive simulation and experimental results

verify the superiority of both steady-state and dynamic performance of the introduced MPUC5-
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ES configuration in a weak grid with a highly unstable PCC voltage with and without

harmonics.
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Abstract

Considering the poor power quality performance of a two-level capacitor-based electric spring
(ES1), this article presents a high-power density multilevel ES1 configuration based on a
seven-level modified packed U-cell converter (MPUC7-ES1). A novel control strategy based
on finite control-set model predictive current control (FCS-MPCC) is also proposed for
MPUC7-ES1 application. This algorithm is designed to predict the system behavior for all the
conceivable switching vectors based on the discrete models of MPUC7-ES1 that is developed
for the first time. To guarantee a desirable operation, the main control objectives are the
MPUC7-ES1 current, auxiliary capacitors’ voltages, and switching frequency reduction.
Compared with the conventional ES1 control methods, the proposed strategy has key merits
including considering the dynamic models of ES1 converter, not requiring a modulator, and
lower switching frequency. The operation and robustness of MPUC7-ES1 and the introduced
nonlinear FCS-MPCC technique are also illustrated through extensive simulation and

experimental results.
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4.1 Introduction

Increasing the percentage of inverter-based renewable energies in electric power systems
seems inevitable to rein in the current global warming trend. Nonetheless, this solution
addresses the global warming crisis at the expense of challenging the power systems’ stability,
reliability, and power quality. More specifically, the intermittent nature of non-synchronous
energy resources deteriorates the grid’s voltage and frequency instabilities more than the
tolerable limits. To alleviate these unfavorable fluctuations, active and reactive power
imbalances should be addressed in power systems. Conventionally, spinning and non-spinning
reserves are employed to address this issue. However, it leads to requiring more generating
capacity from finite resources, which is not following accomplishing the targets of 2030
sustainable development goal 7 (“Transforming Our World: The 2030 Agenda for Sustainable
Development | Department of Economic and Social Affairs,” n.d.). Non-dispatchable
renewable energy resources, such as wind and solar, can also participate in both active and
reactive power imbalance mitigation. Nonetheless, in this way, the employed conversion
system will not be operational at maximum power point (MPP), which reduces the efficiency
of the system. In this regard, demand response management (DRM) methods, as more efficient
alternatives, have been vastly investigated in the literature (Muthirayan, Kalathil, Poolla, &

Varaiya, 2020).

Among various DRM technologies, electric spring (ES), which is a power electronics-based
approach, has notable merits. The real-time operation, high efficiency, and distributed nature
are just some of them. Furthermore, unlike most of the reported DRM methods, ES can be
operational without depending on information and communications technologies. As a result,
recently, different versions of ES technology have been conceptualized for both dc and
single/three-phase ac microgrids and power systems applications. Capacitor-based ES (ES1),
battery-based ES (ES2), and back-to-back converter-based ES (ES3) are the three main
generations of the single-phase AC electric spring (C.-K. Lee et al., 2020). Among these, ES1
is mainly focused on stabilizing the point of common coupling (PCC) voltage via direct

reactive power compensation. Nevertheless, ES2 and ES3 are capable of direct active and
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reactive power compensation for providing more ancillary services in addition to distributed
voltage control. Although compared with ES1, both ES2 and ES3 have extended operating
ranges, ES1's main advantage is the simplicity of its structure and controller which is a
favorable distinction especially for industries. Moreover, it is investigated that ES1 can also
mitigate frequency fluctuations through compensating active power indirectly (Xia Chen, Hou,
Tan, Lee, & Hui, 2015). Still, most of the reported works in this area are focused on ES2 and
ES3 (C.-K. Lee et al., 2020), (M. Wang et al., 2021). Therefore, the need for more focused

research on ES1 is clear.

On the one hand, the initial control method introduced for ES1 is merely based on two
conventional proportional-integral (PI) control loops (Hui et al., 2012), (C. K. Lee, Chaudhuri,
& Hui, 2013). Interestingly, since then, this controller has been the foundation of several ES1
control schemes employed for mitigation of various power quality issues including
voltage/frequency variations (C.-K. Lee et al., 2020), voltage flicker (Sharma et al., 2017), and
harmonics (Kaymanesh & Chandra, 2020) in the literature. Droop (C. K. Lee, Chaudhuri,
Chaudhuri, et al., 2013) and consensus control (J. Chen, Yan, & Ron Hui, 2017) techniques
have been also proposed as the controllers of a group of ES1s distributed in microgrids. These
methods are employed as a top-layer controller for providing auto-adjustable PCC voltage
references for ES1s regarding their locations in an electrical grid. Nonetheless, control of every
single ES1 has been mainly based on the PI controllers in combination with a pulse width
modulation (PWM) technique. In all these works, nonlinearities and dynamic models of the
employed ES1 converter topologies are not considered in the controller design. Furthermore,
shared drawbacks of linear PI controllers for ES1 are requiring a modulator, high switching
frequency, noticeable overshoots and undershoots in both dc and ac sides, and steady-state
tracking error of the generated voltage. In (Z. Zhang et al., 2019), a novel control technique
based on the ES1 operational voltage range is also proposed. Nevertheless, this method is
founded on instant modification of the ratio of available loads in a microgrid by a direct load
on/off control. Accordingly, numerous extra remote-control switching devices and respective

coordinating loads are required that reduce the efficiency and reliability of the system.
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On the other hand, regarding single-phase ES1 converter topologies, by far, two-level
configurations have been mostly utilized (C.-K. Lee et al., 2020). However, although these
half/full-bridge-based ES1s require the least possible passive and active components in their
structures, they have intrinsic topological disadvantages especially for higher power
commercial and industrial applications. Increased switching frequency and electromagnetic
interference, noticeable voltage stress on the ES1 components, notoriously high total harmonic
distortion (THD) of the injected voltage/current, and requiring bulky heat sink and harmonic
filter are just some of them (Arai, Sekiguchi, Mochikawa, Sano, & Fujita, 2021). In (M.-H.
Wang, He, Yang, Jia, & Xu, 2020), for dealing with high power loss and voltage stress on the
two-level ES1 active and passive components and reducing the size of the required dc-link
capacitor, it is proposed to employ a film capacitor instead of an electrolytic capacitor as the
ES1 dc-link energy storage element. Nonetheless, in this work, a full-bridge inverter topology
is employed as ES1 that still has poor power quality performance. Flying capacitor (FC) (Taul,
Pallo, Stillwell, & Pilawa-Podgurski, 2021), cascaded H-bridge (CHB) (B. Liu, Song, Li, &
Zhan, 2021) or active-neutral-point-clamped (ANPC) (Kaymanesh, Rezkallah, Saeedi, et al.,
2020), as well-established multilevel converters, can be also developed for ES1 applications.
As an instance, in (Kaymanesh, Rezkallah, Saeedi, et al., 2020) an ANPC converter is
introduced for multilevel electric spring applications. Nevertheless, by employing this
topology, eight transistor switches and four capacitors would be required to develop a five-
level ES1. This noticeable amplified number of components in the classical multilevel
converter topologies increases the ES1 volume, cost, and complexity that are not favorable
features for a distributed voltage control method. It should be noted that various compact
multilevel battery-based ES configurations have been also reported in the literature recently.
But, they have not been proposed and analyzed for ES1 applications (Kaymanesh, Babaie,
Tidjani, et al., 2020). Subsequently, in (Kaymanesh & Chandra, 2020), a novel ES1 topology
founded on a reduced component count five-level modified packed u-cell (MPUCS) converter
is proposed. This compact MPUCS5-based ES1 (MPUCS5-ES1) mitigates all the mentioned
topological shortcomings. Besides, MPUCS5-ESI has a boost-mode operation that is favorable
for higher power/voltage applications. But, in (Kaymanesh & Chandra, 2020), auxiliary

capacitors’ dynamic models cannot be considered in the proposed linear PI voltage controller
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and their voltages are adjusted indirectly using a PWM modulator based on the availability of
extra switching states. Therefore, in addition to the aforementioned problems of capacitor-
based electric spring PI controllers, capacitors’ voltages are tunable only on the same value,
and relatively increased-size capacitors are required to have acceptable voltage ripples on

them.

However, by employing more system parameters and considering the dc-link capacitors’
dynamics and converter nonlinearities in the controller design, it will be possible to mitigate
mentioned issues associated with available linear controllers. Besides, the voltage of each one
of the auxiliary capacitors will be independently modifiable to any desired level directly. So,
not only the power density of MPUCS5-ESI topology will be improved, but also it can be
operational in a seven-level mode with an even more improved power quality performance.
Considering converters’ control techniques especially for power system applications, a wide
range of linear and nonlinear methods have been proposed recently. However, due to the merits
such as not requiring a modulator, superior transient response, considering the converter
constraints and dynamic models, multicriteria optimization performance, and intuitiveness,
finite control-set model predictive control (FCS-MPC) stands out among them (Gao, Gong, Li,
& Liu, 2020). Besides, regarding any concerns about the computational burden of FCS-MPC,
the following points should be highlighted. First, the significant development of
microcontrollers acts as a key precursor that encourages employing more advanced controllers,
especially for power electronics applications. Second, due to the minimized number of
switching vectors and auxiliary dc links, the complexity of an FCS-MPC method designed for
a high-power-density multilevel topology is reduced noticeably in comparison to when it is
applied to a classical multilevel configuration. As an instance, in (Kaymanesh, Chandra, et al.,
2021), it is also proven that computational burden is not an issue regarding applying an
autotuned FCS-MPC to a seven-level modified packed U-cell (MPUC7) based static

synchronous compensator.

Accordingly, to address the aforementioned issues regarding the already available ESI

configurations and controllers, a novel bidirectional ES1 topology founded on the compact
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MPUCT7 converter, and its particular nonlinear controller based on a finite control-set model
predictive current control (FCS-MPCC) is proposed, and vindicated. Finally, the main
novelties of this article are listed as follows:

1. MPUCT topology is proposed for the capacitor-based electric spring application for the first
time.

2. Concerning mentioned demerits of existing ES1 linear PI controllers, a nonlinear hybrid
controller based on FCS-MPCC is designed and proposed.

3. The MPUCT7-ESI1 state-space average model is presented.

4. MPUC7-ES1 and its FCS-MPCC-based controller are extensively analyzed and validated

experimentally.

After an Introduction to capacitor-based electric spring configurations and controllers, Section
4.2 presents the proposed MPUC7-ES1 basic performance principles. Section 4.3 introduces
the MPUC7-ES1 configuration and topological merits. The designed FCS-MPCC-based
controller will be presented in Section 4.4. To validate the operation of the proposed ESI
topology and nonlinear controller, Sections 4.5 and 4.6 are respectively focused on providing

simulation and experimental results. Finally, the article is concluded in Section 4.7.

4.2 MPUCT7-ES1 Operation Principles

Figure 4.1 illustrates an MPUC7-ES1 integrated into a single-phase AC microgrid. As can be
seen, a conventional power plant, which provides a stable output voltage, is connected to the
PCC through a low-voltage transmission line with a relatively high impedance to represent a
microgrid with low system strength (Xin Chen, Zhang, Wang, Chen, & Gong, 2017). An
asynchronous power electronics-based renewable energy source such as wind or solar farm
also powers this microgrid. As a result, due to the instabilities of the injected current by the
renewable energy source, the PCC voltage fluctuates. Available loads in an electrical grid are
categorizable to non-sensitive load (NSL) and sensitive load (SL). NSLs are generally
thermostatically controlled loads, like heating, ventilation, and air conditioning (HVAC)

systems, and can withstand voltage fluctuations to some extent. Demanded power by NSLs
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depends on their input voltage. On the contrary, SLs, for instance, data centers, require a tightly
regulated input voltage and power. As depicted in Figure 4.1, to stabilize its input voltage (SL
voltage) through modulating its output voltage (NSL voltage), MPUC7-ES1 should be
installed between the PCC and NSL. In this regard, it generates a high-power quality seven-
level compensation voltage. This setup, which is known as multilevel smart load (MSL), can
address power imbalance-related problems in an electrical grid by modulating its demanded

power in real-time.
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Figure 4.1 MPUC7-ES1 integrated into an AC microgrid

MPUC7-ES1 compensates for reactive power directly and, therefore, its generated voltage
should be perpendicular to the NSL current. So, it has three main operation modes, neutral,
capacitive, and inductive. In the neutral mode, there is no power imbalance in the system and
the MPUC7-ESI injected voltage should be negligible. When there is an extra amount of
injected power into the power system, the SL voltage exceeds its nominal value. Accordingly,
MPUCT7-ES1 should be operational in the capacitive mode. This means that the MPUC7-ES1
voltage should lag the NSL current by about 90° to increase the NSL voltage and demanded

power. Nonetheless, if the consumed power is higher than the power generation, the SL voltage



122

will be lower than its nominal amount. In this case, MPUC7-ES1 must operate in the inductive
mode and its voltage leads the NSL current by around 90°. Consequently, NSL voltage and
power will be decreased to mitigate this power imbalance. As MPUC7-ES1 can only indirectly
compensate active power, its capacitive operation range is limited in comparison with its
inductive operation. Figure 4.2 depicts phasor diagrams of an MSL with a resistive NSL for

all the possible modes.

VSL_ref VSL ref

VsL R
insL VnNsL insL VnsL VSL_ref
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Figure 4.2 Phasor diagrams of a multilevel smart load with a resistive NSL

4.3 MPUC7-ES1 Topology

The proposed high-power density MPUC7-based ESI is depicted in Figure 4.1. As a seven-
level bidirectional ES1 topology with highly reduced component counts, it consists of only six
unidirectional semiconductor transistor switches and two auxiliary capacitors. To attain a
seven-level voltage waveform, if the peak value of the required compensation voltage equals
E, the first capacitor (C;) and second capacitor (C,) voltages (V-, and V,) should be tuned at
only 2E/3 and E/3, respectively. Furthermore, two upper switches (S; and S,) endure 2E/3,
two middle switches (S, and Sg) withstand E, and the voltage rating of two remaining switches
mounted at the bottom (S5 and Sg) is only £/3. However, the current rating of all the switches
must be equal to the NSL maximum current value. The operation of each couple of switches
with the same voltage rating is also complementary to prevent short circuits. Switching states
and generated voltage levels are also listed in Table 4.1. As can be seen, the only available

switching redundancy is at the zero states.
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Table 4.1 MPUC7-ES1 switching states

States | S1 | S2 | S3 Vab Voltage Level

1 1101 Vci+Ve E

2 1170]0 Vei 2E/3

3 010]1 Ve E/3

4 0]01]0 0 0

5 11 1]1 0 0

6 11 1]0 -V -E/3

7 0111 -Vci -2E/3

8 0110 -Vci-Vez -E

As an instance, in comparison with the widely employed half-bridge capacitor-based two-level
electric spring (C. K. Lee, Chaudhuri, & Hui, 2013), four more transistor switches with various
voltage ratings are required in the proposed compact seven-level ES1 structure. However,
MPUCT7-ESI has several key advantages that can justify this increased number of components.
To begin with, the peak value of the generated compensation voltage in a half-bridge ES1 is
merely half of its dc-link voltage. Nonetheless, MPUC7-ESI has a boost operation and its peak
output voltage equals the sum of the auxiliary capacitors’ voltages (V1 + V). Consequently,
MPUCT7-ES1’s passive and active components withstand significantly lower voltage stress.
This makes MPUC7-ES1 a superior option even for medium-voltage higher-power
industrial/commercial applications. In addition, half-bridge ES1 with a conventional controller
has a high and uncontrollable switching frequency. While, by the introduced nonlinear FCS-
MPCC-based controller, the switching frequency of the MPUC7-ES1 can be controlled and
reduced. Moreover, the two-level performance of a half-bridge electric spring increases the SL
voltage THD. Therefore, regarding any cost comparisons between the half-bridge ES1 and the
proposed MPUC7-ES1 topologies, several points should be noted. First, the discrete
semiconductor transistors with reduced drain-source voltage (Vbpsmax) and decreased switching
frequency (cheaper transistors) are required for MPUC7-ES1. Second, due to increased losses,
high switching frequency reduces the efficiency of an electric spring topology. Third, it is

required to employ a relatively bulky/costly lowpass filter in the half-bridge ES1 output. It will
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be also essential to design and utilize a complex controller to add harmonics mitigation
capability to the two-level ES1 that also limits its operating voltage range (Q. Wang et al.,
2016). However, due to the seven-level symmetrical waveform of the MPUC7-ES1 generated
voltage, although a less bulky/costly lowpass filter can be employed, the THD content of the
injected voltage and, consequently, SL voltage will be less than the IEEE 1547 standard limit.
Last but not least, through the conventional PI controller of a half-bridge ES1 (C. K. Lee,
Chaudhuri, & Hui, 2013), the dynamics of the dc-link capacitors are neglected. So, for having
an acceptable voltage ripple on capacitors (less than 5 percent), compared with MPUC7-ESI,
half-bridge ES1 requires larger size capacitors that are also more expensive. Regarding
reliability comparison with a half-bridge ES1, although having a smaller number of
components reduces the chance of failure, voltage stress and switching frequency are in direct
connection with semiconductor switches’ degradation rate (Pu, Ugur, Yang, & Akin, 2020).
The notably lower voltage stress on the MPUC7-ES1 capacitors should be also considered

regarding reliability comparison. Hence, MPUC7-ES1 can be considered a reliable option.

On the other hand, introduced MPUC7-ES1 has two critical topological merits over the
MPUCS5-based ES1 (Kaymanesh & Chandra, 2020). Having an increased number of output
voltage levels yet requiring the same number of passive/active components is the first crucial
advantage. This results in employing a less bulky harmonic filter and reducing the power losses
caused by harmonics. Second, through the proposed controller in (Kaymanesh & Chandra,
2020), capacitors’ voltages are tuned at the same amount integrated into the switching process
without considering their dynamics and nonlinearities. However, by the introduced controller,
dynamics models of the auxiliary capacitors are taken into account and their voltages are
directly controlled at the required values in a closed-loop manner. So, capacitors’ voltage ripple
is decreased, and therefore, dc-link capacitors’ size/cost can be also reduced. This reduces the
size/cost of the proposed MSL. To sum up, MPUC7-ES1 has a better power quality operation
with a higher power density. These are critical points for an ES1 configuration as it is a

distributed DRM technology.
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4.4 MPUC7-ES1 FCS-MPCC-Based Controller

As mentioned before, conventional PI-based ES1 controllers do not consider the nonlinearities
of the MPUC7-ESI converter and its output lowpass filter. Besides, by employing these linear
approaches, it is required to employ a modulation technique to generate switching signals
indirectly (C.-K. Lee et al., 2020), (Sharma et al., 2017). Considering these issues, an FCS-
MPCC-based nonlinear control approach, which is illustrated in Figure 4.3, is designed and
proposed. As depicted in the Figure 4.3 block diagram, this method comprises two main control
loops, inner and outer. An inner control loop is founded on an FCS-MPCC designed for the
MPUCT7-ES1 applications. First, it is required to achieve the MPUC7-ES1 state-space average
model. By considering the converter losses negligible, regarding active power balance between

the MPUC7-ES1 dc and ac sides, (4.1) can be achieved.
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d(Vdc—link)Z
dt

d(VCl + VCZ) . 2
T = Rf X lLf

1
P, =Pac=>§X(C1+Cz) X
4.1)
= (C; + Cy) X (Vgq + Vip) X

here P4, and P, are the real powers of the dc and ac sides, respectively. Ry and i), ; are the

parasitic resistance and current of the MPUC7-ES1 output filter inductor (Ly),

correspondingly. In addition, V;._;ink 1s the MPUC7-ES1 dc-link voltage. On the other hand,
by applying Kirchhoff's Voltage Law and Kirchhoff's Current Law on the MPUC7-ES1 ac
side, (4.2) and (4.3) are obtainable.

di,

Viny = Ly X d—tf + Rp X iy, + Ve (4.2)
v,
Cr X d;s = les = Ins, 11, (4.3)

where Vi, and Cr define the MPUC7-ESI terminal voltage and the capacitance value of the
output LC filter, V, is the MPUC7-ES1 generated and filtered compensation voltage, and iy,
and i, are also the current flowing through the NSL load and C, respectively. Furthermore,

the tunable voltage across Cy is also achievable as follows:

Ves = Vs — Rysy X insy, (4.4)
here V5, and Rys;, are the SL voltage and resistance value of the non-sensitive load,
respectively. For simplicity, sensitive and non-sensitive loads are considered to be resistive.

Regarding the switching vectors provided in Table 4.1, the MPUC7-ESI1 terminal voltage

discrete model is also calculatable as (4.5).

Viny = (81 — 82) X Vg — (82 — S3) X Vi, (4.5)
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Considering (4.1) -(4.5), the MPUC7-ES1 state-space average model is derivable as

di,  (Rf) . 1 1 L6

7__ELL}:_EV%+EVL'7W (4.6)

d‘és:(i)i —<#>V +< ! >V (4.7)
dt Cr) " \RysiCr) ¢ \RysiCr) °F '

d(Ver + Ve2) _ ( Ry )i 2 (4.8)
dt (C1+C) X (Ve + V) .

As can be noted, the MPUC7-ES1 state-space average model is nonlinear. Accordingly, it is
essential to consider its dynamic models in the designed controller. The MPUC7-ES1 FCS-
MPCC inner control loop is designed to achieve features that are not attainable by a linear
controller. Seven-level performance, reduced capacitors’ size and voltage ripples, controllable
switching frequency, decreased steady-state error of the injected voltage, and faster transient
response are among these characteristics. In this regard, four main control objectives should
be defined and achieved. ES1 can be considered as a capacitor that is fed via a controllable
current source. Hence, as the first control objective, predictive model of i,¢ for a one-step time-
horizon (i,s(k + 1)) should be calculated. Consequently, based on (4.6) and through
employing the respective Euler forward approximation presented in (4.9), the predictive model

of i (ir, (k + 1)) for a sampling period Ty is calculated as (4.10).

dip, iy, G+ 1) =iy (k)

4.9
dt T, *9)

T R xT
iLf(k+1)=L—S><(Vim,—Ves)+(1— fL S)xiLf(k) (4.10)
f f

Variations of the NSL current are also considered negligible for the defined sampling time.
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insi(k +1) = insy (k) (4.11)
Therefore, considering (4.3), (4.10), and (4.11), i,s(k + 1) is computed as

les(k+1) = iysp (k) + iLf(k +1) (4.12)

Ts

. . Ts Rf X .
les(k + 1) = lNSL(k) + L_ X (Vinv - Ves) +({1- I X '—Lf(k) (4-13)
f f

On the other hand, as mentioned earlier and can be noted from Table 4.1, the only extra
switching state is available at the zero-voltage level that cannot be employed for tuning the
capacitors’ voltages. So, to achieve MPUC7-ESI seven-level operation, auxiliary capacitors’
nonlinearities should be integrated into the proposed FCS-MPCC. Consequently, the second
and third control objectives are focused on stabilizing V-, and V., at their references (e.g., 2E/3
and E/3) independently. Accordingly, auxiliary capacitors’ dynamic models are calculatable

through (4.14) and (4.15).

. aVe .
icy = Cy X dtl = (S, — S1) X iy, (4.14)
. dVCZ .
lcz = Cz X dt = (52 - 53) X l’Lf (415)

where i-q and i, are the currents of the first and second capacitors. As is notable, although

V¢4 and Vi, are different, i) p flows through both of the capacitors. This increases the system's

nonlinearity. Accordingly, based on (4.14) and (4.15), Euler forward approximation is

employed again to calculate predictive models of the capacitors’ voltages as below

dVeq _ Ver(k +1) = Veq (k)
dt T,

(4.16)
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dVe, _ Vea(k + 1) — Vep (k)

= T (4.17)
Ver(k+1) = %i)”s x iy, (k) + Vey () (4.18)
Ver(k +1) = (%%?XTS X iy, (k) + Vez (k) (4.19)

Regarding (4.13), (4.18), and (4.19), in comparison with the classical linear ES1 controllers
(Hui et al., 2012), (C. K. Lee, Chaudhuri, & Hui, 2013), system characteristics and

measurement of more parameters, such as V,;(k) and i, p (k), are required in the proposed

model-based FCS-MPCC. This is an important point that should be also considered by the
designer. Moreover, as noted earlier high and uncontrolled switching frequency is one of the
main problems of the conventional ES1 controllers (C. K. Lee, Chaudhuri, & Hui, 2013).
Consequently, the fourth control objective is focused on the reduction of the switching

frequency. To control switching performance, (4.20) is defined, as follows:

Splk+1) =[Sk +1) = 5, (k)| + [S2(k + 1) = S, (k) (4.20)
+153(k +1) = S3(k)|
here Sp(k + 1) denotes the predicted switching pattern for the next time step. S;(k + 1),
S,(k + 1) and S3(k + 1) represent the next switching vectors for S; (k), S,(k) and S5(k),
respectively. Considering the calculated predictive models of the control objectives, cost

function (g(k + 1)) of the designed FCS-MPCC is expressed as (4.21).

gk +1) = yligs(k + 1) —igs(k + 1)
+ V2 Ve  (k + 1) = Ve (k + 1) (4.21)
+ V3V (k + 1) = Vi (k+ 1) +ya X Sp(k + 1)
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where 1, ¥2, Y3 and y, are the weighting coefficients of the control targets. V7, (k + 1) and
Vi, (k + 1) denote desired references for the auxiliary capacitors’ voltages (2E/3 and E/3).
i,s(k + 1), which represents the reference of i, at (k + 1), is attainable by applying the
Lagrange extrapolation theory as (Y. Yang et al., 2019):

n

i (k+1) = Z(—l)’“ x

=0

(n+1)!

here n is defined to be 2 (second-order), therefore, i;s(k + 1) formula is simplified as (4.23).
ips(k+1) =3is,(k) —3is(k—1)+is(k—2) (4.23)

where i}s(k), i5s(k — 1), and i;;(k — 2) are the references for the current flowing through the
MPUC7-ES1 output filter capacitor at the instants k, k — 1, and k — 2, respectively. In this
respect, the outer control loop is designed to generate the MPUC7-ES1 compensation voltage
reference magnitude and phase angle. This outer loop contains two discrete PI controllers, ac
and dc. The ac PI control loop is responsible to tune the SL voltage at its nominal value through
reactive power compensation. On the other hand, during transients the dc-link voltage
(Vac—tink = Ve1 + V¢p) varies, so, dc PI control loop stabilizes V. at its defined reference

(Vac_ref) by exchanging a relatively insignificant amount of active power with the grid. Based
on the outer control loop, the MPUC7-ESI reference voltage equation (Vesrer) can be

expressed as follows:

K;
Vesrer = — [(KPac + Sac) x (VPCCn - VPCC)] X cos 0
(4.24)

Kldc .
+ KPdc + T X (Vdc_ref - (VCI + VCZ)) X sin 6

where 6, which represents the NSL current phase angle, is determined using a phase-locked

loop (PLL). V¢, and V.. denote the RMS values of the defined grid nominal voltage (e.g.
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110 V) and the measured PCC voltage, respectively. Moreover, Kp,. and Kp,4. are the
proportional gains of the ac and dc PI control loops and K, and K;,. are the integral gains,
correspondingly. Besides, considering the MPUC7-ES1 phasor diagram depicted in Figure 4.2,
the PCC voltage equation is presented as (4.25). Therefore, for a resistive NSL, the value of

Vac rey can be also computed based on (4.26).

Viee = (Vs cos 8)? + (Vysy, sin 6 £ V)? (4.25)

Vacror = VEX Ve = Visy mn (4.26)

here Vs, and Vysp min are the non-sensitive load voltage and the minimum amount of voltage
that this load can withstand, respectively. Regarding the calculation of C; and C, capacitance

values, (4.27) and (4.28) are also employed.

[Vesllinsel
1= (4.27)
47TfV612Vripple
[Veslinsel
2 = (4.28)
47TfVC22Vripple
where f and Vrippie T€Present the grid frequency and the tolerable percentage of voltage ripple

on the capacitors. It should be also indicated that the magnitude of the outer control loop’s
output signal is limited to the upper and lower saturation amounts (+1). Therefore, it is
multiplied by Vg ,ef calculated by (4.26). Considering (4.3), (4.24), and (4.26), it should be
indicated that i};(k) is also computed as a discrete derivative of the generated reference
voltage multiplied by the capacitance value of the output lowpass filter and the reference of

the dc-link voltage as (4.29).
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d Vesre f
dt

les(k) = Ve rer X Cr X (4.29)

Finally, to track control objectives accurately and quickly, weighting factors and PI
coefficients should be tuned effectively. Consequently, Artificial Bee Colony (ABC) algorithm
is recommended in this paper so that desired performance is met. ABC as a metaheuristic
optimization algorithm precisely investigates the whole search space, to find the tuned values
that are located in the global minimum area. ABC is accurate and reliable because it applies a
four-layer optimization over the search space during each iteration of the algorithm. To
initialize ABC, N vectors called foods with four elements (corresponding to the number of the

weighting factors) are randomly set using (4.30).

— pmin max _ ,,min
{@l ™" + rand(0,1)(¢p e™") (4.30)
(pl = [y]_r"'ly4]
¢; is ith food, which includes the possible best values for the weighting factors. ¢™* and

@™ are the acceptable boundaries of the weighting factors. Afterward, m of M bees the so-
called employed bees are assigned to the initialized foods then they start searching around the

candidate foods using (4.31) to find better solutions.

o; = @i + (o — i)
w; =rand(—1,1) (4.31)
@;" = Prand(1,N)

©;, Wi, @;" are respectively the new position of ith food, a random value, and the food, which
is randomly selected among the existing ones. Using (4.31), the employed bees start moving
from the assigned food (¢;) toward another food (¢;") in the vicinity to find better solutions
(). After each movement during the jth iteration, the existing (¢;) and the updated (¢;) foods
are applied to the control loop as the weighting factors and then the performance is measured

through (4.32) to calculate the cost of the weighting factors modification.
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Co; = {1/ (1+£(6)) f:(8) > 0
FTU+Ifi)1 fi(6) <0

Co;
NCop = =0 (4.32)
L 2i=1Co;
0; = [o; @]

Co; and N Co; are the cost and the normalized cost of ith food assigned to nth bee, respectively.
fi represents the cost function, which is used to evaluate the optimization performance of ABC.
In this paper, Integral Time-weighted Absolute Error (ITAE) is selected as the cost function
because it accurately measures the steady-state error of the state variables. Accordingly, ITAE
is formed based on the tracking errors of the capacitor voltages and the MPUC7-ESI current,

which are the main control terms, as (4.33).

fey = [ e s
t=0 :

E(t) = (ies - i;s) + (VC1 - V(:‘kl) + (VCZ - ng)

tapc 1s used to indicate the operation time of ABC during each iteration. In the third layer of
the ABC, the onlooker bees are assigned to the foods that cost the least. As a result, the best
foods have more chances to be investigated by both the employed and the onlooker bees.
Notice that the onlooker bees use (4.31) to update the assigned foods. In the fourth layer, the
worst foods are abandoned and their bees including employed and onlookers turn into scout
ones. The scout bees are assigned to new random foods using (4.30); thus, the fourth layer
remarkably helps the ABC algorithm to escape from local minimums. Table 4.2 provides the
initial parameters of the ABC algorithm, which were used to train the FCS-MPCC weighting
factors. After 40 iterations of ABC, the optimal values of the weighing factors were acquired
(y1 = 1.23, y, = 0.89, y3 = 1.15 and y, = 0.014). It is worth noting that a similar training
loop but with the following cost function and initial parameters that are presented in Table 4.3
was used to adjust the control coefficients of the PI controllers. Integral Squared Error (ISE)
as (4.34) is selected as the ABC cost function because it accurately measures the transient

effects of the PI controllers during the training process. This time, after 30 iterations of ABC,
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the optimum values of the PI coefficients were acquired (Kp,. = 0.15, K, = 8.18, Kpy, =

0.01, and K;4, = 0.005).

fe) = |

taBC

t=0

E(t)3dt

E(t) = (Vpccn - V;)cc) + (Vdc_ref = (Vo1 +Ve2))

Table 4.2 ABC parameters for tuning weighting factors

N LaBc M Iteration [™n, p™ax)
200 0.7s 400 40 [0 3]
Table 4.3 ABC parameters for tuning PI coefficients
N LaBc M Iteration [™in, @™max|
200 0.5s 400 30 [0 20]

(4.34)

It should be also noted that weighting factors and PI coefficients are not tuned in an online

manner. Consequently, the computational burden and complexity of the proposed controller

are minimized significantly.

4.5 Simulation Results

A simplified schematic diagram of the simulated MPUC7-ESI-based electric system

employing MATLAB/SIMULINK is illustrated in Figure 4.4. Specifications of this system are

also presented in Table 4.4. This system is powered through a controlled voltage source to

study the operation of the introduced MPUC7-ES1 and controller. To emulate the grid voltage

fluctuations, this controlled voltage source is connected to the PCC through a low voltage weak

distribution line with a relatively high impedance.



Table 4.4 Specifications of the simulation setup

PCC RMS Nominal Voltage (Vpcc,) 110 V
Grid Frequency (F) 60 Hz
Distribution Line Impedance (Z;) 0.1+j7.54 Q
Output Filter Inductance (L) 2.5 mH
Output Filter Parasitic Resistance (Ry) 0.1Q
Output Filter Capacitance (Cy) 30 uF
Maximum Value of Output Voltage (F) 100 V
First Capacitor Voltage (V4 = 2E/3) 66.67 V
Second Capacitor Voltage (Vo, = E/3) 333V
First Capacitor Capacitance (C;) 1500 pF
Second Capacitor Capacitance (C5) 1500 pF
Non-Sensitive Load Resistance (R;) 40 Q
Sensitive Load Resistances (R;, R3) 40 Q, 80 Q
PCC
-
ISL
= MPUC7-ES1
CE Bypass /
N Lt |switch
5t g + + lies + _
& —_ 2 £ o
O a7 205 s
SE~T
>
£ "
L RN

Figure 4.4 Simulated MPUC7-ES1-based electric system
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First, the system performance has been analyzed with and without MPUC7-ES1 during steady-
state operations when V.. is equal, higher, and lower than the grid nominal value (110 V
RMS). Figure 4.5 illustrates the results for the equal case scenario. As is clear, in this case, the
injected voltage by MPUC7-ES1 is negligible, and both V; and Vg, are stabilized at the
nominal value with and without MPUC7-ESI.

Without ES1
T T T

5+ .

. /N VANV
AV VNV VN

S h 1 1 1 1 I 1 1 I 1 N

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

With ES1
T

Ves (V)

Vsl (V)

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
Time (sec)

Figure 4.5 Results when the PCC voltage is equal to the grid nominal value

Regarding the higher and lower voltage cases, Figures 4.6 and 4.7 present the respective
recorded measurements of the system during these simulations. As can be seen, when MPUC7-
ES1 is deactivated, both the SL voltage and NSL voltage are equal with maximum values of
163.4 V and 139.6 V for the high and low voltage scenarios, respectively. Nevertheless, after
activating MPUC7-ES1, through the injected compensation voltage, SL voltage is effectively
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stabilized at the nominal amount (155.56 V=110 V RMS). But, this time as expected, the
measured NSL voltage maximum value is modified at 140.7 V when the grid voltage is high
and 121.6 V for the lower voltage scenario. Voltage fluctuations have been effectively
transferred from the SL to the NSL. Considering the phasor diagrams of an MSL presented in
Figure 4.2, it can be also noted that the phase difference between the injected compensation
voltage and the NSL voltage is following the capacitive (high voltage case) and inductive (low

voltage case) operation modes of MPUC7-ESI.

With ES1 Without ES! |

AN AN
(RVAVBVAVAVALS

Ves (V)

0.9

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

163.4
100

Vnsl (V)
S

-100
-140.7

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
Time (sec)

Figure 4.6 Results when the PCC voltage is higher
than the grid nominal voltage
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Second, the main focus of this part is to demonstrate the enhanced power quality characteristics
of MPUC7-ES1, the switching frequency reduction capability, and reduced voltage stress
across the employed passive/active components. Hence, the terminal voltage of the proposed
seven-level ES1 and voltages of C; and C, as well as the voltage across S;, S, and S3 during
the lower voltage case of the previous simulation, as an instance, are measured and presented
in Figures 4.8 and 4.9, respectively. To better show the capability of the proposed nonlinear
controller in reducing the switching frequency of MPUC7-ES1, y, is suddenly changed from
0.014 to 0 at t=2 s during this test. By having a greater y,, tracking errors of the other control
terms will be increased slightly. However, as is notable in Figure 4.8, both capacitors’ voltages

are tuned at their references with voltage ripples noticeably less than 5% that is acceptable.

100

— With ES1 Without ES1
=] T T T T /\ /\ T /\

1 1 | 1 | 1 v \/ | \/
0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
T T T T T T T T T T T

155.56 /
139.6
| 1 1 | 1 1 | | T T 1
0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

0.96

0.97

0.98

0.99

1
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1.01
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1.03

1.04

Figure 4.7 Results when the PCC voltage is lower
than the grid nominal voltage
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Consequently, MPUC7-ES1 injected seven-level voltage waveform is smooth and
symmetrical. As depicted in Figures 4.8 and 4.9, regarding the reduced voltage stress across
the components, in this test, the maximum value of the MPUC7-ESI1 seven-level terminal
voltage equals 100 V. As expected, S;, S,, and S; endure merely 66.7 V, 100 V and, 33.3 V.
Besides, C; and C, withstand 66.7 V and 33.3 V respectively. So, the boost mode operation of
the proposed MPUC7-ES1 is evident. In addition, Figure 4.9 reveals that switches with higher
switching frequency operation tolerate less voltage, which leads to less switching loss.
Considering the presented results, as is notable with y, = 0.014, the average switching
frequency, which can be also calculated using (4.35), is reduced from around 9.5 kHz to 1.9

kHz.

= fs1+ f;z + fs3 (4.35)

here fg,, represents the averaged switching frequency of the MPUC7-ES1 switches. fsq, fs2,

and fs3 are the measured average switching frequency of S1, S2, and S3, respectively.
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Figure 4.8 MPUC7-ES1 and capacitors’ voltages
during the lower voltage scenario
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Figure 4.9 The measured voltages across S;, S,, and S3

during the lower voltage scenario
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Third, considering power quality performance, to compare these results with a two-level ES1
topology, in this simulated system, MPUC7-ESI1 is replaced by a half-bridge ES1 controlled
by a Pl-based PWM method (C. K. Lee, Chaudhuri, & Hui, 2013). All the system’s
specifications are selected to be the same as before, except for the switching frequency that is
fixed at 20 kHz for the half-bridge ES1 (C. K. Lee, Chaudhuri, & Hui, 2013). Figure 4.10
illustrates the measured parameters of this half-bridge ES1 in the same lower voltage case
scenario. As can be seen, this time, instead of a seven-level compensation voltage, a two-level
voltage is injected into the system. The auxiliary capacitors and switches of this half-bridge
ESI1 should also withstand voltages as big as 100 V and 200 V, respectively. Besides, voltage

ripples on the capacitors are around 10% that is also increased significantly.

Half-bridge ES1 Terminal Voltage (V)
T T T

1.94 1.96 1.98 2 2.02 2.04 2.06
Voltage on One of the Half-bridge ES1 Capacitors (V)
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80 1 1 I L 1 I 13
1.94 1.96 1.98 2 2.02 2.04 2.06

Voltage on One of the Half-bridge ES1 Switches (V)
T T T

T T

T T

1.94 1.96 1.98 2 2.02 2.04 2.06
Time (sec)

Figure 4.10 Parameters of a simulated half-bridge ES1

Moreover, THD analyzations of the generated seven-level voltage waveform by MPUC7-ES1
with ¥, = 0.014 and the two-level voltage by the half-bridge ES1 are presented in Figures 4.11
and 4.12. Measured THD for the MPUC7-ES1 voltage is merely at around 22% for a

modulation index of about 0.95. So, in comparison with the two-level ES1 topology and the
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five-level MPUCS-based ES1 (Kaymanesh & Chandra, 2020) with the harmonic contents of
around 102% and 26%, respectively, the proposed topology has the least THD content of the
generated voltage with a reduced switching frequency and voltage stress/ripples on its

components.

Fundamental (60Hz) =96.9 , THD=22.32%
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Figure 4.11 THD analysis of the MPUC7-ES1
generated voltage with y, = 0.014
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Figure 4.12 THD analysis of the generated voltage
waveform by a half-bridge ES1
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Fourth, the MPUC7-ES1 performance is evaluated with a conventional linear PI controller (C.
K. Lee, Chaudhuri, & Hui, 2013) and the proposed nonlinear FCS-MPCC. The generated
voltages and first capacitor voltages, as an instance, during MPUC7-ES|1 capacitive operation
with the same specifications presented in Table 4.4 have been recorded and presented in Figure
4.13. In addition to the fact that with a PI controller, the proposed topology will be merely
operational with a five-level voltage waveform and capacitors’ voltages can be regulated only
at the same value (Kaymanesh & Chandra, 2020), as can be noted, steady-state tracking errors
and voltage ripple (from around 10% to noticeably less than 5%) of the MPUC7-ES1 capacitor
are all improved using the proposed FCS-MPCC-based method.

FCS-MPCC

PI

50 - ‘ -

Ves (V)
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60 - b

VCI1 (V)

40 .

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
Time (sec)

Figure 4.13 Results during MPUC7-ES1 capacitive operation
with a linear PI controller and FCS-MPCC

Fifth, the dynamic performance of MPUC7-ES1 and the controller are analyzed. In this regard,
when the PCC voltage is less than the nominal value (if MPUC7-ESI is deactivated), another
SL (R3=80 Q) is suddenly connected with R, at t=3 s with an active MPUC7-ES1. Figure 4.14

illustrates the measurements of the parameters of this system. As illustrated in Figure 4.14,
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although the SL current (ig; ) is changed instantly from a maximum value of around 3.9 A to
5.8 A due to this transient, MPUC7-ES1 managed to keep the SL voltage stabilized effectively.

Moreover, capacitors’ voltages are kept regulated adequately.
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Figure 4.14 Recorded results during transient simulation test

4.6 Experimental Results

To illustrate the operation and viability of the proposed MPUC7-ES1 and the nonlinear current
controller, experimental results are also presented. A diagram overview of the implemented
real-time experimental setup and its respective laboratory photograph are shown in Figures 4.4
and 4.15, correspondingly. Parameters of this hardware setup are also chosen to be the same

as the simulation system presented in Table 4.4. In this experiment, a 28-amp three-phase
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variable autotransformer (480V AC input to 0-560V AC output voltage) is acting as a
controlled voltage source. Regarding running the designed controller with a fixed sampling
time of 35 s in real-time, MicroLabBox, which is a compact rapid control prototyping (RCP)
system, has been utilized. High current/voltage measurements (OP8662), gate drivers, an
isolation card, a power analyzer, and an oscilloscope have been also employed. Besides, using

FGA30N60LSD IGBT switches, an MPUC7-ES|1 prototype is implemented.

Figure 4.15 Implemented real-time experimental setup:
(1) measurement, (2) power analyzer, (3) autotransformer,
(4) MicroLabBox, (5) oscilloscope, (6) MPUC7-ES1

The main application of the introduced MPUC7-ESI1 is to improve the SL voltage stability
with an enhanced power quality performance. In this regard, the variable autotransformer is
controlled to emulate a low voltage scenario at the PCC with a maximum voltage value of
around 139.6 V without the activated MPUC7-ES1. Considering the steady-state operation,
measured parameters of this experimental system with an activated MPUC7-ES1, including
capacitors’ voltages, output terminal voltage, and the SL voltage, are presented in Figure 4.16.

As illustrated, through the injected symmetrical seven-level compensation voltage, SL voltage
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is regulated at the nominal value (155.56 V). Capacitors’ voltages are also tuned effectively

with satisfactory voltage ripples (less than 5%).
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Figure 4.16 Measured parameters of the experimental setup
during the steady-state operation

On the other hand, using the power analyzer, harmonic spectrum analysis of the generated
seven-level compensation voltage is illustrated in Figure 4.17. The measured signal
analyzations of the SL voltage and the MPUC7-ES1 injected voltage are also presented in
Figures 4.18 and 4.19, respectively. It is obvious that by the proposed reduced component
counts seven-level ES1 topology and controller, the power quality performance of the ESI is

improved tremendously.
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Figure 4.17 Harmonic spectrum analysis of the seven-level voltage
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Figure 4.18 SL voltage signal analyzation
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Figure 4.19 MPUC7-ES1 signal analyzation
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Considering illustrating the MPUC7-ES1 operation during transients, as an instance, during
the inductive operation condition, the total resistance of the SL setup is suddenly changed to
around 26.67 Q by connecting R; in parallel with R,. Figure 4.20 contains the recorded
parameters of the experiment during this transient. As is evident, the SL voltage is kept stable
effectively. Besides, through the proposed nonlinear controller, MPUC7-ES1 capacitors’
voltages remain regulated at their references with an acceptable voltage ripple during this
dynamic operation. It is also notable that all the experimental results are in correspondence
with the presented simulations and the slight differences are due to the increased sampling

time.
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Figure 4.20 Parameters of the experiment during the transient

Finally, to illustrate that MPUC7-ES1 does not require pre-charged capacitors, experimental
results of this system during start-up are presented in Figure 4.21. As can be seen, the designed
FCS-MPCC managed to keep the system stable effectively until MPUC7-ESI reaches its

operational range.
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Figure 4.21 Parameters of the experiment during the start-up operation

4.7 Conclusion

High harmonics content of the injected voltage, requiring a bulky harmonic filter, low voltage
operation, and increased voltage stress on the components are among the disadvantages of the
two-level ES1 topologies. Thus, by introducing a compact seven-level capacitor-based electric
spring configuration as a novel distributed reactive power compensator device, power quality
operation and reliability of the conventional ES1’s topologies are further enhanced. Regarding
demerits of the available PI-based PWM ESI controllers, such as poor transient performance
and high steady-state errors, as well as, MPUC7-ES1 requirements, a novel controller founded
on the finite control-set model predictive current control is also proposed. This nonlinear
control method generates and applies the switching signal directly without requiring any
modulation technique. The nonlinearities among the auxiliary capacitors’ voltages and the ES1
output current have been considered in the proposed controller for the first time. The switching
frequency of the introduced MPUC7-ES1 is also controllable regarding the designer
requirements. To support the theoretical framework of the introduced nonlinear controller,

extensive mathematical derivations are also presented. Finally, provided simulation and
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experimental results illustrate the MPUC7-ES1 and corresponding FCS-MPCC method

practicality and superior operation in various modes.
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Abstract

Aiming at delivering power to sensitive loads with an enhanced level of reliability and quality,
a compact multilevel battery-based electric spring (ES2) topology founded on the Packed E-
Cell (PEC) inverter and an artificial neural network (ANN) based control strategy are
introduced. This multilevel ES2 overcomes the limitations of the two-level ES2s and offers
key features in the area of electric spring that have not been considered before. From the
reliability point of view, the PEC-based ES2 (PEC-ES2) has the capability of instant nine to
five-level operation under its bidirectional switch faulty condition. Regarding the power
quality, in comparison with the half or full bridge ES2 topologies, PEC-ES2 has switches with
halved voltage rating, lower harmonic content in its output current and voltage, considerably
lower switching frequency, higher power applications, etc. The proposed intelligent ANN-
based controller can also tune and stabilize both the grid voltage and responsive load setup
power factor independently with improved dynamic performance. The operation and viability

of the proposed ES2 configuration and controller, have been also tested extensively.
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5.1 Introduction

The percentage of renewable energies in the electrical grids is increasing dramatically. Due to
the stochastic nature of the generated power by these resources, it is imperative to investigate
methods for improving the stability, reliability and power quality of the power system. With
this regard, recently, through the application of power electronics to demand-side management,
electric spring (ES) as a real-time and distributed method has been firstly proposed to mitigate
merely voltage fluctuations due to instability of injected power by inverter-based resources
(Hui et al., 2012). Through recent advancements, various generations of ES have been
proposed for a wide range of smart grid utilizations such as coping with voltage and frequency
fluctuations (G. Zhang, Wu, Yu, & Zhang, 2020), (T. Chen, Liu, Lee, & Hui, 2020), reducing
required energy storage capacity (Laraki, Kaymanesh, Chandra, Agbossou, & Cardenas,
2019), augmenting the operational flexibility of a microgrid in an islanded mode (Liang, Hou,
& Hill, 2019), mitigating harmonics (X. Zhang & Zheng, 2020) and voltage flicker (Sharma et
al., 2017), improving power factor (PF) (Mok et al., 2016), etc. Nevertheless, the contribution
of all these studies is merely focused on introducing control strategies and different versions

of ESs are implemented by a half-bridge/full-bridge inverter.

However, inherent technical limitations of an ES based on these conventional inverters
especially for sensitive loads (SLs) in industries are high switching frequency, relatively low
efficiency and operational reliability, poor harmonic performance, high dv/dt and voltage
stress on components, etc (Omer, Kumar, & Surjan, 2020). To tackle all these technical
problems, compact multilevel power inverter topologies suitable for ES applications should be
investigated and proposed. Consequently, a reduced switch count five-level single-phase ES
based on a modified packed U-cell converter (MPUCS-ES) has been introduced intended for
mitigating voltage variations and harmonics (Kaymanesh & Chandra, 2020). Compared to the
two-level ESs’ topologies, MPUCS-ES is more efficient and has better power quality features.
But, it is proposed for a capacitor-based ES (ES1) application (Kaymanesh & Chandra, 2020).
Thus, MPUCS5-ES can directly compensate only reactive power. Nonetheless, battery-based

ES (ES2) uses batteries as its dc source and is capable of direct mitigation of both active and
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reactive power mismatches. In this regard, a seven-level high-power-density ES2 based on the
modified packed U-cell converter has been also introduced (Kaymanesh, Babaie, Tidjani, et
al., 2020). However, it requires two independent dc sources. Hence, it is still required to

develop more single-dc-source multilevel ES2s with a reduced number of components.

Due to the expanded industrial applications of multilevel inverters, they have been the focus
of a lot of researchers. Nevertheless, among various conventional and recently introduced
multilevel voltage source inverters, the Packed E-Cell (PEC) inverter has several major
advantages, which make it a suitable option for medium or even low voltage ES2 applications.
Requiring merely one independent dc source, reduced number of components, having one dc-
link, availability of extra switching states, high reliability concerning its multi-level operation,
and noticeable dynamic performance during intensive transients are the main merits of the PEC
inverter (Sharifzadeh & Al-Haddad, 2019). PEC inverter configuration has been firstly
introduced and vindicated for a standalone mode in (Sharifzadeh & Al-Haddad, 2019).
Different linear/nonlinear control techniques have been also proposed for the grid-tied
multilevel PEC inverter in the literature (Sebaaly, Sharifzadeh, Kanaan, & Al-Haddad, 2021),
(Mehrasa, Sharifzadeh, Babaie, Sebaaly, & Al-Haddad, 2020).

On the other hand, ES2 general control principles have been firstly analyzed in (Tan et al.,
2013). Various control strategies such as input current control (Yan, Tan, et al., 2017), & control
(Q. Wang et al., 2015), simple power decoupling (SPD) (Q. Wang et al., 2018) and radial-
chordal decomposition (RCD) method (Mok et al., 2016) have been also proposed. Among
them, the RCD technique has favorable features like simplicity, direct and autonomous
modification of the overall active/reactive power of both ES2 and its associated non-sensitive
load (NSL) and multifunctionality (Mok et al., 2016). However, an RCD-based controller
requires two conventional linear proportional-integral (PI) control loops to keep both voltage
and power factor regulated at their desired amounts. But, utilizing PI control loops for ES2 has
critical shortcomings such as poor transient performance with unfavorable under/overshoots

and settling time.
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Hence, considering both power quality and reliability issues, this paper proposes an artificial
neural network (ANN) based control strategy for a compact intelligent multilevel battery-based
electric spring founded on the PEC topology (PEC-ES2). Improved harmonic performance and
efficiency, noticeable lower switching frequency, the smaller size of the requisite output low-
pass filter, and higher voltage and power applications are the general merits of utilizing a
multilevel inverter as an electric spring. Nevertheless, compared with the two-level ES2s, the
proposed PEC-ES2 and controller have dedicated advantages. First, PEC-ES2 has the
capability of five-level operation under faulty bidirectional power switch conditions. Second,
PEC-ES2 requires the least possible number of components as a nine-level high power density
ES2. Third, switches and capacitors with lower voltage ratings can be employed. Besides, these
components withstand lower voltage stress across them. Fourth, adjustment of the PEC-ES2
dc-link voltage does not compel an intricate controller and can be achieved using an active
voltage tuning method integrated into the proposed hybrid modulator with only one voltage
sensor. Fifth, it has a superior dynamic operation with improved over/undershoots and settling
time, especially during start-up. Moreover, the major novelties of this paper have been
summarized as follows:

1. This paper presents the design, operating principles and experimental validation of an
intelligent PEC-based ES2 concerning the inherent demerits of the two-level ES2 topologies.
2. A multifunctional ES2 controller based on ANN and RCD theory is proposed for concurrent
and independent regulation of both SLs voltage and responsive load (RL) power factor with
an enhanced transient operation.

3. An extensive comparative study between the proposed PEC-ES2 and the existing ES2s has

been performed.

This chapter is organized as follows. In Section 5.2, PEC-ES2 operation principles and design
are discussed. PEC-ES2 topology and modulation technique have been explained in Section
5.3. Then, the proposed PEC-ES2 ANN-based control strategy is also detailed in Section 5.4.
Furthermore, in Section 5.5, ample simulation results, as well as discussion of the PEC-ES2 in
various operation modes, are given. Besides, experimental validation of the PEC-ES2 is

achieved in Section 5.6. Finally, in Section 5.7, the conclusions are presented.
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5.2 PEC-ES2 Operation Principles and Design

Figure 5.1 illustrates a simplified schematic of a PEC-ES2 mounted in series connection with
a non-sensitive load to form a responsive load setup. This setup is in parallel with a sensitive
load (SL) and both are connected to a grid with high penetration of renewable energies through
a distribution line. First, it should be defined that in this article available loads in an AC grid
are categorized into two main classes namely sensitive and non-sensitive loads. SLs are loads
that demand reliable and high-quality power such as mining equipment. On the contrary, NSLs
can operate effectively even under some extend of voltage variations. As an instance, heat
pumps can be categorized as non-sensitive loads. Furthermore, a setup that can modify its
demanded active/reactive power concerning the generated power variations instantaneously is

known as RL.
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Figure 5.1 PEC-ES2 based responsive load setup
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The line voltage of grids with a high percentage of integrated renewable energies fluctuates.
Besides, reactive power exchange between the loads and grid should be minimized.
Nonetheless, SLs require stabilized voltage and power. So, to explain the basic principles of
the PEC-ES2 operation, through producing an up to nine-level AC voltage, PEC-ES2 stabilizes
its input voltage (Vpcc) by changing its output voltage. As NSL is in series with the PEC-ES2,
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its voltage and consequently the RL setup active/reactive power will be modifiable. Thus, RL
demanded power can be tuned regarding the availability of renewable energies. So, SL voltage
and power will be stabilized and regulated. But, the point of common coupling (PCC) voltage
fluctuations will be transmitted to the NSL. The PCC voltage of this system can be calculated

as,

Vbce = Vst + Vpec—Es2 (5.1)

where, Vrce, Vst and Veec-es2 define the SL voltage, the NSL voltage, and the PEC-ES2

generated voltage, respectively. Using Kirchhoff's point rule for the input current we have,

Iiy = Iy, + gy, (5.2)

here, Iy is the grid current. Besides, Iyg, and Ig;, are the NSL and SL currents, respectively.

Considering (5.1) and (5.2), the input current is calculable as below.

VPCC - VPEC—ESZ + VPCC

Iy = 5.3
I 7 Zsr (5-3)

where, Zyg;, and Zg;, represent the impedances of the NSL and SL, respectively. Furthermore,

employing Kirchhoff’s voltage law (KVL) for this closed-loop system we have,
Vg =Vbee +Z, X Iy (5.4)

here, V, is the grid voltage and Z;, is the line impedance. Via substituting (5.3) into (5.4), PCC

voltage can be calculated as,

(5.5)
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Finally, regarding (5.3) and (5.5), the input current can be also defined as below (Yan, Tan, et
al., 2017).

1 1 Z,
I _ ((ZSL ZNSL) ZNSL _
IN —

X Vpge—
ol T Ty VP

ZNSL ZSL
1 1
—_ + JE—
ZSL ZNSL
Z, | Z
1+ 4+
ZNSL ZSL

(5.6)

+(

) %V,

Based on (5.6), it is demonstrated that for specific amounts of Vg, Zst, ZnsL, and ZL by
modifying the PEC-ES2 generated voltage (Vrec-gs2), Iiv can be also adjusted. Thus, the input
current (Iv) is compensable. Consequently, employing the PEC-ES2, based on (5.7) and (5.8),

both active and reactive power of the considered grid can be compensated.

PIN = VPCC X IIN X coSs 0 (57)

QIN = VPCC X IIN X Sln9 (58)

where, Py, Qin, and 6 are the input active and reactive powers and phase difference between
the SL voltage and input current phase angles. So, the operation principles of the PEC-ES2 for
mitigating the SL voltage fluctuations and improving the NSL power factor can be

demonstrated theoretically.

To design a PEC-based ES2, the values of the required dc capacitors (Ci, C2), as well as the
components of the output low-pass filter (Lr, Cr), should be calculated. First, concerning the
selection of the proper auxiliary capacitors’ values, the capacitance value of the dc capacitors
is directly proportional to the maximum amount of the PEC-ES2 output current (Impec-gs2) and
their charge/discharge time (At) in one cycle and inversely proportional to their acceptable

voltage ripple (Vr). Thus, Ci and Cz can be calculated as below,
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Iypec-Es2 X At
C,=C, = 7 (5.9)
T

1
2% F,

At =

(5.10)

where, Fc represents the charging/discharging frequency of Ci and Cz. Second, regarding
calculating PEC-ES2 low-pass filter components’ values, (5.11)-(5.13) can be employed
(Abarzadeh et al., 2021).

VMpPEC—Es2
Ly = A1
P78 x (n—1) X Alpgc_gsy X Fsw G-
Fsw
Fcutoff = 10 (5.12)
1
(5.13)

F =
(27 X Frutops)” X Lp

here, Vyprc—gs2 and Alpgc_gs, are the maximum value of the PEC-ES2 generated nine-level
voltage and its injected current permissible ripple. Besides, n and Fgyy define the number of
the PEC-ES2 voltage levels and its switching frequency. Finally, F.,of denotes the required

low-pass filter cutoff frequency.
5.3 PEC-ES2 Topology and Hybrid Modulator

PEC-ES2 multilevel topology is made up of a battery as its dc source, two capacitors extended
in a horizontal manner to constitute its single dc-link, six active switches, and merely one
bidirectional switch. PEC-ES2 is tied to the grid through a small-size LC filter. To obtain a
nine-level operation, the dc-link voltage should be adjusted to half of the battery voltage and

consequently, capacitors’ voltages are regulated to one-fourth of the battery voltage. Besides,
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by using the PEC-ES2 extra switching states presented in Table 5.1, the voltage/power balance

of the capacitors can be achieved conveniently at the same time.

Table 5.1 PEC-ES2 Switching States for Nine-Level Operation

State | St | S2 | S3 | S4 | Ss | S¢ | S7 | Igs2 Vay | C1 | C;
1 1 0] 01]O0 1 1 0 >0 +E - | -
2 1 0] 01]O0 1 0 1 >0 | +3E/4| | -
3 [ 1]0]1]o0l1]0]0]>0|+E/2] ]|
4 |1 ]1]0]o]o|1]0]>0]+E/2]1 |1
5 1 1 0] 07]0¢(O0 1 >0 +E/4 | — i
6 00710 1 1 1 0 >0 0 - | -
7 1 1 1 0]01]07]O0 >0 0 - | -
8 00710 1 1 0 1 >0 —E/4 | 1 -
9 0|1 o] 1o ]1]0]>0|—-E/2]]]]
10 0|0 1 1 1 010 >0 —-E/2 | 1 i
11 0 1 0 1 010 1 >0 | —3E/4| — l
12 0 1 1 1 01010 >0 —E - | -
13 1 0] 071]O0 1 1 0 <0 +E - | -
14 1 0] 071]O0 1 0 1 <0 | +3E/4| 7 -
5 |1 ]0]1]0]1]0]l0] <0 | +E/2] 1 |1
16 1 1 0]071]O0 1 0 <0 | +E/2 | | !
17 1 1 0] 07]0¢(O0 1 <0 | +E/4 | — !
18 0] 01O 1 1 1 0 <0 0 - | -
19 1 1 1 0] 0|00 <0 0 - | -
20 [o0]o]o| 1|10 1] <0 -E/4]|]|]|-
21 (o | 1]o|1]o|1]0] <0 |-E/2]|1]1
22 010 1 1 1 010 <0 —-E/2 | | !
23 0 1 0 1 010 1 <0 | -3E/4| — )
24 0 1 1 1 0] 071]O0 <0 —E - | -
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5.3.1 Comparison with Conventional ES2 topologies

Although in comparison to two-level battery-based electric spring topologies, PEC-ES2
requires more switching components, it has several inherent merits. During the nine-level
operation of the PEC-ES2, the THD of the generated voltage waveform is only around 15%
that is meaningfully low. Thus, although the switching frequency is low, a reduced size/cost
LC filter can be used at its output. Furthermore, the voltage rating of the two upper active
switches (Si1, S4) should be equal to the PEC-ES2 battery nominal voltage. However, they
operate at the lowest frequency and switches with a low operating frequency can be employed.
Nonetheless, the voltage rating of the remaining active switches (S2, S3, Ss, Se, and S7) is

halved, and are operational at the switching frequency (2 kHz).

If a full-bridge ES2 and the proposed PEC-ES2 are considered to have the same voltage rating
switching devices, they would comprise 8 and 9 switches, respectively. However, switches
with much lower switching frequency (cheaper switches) can be utilized in the PEC-ES2.
Therefore, at the expense of having one more bidirectional switch and two extra capacitors, all
the mentioned disadvantages of the full-bridge ES2 configuration will be eliminated.
Concerning reliability, PEC-ES2 is capable to continue its operation even after the detection
of a fault in its bidirectional switch. Besides, voltage stress and switching frequency of the
PEC-ES2 switches are less than the two-level ES2s that results in a lower degradation rate

(Nasrin, Khan, & Alam, 2014). Therefore, it also has relatively reliable performance.

Conventional multilevel inverters such as cascaded H-bridge (CHB), flying capacitor (FC) and
neutral point clamped (NPC) can be also utilized for ES2 applications. Nonetheless, they
require a notably high number of passive/active components which increases the volume and
cost of the ES2 and reduces its efficiency. Moreover, as the nonlinearity of these topologies is
remarkably high, employing a complex controller will be also inevitable. Employing an
increased number of passive/active components in a multilevel ES2 configuration also reduces
the reliability of its hardware. Accordingly, a high-density ES2 topology based on a nine-level
packed U-cell (PUC9) inverter has been also introduced recently (Kaymanesh, Rezkallah,
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Chandra, & El-Bayeh, 2020). But it is not reliable against fault occurrence in any of its switches
and requires a relatively complex controller. Finally, Table 5.2 presents the comparison results

among nine-level ES2 topologies.

Table 5.2 Comparison among nine-level ES2 topologies

ES2 Type | Battery | Capacitor | Diode | Switch | Controller Complexity
CHB 4 0 0 16 High
NPC 1 8 14 16 High
FC 1 36 0 16 High
PUC9 1 2 0 8 Mid
PEC 1 2 0 7 Low
5.3.2 Fault Detection

Diagnosing switching faults in the bidirectional switch of the proposed PEC-ES2 is of great
importance to enable its fault-tolerant performance. The fault detection in the PEC-ES2
bidirectional switch can be simply done via its gate driver by measuring the drain-source
voltage (Vps) across S7. Therefore, for initiating the fault detection procedure integrated into
the designed hybrid modulator, the trigger signal is generated based on measured Vps voltage.
Concerning other employed switches in the PEC-ES2 topology, after fault detection in any of
these switches, PEC-ES2 cannot be reconfigured to continue its operation as a result of reduced
switch count.

533 PEC-ES2 Hybrid Modulation Method

The schematic design of the proposed hybrid modulator for both inverter and converter modes
of PEC-ES2 operation can be seen in Figure 5.2. This design is in accordance with integrating

PEC-ES2 capacitors’ voltage and power modification in the utilized modulator. The proposed

design also supports the fault-tolerant operation capability of the PEC-ES2. In the first stage,
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for modulating the generated modulation index by the controller in a nine-level operation, eight
triangular vertically shifted carriers and comparators have been employed. As indicated in the
PEC-ES2 switching states table, there are extra states for the +E/2 voltage levels. By choosing
a suitable state from these redundant states, the voltage/power of the energy storage elements
is regulatable. Subsequently, regarding the direction of the PEC-ES2 output current (Ipgc_gs2)
and the magnitude of its dc-link voltage (Vyqc_jink) in comparison with half of the battery
voltage, suitable states should be selected. Considering the rest of the voltage levels, the
number of charge/discharge states for both inverter (Irec-es2<0) and converter (Ipec-es2>0)
modes of the PEC-ES2 are equal. In the last stage, the PEC-ES2 competency to operate in a
five-level mode during the faulty operation of S7 is considered. After detecting a fault in S7,
PEC-ES2 resembles a five-level packed U-cell converter and by instant activation of a five-
level based modulation method (T1-Te) with integrated dc-link voltage regulator (Vahedi et al.,
2016), the dc-link voltage will be kept controlled.



163

H > C2

M
I BN d ,
, state Ll [T raa>-<0
{iiE s
ol
0.75 --V__ zL[> State 2
0.75 > C3 State 15 \
ISR > <0
/\/\__’ - C1+ cs gg : |:: State 3 >—<E10 52
051" gg State 16
)
0.5 ] > c c6 3 state 4 N
H— P
0.25 M Cé State 5 E % <D()\—> Ss
E 9 T; —
| <
0.25 7*\*/\*__’ 2 >0 State 6 ; ;
oLV % o=
= w %2 ([ Fauc>— <O-ps,
0Pl = < ERl e
E s
2025 [--V_o State 8 [ 2
)N o
Qo
- C3 State 22 N
025 > ¢ o [Ereebo-pss
/\/\——p C1 C7 C4 : D State T H—o
-05pF--"-- gg State 21
i C2 C8 83 State 9

B <DO\—> Se

l——o

State 11

2 3

(7 'Y |}
i
v
@)
~

1

State 12|

»S,

=
I
AV4
[ v

<0—I>°—’C4

Figure 5.2 Schematic design of the PEC-ES2 modulation technique

5.4 PEC-ES2 ANN-Based Control Method

For catering to the PEC-ES2 multifunctional applications namely stabilizing the sensitive load
voltage and improving the responsive load power factor, RCD as a versatile control theory can
be employed. This technique is based on controlling the PEC-ES2 voltage and power angle in
a decomposed manner. So, modification of the RL active/reactive power concurrently and

directly can be achieved. Based on RCD theory, injected multilevel voltage by the PEC-ES2
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can be broken down into two main components known as chordal and radial that are
responsible for direct modification of the RL power factor and SL voltage, respectively, as

below,

|Veccl£0pcc = |Vpec-Es214O0pEc—Es2 + Vst £0nst (5.14)

|Veec-Es2140pEc—Es2 = Vescl£8esc + |Vesr|£0esy (5.15)

here, |Vpcc| and |Vygy| denote the magnitudes of SL and NSL voltages. Besides, Opcc and Oygy,
define the SL and NSL voltage phase angles. Also, |Vpgc_gsz2l, |Vescl, and |Veg:| are
magnitudes of the PEC-ES2 voltage and its chordal and radial elements. Moreover, Opgc_gs2,
Besc, and B, represent their respective phase angles. |Vege|£0esc and |Veg| 2665, can be also

calculated as follows (Mok et al., 2016):

Vese = v (2 X [Vpeel?) X (1 = cos Oysy) (5.16)
T — |Oysl
Besc = —sgn(Bss) X ———— (5.17)
OnsL [Viscl < [Vpecl
Oesr =10 [Vscl = [Vpcel (5.18)
Ons, — T [Vscl > [Vpecl
Vesr = ||VNSL| - |VPcc|| (5.19)

where, the sign function is demonstrated as sgn. However, in (Mok et al., 2016), PF
modification is attained merely in an open-loop manner. To tackle this problem, it would be
required to use two autonomous closed-loop PI controllers for stabilizing the PCC voltage and
the amount of PF to their desired values. Nonetheless, poor transient performance and low

robustness are demerits of utilizing multiple PI controllers.
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On the other hand, artificial neural network as an emerging technology has fully proven its
effective contribution to solving power system problems such as controlling power converters,
fault detection, modeling, estimation and forecasting (Bose, 2007). Multilayer Perceptron
(MLP) known as feedforward topology has become the most used ANN in power electronics-
based designs due to simple structure, flexibility to extend inputs/outputs and robustness in
dealing with unexpected circumstances. Thus, in this paper, MLP is also considered to design
an RCD-based model-free but robust control loop for the proposed PEC-ES2. The designed
MLP Controller (MLPC) receives tracking errors of Vecc (evpec) and the RL power angle (e¢rr)
besides the root mean square value of Vecc as inputs then generates desired amplitude of the
PEC-ES2 voltage as well as its phase angle to stabilize the SL voltage and improve the
responsive load PF. Figure 5.3 shows the MLPC structure including input, hidden and output
layers. Regarding the control problem, 22 neurons are considered to configure the hidden and
output layers. Accordingly, 100 weighting factors and 22 biases are defined among the
perceptron neurons to propagate the input signals across the neural network. As (5.20) presents,
the activation functions (f;,({r)) in the hidden layer are sigmoid while output neurons use linear

functions for simplification.

Input Layer Hidden Layer

}L,/ Output Layer

Vepc—
Ve (O wlz,z’ Verc—gsa|
2 N21 1—'

9PEC-ES2

Figure 5.3 Neural network configuration for the proposed MLPC



166

1
@) =105 (5.20)

where, Y is the input vector of the neural network. Since the weighting factors and biases
placed among the neurons determine the neural network behavior, they must be properly
trained to attain the desired performance expected from MLPC. In this regard, Levenberg-
Marquardt (LM) as an effective supervised training strategy is considered to train the MLPC
network using training data obtained from the PI-based technique discussed in (Rubio, 2021).
LM is a classical optimization algorithm that benefits from the advantages of both Gradient
descent and Newton-Gauss techniques to train ANNs with high accuracy in minimum time
(Rubio, 2021). As the first step, the mean squared error (§) is formalized as (5.21) to measure

the training errors between the reference data and MLPC outputs.

VA

(00 =5 (v'@ - 17,(.2) (5:21)

z=1

here, y*, Z and T are respectively, the desired output data obtained from the reference
controller, the total number of samples and the MLPC output vector. The mathematical model

of the MLPC network shown by Figure 5.3 is obtained as (5.22).
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where, th is the activation function for qwm neuron, w}n,q is qth weighting factor from mem input
to qm neuron in the hidden layer and ag is the bias value for qm neuron in the hidden layer.

Besides, wi,, and w3 are respectively nm weighting factor from neurons in the hidden layer
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to the first and the second neurons used in the output layer. Finally, aé_l and océ are biases for

the output neurons.

The supervised LM-based training loop is depicted in Figure 5.4. As shown, training data are
sampled from the conventional RCD control loop then applied to the neural network and the
LM algorithm to train the weighting factors and biases. The training algorithm is initialized by
values presented in Table 4.3. It is worth noting that p in Table 4.3 is used to adjust the
convergence rate of the LM optimization algorithm. After 1000 iteration, satisfactory results
are obtained; the regression analyses presented in Figure 5.5 for training, validation and test

data show that MLPC is properly trained so that the regression index is almost unity.
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Figure 5.4 MLPC training loop including the RCD

Table 5.3 Initializing the parameters of the LM-based training loop

No. of No. of No. of
) ) ) n Wn,q a'q
Iteration weights Biases
1000 100 22 0.001 [-5050] | [-50 150]
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Figure 5.5 Regression analysis for training

An overview of the MLPC control performance in the form of a 3D surface is given in Figure
5.6. This surface demonstrates the variation effects of the errors on the absolute value of the
reference voltage generated by MLPC. Since training reports verify MLPC, the training loop
and the conventional controller are removed which results in the intelligent control technique

depicted in Figure 5.7.
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Figure 5.7 Diagram of the proposed ANN based controller for PEC9-ES2
5.5 Extensive Simulation Results

To illustrate the proposed PEC-ES2 and controller performance, this section is divided into
five parts. First, the steady-state performance of the PEC-ES2 has been examined. Second,
PEC-ES2 reliability has been demonstrated. Third, an analysis of the PEC-ES2 dynamic
operation is achieved. Fourth, to justify the superiorities of the PEC-ES2 topology over a two-
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level ES2, a comparative study has been presented. Finally, a comparison between the PI-based
RCD method and the proposed ANN-based controller regarding their transient performance
during PEC-ES2 start-up is presented. The scheme of the simulated system is depicted in
Figure 5.8. The simulated system specifications and solar arrays’ parameters are also presented
in Tables 5.4 and 5.5, respectively. As depicted in Figure 5.8, to harvest energy from different
PV panels in this system, a modified seven-level packed u-cell (MPUC?7) boost inverter has
been utilized (Vahedi, Sharifzadeh, et al., 2018). These solar arrays are connected to the
MPUCT7 dc-ac inverter by two boost dc-dc converters. To inject the maximum power into the
system, two separate maximum power point tracking (MPPT) techniques based on Perturb and
Observe (P&O) have been employed to control both of these boost converters independently
(Mastromauro, Liserre, & Dell’Aquila, 2012). To have a maximum voltage value of 180 V at
the MPUC7 inverter output, its first and second dc bus voltages should be modified at 120 V
and 60 V, respectively. Fluctuations in the MPUC7 generated power will cause instabilities in
the voltage/power of the sensitive load. On the other hand, for simplicity, the operation of the
PEC-ES2 battery is regarded to be ideal with superlative characteristics and its physical

limitations including state of charge (SoC) or state of health (SoH) are not considered.
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Figure 5.8 Scheme of the designed simulation test system

Table 5.4 Simulated grid’s specifications

Grid Voltage (Vg) 110 V rms
Grid and PEC-ES2 Switching Frequencies 60 Hz, 2 kHz
Inductance of the PEC-ES2 LC Filter (Lg4) 500 pH
Capacitance of the PEC-ES2 LC Filter (Cg) 20 pF
PEC-ES2 Battery Voltage (V4.) 200 V
PEC-ES2 Auxiliary Capacitors (Cy, C;) 2500 pF
First Line Impedance (Z;;) 1+3.13 Q
Second Line Impedance (Z; ) 0.1+0.37 Q
NSL1 Impedance (Zysy.1) 15+j12 Q
NSL2 Impedance (Zys1.2) 15+8 Q
SL Impedance (Zg;,) 20 Q
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Table 5.5 Solar arrays’ parameters

MPUCT First and Second DC Bus Voltages 120, 60 V
PV1: APOS Energy AP130 2 Series Panel
PV1 Voltage at Maximum Power 2%28.5=57V
PV2: aleo solar S18.240 1 Panel
PV2 Voltage at Maximum Power 30.1V
Boost Converter Inductors (Lpy1, Lpy2) 0.8 mH
Output Inductor of the MPUC7 (Lg,) 2.5 mH
Boost Converter Switching Frequency 5 kHz
MPUC?7 Switching Frequency 2 kHz
MPUC7 DC Capacitors (Cpys1, Cous2) 2500 pF

5.5.1 PEC-ES2 Operation in Steady-State Conditions

In this part, steady-state operation of the PEC-ES2 with an inductive non-sensitive load
(ZnsL1), which has a PF of around 0.78 (cos(tan™* Xys.1/RnsL1)), have been investigated. In
the simulated system, variations of the harvested power from the MPUC?7 inverter destabilizes
the sensitive load voltage and power. Nevertheless, Figure 5.9 depicts the results of the grid
during the availability of a surplus amount of the PV power with the activated PEC-ES2. As
seen, the dc-link voltage is tuned at half of the battery voltage (100 V) and the produced nine-
level voltage waveform is acceptable. Thus, through the nine-level generated voltage of the
PEC-ES2, SL voltage fluctuations are transmitted to the NSL effectively. Therefore, the SL
voltage and power have been stabilized at their nominal values at around 155.6 V (110 V rms)
and 605 W (Ps, = V&4 /Rg.), correspondingly. Besides, the RL setup PF has been also
improved to around 0.91. Concerning the defined reference value of the RL power angle
(bRrL_rer) in the controller, the power factor of the RL can be also modified on any other desired
values. Moreover, as can be noted, during one period of the generated nine-level voltage, PEC-
ES2 capacitors’ currents can be both negative and positive that shows the auxiliary capacitors’
energies are being controlled to be tuned at their desired voltages. It should be indicated that

for the +E/2 voltage levels, they are charged and discharged with switching frequency.



173

However, for the remaining voltage levels, the charging/discharging states of the capacitors
are dependent on the generated voltage frequency. This is in accordance with the designed

hybrid modulator with integrated capacitors’ voltages regulator and switching states presented

in Table 5.1.
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Figure 5.9 Steady-state results of the simulated system

5.5.2 Fault in Switch

The aim is to validate the reliability of the PEC-ES2 in the condition that a fault is detected in
S7. To achieve this, during the previous case, S7 is suddenly disconnected that emulates its
failure. As Figure 5.10 illustrates, after fault detection in S7 at t=1.5 s, while the dc-link voltage
is kept constant (100 V), the PEC-ES2 voltage waveform has transferred from nine-level to

five-level operation mode instantaneously without any noticeable transient. Besides, the
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control method of the capacitors’ energies is changed after the fault which is due to the instant

initiation of the post-fault performance approach integrated into the designed hybrid

modulator.
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Figure 5.10 Results of the simulated grid during S7 failure

5.5.3 PEC-ES2 Operation in a Dynamic Condition

To validate the dynamic operation of the PEC-ES2, it is tested during a sudden variation in the
NSL impedance and PF. Figure 5.11 presents the measured results during a sudden change in
the impedance of the NSL from Zygy; with PF of around 0.78 to Zys;., with PF of about 0.88
at t=2 s. As illustrated, by modifying the injected voltage of the PEC-ES2 from the nine-level
to seven-level waveform, not only, PF of the RL is kept stabilized at the desired value (0.91)
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but also the SL (PCC) voltage and power are fixed at their nominal amounts efficiently.
Concerning capacitors’ currents, it is clear that the charge and discharge times of both

capacitors have been modified instantly to keep their voltage and power balanced.
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Figure 5.11 Results during a sudden change in the impedance of the NSL

5.5.4 Comparison Between the PEC-ES2 and a Two-level ES2

Two-level ES2 topology, employed in (T. Chen et al., 2020), is used in this section. PEC-ES2
and the two-level ES2 have been utilized in the simulated system with the proposed control
technique and same parameters. The only differences are the switching frequency and battery
voltage of the two-level ES2 that are 16 kHz and 400 V, respectively (T. Chen et al., 2020).
First, generated voltages of the PEC-ES2 and the half-bridge ES2, as well as voltages on their

capacitors during steady-state simulation scenario of availability of the extra amount of the
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generated power, are presented in Figure 5.12. Moreover, THD analyses of the produced
voltages are presented in Figures 5.13 and 5.14. As is clear, due to the nine-level operation of
the PEC-ES2 in comparison to the two-level performance of the half-bridge ES2, THD of the
generated voltage is improved from around 113% to roughly 15%. Moreover, the voltage on

the capacitors is reduced from 200 V in the two-level ES2 to around 50 V in the PEC-ES2.
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Figure 5.12 Generated voltage by PEC-ES2 and half-bridge ES2
and voltages on their auxiliary capacitors
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On the other hand, to show lower switching frequency and voltage rating of the switches of
the PEC-ES2, Figure 5.15 depicts voltages on Si, Sz, S7 and one of the half-bridge-based ES2
switches throughout the previous test. As seen, Si, which has the same voltage rating as Sa,
withstands a voltage as big as half of the conventional ES2 switches. And, rest of the PEC-ES2
switches have a voltage rating equals to only one-fourth of the two-level ES2 switches. The
lower switching frequency of the PEC-ES2 switches, which is on average around 2 kHz, in

comparison with two-level ES2 switches (16 kHz) is also noticeable.

Voltage on S1 of PEC-ES2 (V)
T |

-100

-200

1.2 1.202 1.204 1.206 1.208 1.21 1.212 1.214 1.216
Voltage on S2 of PEC-ES2 (V)
[ |

L ] il

1.198 1.2 1.202 1.204 1.206 1.208 1.21 1.212 1.214 1.216
Voltage on S7 of PEC-ES2 (V)
I |

L A 1
I I

.50 H- = UL

1.198 1.2 1.202 1.204 1.206 1.208 1.21 1.212 1.214 1.216
Voltage on a Half-bridge ES2 Switch (V)
|

L

1.198 1.2 1.202 1.204 1.206 1.208 1.21 1.212 1.214 1.216
Time (seconds)

100
50

Figure 5.15 Measured voltages on the PEC-ES2 and half-bridge ES2 switches
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5.5.5 Comparison Between the PI and ANN-Based Controllers

Figure 5.16 presents the comparison results of the measured parameters of the system during
PEC-ES2 start-up when it is controlled by a PI-based method and the proposed intelligent
controller. Based on the recorded measurements, utilizing the proposed ANN-based controller
notably improves undershoots, overshoots and settling times of the PEC-ES2 dc-link voltage,
SL power and responsive load PF during start-up transient. This proves the superior dynamic

operation and sturdiness of the introduced control strategy for PEC-ES2 applications.
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Figure 5.16 Parameters during PEC-ES2 start-up
with the PI-based RCD method and the proposed ANN-based controller
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5.6 Experimental Validation

As proposing a multilevel ES2 topology and controller are focused in this article, experimental
validation of the PEC-ES2 operation, regarding its reliability during faulty bidirectional switch
operation, as well as its steady-state and dynamic performance, is of importance. The scheme
of the arranged experimental validation system is demonstrated in Figure 5.1. Moreover, Table

5.6 presents the detailed specifications of this prototype.

Table 5.6 Specifications of the hardware arrangement

PEC-ES2 MOSFET Switches N-Channel 900V
Nominal PCC Voltage (Vpcc) 110 V rms
Source Impedance (Zg) 0.143.8 Q
Frequencies (Fg), (Fsw) 60 Hz, 2 kHz
PEC-ES2 DC Power Supply (Vgc) 200V
Inductor of the PEC-ES2 LC Filter (Lg) 1.5 mH
Capacitor of the PEC-ES2 LC Filter (C¢) 12 pF
PEC-ES2 Auxiliary Capacitors (Cq, C,) 2500 pF
Source Impedance (Z,) 0.1+5.65 Q
NSL Impedance (Zyst,) 20H11.3 Q
SL Impedance (Zs;,) 80 Q

The laboratory picture of the implemented hardware setup is also depicted in Figure 5.17. As
illustrated, it is composed of OPAL-RT high voltage and current measurement devices,
dSPACE 1202 MicroLabBox, variable dc power supply, loads, power analyzer, oscilloscopes,
etc. For emulating a grid with unstable PCC voltage, a single-phase adjustable autotransformer
has been employed. Moreover, a hardware prototype of the PEC-ES2 has been implemented
by silicon carbide (SiC) MOSFET switches (C3M0120090D) and two auxiliary capacitors. As
mentioned, it is of crucial importance for power systems to keep the SL’s voltage stable.

Therefore, firstly, to verify the PEC-ES2 performance in a stable condition, Figure 5.18
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illustrates measured Vgc_iink, Vap, and Vpce when the Vg is around 186 V max (131 V rms).
This case emulates excess of the generated renewable power in the system. As clearly recorded,
PEC-EC2 by generating a nine-level compensation voltage has effectively managed to keep
the SL voltage (Vpcc) and consequently its power stable at their nominal values around 156 V
max (110 V rms) and roughly 151 W (Ps;, = V&_/Rg.), respectively. Besides, Vgc_jink is also
successfully fixed to half of the employed dc power supply (100 V dc).

Figure 5.17 Picture of the implemented hardware setup
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Figure 5.18 Steady-state results of Vdec-link, Vab, and Vrcc



182

Harmonic analysis of the injected voltage has been also shown in Figure 5.19. A remarkable
reduction in the THD of the generated compensation voltage is evident. Secondly, Figure 5.20
presents system results during the faulty operation of S7 in the previous experimental scenario.
It is clear that if S7 fails, PEC-ES2 can revert to the five-level operation without noticeable
transients while keeping the Vpcc stable (110 V rms) in the implemented prototype.
Furthermore, the PEC-ES2 dc-link voltage is stable (100 V) even after S7 Failure. Thirdly, for
demonstrating the PEC-ES2 transient performance, the SL resistance has been reduced

severely by around 67% from approximately 80 to 26.5 ohm in a sudden manner.
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Figure 5.19 PEC-ES2 voltage harmonic spectrum and signal analyzations
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Figure 5.20 Results of Vdclink, Vab, and Vecc during S7 failure
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Figure 5.21 depicts the measured results during this case scenario. As seen, multilevel PEC-
ES2 not only by reducing its injected voltage from nine-level to seven-level waveform, has
efficiently managed to keep the SL voltage regulated without any considerable transients but
also its dc-link voltage is kept constant at the required reference value. As can be noted,
presented experimental results regarding the PEC-ES2 multi-level performance and its steady-

state/dynamic responses are in accordance with the simulation tests.
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Figure 5.21 Results of Vdc-link, Vab, and Vecc during a change in the SL

5.7 Conclusion

A compact multilevel PEC-based ES2 and an intelligent ANN-based control strategy are
introduced and explicated for tuning and stabilizing both the grid voltage and responsive load
setup power factor. To reveal the higher power quality operation and reliability of the PEC-
ES2 and proposed controller, extensive analysis and comparison among the existing ES2s and
the PEC-ES2 have been performed. Regarding the power quality, it is demonstrated that by
utilizing the introduced ES2 topology and controller, dynamic performance is enhanced and

THD of the generated compensation voltage is improved from around 113% to merely 15%.
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Besides, switching frequency is reduced from 16 kHz to only 2 kHz, while voltages of the
employed battery and required auxiliary capacitors can be decreased to one-half and one-
fourth, respectively. Moreover, voltages on the switches are decreased to at least one-half.
Considering the improved reliability, it is proved that the PEC-ES2 is competent to continue
its operation even if there is a fault in its S7 switch. Finally, simulation and experimental results

are presented.



CONCLUSION

Recently, computing and electronic equipment are being employed by electrical consumers
more than ever. Besides, the percentage of electricity generated by renewable energy sources
jumps to a new high every year. Consequently, power quality issues have become increasingly
more important. Voltage sags/swells, transients, and low power factors are among the most
critical power quality problems, which should be mitigated in an online, reliable, and efficient
manner. Accordingly, a wide range of STATCOM and electric spring devices have been
proposed and utilized in the literature. In this regard, various multilevel converters and
linear/nonlinear controllers have been studied and developed. On the one hand, it has been
illustrated that classical topologies like CHB and NPC are mostly employed for higher
power/voltage industrial applications. Nonetheless, requiring more transistor switches,
increased number of employed dc capacitors, being costly/bulky are some of the major
topological demerits of these conventional configurations for STATCOM and ES applications.
On the other hand, due to the high number of switching vectors and dependent dc links that
need to be controlled, especially for STATCOM and ES as mainly real-time reactive power
compensator devices, the complexity and computational burden of the applied controllers on
these topologies are conspicuous. Therefore, it is required to model, control, and implement
various compact multilevel STATCOM and ES configurations with superior features,
including, multifunctionality, fast transient response, reduced complexity, and improved

reliability.

As a result, to concisely present the conclusion of this dissertation, it can be noted that a highly
compact seven-level STATCOM configuration with a boost-mode performance, as well as a
reduced complexity model predictive controller using autotuned weighing factors, have been
developed. Furthermore, a five-level capacitor-based electric spring with reduced component
count and complexity and its multifunctional controller have been presented for dealing with
harmonics and voltage stability problems in weak power systems. Moreover, considering
problems associated with already available capacitor-based ES (first generation) topologies

and controllers, model predictive current control of a multilevel smart load based on the
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MPUCT7 topology is proposed. Finally, to enhance power quality characteristics, reliability,
and operation of the second generation of ES technology, an intelligent high-power-density
nine-level PEC-based electric spring, which employs batteries as its energy storage elements,
has been also designed and validated. PEC-ES2 has been also controlled by a novel ANN-

based method for multifunctional applications in a decoupled manner.

The conclusions of each one of the five main chapters of this dissertation have been also

highlighted below:

In CHAPTER 1, a thorough literature review on various versions of already available
single/three-phase two/multi-level STATCOM and ES converter topologies as well as their
controllers and applications has been performed. This extensive literature review revealed
several important points in this area. First, developed half/full-bridge-based STATCOM/ES
configurations suffer from inherent topological demerits like high harmonic content of the
generated compensation voltage waveforms and increased voltage stress on their components.
Second, considering the classical multilevel topologies such as CHB that are proposed to
address some of the problems associated with two-level STATCOM/ES topologies, increased
component count, cost, volume, and complexity are among their main shortcomings. Third,
available STATCOM/ES Pl-based controllers have some considerable demerits. Having
multiple closed-loop controllers (outer/inner) with different dynamic response times that
require precise tuning of several PI coefficients and poor transient performance with noticeable
under/overshoots and settling times are among their disadvantages. Fourth, increased
complexity and computational burden are the main disadvantages of most of the designed
nonlinear controllers applied to conventional multilevel STATCOM/ES configurations. Fifth,
the multifunctional operation of STATCOM and ES equipment can increase their efficiency
and system reliability. Consequently, compact multilevel STATCOM/ES converters, as well
as the required simplified nonlinear controllers, for multifunctional applications should be

designed and developed.
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CHAPTER 2 contains the development of a high-power-density seven-level STATCOM
converter based on MPUC?7 topology for applications in single-phase electrical systems.
Moreover, a simplified finite control set model predictive-based controller with auto tunable
weighting factors is also designed and applied to the proposed MPUC7-based STATCOM.
Since a five-level STATCOM converter based on MPUCS configuration with a linear PI-based
controller has been previously introduced, it is studied and compared with the proposed
topology and controller. Consequently, it has been proven that MPUC7-STATCOM has
several merits. First, as dynamic models and nonlinearity of MPUC7-STATCOM have been
considered in the proposed controller, its capacitors’ voltages and generated current are all
controlled in an accurate and separated manner. Second, considering its seven-level voltage
waveform, the proposed MPUC7-STATCOM with the same number of passive and active
components and reduced-size dependent dc links has improved power quality performance.
Third, although the designed controller has superior steady-state and dynamic operations, it
does not require any modulator or adjustment of several PI coefficients. On the other hand,
compared to the already available seven-level CHB-based STATCOM, a highly reduced
number of employed active and passive components and improved complexity/computational
burden of the designed controller are two of the main advantages of the introduced MPUC7-
STATCOM and its auto tunable FCS-MPC controller. Finally, extensive simulation and

experimental results have been also presented for different stable and variable conditions.

As a remedy to the two-level ES topologies (half-bridge or full-bridge) with limited
applications, a compact five-level capacitor-based ES founded on the MPUCS converter, as
well as its novel controller and modulation technique, for weak power systems have been
proposed in CHAPTER 3. The introduced MPUCS-ES has multifunctional applications,
including mitigation of PCC voltage fluctuations and harmonics. Moreover, the operating
principles and design procedure of this high-power-density five-level electric spring have been
also presented. Indirect adjustment of the auxiliary capacitors’ voltages using a PWM
modulator based on the availability of additional switching states, boost-mode operation, five-
level voltage waveform, and lower/fixed switching frequency are among the main merits of

the introduced MPUCS5-based ES and control method. Regarding validating MPUCS-ES
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performance for regulating the PCC voltage and reducing its harmonics content automatically
and instantly, as well as its load-shedding capability, comprehensive simulation and

experimental results have been also presented for both steady-state and dynamic conditions.

CHAPTER 4 illustrated the topological disadvantages of two-level capacitor-based ES
converters such as demanding a relatively bulky harmonic filter, low voltage/power
performance, and poor power quality characteristics. Moreover, problems associated with PI-
based ES controllers, including high steady-state errors and poor dynamic operation are also
highlighted. Moreover, improving the power density of the recently introduced MPUCS-ES
has been also focused on in this chapter. Therefore, a seven-level capacitor-based electric
spring configuration, which requires only six semiconductor switches and two capacitors,
known as MPUC7-ES1 has been developed with highly enhanced power density, power
quality, and reliability characteristics. Considering the presented MPUC7-ESI state-space
average model and related mathematical derivations, an innovative finite control set model
predictive current control approach has been also designed and applied on the proposed
topology for the first time. For achieving a superior operation, the key control aims of the
MPUC7-ES1 nonlinear FCS-MPCC-based controller are defined as the generated current,
capacitors’ voltages, and reduction of commutation frequency. In comparison with a PI-based
ES controller, the nonlinearities among the voltages of energy storage elements (capacitors)
and the MPUC7-ESI1 injected current has been also considered in the proposed FCS-MPCC
method. Finally, MPUC7-ES1 performance and its FCS-MPCC controller are demonstrated

by both simulation and experimental tests.

Eventually, CHAPTER 5 has presented an intelligent multilevel battery-based electric spring
topology with a controller founded on artificial neural network and radial-chordal
decomposition theory for modification and stabilization of the PCC voltage and power factor
in an instantaneous and autonomous manner. Superior features of the proposed battery-based
ES configuration founded on the PEC converter are compactness, fault-tolerant operation, the
lower voltage stress on its switches and capacitors, decreased switching frequency from about

16 kHz to only 2 kHz, and improved harmonic content in its output current/voltage from about
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113% in a two-level electric spring topology to merely 15%. Furthermore, multifunctionality
and enhanced transient and start-up operations are among the merits of the proposed ANN-
based controller. A hybrid modulator that supports both inverter and converter modes of PEC-
ES2 operation and its fault-tolerant feature is also developed in this chapter. Detailed analysis
and comparison among the available battery-based ESs and PEC-ES2 as well as simulation
and experimental results are also presented to validate the performance and viability of the

proposed PEC-ES2 topology and ANN-based controller.

Future Works

Considering real-time mitigation of power quality issues, this thesis has mainly focused on
modeling, control, and implementation of compact multilevel converters for STATCOM and
ES applications. Although this dissertation has reached its key goals, it can be considered as a
preliminary phase and continued for years of research and development in this area. In this

regard, some ideas have been concisely highlighted as below:

Developing single-phase compact multilevel STATCOM configurations and controllers
with fault-tolerant operations

As indicated in CHAPTER 2, although the proposed seven-level MPUC7-based STATCOM
topology and MPC-based nonlinear controller have several superior features such as boost-
mode operation and reduced voltage on its components, it lacks fault-tolerant operation. This
is due to its highly reduced component counts as a seven-level STATCOM topology.
Therefore, new high-power-density multilevel STATCOM configurations with fault-tolerant
performance can be also designed and proposed. Besides, novel nonlinear controllers that

support this fault-tolerant feature should be also developed and applied to them.

Designing three-phase high-power-density multilevel STATCOM and ES topologies and
controllers

Several single-phase compact multilevel STATCOM/ES configurations and controllers with

superior features have been developed and experimentally validated in this thesis. However,
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having a higher power density at the same amperage is one of the critical merits of a three-
phase circuit over a single-phase one. Therefore, compact multilevel STATCOM/ES
topologies and their respective controllers suitable for three-phase system applications can be
also investigated. It is worth mentioning that considering proposing three-phase configurations
and controllers for ES applications, various generations of this technology, for instance,

capacitor and battery-based ESs, should be also considered.

Development of novel compact multilevel topologies and controllers for other generations
of ES technology

As also indicated in the first chapter of this dissertation, capacitor and battery-based ESs are
the two primary versions of this demand response management-based approach. Most of the
available works in this area are focused on these two ES types. However, back-to-back ES,
hybrid ES with renewable energy, and DC ES are recently introduced as the newer generations
of this technology in the literature. More specifically, over the capacitor-based ES and battery-
based ES, back-to-back ES and hybrid ES have two common favorable features, namely
extended operating ranges and multifunctionality. Moreover, considering extending ES
technology applications to dc microgrids, DC ES is also proposed. Nevertheless, still, half/full-
bridge converters with PI-based controllers have mostly been employed as their topologies and
control methods. Consequently, considering back-to-back ES, hybrid ES with renewable
energy, and DC ES applications, multilevel converter topologies could be developed with
merits like boost-mode operation, reduced voltage stress on their passive and active
components, compactness, fault-tolerant performance, etc. Besides, as a response to
shortcomings of the already available PI-based control methods, respective nonlinear
controllers with superior steady-state and dynamic performances should be designed and

applied to them.
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