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ABSTRACT

A microgrid is a state-of-the-art, next generation of electric distribution grid that
provides a fundamental paradigm shift from passive grid networks to active
networks. Power electronic technologies play a vital role in enabling microgrids
to meet their system level requirements of power quality, reliability and demand
response capability. A conventional distribution static compensator (D-
STATCOM) is a power electronic converter which acts as a reactive power
compensator and voltage controller at the point of common coupling in a grid
system. However, these devices have limited ability to mitigate voltage
fluctuations caused by active power disturbances. By integrating energy storage
into the DC link of a D-STATCOM, controllable active power from the storage
device can result in enhanced voltage compensating capability. The active and
reactive power control between the D-STATCOM and AC power point is achieved
by suitable tuning of the phase and magnitude of the output voltage of the D-
STATCOM'’s converter.

Recent advances and innovations in energy storage systems such as super-
capacitors and batteries allow the combination of battery-supercapacitor hybrid
energy storage systems to act as an effective solution for energy management in
smart grid operation. However, the concept and control of the hybridisation of
energy storage are relatively new, and there are great challenges to the
development of control management systems, for example, reduce battery

current stresses.

This study presents a novel approach in applying a fuzzy-PI controller to a D-
STATCOM based energy storage unit to provide enhanced power quality and
voltage stability in distribution grids. Full information is provided concerning the
implementation of the system, and the dynamic controls devised during the

research programme.

A second novel approach is the use of sugeno fuzzy logic controller based
decision making for power management of the D-STATCOM based HESS to

achieve a robust and superior performance for voltage regulation. Recent



developments in this field have tended to converge on intelligent control as the
best approach to achieve an effective strategy for power sharing with HESSs by
using a high-power storage unit (supercapacitor) and high energy storage unit
(battery) in combination with the D-STATCOM to avoid the drawbacks of a single
storage unit. This development is considered one of the main ways to upgrade
energy storage technology, with gains of faster voltage regulation and decreased

battery current peak value.

Verification of the control designs has been achieved through simulation using
MATLAB/SIMULINK based on the derived analytical model in state-space form.
Comprehensive simulation results show that the proposed fuzzy controller
demonstrates significant improvements over conventional controllers in

supporting voltage stability in distribution networks.
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1 Chapter One: Introduction

1.1 Background

Over the last century, large power stations have centralised electrical power
generation, delivering the electricity produced into an interconnected network to
provide electricity to the customer. Basically, the entire power network has been
divided into three significant sectors: generating stations, transmission networks
and distribution grids. The main source of electricity generation depends on the
fuel used in the centralized power stations. e.g., fossil fuel that produces
greenhouse gases. The electric energy produced is transported through the
distribution grids and interconnected transmission networks, see Figure 1.1 (a).
As a result, most control functions are performed in the central power stations or

at the substations which form part of the transmission system [1].

The electric power industry is moving toward a new design of power grid which
satisfies increasing consumer demands, while reducing fuel costs and minimizing
emissions. In December 1997, the Kyoto protocol was established. This is an
international agreement with the goal of decreasing climate change by reducing
greenhouse gases (CO2, NOx, SOx etc.) in the atmosphere. The United Kingdom
is one of the participating countries [2]. The UK Energy Agency supports the
minimization of carbon dioxide emission and other gases. To achieve this, the UK
goal is to develop a renewable energy sector to meet about 15 % of consumption
demand in 2020 in a sustainable and economical way, in order to reach the

second target of reducing 80% of greenhouse emission by 2050 [2], [3].

Thus, conventional centralized energy generation based on fossil fuels is no
longer considered as having a long-term future in the electricity sector [4]. As a
result, more renewable energy sources “such as wind and solar photovoltaics
(PVs), solar thermal power, hydropower, bioenergy, and ocean power” [4], [5] will
be required to supply power to the grids. These renewable power sources are
usually distributed in the form of small generators known as distributed
generators (DGs) and their contributions to the centralized power grids managed

at the distribution level, as presented in Figure 1-1 (b).



The future network structures, “microgrids” are expected to be active grids which
interface between generators/loads and the main utility grid to make a flexible,
manageable and sustainable electricity system. The microgrids can work in either
grid-connected or grid-independent (islanded) mode [6], [7]. The distribution
grids are likely to become a more important part of the overall system, while the
transmission networks will become less important. According to the Institute of
Engineering and Technology [8], in the UK the number of generators providing
grid control (all connected to the transmission system) are expected to rise from
10-15 recently to more than 600,000 (transmission and distribution linked) by
2030. Also, itis predicted that the number of voltage regulation devices could rise
from 10,000 to 900,000 by 2030. Figure 1.1 (a and b) presents a simplified
representation of the differences that could happen to the production and
distribution of electrical power. Figure 1.1 (a) shows conventional power
production and distribution while Figure 1.1 (b) shows a possible new power plant
power production and distribution system operating with bidirectional power flow.
The number of the power sources will increase by connected a number of DGs

at the distribution level each of which could operate with bidirectional power flow.

It can be anticipated that the essential changes that are going to happen over the

coming years are:

e A number of distributed energy storage systems (DESS) and various kinds
of DGs will be researched, developed and marketed [9].
e Future power grids will require a substantial increase in power electronic
devices to control the active and reactive power flows between the grids
and the storage units [10], [11].
e An increase in the number of islanded grids, where part of the grid
operates separately from the main grid, using small local sources which
will need to be managed and controlled [12].
However, the structural changes resulting from high penetrations of renewable
energy sources (and other forms of distributed resources) into the grid system
also create new challenges, in particular voltage stability and power quality issues
to the grid due to the intrinsic low inertia and intermittency of these new energy



sources. Subsequently new and innovative measures are needed to support
voltage regulation at the points of common connection (PCC) of these sources

with the power grid at the distribution levels [13] [14].

This research work aims to extend existing work on microgrids by investigating
voltage control for electrical distribution systems, which will be an important issue

in future smart distribution power grids.

Central Power Plants
e,
Transmission Network D=

Power =

Flow

Wind
Power Pi

: Hl cCommercial
Bl Buildings

Central

ant i
gwer Plants
2\ electricity 5
‘% electricity
TranismiSsion

lines heat Local
3 (T CHP Plant
g L
p’ i

Storage Power Quality
Device

Photovoltaics
Power Plant

Houses

Central
Power Plants

(b)

Figure 1-1 (a) Conventional electrical network,(b) Future electrical network [15]



1.2 Power quality challenges.

The power quality (PQ) concept includes all the variational issues related to the
voltage and current waveforms in the power grids including; magnitude, phase
and frequency [16] [17]. PQ problems are taken seriously in industrial and
commercial utilities. In particular, the modern power system is expected to work
smartly using Information and Communication Technology (ICT) and power
electronic loads [18], [19], and needs a higher PQ performance level because it
is so sensitive to power system disturbances. Poor PQ is often the consequence

of transient conditions and load disturbances in the power grids.

Variations in the steady state and transient voltage problems which are common
PQ issues are explain next. In general, the PQ problems related to voltage can

be categorised as [20]:

e Transients

e Long-Duration Voltage Variations
e Short-Duration Voltage Variations
e Voltage Imbalance

e Waveform Distortion

e Voltage Fluctuation

Transients can be a destructive form of power disturbance and are normally
classified into two types: impulsive and oscillatory. Impulsive transients can be
defined as a sudden sharp peak (either positive or negative) of the voltage and/or
current from the steady state values, for a duration of less than 50 ns [17]. For
example, an electrostatic discharge can produce a positive impulsive transient of
this kind. Surge arresters are an effective means of suppressing such impulsive
transients. Oscillatory transients occur through a sudden variation in the steady
state condition of voltage and/or current at the system frequency. Typically, the
response duration of the oscillatory transient is much slower compared to the
impulsive transients, but it will decay to zero within one cycle. Transient
overvoltage results from the oscillatory transient and can lead to break-down in

the power feeder insulators.



Long-term voltage variation is any variation in the root mean square (rms) value
of the voltage for more than one minute at the setting value of the system
frequency. This PQ category includes under-voltage and over-voltage deviations:
under-voltage is a voltage reduction below 90% of the reference voltage for more
than one minute, and over-voltage is a voltage increase of 10% or more above

the reference voltage for a period exceeding one minute [17], [20].

All deviations in the voltage waveform for a period less than one minute are
known as short-term voltage variations. Short-term variations address voltage
sags and swells. The voltage sag is a drop in the rms voltage to between the
reference value and 90% of the reference value for time periods from one half-
cycle to one minute and is known to be one of the most frequent power quality
problem related to voltage disturbances influencing the industrial user and utilities
[21]. Voltage sags are usually caused by the tuning of the large inductive loads
of industrial end-users [17] but may be due to faults that occur in the power
systems themselves [22], [21]. Normally, the common cause of voltage sags are
faults occurring in the power distribution system and sudden inductive load
increases [23]. Voltage sags can cause loss of production in automated
processes since the voltage sag can trip a motor or cause its controller to
malfunction. Voltage sags can also damage data processing systems and
computers. For semiconductor manufacturing industries such a loss can be
substantial [20].

A voltage swell is an increase in the rms voltage to between the reference value
and 10% more than the reference value for one half-cycle to one minute [19].
Voltage swells could damage computers and other home devices. However,
short- term voltage variations have less impact than long-term voltage variations
[24].

The condition of inequality in the relative amplitudes of the three phases of the
voltage supply is defined as voltage imbalance. “Furthermore, they may not even
be equally displaced in time. The voltage imbalance can cause temperature rise

in motors and can even cause a large motor to trip” [20] .



Generally, the voltage distortions are due to three factors: DC offset, harmonics
and notching. All generate a variation in the steady state voltage or current
waveform from an ideal sine wave. DC offset is when the average value of the
voltage over a cycle is not zero, this can cause deterioration of performance or
even damage the core of a power transformer. Harmonics can lead to losses and
heat generation in transformers and failure of the control system. Notching is a
voltage distortion that occurs with the same periodicity as the voltage, and is due
to the normal operation of power electronic devices when the current is
commutated from one phase to another. Although the magnitude of the notch
may be relatively small the rate of change of voltage can be high and this can

damage capacitive components connected as shunts.

Voltage fluctuation (flicker) is systematic variation in the voltage waveform that
occurs in a fast and random manner. Voltage flicker can occur due to large start-
up currents flowing in the system, such as when an arc furnace is connected as
load. This causes a dip in the voltage of the bus to which the furnace is connected
and other customers supplied by the same feed face a severe voltage drop unless
the supply bus is very stiff. Flicker is known to reduce the life span of electronic

equipment [20].

1.3 Traditional Mitigation Methods for Voltage Regulation

The main function of power distribution operators is to maintain the supply voltage
at a steady state level within acceptable boundaries despite system variations.
Voltage regulation and reactive power compensation devices are the most
commonly used devices to keep the voltage within permitted limits in power
distribution systems. The devices include: “on load tap changer (OLTC)
transformers” [25], [26], “switched shunt capacitors” [27] and “steps voltage
regulator” [28]. The basic operational concept of these devices is based on power
flow theory in conventional power distribution networks where the power flows
from the main substation toward the customer. Consequently, the voltage

reduces along the feeder buses.



1.3.1 Voltage Regulation

Voltage regulation is obtained by placing voltage regulators at appropriate points
in the power grid. The voltage regulators can be categorised as one of two types:
linear or switching. Most of these devices are suited to traditional distribution grids
where the power flow is unidirectional; from the substation to the customer [29].
The penetration of DGs make the assumption of unidirectional power flow no
longer valid. A DG might increase the voltage at the feeder-end so that it is higher
than the voltage at the source [30]. Adaptations have been suggested for
upstream line voltage regulators if DGs are connected to the system. Multiple line
drop compensation based voltage regulators are effective for regulating the
system voltage even with high penetration of DGs [31]. Hence, the grid voltage
in conventional distribution network is maintained by installing voltage regulators,
with reactive power compensation placed at the customer's end. The bus

voltages not allowed to be regulated by the DGs themselves.

1.3.2 Reactive Power Compensation

Reactive power compensation is known to be an important issue in alternating
electric power networks, and in distribution and transmission networks is usually
achieved by shunt compensation devices. Both conventional reactors and
capacitors are connecting in parallel at the buses of the loads according to
requirements [32]. The voltage of the system can be increased to acceptable
limits by using shunt capacitors while the shunt reactors are typically employed
to reduce the system voltage when it is increased under conditions of light load
and load rejection. The V-l characteristics of fixed capacitive and inductive

compensation is shown in Figure 1-2 [33].

When the variability of new distribution grids due to the installation of DGs, the
power flow and the voltage profiles are affected as well as the system is no longer
passive but active make traditional devices no longer applicable or effective in
adjusting voltage variation [34]. Synchronous condensers can be used to provide
a continuously controlled reactive power output from inductive to capacitive
region [35]. However, such devices tend to have a slow response and high cost,

and so are not commonly used in distribution systems.
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1.4 Flexible AC Transmission System (FACTS) Devices Based
Mitigation Methods for Voltage Issues

Recently, electrical power grids have accommodated a number of changes due
to the inclusion of distribution generation and renewable power sources. The
control operation and management of these new grids requires a new technology
to maintain and improve the stability and reliability of power systems in a fast and
efficient manner. Power-electronic technologies make an essential contribution
in smart grid and electrical grid integration of renewable energy sources. They
are widely used and their use is rapidly expanding as their application becomes

more integrated with grid-based systems [36], [14], [37].

Flexible AC-Transmission System (FACTS) devices are one of applications of
power electronics based on the use of semiconductor device and other static
controllers. The cost-effective availability of high power semiconductor devices
such as Gate-Turn-Off (GTO) thyristors and Insulated Gate Bipolar Transistors
(IGBTs) has made FACTS technology possible and it has nhow emerged as a
practical solution to improve voltage stability in transmission and distribution

systems.



FACTS devices have a number of significant benefits when applied to power

systems, including [33]:
e Providing reactive power compensation
e Providing voltage regulation
e Enhancing steady-state and transient voltage stability
e Eliminating power system oscillations

e Increasing power transfer capability

The static synchronous compensator (STATCOM), Dynamic Voltage Restorer
(DVR), unified power flow controller (UPFC) and static var compensator (SVC)
are examples of FACTS devices [35], [38]. FACTS devices are known as D-
FACTS when used with electrical distribution grids. The D-STATCOM
(distribution static synchronous compensator) has been combined with smart grid
technologies to improve voltage stability of distribution networks [6], [39], [40].
Amongst FACTS devices D-STATCOM has attracted great attention as a power

device for improving voltage stability.

1.5 Research Motivation

The modern power system is employed to work smartly using DGs. The
interaction of DGs with the traditional distribution grids are forcing these grids to
operate with bidirectional power flow. The DGs have significant benefits including
being environmentally friendly power sources, minimizing grid loss, and
enhancing system reliability. In general, DGs will be connected with the main
utility grid at distribution levels with loads at the PCC. The DGs will have a
negative influence on the dynamic performance, power stability and power quality
of the power system with voltage variation which is the main concern with this
kind of connection. The ability of the system to regulate the voltage at the PCC

with the electrical system is key for the successful operation of microgrids.



As advanced bidirectional power paradigms, microgrids are a challenge that has
not yet been fully addressed. Microgrids require an instantaneous online voltage
controller to work jointly with the main utility grid and provide a reliable service.
Generally, microgrids have utilized distributed energy storage systems such as
batteries, flywheels, fuel cells and supercapacitors for efficient performance in
smart grid operation [21], [41]. On the other hand, due to its ability to maintain
power quality, even with voltage sag, D-STATCOM has been increasingly used
in recent power systems [24] [42] [43].

To date, there have been limited studies in the area of intelligent control and
analysis of D-STATCOM, which has the quality of both absorbing and/or
delivering reactive power to a power system . Nor, and in particular, has there
been much research into exploiting the reactive and active power of energy
storage systems (ESS) as additional resources to support the grid’s voltage

stability.

The motivation of this study is to configure ESSs using D-STATCOM as active
and reactive power devices in order to improve the reliability and power quality of
distribution grids, identifying predefined control algorithms, and the extent to
which they have been used. It then proposes a new control approach based on
a Sugeno fuzzy logic supervisor to ensure a fast and consistent voltage response
under different operating conditions. It also focuses on determining the
effectiveness of Sugeno fuzzy supervisor control management of the ESS in
exploiting the active power of the ESS more efficiently, in addition to the D-

STATCOM'’s reactive power, to support the grid’s voltage stability.

1.6 Research Aim and Objectives

The main aim of this research is to improve the reliability and power quality of the
distribution grids by controlling the voltage at the PCC. In order to achieve this
there is a need to develop a voltage control for a distribution network using
reactive power compensation, by combining the use of D-STATCOM with energy

storage technology. To meet this, aim the following objectives were identified:
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1. To derive and develop a mathematical model of the D-STATCOM
connected with a distribution system and its control in a rotating
synchronous frame.

2. To design a new control approach with a Proportional-Integral (PI) based
Sugeno fuzzy logic supervisor to provide superior performance over
varying operating conditions.

3. To develop the D-STATCOM functionality by integrating energy storage
into the DC side to produce controllable active power.

4. To modify the D-STATCOM converter, supplied by a dual DC source
(battery and supercapacitor) to enhance grid steady state and transient
voltage stability.

5. To demonstrate the effectiveness of the D-STATCOM based hybrid
energy storage system (HESS) in providing voltage control during short-
term voltage stability.

6. To develop a novel approach based on a new fuzzy control strategy for
HESS management to provide an intelligent real-time energy
management controller.

7. To validate and implement the proposed algorithms based on simulation

results.

1.7 Contributions to Knowledge

The main contributions of this study to knowledge can be listed as:

1. This work contributes to a better understanding of the smart distribution
grid by modelling D-STATCOM with a HESS for voltage stability
enhancement in distribution power grids.

2. This work investigates the viability of an improved standard PI controller of
the DC side of the D-STATCOM controller and establishes that adjusting
the proportional and integral coefficients of a Sugeno - Pl-fuzzy controller
during critical transients such as a load disturbance improves controller
efficiency. To overcome the sub-optimal operation of existing methods
which are based on optimization of a single operating point during steady

state operation, requires intelligent control implementation using fuzzy
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control in a nonlinear model

. anew Sugeno - Pl-fuzzy controller which exploits the DC storage capability
of the D-STATCOM is designed to improve the voltage stability of the
distribution grid. The approach employs d-q control theory to obtain in real-
time the active and reactive currents from the energy storage under
different operating conditions.

. This project develops a modified voltage control strategy for D-STATCOM
with HESS to support the distribution power network during short-term
voltage stability. Where, voltage control, steady state and transient stability
have been discussed in the literature with different control and
configuration of D-STATCOM. However, there has been relatively little
prior work on the integration of D-STATCOM and HESS related to short-
term voltage stability. The main advantages of a modified D-STATCOM
configuration with dual DC source (battery and supercapacitor) are faster
voltage regulation and battery current stresses are reduced.

. Finally, this project develops a new approach to supervisory control
strategy to be realised through the design of a HESS based on Sugeno
fuzzy rules. This is the first time such a design has been applied in a D-
STATCOM/HESS controller. In the design, the advantage of a high-power
storage unit (supercapacitor) and high energy storage unit (battery) have
been combined with the D-STATCOM configuration to avoid the
drawbacks of a single, specific storage unit and facilitate overall power
sharing directly between the battery and supercapacitor (which is
considered one of the main features for the future of energy storage
technology in smart grids). Its real-time performance will provide superior

output current response for both battery and supercapacitor.

1.8 Thesis Overview

This thesis has been arranged in eight chapters with abstract, references and

appendices. A general outline of the chapters is as follows:

Chapter One introduces power quality problems, especially voltage sags and

dips, and discusses their importance in distribution systems. FACT based
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mitigation methods for voltage issues are introduced as are the motivation, aim

and objectives of the study.

Chapter Two provides a review of current works on microgrids including
distributed generators. A short review of energy storage system technology is
also presented. The issues of distribution systems and integrated distributed
generators are discussed with mitigation measures for voltage problems. The D-
STATCOM operation is described briefly, including the basic configuration and
working principle of the D-STATCOM. The different applications of D-STATCOM
devices in distribution systems are also explained in this chapter.

Chapter Three explains the mathematical model of the distribution system which
is proposed based on the synchronously rotating reference frame. Steady-state
characteristics are obtained from the state equation of the distribution system with
the D-STATCOM, which leads to an analysis of the steady state performance.
The designed component rating of the D-STATCOM for voltage regulation is
computed in this chapter.

Chapter Four gives a brief review of the power converters connected to the grid.
In particular, the two-level, three-phase power converter is described. The
modelling of the D-STATCOM is presented in this chapter. The conventional D-
STATCOM operation and design are explained in detail. Dynamic equations of
the D-STATCOM model and the vector control strategy of D-STATCOM based
on the d-q theory are presented, including current control, DC-link voltage control,
the external loop control design and the design of the new Sugeno PI fuzzy
controller to enhance the performance of the standard D-STATCOM. Finally, the
simulation of the model and control design of the conventional D-STATCOM is
demonstrated using MATLAB/SIMULINK.

Chapter Five presents the modified D-STATCOM configuration based on a
battery energy storage system (BESS). The modelling and its control algorithm
are described in greater detail including the DC-to-DC bidirectional power
converter which is used as the main control device in BESS. At the end of this
chapter, a simulation study to investigate the D-STATCOM based BESS
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capabilities to support the grid with active and reactive power is carried out under

load disturbances and fault condition.

Chapter Six addresses a detailed analysis of a novel approach on a modified D-
STATCOM converter based HESS (battery and supercapacitor). Firstly, the
modelling and the configurations of general types of HESS topologies are
presented. Then, two control strategies, a standard controller with low pass filter
and a new Sugeno fuzzy control strategy are proposed and tested for HESS

management. Finally, results and discussions of the simulation are reported.

Chapter Seven describes the experimental hardware prototype, the overall
schematic of the experimental rig and the output results to verify the effectiveness
of the proposed energy management configurations described in Chapters 5 and
6 using National Instruments Compact RIO Real-Time control platform and Lab
VIEW software

Chapter Eight presents the thesis discussion, conclusions and future work

sections.
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2 Chapter Two: Literature Review

2.1 Introduction

An effective voltage control scheme for advanced power distribution grids is the
main issue faced in this study. Conventional power grid structures have
centralised electrical power generation using large power stations, delivering the
electricity produced into a transmission and distribution network to deliver
electrical power to the customer. In this context, to be realised, new and effective
grid structures intended to increase the consumption of electrical energy must
show some significant improvement, for example, a low carbon footprint. This
chapter starts with a description of emerging grid structures including smart grids
and microgrids. However, there are a number of important issues related to the
use of smart grids and microgrids, in particular voltage stability. This chapter
summarizes energy storage technology and the role of power electronics in the
operation of emerging power systems including their role in attaining voltage
stability.

As a representation of the electronic power controller, D-STATCOM is a
promising device for voltage control. The basic configuration and principle
operation of the D-STATCOM are explained in this chapter. The core of the D-
STATCOM device is the control system, which will be different for different
applications. The improvements made to the control algorithms and applications
of D-STATCOM, and its useful application in power distribution, are reviewed in

this chapter.

2.2 Smart grid and microgrid concept

Recently, there have been renewed interests in distributed generation (DG) due
to incentivised commitments as well as regulatory requirements of renewable
portfolio standards by electricity generation operators worldwide. In countries
such as Germany and Denmark, there has been a particularly high rate of DG
penetrations to support wind and solar energy generation as a result of their
respective national policies [44]. In addition to supporting the integration of

renewables to the grid, DG is also known to have distinctive advantages such as
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reduction of transmission losses and energy security. Indeed, advances in
internet and communication technologies (ICT) have enabled the modern power
plants to gradually evolve into the ‘smart grid’, capable of highly sophisticated
functions including advanced metering, health monitoring, demand side
management, big data analytics, and other ancillary services [45]. The emerging
grid structures, known as “smart grids” are expected to change conventional
existing passive networks to intelligent operation with bidirectional power flow
using distributed generators, including power electronic and energy storage units
[18] [41] .

Different descriptions of the smart grid have been provided across the world and
no single global united definition has yet been agreed. Generally, future electrical
power grids will require the up-dating and up-grading of existing networks to meet
the challenges of changes in patterns of behaviour of energy customers, of
providing new services, while transitioning to a maintainable low carbon economy
[46].

A general model has already been provided for the smart grid, describing the use
of a set of technologies, topologies and approaches that will change the
hierarchical structure of conventional power grids, including generation,
transmission and distribution, to work smartly with end users in a fully clean
environment. The smart grid will operate with bidirectional power flow that will
allow automatic management of distributed energy sharing between the myriad

of interconnected elements that form the electric power grid [47].

Internationally, the electrical power sector is facing a time of unprecedented
advances, driven by the change from centralized conventional transmission and
distribution networks into active power supply grids. In turn, this requires
replacement of centralized power units based on fossil fuels by distributed
generators, especially renewable energy sources (wind, solar, biomass and
hydro). In this way, the electrical grid will ensure low emissions of carbon gases
and become even more reliable and secure [46] [48]. The conversion of the
current power grid structure came about due to aggressive investment in the

generation and supply of electrical power by the companies in the electrical power
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sector [48] . As a result, a new layer of authorized power generators, such as

individual homeowners, have arisen.

DG’s with automation, communication and information technology systems that
can provide the capability for two-way power and information flows forms a major
part in the smart grid paradigm shift, from the conventional centralised fossil
based ‘passive’ network into a modern decentralised renewables-based ‘active’
network. DG has the possibility of providing cost-effective, and reliable,
alternative sources of premium power for homes and businesses. There is as no
commonly agreed definition of DG as the term includes many technologies and
their applications. It is referred to variously as “embedded generation”, “dispersed

generation” or “decentralized generation”.

The above definition does not specify any criterion or classification of DG based
on their capacity. Although, there is no generally accepted rule or standard, there
are different definitions are used in different countries and situations. For
example, the Department of Energy (DOE) considers distributed power systems
to typically range from less than a kilowatt (kW) to tens of megawatts (MW) in
size as DG unit. while, In the English and Welsh power markets, a power plant
with a capacity less than 100 MW is not centrally dispatched. Therefore, in this

market, DG is referred to any generating unit under 100 MW [49].

In general, DG can be defined as a group of power generating units, small in
comparison to conventional power units, joined within the main power grid to
supply the electrical power at a point near the consumer [50] . DG is used as
substitute energy sources to support the distribution grids. As DG uses local
generators to provide the power delivered to the consumer, transmission and
distribution losses are reduced, as is the cost of the overall power system.
Consequently, consumers are provided with efficient energy usage management
and the possibility of selecting the most economically viable electrical power
provision, through smart grids which improve security and reliability of the overall
power supply using automatic control systems. Also, the emerging grid structures
are energized by alternative sources more friendly to the environment, including

renewable power sources and distributed storage [41] [4]. With distributed
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generators (including renewable sources) and other energy storage units now
included as key ‘players’ in the next generation of electric grids at the distribution
level, there is a fundamental paradigm shift from being passive grid networks to
active networks. The microgrid is a key element in the emerging smart grid
structure at the low voltage distribution level. It is assumed this new grid paradigm
allows a cluster of loads and small sources including DG and distributed energy
storages to operate as one controllable system, at a point close at consumer.
MGs also offer great possibilities for power distribution control processes [51]. In
this way, the power transmission grid stresses will be reduced and system
reliability increased as electrical power can be produced close the load [47] [51].
A MG can be worked in either grid-connected or grid-independent (island) modes.
The MG is isolated from the main grid at the point of common contact (PCC) as
illustrated in Figure 2-1. In the grid-connected mode, the main power grid typically
has additional backup power from the MG to meet the load requirements. In the
island mode, the balance between the supply and demand requirements are
managed by the MG only [52]. This proposed distribution grid is being developed
to allow integration of renewable energy sources (with all their limitations -
especially the irregular and intermittent production of power, and the present lack
of electrical infrastructure at their usual locations), and also to allow for the
additional connection of plug-in electric vehicles (PEVs) and plug-in hybrid
electric vehicles (PHEVs)[41] . Figure 2-1 shows the general configuration of a

MG integrating renewable and other distributed sources.
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Figure 2-1 General configuration of smart microgrid [52].

Renewable energy such as wind turbines and solar units have attracted great
attention in smart distribution grids, as a form a DG which supports grid stability
by adding generation capacity. However, the fluctuating nature of these
renewable sources leads to power variation that can significantly influence the
performance of the power grid. The voltage stability of distribution grids is
considerably affected by increasing proliferation of these generators, especially
at start-up of the unit and certain operating conditions. For example, some wind
turbines depend on induction generators which are not grid supporting because
they consume reactive power from the grid at the beginning of their operation
[13].

To reduce these challenges, energy storage systems (ESS) based on power-
electronic technologies have been suggested which can compensate any
mismatch in the power between the sources and the loads in smart grids [41]

[53]. A good controller for these advanced ESS, would achieve simultaneous and
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instantaneous control of the active and reactive powers between the ESS and
the AC power grid. As a result, it would provide the required security level for the
power supply. a general overview of the different ESS technologies is explained
below.

2.3 Energy storage technology

Nowadays, various kinds of energy storage technologies have been advanced
and exploited for power system applications. Energy storage systems, involving
either conventional or advanced energy storage devices, have significantly
changed the level of ability to meet power system requirements, particularly

active power compensation in the smart grids [54].

Energy storage application with AC power systems provides a potential solution
to minimizing power demand fluctuation by exchanging electrical energy with the
power grid for suitable periods of time. Active power regulation has long been
known to be essential in power systems, presently the main challenge to the

application of energy storage in power system is to reduce the cost [53].

The exchange process for electrical energy is dependent on the requirements of
the AC power grids. At high load demand either the storage unit discharges or,
for a period of time, the power supply cannot fully meet the demands of the load.
Energy storage technologies can relieve power congestion, provide voltage
control and damp oscillations and thus can improve power quality for the end
costumer and the generation side. Additionally, from the economic viewpoint, the
investment costs of installing reserve generation units could be reduced. Using
energy storage with power grids could minimize the overall cost of the generation
system as the power rate would be lowered when the peak demand decreased
[53].

Energy storage technologies are categorised according to the type of stored
energy. For example, mechanical (pumped hydro), thermal (molten salt),
electrochemical (supercapacitors), and chemical (hydrogen) [55]. Selected

examples of each type of energy storage are presented in Figure 2-2.
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Figure 2-2 Energy Storage Technologies

Energy storage units also can be classified according to the response time, power
rating and energy capabilities; i.e., into short-term (several seconds or minutes)
and long-term storage (many minutes or hours) as illustrated Figure 2-3.
Normally, short-term energy storage units are employed to support power grids
during transient conditions, specifically to maintain the voltage and frequency
within acceptable limits, such as supercapacitor, flywheel and superconducting
magnetic energy storage (SMES). Long-term energy storage units such as
battery, fuel cell and pumped hydro have been used to manage grid congestion
for a longer times for both steady state and dynamic conditions [56]. Each of the
energy storage units depicted in Figure 2-2 is limited in their application due to
practical physics based reasons, depending on the advantages and
disadvantages of each storage method. For instance, mechanical storage units
such as flywheels, compressed air and pumped hydro have low energy
capabilities. Furthermore, pumped hydro units operate on the principle of a hydro-
electric power plant. Thus, their storage capacity is dependent only on the size of
the water reservoir. Also, compressed air energy storage requires a large volume
of compressed air to operate for extended periods of time. Therefore, using these
storages, for example, there would be difficulties in meeting short storage
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demands.
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Figure 2-3 Classification of energy storage technologies

"These technologies are also restricted by geological and geographical
requirements, high investment costs and long construction times”[55].
Conversely, electrochemical and electrical storage units have a relatively short
response time and energy rating and so are likely to be widely deployed in short-
term applications. The target application would also affect the choice of storage
system. The electrochemical/electrical energy storage technology presents some
benefits compared to the other energy storage technologies [9]. Batteries are a
generic application of the electrochemical energy storage technology which have
the ability to readily convert the stored energy into electrical energy. They can be
installed in any place without geographical considerations because they are
mobile devices and often quite small. Batteries can be either non-rechargeable
(primary) or rechargeable (secondary), only rechargeable batteries are of interest
for large-scale energy storage such as Lead acid and Lithium ion batteries [57].
whereas, the electrical energy storage technology included (capacitors and
supercapacitors). Usually, capacitors represent within two plates employed to
store the energy as an electric charge within an amount of a capacitance. They
have the ability of a rapid charge and discharge. These characteristics enable the
capacitors to be used for some power quality applications, such as voltage power

correction. Nevertheless, they have limited capacity and relatively low energy
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density in comparison to the batteries. The recent capacitor technology with
double-layer capacitors known as a supercapacitor, included two conductors
electrodes [9]. Due to their structures, the energy is stored in the form of static
charge on the surfaces between the electrolyte and the two conductor electrodes.
The supercapacitors with high-performance are based on nano materials to
increase electrode surface area for enhancing the capacitance in comparison to
the traditional capacitors [9]. A general comparison between the batteries,
supercapacitor and conventional capacitors is given in Table 2-1

Table 2-1 A comparison of battery, ultracapacitor and conventional capacitors
performance [57][58]

Available features

Lithium-ion (general)

Supercapacitor

Conventional
Capacitor

Charging time

10- 60 minutes

0.3 to 30 second

1073 to 10~° second

Energy (Kw/kg) 120 to 240 1to 10 <0.1
Cycle life >10 000 >500 000 >500 000
Specific power w/kg 1000 to 3000 Up to 10 000 <100 000
Charge/Discharge 0.6t00.8 0.851t0 0.98 >0.95
efficiency

2.4 The role of the power electronics in power systems
operation

Recently, power electronics is widely known as the enabling technology that
forms the key part of the solutions in connecting a greater range of renewable
sources to conventional power grids which is necessary to transform the power
grids to low-carbon emission grids [59] [60]. In general, the function of power
electronics is to control electrical power flow and process the power from one
form to another (AC to DC, DC to AC, AC to AC and DC to DC) to meet load
demands. A general scheme for a power electronic circuit in a power system is
given in Figure 2-4. The main part, that does the power converting is known as a

“converter”. Also, the power conversion system (PCS), will include certain
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essential components such as the control unit, semiconductor switches, and
additional storage (capacitors, transformer and inductors) that process the
conversion function [61] [62]. In this way; “Power electronics may be defined as
the application of solid-state power semiconductor devices for the control and
conversion of electric power [61].

Bi-directional Power Flow
Loads,Industry,etc

of

- . Converter Nl
LSO - g,
- N S
Load/ - P s
generators 5 X *f"v /
o Fatd 4
Control Grid
Renewable sources Signal
(wind Turbines, PV, etc)
Reference > Intelligent
Load/Centralized Control Communication

Figure 2-4 Power electronic scheme for electrical power system [59]

Power electronics technology forms a vital part of emerging power systems
including renewable sources, and is considered a key element in conversion of
power from renewable units such as wind turbines and solar cell panels. It must
provide an efficient and extremely reliable performance to be capable of
transmitting the power from the renewable units to the utility grid with a fast
response, and to support the power system in specific conditions such as "low
voltage ride through" with reactive power compensation [59]. The “friendly
environment” based energies could be highly controllable using power electronics
technology. However, power electronics systems can help meet the demands of
the “distribution/ transmission operators" and additional loads of the end users,
when controlled by an intelligent strategy. This will be even more true if the
required demand profiles are known and advanced intelligent power devices are

used.

One of the power electronics applications for power systems is the “Flexible AC
Transmission System (FACTS)” devices. The IEEE Working Group has
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described FACTS as: "Alternating current transmission systems incorporating
power electronic-based and other static controllers to enhance controllability and
increase power transfer capability” [63] [64]. In general, the FACTS devices are
employed for controlling and regulating the power flow in transmission networks
to enhance voltage stability at critical buses [65] [66] [67]. The power electronics
based FACTS regulator devices can be classified into two categories: the first
one uses the conventional thyristor as a switching device which offers only one
option of switch operation. With a thyristor, only the switch ON status underpinned
while the switch OFF status is achieved normally when the current through the
switch is zero. “Thyristor-controlled series capacitors (TCSC), static VAR
compensators (SVC), and the thyristor-controlled phase shifters (TCPS) are

examples of the first category” [67].

The second category includes, “insulated gate bipolar transistors (IGBTs), gate
turn-off (GTO) thyristor-switches and metal-oxide-semiconductor field effect
transistors (MOSFETS) used as switching devices” [67]. The second category
includes commercial products: "unified power flow controller (UPFC), static
synchronous compensator (STATCOM), static synchronous series compensator
(SSSC) and the interline power flow controller (IPFC)" [66] [67].

Recently, several of the FACTS devices have been considered for controlling the
distribution voltage level [68]. The distributed SVC (D-SVC) and distributed
STATCOM (D-STATCOM) are the most important of the shunt connected devices
for controlling the distribution network. These are connected directly to low
voltage distribution grids without any ancillary components. However, these
devices are still being studied, and the trend for new designs is to use these
devices in distribution systems to improve the quality of the voltage. This is
because, in addition to their other advantaged, their cost has fallen due to the
decreasing cost of power semiconductor switches [69]. The implementation of
the SVC in a distribution grid is explained in [70]. The SVC is a FACTS device
and typically consists of a capacitor element with a thyristor switch, or an inductor
element with a thyristor switch, or a combination of both, as illustrated in Figure

2-5. In this context, manipulation of the three elements (inductor, capacitor and
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switch), enables production of diversified types of SVC [71] [72]. Generally, the
main function of the SVC is to compensate the reactive power and provide
voltage control. In [70], the authors concluded that voltage control was obtained
more quickly in comparison to the conventional device, an "on load tap changer
(OLTC)" transformer.

The design of the D-SVC to regulate voltage fluctuations caused by renewable
generation sources on distribution grids is presented in [73]. The use of the D-
SVC to regulate the voltage variations was modelled in different ways. The
authors confirmed the justification for using the FACTS devices in distribution
grids, particularly the D-SVC [70]. In [74], the SVC was discussed in a detail and
considered for reactive power compensation and voltage control in an electrical
distribution network connected to non-linear loads. The authors explained
specific design rules for the use of SVCs with non-linear loads. In addition, the
paper described features of SVC and included typical SVC performance.

The above studies showed that the SVC can be used as an effective reactive
power compensator for controlling voltage at distribution voltage level. However,
as the thyristors are employed as switching devices in the SVC, there are some
non-negligible drawbacks, mainly the injection of current harmonics which would
likely require additional filtering devices [24], Also these switches, provide only
one degree of freedom. It should be noted that resonance phenomena may be

produced.
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Figure 2-5 three kinds of the SVC, (a) Thyristor Switched Capacitor (TSC), (b)
Thyristor Controlled Reactor (TCR), (c) TSC-TCR (figure is adapted based on
[72])

The STATCOM is a shunt connected static compensator which presents a
number of solutions to the shortcomings of the SVC. STATCOM is a reactive
power compensator based on a voltage source converter (VSC). Unlike the SVC
which is based on thyristor switches, the VSC is basically constructed from
semiconductor switching devices such as GTO, IGBT and MOSFET (with higher
costs). However, the STATCOM has several technical advantages over a SVC
[24] [75]:

e It has a faster response than other FACTS devices because it uses
semiconductor devices as switching gates and lacks any rotating mass.

e Passive elements such as the reactor have been removed.
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e Itis compact, modular and relocatable.

e Active power control can be achieved in addition to reactive power control
by adding a power storage unit such as a battery, fuel cell or
supercapacitor to the STATCOM.

2.5 Distributed static synchronous compensators (D-

STATCOM)
The Distributed STATCOM is a Fact-based device connected in parallel with AC

distribution power grids. A functional representation of the D-STATCOM
describing its main parts is given in Figure 2-6. It includes a VSC connected to
the AC distribution bus through a coupling transformer and an energy storage
unit such as a capacitor, on the DC side of the converter[76], [39], [23]. The firing
pulses to the switches gates of the VSC are provided by using pulse width

modulation (PWM) to obtain the active and reactive power from the D-STATCOM.

VSC

Coupling

Transformer
Vt
DC
—
— Energy
Storage
Distribution Bus
—»| PWM controller

Load ‘

DSTATCOM

Figure 2-6 D-STATCOM connected to the AC distribution grid

The main function of the VSC is to generate a controllable three-phase sinusoidal
voltage at the PCC from the DC storage device. These voltages are in phase and
coupled with the AC system through the reactance of the coupling transformer
[77]. Thus, the D-STATCOM can be represented as a reactive power source to
control the buses’ voltage and to improve the stability in the power distribution

networks by providing /absorbing reactive power with a fast switching time.

The V-I operating features of a D-STATCOM are shown in Figure 2-7 along with
the V-1 operating characteristics of a SVC. It can be seen that the D-STATCOM
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output current to provide or absorb power does not depend on the grid
voltage[35]. Thus, even when the bus voltage is very low, the STATCOM will work
at full capacity. This is quite different from the SVC, the performance of which
declines the lower the bus voltage. Thus, the use of STATCOM is to be preferred
to the SVC where the voltage is expected to drop to a low value or drops very

fast and a fast response is required.
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Figure 2-7 V-1 operating characteristics of SVC and D-STATCOM | figure is
adapted based on 35].

2.6 Principle of D-STATCOM operation

A typical representation of a simple, single line diagram of the D-STATCOM
connected to the grid is shown in Figure 2-8. Generally, a DC capacitor acting as
a DC voltage source is placed on the input side of the VSC which normally
generates a balanced three-phase voltage, almost in a sinusoidal waveform
[35][78]. The active and reactive power control between the D-STATCOM and
AC power point can be achieved by suitable tuning of the phase and magnitude

of D-STATCOM output voltage [79]. The active and reactive powers are given by.
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V. Ve -
p— .G STAT_Sin(S) (2-1)
X
Q= Vérar — V. Vsrar.cos(8) (2-2)

XL

Where P is the active power, Q is the reactive power, V/; is the rms voltage of the
main grid, Vsr4r IS the output AC voltage of the D-STATCOM, X, is the leakage
reactance =2nfL, L is the leakage inductance, f is the frequency of the system

and ¢ the power angle between V; and Vg 47.
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Figure 2-8 Single line diagram of D-STATCOM connected to the AC grid

It is clear from Equation (2-1) that the active power exchange is a function of the
phase angle § between the D-STATCOM terminal voltage and grid terminal
voltage for nominal values of voltage magnitudes. Likewise, it is noted from
Equation (2-2) that the reactive power is computed according to the difference
between the voltage magnitude of the D-STATCOM AC terminal side and AC grid
side. As the D-STATCOM has the possibility for active power exchange, by
adding an energy storage device, such as supercapacitor or battery, to the DC
side [80], [81].

The basic function of the D-STATCOM in providing reactive power depends on
the reactive power exchange between the AC grid and the D-STATCOM.
Typically, when the D-STATCOM voltage amplitude (Vstar) is more than grid
voltage (Va), reactive power is injected into grid (the D-STATCOM operates in a
capacitive mode). In contrast, if Vsrar is less than Ve, the D-STATCOM operates

in an inductive mode by absorbing reactive power from the grid. Finally, if the D-
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STATCOM voltage (Vsrar) is equal to the voltage grid (Vc) there is no reactive
power exchanged [82],[79]. In the same way, when the power angle is positive,
the real active power flows from D-STATCOM to the grid side, When the power
angle is negative the D-STATCOM absorbs active power from the grid.

2.7 Control Algorithms and approaches of D-STATCOM

The D-STATCOM device consists of a VSC connected to the AC distribution bus
through a coupling transformer and an energy storage unit such as a capacitor
with appropriate measurements and a suitable controller. The functionality of the
D-STATCOM compensator is determined by the implemented control algorithm.
The control algorithm for any system should be flexible, simple and robust as well
as optimizing multi-functions. Here, the desired control performance is obtained
by tuning the control parameters according to the system configuration and
application requirements. Normally, the control strategies of the D-STATCOM

control circuit are determined according to several main steps.

Firstly, the measurement of voltage and current from source and load points to
provide information concerning the dynamic condition of both the system and the
load. Secondly, techniques such as “synchronous rotating reference frame (d-q)”
[83] and “stationary reference frame transformations” [84] are used to synthesize
the information measurements. Thirdly, a reference signal for the voltage and
current is computed. After which, the D-STATCOM's compensating current is
determined and the AC output voltage of the D-STATCOM is coordinated with
the AC grid voltage. Finally, the load current is compared with the compensating
current from the D-STATCOM to generate triggering pulses to the converter’s
IGBT switches to determine the required compensating current.

Using the proper technique to generate the pulse signals for the IGBTs gates is
very important to obtain optimal implementation of the control process. For this
purpose, different modulation schemes have been introduced and reported in the
literature. These include “sinusoidal pulse width modulation (PWM), space vector
modulation (SVM) and selected harmonic elimination (SHE)” which are
commonly used with high powers [85], [24], [86]. In fact, PWM is a common

technique used to produce a series of high frequency gating pulses with different
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width by comparing the sinusoidal waveform control signals which are 120° out
of phase (known modulation signal) with triangular higher frequency signal
(carrier signal) [86] as presented in the Figure 2-9. Vao, Vbo and Vco represent
the phase voltage. The difference in the width of the pulses represents the
magnitude of the voltage that is related to the sinusoidal modulation signal. The
output current signal of the D-STATCOM is controlled using different control
algorithms as have been proposed in the literature. The most common methods
used are: the phase shift control, the instantaneous (p-q) theory (the
Instantaneous reactive power theory) and synchronous rotating frame method
(SRF).

modulation \signal 3-phase PWM waveforms carrie\r signal
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Figure 2-9 PWM switching technique

2.7.1 Phase shift control.

The main part of this control method is based on a simple PI controller as
indicated in Figure 2-10. The compensation objective of the control is to regulate

the PCC voltage at the required value. The error signal is produced by comparing
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the measured voltage value (rms) of the PCC with a PCC reference voltage. The
error is input to the PI control which produces the required phase shift between
the VSC output and PCC voltage. The pulsing signals for the IGBT’s switches of
the VSC are based on a sinusoidal PWM technique. In this control, an
independent DC source is used to keep the DC voltage terminal at a certain
voltage. Although the control scheme is simple to implement, robust, and does
not require any reactive current measurements, it has some negative aspects. It
is a linear method, it does not solve the problem of undesired harmonics with
non-linear loads, and it only partially supports the reactive power requirements
[87], [88], [89].

Vece 2 5 PWM
@Q Pl:Controller : ——m»- Pulse

@ generator
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Supply voltage

Pulses to IGBTs
of VSC

Figure 2-10 Phase shift Controller [87]

2.7.2 Instantaneous (p-q) Theory.

The instantaneous (p-q) control theory depends on the “Instantaneous reactive
power (IRP) theory for a balanced three phase, three wire system with no zero-
sequence active power component” [24]. This was first suggested by Akagi [86].
It uses the Clark transformation to convert the instantaneous measured value of
the three-phase load current (i,,, i1, i..) and grid voltage (v,, v, v,) to the (a —

B) stationary frame without the zero sequence components as follows:

i1 [2[1 -1/2 —1/2][%a (2-3)
[iﬁ]_ §l0 V3/2 _\/§/zl iii
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-1/2 -1/2 (2-4)
] o V3/2 =3 /2]

Then the instantaneous active and reactive power is calculated as[90] :

o= ][] o

Each power (p and g ) in the above formula has a DC (average) and an AC

(oscillatory) component as:

+ (2-6)
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+ (2-7)

<
Il

&S

AT

The reactive power and oscillatory component of the active power are used as a
reference value for reactive and harmonic compensation. So, only the DC part
of the active power is transmitted by the source. Therefore, the a« — 8 reference

source current components are computed as:

- [

The inverse Clark transformation can be used to obtain a-b-c reference current

component as:

ity 1V2 1 (2-9)
lsb \E 1/\/§ —1/2 \/_/2 [lsa‘
Esc 1/N2 =172 —/3/2

where i is the zero sequence component, which is zero in three-phase three-

wire system [91].

This method is considered relatively not difficult to implement and gives an
acceptable performance of load balancing. However, the disadvantages of this
approach are that it is difficult to implement in a three phase four wire system
and does not provide fully satisfactory power factor correction. Nor can it be

applied to a single—phase grid because, it is naturally suited to sinusoidal three-
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phase balanced networks with cancellation of zero sequence power[24], [76],

[91],[92], [93], [94]. Figure 2-11 shows the basic block diagram of the p-q control
theory.
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Figure 2-11 Block diagram of the controller using p-g theory (figure is adapted
based on [91] ,[92])

2.7.3 Synchronous rotating frame method.

The synchronous rotating frame (SRF) theory relies on the transformation of the
three-phase load currents to the d-q rotating coordinates by using Park’s
transformation. Firstly, i;,, i1, 0. values are transformed to the a-p frame
according to Equation (2-3) .Then the a- axes are converted to a rotating frame
by a vector rotation module to rotate with angle 6 to track the d-q rotor axis. The
SRF method is usually based on the phase locked loop (PLL) to obtain unit vector
(cos 8 sin 8) from the PCC voltage v,, v, v.signals, the basic block diagram of the

PLL is shown in Figure 2-12. Thus, the currents rotate orthogonally and are
defined as:

37



[id] _ [ cosf  sin 9] [la] (2-10)
Iq —sin@ cos Ol |ig

Here izandijare passed through low pass filters (LPF) to obtain the DC
component iy 4. and i, 4.. The DC current components are transformed to a-f8
coordinates by a reverse Park transformation and then are transformed to a-b-c

coordinates by Clark’s transformation according to Equation (2-9).

[iadc] _ [cosH —sin 9] [id_dc] (2-11)
Igdc sin@ cos6 1 lig ac
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Figure 2-12 Basic block diagram of PLL [95]

Figure 2-13 illustrates the block diagram of a control scheme using SRF theory.
In this method, the rotating orthogonal d-q representation of the three phase
balance vector will be constant with time. The transformation angle is a function
of time and is responsive to distortion and unbalanced source voltage. Thus, this
control method gives a satisfactory and uncomplex performance, controlling the
active and reactive power by dealing with i;and i,components. This is in addition
to harmonic mitigation for linear and unbalanced non-linear loads [87], [91],[93],

[94].
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Figure 2-13 Block diagram of the controller using SRF [76]

2.7.4 Nonlinear controllers.

Proportional Integral (PI), and Proportional Integral Derivative(PID) controllers
are conventionally used in D-STATCOM controllers. However, “The conventional
controller has a limited application in some cases because of its non-adaptive
parameters and linearity” [96]. To improve the operational performance of
STATCOMs in different systems and for a range of conditions, new algorithms
and non-linear control strategies have also been proposed. In these controllers,
the desired switching signals can be generated directly to control the converter
of the D-STATCOM. Controllers based on non-linear approaches can provide a
fast control response [97]. Artificial Neural Network (ANN) controllers [98], fuzzy
controllers [99], [100] and hysteresis controllers [87], [101] are examples of non-
linear types. Generally, there are difficulties in the practical operation of these

controllers.

The hysteresis technique is suitable for multi-functions such as harmonic
suppression, load balancing, and voltage regulation as well as power factor
improvement. The fast switching of this controller is produced by measuring the
difference between the continuously measured STATCOM current and reference

sinusoidal signals. The error signals are compared with “a fixed width hysteresis
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band”. The hysteresis controller is uncomplicated, robust and a commonly used
closed loop scheme. However, it has some negative aspects, such as irregular

switching frequency which leads to switching losses[101].

To overcome this limitation some researchers [102] have proposed a modified
band hysteresis controller, adjusting the hysteresis band with the DC side voltage
to obtain a constant modulation frequency. Unfortunately, such a proposal means

the hysteresis scheme loses its simplicity.

Recently intelligent optimization techniques have found a way of improving the
controller to obtain a fast and satisfactory response. An ANN has been applied,
and in [103], [98] an ANN controller was designed and used instead of the PI
controller to generate suitable switching patterns of the D-STATCOM inverter.
The DC side voltage continued to be regulated by the traditional PI controller. The
parameters of the PI controller in the D-STATCOM were modified using an ANN
algorithm in [104]. but many examples of the latest evolutionary optimization
algorithms such as the genetic algorithm (GA) and particle swarm optimization
(PSO) are now readily available in the literature [105], [106], [107] & [108] to use
and obtain optimal parameters for Pl and PID controllers. In [109] a PID controller
was combined with a fuzzy controller to improve inverter operation. Moon in [110]
implemented predictive current control based on a space vector pulse-width
modulation (SVPWM) approach to the D-STATCOM, to regulate reactive power
transfer. This control is a non-linear type that gives better results with low
switching losses. However, to generate the firing pulses it requires an external
modulator and that means increasing the complexity of the control hardware.
Non-linear controllers have been used but have the undesirable requirement of
needing a fast pulsing rate to obtain a satisfactory control response. Recently,
non-linear controllers have been implemented in real systems due to the rapid
development of digital control devices such as “micro controllers (MC), digital

signal processors (DSP), and field programmable gate arrays (FPGAs)” [111].

DSPs are used to implement discrete-time control schemes based on D-
STATCOM [112], [113]. In [114] a closed loop hysteresis controller was

implemented in prototype hardware based FPGA for reactive power
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improvement.In addition to the implementation of digital non-linear controllers,
the linear controller can be employed in digital devices. For example, PI

controllers based on a rotating frame (d-q transformation) [115], [116].

2.8 D-STATCOM application

D-STATCOM technology has been employed for multi-dimensional
implementations at the distribution grids to control grid parameters under steady
state and abnormal conditions. Applications of D-STATCOM in distribution grids
to improve power quality are reported in many references. Many reports have
described various controller schemes using a D-STATCOM device, according on

the power system factor to be controlled:

2.8.1 Application of D-STATCOM for load compensation

Referring to load compensation, it includes “harmonics reduction, power factor
correction, reactive power compensation and load balancing”. The likely major
applications of D-STATCOM will include load compensation, specifically reactive
power compensation to improve voltage stability [40], [82]. In [117], [118] and
[119] the researchers discussed the effect of using a D-STATCOM device to
improve the buses voltage for a distribution network that integrated distributed
wind turbines in order to enhance the voltage stability of the system. The authors
in [13] investigated the size and location of the D-STATCOM using static and
dynamic voltage analysis of distribution generation under different load models.
A sensitivity index was used to identify weak buses in the system in order to
determine the best location of the D-STATCOM and the shunt capacitor bank.
These studies analysed the dynamic characteristics of distribution networks for
various load configurations which impacted on the transient voltage recovery
phenomenon. In [120] the aim was to identify the location and size of the D-
STATCOM and DGs by using a heuristic algorithm to improve voltage buses and

minimize losses in the radial distribution system.

In [87], [91], [93] a D-STATCOM was proposed for load compensation that
included a reactive power requirement and unbalance mitigation under different

loads. Different control algorithms were proposed to evaluate the operation of the
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D-STATCOM. These algorithms were synchronous frame theory, instantaneous
reactive power theory and a daline theory. In addition to these algorithm other
approaches with the same goal are phase shift control, described in [89] and
hysteresis control in [101], [121]. In [102] a modified band hysteresis controller
was suggested. In [122], [123] a cascaded multilevel converter based D-
STATCOM was described to manage the reactive power and reduce the
harmonics drawn by non-linear loads. The D-STATCOM with SVPWM scheme
controller was implemented in instantaneous p-q reactive theory reference.
Another “closed-loop SVPWM technique” for the D-STATCOM controller was
introduced in [124] to mitigate the harmonics generated in a MG. The D-
STATCOM is a promising device that has been used not only for reactive power
compensation and harmonic elimination but as a solution of other power quality
problems such as power factor correction, as in [125] [126]. In [113] a DSP
controller was used to eliminate the harmonics present in the load current. In
[114] [115] [116] DSP and FPGA digital hardware provided a platform base for a
D-STATCOM controller for reactive power improvement.

2.8.2 Application of D-STATCOM for dynamic and transient stability

Amongst the various FACTS devices, the D-STATCOM has attracted great
attention as a means for improving system stability. The application of the D-
STATCOM to a distributed system connecting wind generated power sources
had the capability of improving the transient stability margins, and so increasing
the system stability. The system was tested under symmetrical faults and different
wind rates [127], [128]& [129]. However, the dynamic analyses of the wind
turbines were not considered in these works. As in [130] the D-STATCOM
operation was assessed under asymmetrical faults (line—ground fault) and load
disturbance. A relative reduction for swell/sag problems in the phase voltages
was indicated in the results. However, the voltage was still indicated as swell
more than sag. The d-g-O rotating transformation based PWM switching
technique was implemented as a control algorithm with unmodified controller

parameters for the different cases. In [131] a pole placement controller was
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successfully used instead of Pl controller for the D-STATCOM to mitigate the

unbalanced faults effects.

However, the D-STATCOM has limited ability to mitigate voltage fluctuations
caused by active power disturbances. By integrating energy storage into the DC
link of a D-STATCOM, controllable active power from the storage device can be
extracted to provide enhanced voltage compensating capability. Various kinds of
energy storage technologies have been advanced and are being exploited for
power system purposes. Energy storage, involving conventional and advanced
energy storage systems have significantly changed the level of ability to meet
power system requirements for active power, particularly in electrical microgrids
[132] [133]. Therefore, in order to improve the D-STATCOM performance, the
DC bus of the D-STATCOM can be integrated with different types of advanced
energy storage, such as supercapacitor, flywheel storage and battery energy, as
proposed by [134] [135] . A D-STATCOM coupled with a supercapacitor storage
device has been proposed in many references [136],[137],[138],[139],[140],[141].
The power controls for a smart distribution system with supercapacitor was
discussed under symmetrical and asymmetrical faults by [134]. The active and
reactive power controls of smart distribution systems were discussed under
symmetrical and asymmetrical faults in [142]. A supercapacitor storage unit has
a high power density that enables it to deliver or store high power levels over

short time periods. However, it has low capabilities of energy storage.

Recently, a battery energy storage system (BESS) has been adopted for use in
power system applications to improve power quality problems in distribution
power grids due to its high energy density compared to other storage types [132]
[143], [133] [144]. A study presented in [145] and [146] included wind turbine
operation in an isolated microgrid system with D-STATCOM based BESS. The
D-STATCOM was operated as a voltage regulator at the PCC when the wind
generation was fluctuating. The D-STATCOM absorbed the additional power
generated from the wind turbine and providing voltage support. The simulation
results demonstrated how using such a D-STACOM with energy storage makes

it possible to control the power production of a renewable generation unit. In [147]
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a D-STATCOM based BESS was tested under different conditions to enhance

the dynamic stability of linear and non-linear loads.

In [81] and [148] the voltage and transient stability of a grid integrating STATCOM
with battery storage was studied. D-STATCOM based BESS performances give
better results than the traditional D-STATCOM. The main advantage of BESS is
its high energy density but at the same time it has low dynamic response

characteristic.

The ability of the D-STATCOM based BESS in providing a given amount of active
power seems to be a distinctive advantage in improving voltage stability in steady
state and transient conditions of the power grid. Remarkably, there appears no
comprehensive study in using intelligent control in exploiting the potentials of the
D-STATCOM with battery storage. To improve performance further, a fuzzy logic
control (FLC) as a versatile tool has been employed in the controllers with
complex structure grids. Several studies have been presented under the name of
fuzzy-PI control in smart power systems. A new fuzzy logic controller (FLC) has
been applied to the conventional D-STATCOM to meet load demand during the
peak period [149]. Further research work on using fuzzy logic controllers in the
conventional D-STATCOM to improve the damping of a power system has been
reported in [150] [151]. To date, there have been limited studies in the area of
intelligent control and analysis of the D-STATCOM based BESS and, in
particular, in exploiting the reactive and active power of the D-STATCOM, as

additional resources to support the grid’s voltage stability.

The combination of supercapacitor and battery storages has been investigated
to improve power quality of distribution networks [152]. Research on the D-
STATCOM based using a hybrid energy storage system (HESS) to regulate the
fluctuation of the output power of wind turbine units is discussed in [153] .
Although energy storage technologies are getting significant interest in the
electrical engineering sector, as one of the more promising options that will
enable AC power grids to transfer power in a more efficient and flexible way,
limited research has been carried out on D-STATCOM based energy

technologies in the area of custom FACTS devices.
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2.9 Summary

Microgrids, included distributed generators, in general, have had a positive
impact on the stability and reliability of distribution grids and are considered as
an important new research area in electrical science. Investigation of this new
concept has been gaining more attention from scholars and the power
communities. However, there are gaps in MG research. The literature survey
reveals no accepted definition amongst the research community of what
constitutes a microgrid. This is a serious gap in present knowledge. An accepted
understanding of the concept of a microgrid will make it easier to identify its
characteristics and thus contribute more effectively to solving the associated
problems. A microgrid is a bidirectional power grid that allows for a cluster of
loads and small sources, including DG and distributed energy storages, to

operate as a single controllable system at a point close to the end consumer.

The review literature has revealed concerns about the voltage stability of MGs, in
terms of both the steady state and transient performance of the distribution grids.
This is particularly true when the small local sources are energized to supply part
of the demand on the grid. Basically, the voltage at the distribution level has been
regulated using conventional devices which include “on load tap changer (OLTC)
transformers [25] [26], switched shunt capacitors [27] and step voltage regulator
[28] [29]” . However. the variability of new distribution grids due to the number
and distribution of connected generators make these traditional devices no longer

applicable or effective in controlling voltage variations produced by DGs.

Advanced voltage control methods need to be used at the distribution level.
Power electronics based D-FACT regulators have been used for controlling and
regulating the power flow in distribution network to enhance voltage stability at
critical buses. Recently, to fully exploit the potential of the D-FACT technology,
energy storage technology has been combined with D-FACT to support the grid
with reactive and active power. D-STATCOM among the D-FACT devices has
long been regarded a preferred option for transient conditions due to its superior
performance. Referring to the D-STATCOM'’s application, the main factor in the

D-STATCOM'’s performance is the control algorithm.
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Standard PI controllers are widely used in the D-STATCOM in all the above
applications. However, the D-STATCOM is now being used with intelligent control
strategies, including fuzzy and ANN controls. However, the details of how to
determine and adjust the D-STATCOM controller parameters using these
intelligent algorithms are lacking. There is a dearth of analysis and discussion by
researchers, especially in how to exploit the reactive and active power of the D-
STATCOM, as additional resources to support the grid’s voltage stability. The
battery and supercapacitor as long-term and short-term storage appear the most
suitable for power application. However, the available open literature has not yet
fully addressed these trends in combinations of energy storage devices with D-
STATCOM.

To address these gaps, this study will carry out an investigation of intelligent
supervisory energy management of the D-STATCOM based on dual energy
storage to provide a faster voltage regulation in the distribution grid.
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3 Chapter Three: Modelling of D-STATCOM in
Distribution Systems

3.1 Introduction

To improve voltage stability of power distribution grids, FACTS devices were
introduced as power electronic compensators. The D-STATCOM is one of the
FACTS devices and acts as a reactive power source to control the bus voltage
and to improve the stability in power distribution networks [78] [67] [154]

The mathematical modelling of an ideal D-STATCOM based on the distribution
system is detailed in this chapter. The D-STATCOM device is represented as a
controllable current source. As it is easier to design control loops of the system
based on the d-q components, the equivalent circuit of the distribution system is
transformed and derived in d-q components rotating reference frame, see Section
3.2. Additionally, in this section the ability of the D-STATCOM to provide reactive
power compensation, to regulate the load voltage at both maximum load power
and minimum supply voltage is identified and discussed. Moreover, the size of
the D-STATCOM as a function of the system parameters is verified. The rating
power of D-STATCOM according to the source voltage and load demand
variation is calculated in Section 3.3. Finally, the chapter summary is given in
Section 3.4

3.2 Modelling of Distribution Grid

The electrical power distribution system here can be represented with a simple
grid of two buses (voltage source bus and load bus PCC) as Figure 3-1. The D-
STATCOM is represented as an ideal current source connected with load
parallelly to regulate voltage and compensate the power at the PCC of the

distribution feeder.
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Figure 3-1 Modelling circuit for D-STATCOM with distribution grid [155]

The current injection of D-STATCOM to regulate the voltage by compensating

the voltage drop across the feeder impedance of the system (Z,;) is given by:
F=T-T

_ Vin — V,
=T -2
Zen

If I; = IfLy, I_l = IlL - 0, m = Vthﬁa, I7t = VtLO, m = Zth4ﬁ1

Where V,;,2a and V.20 are the voltage of source and PCC, Z,,4p is the feeder
impedance between the source and load buses, I, = I,z — 0 is the load current,
Ir2y is the injection current by the D-STATCOM, I, is the source current, for

simplicity the angle of voltage V, is assumed to be zero.
Then,

Vin £(a — B) + Vic - B (3-1)
Zip Zip

It may be mentioned here that the effectiveness of the D-STATCOM in regulating
voltage depends on the value of Z,,. When the injected current Ir is kept in
quadrature with V;, the desired voltage regulation can again be achieved without
injecting any active power into the system. On the other hand, when the value of

I; is minimized, the same voltage correction can be achieved with minimum

apparent power injection into the system. In this case, the entire load active power
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P, must be provided by the system. The active power flow through Z;, shown in
Figure 3-1 on the load side is [156] [157]:

ViV, V2 3-2
P, = 2L cos(B — a) — =—cos B (3-2)
Ztn Ztn
The angle a can be derived from (3-2) as:
[ Ve ZnPy (3-3)
a=pf —cos™t|—cosf + ]
b Vo P F 0

The second term in brackets in Eg. (3-3) must be less than unity for cos™ to have

a real value.

Vi Zen Py (3-4)
—cosf + <1
Vin VinVi

The above equation can be re-ordered as:

Zn P, (3-5)

Vin = Vycosf +
Ve

So, when the voltage source as in (3-5) the D-STATCOM can regulate the voltage
without injecting any power into the system. However, the D-STATCOM can inject
minimum apparent power to regulate the voltage. The equation of complex power
flow injection of the D-STATCOM can be defined as:

Sp =V} (3-6)
Where * represents conjugate of complex variable.

The minimum power injection is subjected to the condition [157]:

or; (3-7)

Ir can be found from Eq. (3-1) and the solution of Eq. (3-7) gives the following:

[ Zelisin(B—0) (3-8)
Vi + Zp I, cos(B — 0)

a = tan
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Thus, for a given load the value of @ can be found from Eqg. (3-8). Thus, the
complex current and the apparent power of the D-STATCOM can be calculated
from Egs. (3-1) and (3-6) [157].

3.2.1 Modelling and Steady State Analysis of The Distribution
System Based D-STATCOM

The power distribution system shown in Figure 3-1 can be represented by its
equivalent circuit, as shown in Figure 3-2. It is assumed to be a balanced system;
the system voltage is modelled as source bus with inductance L; and resistance
R, connected in series with an inductor L; and R; as load, and a controllable
current source iy with parallel capacitor Cy as the D-STATCOM [158].

|
D-STATCO | |

Figure 3-2 Equivalent circuit of power distribution system with D-STATCOM [155]

The dynamic differential equations of the system are:

dis,abc , (3-9)
Lg dt = _Rsls,abc — Vtabc + Vs,abc
AVeape . ) . (3-10)
f dt = Llsabc + lrabc — labc
diyape , (3-11)
L dt = V¢.ape — Rilyape

Here, isapc, ifapcr Vsapc @Nd veqp @re vectors consisting of individual phase

guantities denoted in Figure 3-2.

The d-q transformation analysis applied to above equations, gives:
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digaq (3-12)

Ls— = ~(Bs +jwLs)isaq — Veag + Vsaq
dveq . : . . (3-13)
fdt = —(jwCr)veaq + isaq + iraq ~ iag
di 3-14
L a;':q =—(Ry +jwL)iyaq + Veaq o

Where the w = Z—f is the rotating speed of the d-q axis in space. The equivalent

diagram of the system for the d-g analysis is shown in Figure 3-3 and Figure 3-4.

isg WL

+ Li Iig
Vs f\)
+ .
wCfV( A ) == VWQD Ira

R

wLyig +

Figure 3-3 d-axis equivalent circuit

Lli
+ i lg
b - thQD if‘?

wlig] +

Figure 3-4 g-axis equivalent circuit

3.2.2 abc to dq Reference Frame

The vector representation of the abc to dq transformation is shown in Figure 3-5,

where 6 is the instantaneous angle between the x-axis and d-axis.
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Figure 3-5 Orientation of d-q transformation

Thus, a = 0 — w,t
where w, is the angular speed of the infinite bus voltage.

If the d-component is aligned to the supply source voltage, v.,-o, the d-q

eqguations of the system can be rewritten as:

digg 1. ) 1 v, (3-15)
dj: = _Fslw + Wigg —L—Svtd +L—Zcosa
disq = L i Wicy — Esincx (3-16)
dt ~ T, * sd L
dveq 1 1. 1 (3-17)
dt = —C_flld +C_flsd +C_flfd
dt;g 1. . 1 (3-18)
W = —Fllld + (l)llq + L_lvtd
diy, 1. _ (3-19)
ar _Flllq — Wl
da _ . (3-20)
dt s
—lgt+ gt ipq (3-21)
w =
Cf Vtd
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Where T, = % is the time constant of supply and line. T; = % is the time constant
l

N

of the load.
3.2.3 Steady State Analysis of D-STATCOM Based Distribution
System

The steady state equations of the system can be easily obtained by making all

the derivative terms of dynamic Egs. (3-15) - (3-20) equal zero as follows [158]:

% 3-22
0=—Fslsd+a)lsq—L—Svtd+L—2cosa ( )
1 v (3-23)

0= —ilsq — wlgy —L—Ssma
1 1 1 (3-24)

0= —C_flld +C_fISd +C_flfd
1 1 3-25
O=_ﬁlld+wllq +L_thd ( )
1 3-26
O=—Flllq—(l)lld ( )
0=w-— w (3-27)
B —lg+ gt Iy (3-28)

Cr Via

Where: isq = Isq, isq = Isq, Vea = Viar La = La, Uig = 14 (after the quantities have
been transformed into the d-qg reference frame), V., is the magnitude of the load

voltage.

The D-STATCOM can regulate the system by supplying both active and reactive
power. However, in this part the investigation of D-STATCOM is sized to inject
only the reactive power and the load active power requirements are supplied by
the source [159].

Thus,
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P =Vialhg = Viglsa (3'29)

If the D-STATCOM supports the grid with reactive power only, the active current
of the load is equal the active current of the supply (I;; = I;4). By solving Egs.

(3-22) and (3-23), the supply active current is derived as:

—R, wgLg (3-30)
Lig=———5 w1, —————V.si
<d R52+w52L?5( ta — Ve cosa) RZ+ wilZ L sina

From Egs. (3-29) and (3-30) the P, can be obtained as:

ViaVs R wsLg . Vi Rs (3-31)
P = cosq ———=sinat———--
JRZ + w212 ({/RZ + w22 RZ + w? R§ + wiLs
If —R = cosf & —Osts sinf (B is the supply impedance angle.)

/R§+w§L§ R2+w?12

V V VZR 3'32
Py = —=—=———{cos f cos@ — sin B sina} — "> .
JRE+ wllz R+ ozl
o, V2R (3-33)
P = —2 (cos(B - a)) — o2 —
R? + w212 s wsts

From Eq. (3-33) the supply voltage’s phase angle can be written as:

| Vea R, N P,\/R2 + w?I2 (3-34)

Vs JRZ + w22 ViaVs

a = —cos”

The term in brackets in Eq. (3-34) must be less or equal to unity for cos™ to have

a real value.
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Veg R N P,\JRZ + w22 <1 (3-35)

Vs JRZ + w22 VeaVs -

In Eq. (3-35), if the magnitude of the load voltage is regulated at the desired value
Vi desirea With D-STATCOM, the load active power, P, 40sireq, at the desired load
voltage can be expressed as in Eg. (3-36) and the source voltage, V;, as in Eq.
(3-37).

p < Vi RE + w23 — Via,desiredaRs (3-36)
ldesired = td,desired
RZ + wZl?

Rs Pl,desiredV Rs2 + CUSZL% (3'37)
Vs = th,desired + Vv
VRZ + w?l? td,desired

From Egs. (3-36) and (3-37) P, gesireq @nd V; are each a function of the resistance

R and inductance L; when the V; ge5ireq 1S KEpt constant.

Regarding the D-STATCOM'’s application to control the load voltage, the power
model is generally used to determine the loads in the power distribution grids.
Thus, the values of R; and L; are found by solving Egs. (3-38) and (3-39).

R, (3-38)
Vtzd,desired m - Pl,desired =0

wsLy (3-39)

2 —
Vt - Ql,desired =0

d,desired RLZ 4+ a)SZL%

If we now assume the D-STATCOM is lossless and injecting only reactive power

(the active current of the D-STATCOM I, = 0), then the reactive current of the
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D-STATCOM can be derived from Egs. (3-22)-(3-28). The reactive power support
provided by D-STATCOM may be written as:

Spsrarcom = Qpstarcom = thlfq (3-40)

Where:V;,; = Via,desired

As indicated in Eqgs (36) and (37) the amount of active power, P, j¢sireq, and the
desired voltage magnitude of the system, V;, are a function of Rs and Ls when
Via desirea 1S KEpt constant. The system parameters in Table 3-1 have been chosen
to study the impact of system parameter on maximum load active power and the

magnitude of the supply system voltage, Vs ,,in.

Table 3-1 Parameters of the distribution power system [159].

Parameters Values

Nominal source voltage 12.1 kV

Desired load voltage magnitude, V,4 11.00 kV

R; and Ly 10 Q, 10 mH
Nominal load power P, and Q; 12.0 MW and 0 MVar
System frequency 50 Hz

Coupling capacitor 50 pf

Figure 3-6 and Figure 3-7 show the plots of maximum desired load power
P gesirea With the system parameters Ry and L; at a various values of source
voltage. Figure 3-6 shows the maximum load power as a function of system
inductance, Ls, with time constant of the supply, T, kept constant at 3.14 and V,,,
maintained at 11.00 kV. It shows that the maximum value of the load power
decreases as the system inductance increases. Figure 3-7 shows the maximum
load power P, 4.sireq @S @ function of T, with Lg kept constant at 10.00 mH. It can
be seen that the load power P, 4.5ireq iNCreases as the source time constant, Tg,

increases.
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Figure 3-8 and Figure 3-9 show surface plots of maximum load power, P, jesireq
as a function of Lg and V;, and T, and Vs respectively. These figures show that

Py gesireq INCreases linearly with source voltage V;.
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Figure 3-6 Load active power as a function of L at constant value of T
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Figure 3-7 Load active power as a function of T at constant value of L
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Figure 3-8 Load active power as a function of L;and Vg
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Figure 3-9 Load active power as a function of T¢and V;

Figure 3-10 and Figure 3-11 show the source voltage (V; i) plots as a function
of system inductance, L;and source time constant, T, with various levels of the
active power of the load (Pj). In Figure 3-10, T, and load voltage V;,are kept
constant at 3.14 and 11.00 kV respectively. It can be seen from this figure that

Vsmin Increases with increase in L. The source voltage as a function of T is
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shown in Figure 3-11. The L was constant at 10.00 mH. It can be seen that

Vs mindecreases as the time constant Ty increases.
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Figure 3-10Source voltage V as a function of Ly at constant value of Ty
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Figure 3-11 Source voltage as a function of T, at constant value of Ly

Figure 3-12 and Figure 3-13 show the surface plots of source voltage, Vs, as a

function of load power (P;) and L;and T, respectively. These figures show that
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Vs min iINcreases linearly with load power, for example line AB in the figures, which
relates to P;,=12.00 MW in both Figure 3-10 and Figure 3-11.

Vs,min (Kv)

Ls(mH) 5 0 PI(Mw)

Figure 3-12 Voltage source as a function of Lg and P,

Vs,min (Kv)

Ts 0 o

PI(Mw)

Figure 3-13 Voltage source as a function of Ty and P,

The rating of the D-STATCOM (Sp_srarcom) iS affected by the system
parameters: i.e. Lg, Ry, Vi, and P;. The inductance Ly and time constant T, of the

source were changed to evaluate the impact of the system parameters on the
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rating of the D-STATCOM. Figure 3-14 and Figure 3-15 show the surface plot of
Sp_srarcom @S a function of Lg and T, when the load power factor is unity (Q;=0)

as the source voltage decreased from 14.00 to 6.00 kV.

In Figure 3-14, the source inductance was varied from 5 to 20 mH for different
levels of source voltage up to 12.1 kV. The time constant and V;; were kept
constant at 3.14 and 11.00 kV. It is seen in Figure 3-14 at the normal system
parameters (Ls= 10.00 mH and V; =12.1 kV), the voltage of the load bus is at the
required value (11.00 kV), the DSTATCOM does not support the grid with any
power (Sp_srarcom = 0). D-STATCOM regulated the load voltage by
injecting/absorbing power. So, at the nominal case (V,=12.1 kV), the D-
STATCOM absorbs power to control the load voltage at the rated value when
load voltage increased. The negative value of Sp_srarcom COrresponds to a load

voltage more than 11.00 kV.

The effect of the source time constant T on the required power of D-STATCOM
is indicated in Figure 3-15. The source time constant is changed between 3.14
and 31.5 with source voltage sags from 6.96 to 12.1 kV. Here V,; and

L, remained constant at 11.00 kV and 10.00 mH respectively.

At T,=3.14, a reduction in source voltage from 12.1 to 6.96 kV, leads to a drop in
the load voltage from 11.00 to 6.6 kV. Thus, the voltage of the load needed to be
regulated by injecting reactive power when the source voltage dropped from 12.1
to 6.96 kV. When the T, was more than 3.14, the load voltage V;,; was reduced
from 11 kV because the source voltage changed from 12.1 to 6.69 kV. In this
case, D-STATCOM regulated the load voltage by injecting or absorbing power.
However, for the normal case the D-STATCOM absorbed the reactive power
when the load voltage is more than the required value (11.00 kV) that related to

the negative value of Sp,_srarcom-
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Figure 3-14 Sp_srarcom@s a function of Ly and V¢ with power factor of the load of

unity and source time constant 3.14

SDstatcom(Mvar)

Figure 3-15 Sp_srarcom@s a function of Ty and V¢ with power factor of the load of

unity

Figure 3-16 and Figure 3-17 show the surface plot of Sp_srarconm With lagging load
power factor of 0.9 (lagging because load is inductive), as a function of
inductance and time constant of the source at different levels of the system
voltage. As indicated in the figures, the load demand at a power factor of 0.9
influences the load voltage only, whereas the minimum source voltage remained
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the same in the case of power factor of unity. For example, at nominal system
voltage (12.1 kV) the load voltage is 11.00 kV at unity power factor, but at a power
factor of 0.9 the load voltage is 9.83 kV for the same source voltage variations.
Thus, the rating of the D-STATCOM input to regulate the load voltage at 0.9 load

power factor is more than for a power factor of unity.

50 - [ Vs=6.96Kv
S$=36.85Mvar

SDstatcom(Mvar)

Ls(mH) 5 14 Vs(Kv)

Figure 3-16 Sp_srarcom@s function of Ly and Vg with lagging power factor of the
load of 0.9
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Figure 3-17 Sp_srarcom@s function of Tg and V¢ at with lagging power factor of the
load of 0.9
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To study the effect of variation in load power on the magnitude of the D-
STATCOM, Figure 3-18 and Figure 3-19 show the surface plots of Sp_srarcom @S
a function of load power level, P, and L, and P, and T, respectively, for a load
power factor of unity (Q;=0). The voltage of the source remained constant at 12.1
kV.

Figure 3-20 and Figure 3-21 show the surface plots of Sp_srarcom @S @ function
of load power level, P;, and Lg, andP;, and T, respectively, for a lagging load

power factor of 0.9.

Figure 3-18 shows the results obtained as the load power changed from 10 to 50
MW and the source inductance changed from 20 to 5 mH, for constant load
voltage of 11.00 kV and time constant of 3.14. As previously, the D-STATCOM
does not add any reactive power to the grid at the nominal case when Lg= 10.00
mH, P,=12.00 MW and V,4=11.00 kV.

The maximum load power for which the D-STATCOM can compensate the load
voltage can be computed from Eq. (3-36), which shows P, 4o5ireq = 29.3 MW.
When the load power was raised to 29.3 MW it caused a reduction of the load
terminal voltage from 11.00 kV to 8.51 kV. So, the D-STATCOM injected reactive
power to regulate the load voltage. On the other hand, when the power of the
load is less than 12.00 MW, the load voltage becomes more than 11.00 kV and
the D-STATCOM absorbs the reactive power from the system to regulate load

voltage and that corresponds to a negative value of Sp_srarcom-

Figure 3-19 shows the surface plot of S;,_¢rarcom@s a function of T; and P;. The
source inductance and load voltage were kept at 10 mH and 11.00 kV,

respectively. T, was increased from 3.14 and 31.5.
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Figure 3-19 Sp_srarcom@s function of Tgand Pywith power factor of the load of

unity

For the case of a load power factor of 0.9, Figures (3-20) and (3-21) show surface
plots of S,_srarcomWith respect to the inductance and time constant of the source
for different power loads. As indicated in the Figures, the load demand with a

power factor of 0.9 affected the load voltage, whereas the maximum load power
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remained the same as in the case of a power factor of unity. For example, at
nominal load of 12.1 MW the load voltage was 11.00 kV at unity power factor,
while for power factor of 0.9 was 9.83 kV for the same load power variations. So,
the rating of the D-STATCOM to regulate the load voltage at 0.9 load power factor

is greater than for load power factor of unity.
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Figure 3-20 Sp_srarcom@s function of Ly and P; with lagging power factor of the
load of 0.9
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Figure 3-21 Sp_srarcom@s function of T4 and P, with lagging power factor of the
load of 0.9
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3.3 Design of D-STATCOM Rating

Essentially, the D-STATCOM is constructed from switching devices based on
insulated gate bipolar transistors (IGBTs) or metal-oxide-semiconductor field
effect transistors (MOSFETS), a capacitor unit and a coupling inductor. The rating
power of the D-STATCOM can be decided according to the source voltage and
variation in load demand. The system parameters as shown in Table 3-1 are
taken as an example design to demonstrate how to determine the component
rating. Figure 3-14 and Figure 3-16 depict the reactive power supply with variation
of source voltage at power factors of unity and 0.9 lag respectively. Figure 3-18
and Figure 3-20 illustrate the supplied reactive power with different levels of load
power again for power factors of unity and 0.9 lag respectively. Table 3-2 and
Table 3-3 give the required reactive power for source voltage sags and various

loads respectively.

Table 3-2 Reactive power for source voltage sags.

Required reactive power | Required reactive power
Source Voltage (kV) | (MVar) (MVar)

Load power factor=1 Load power factor=0.9 lag
12.10 0.00 5.80
10.89 5.05 10.82
9.68 10.53 16.30
8.50 16.83 22.61

Table 3-3 Reactive power for different loads.

) Required reactive power | Required reactive power
Active power load

(MVar) (MVar)
(MW) Load power factor=1 Load power factor=0.9 lag
12.00 0.00 5.80
14.00 1.36 7.70
16.00 4.84 9.74
20.00 10.97 14.62
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If the converter is lossless, the current rating of the D-STATCOM is determined

from the following equation [160]:
Qp-srarcom = \/§th1 f (3-41)

As an example, we use Table (3-2) where the source voltage dips to 8.50 kV with
a lagging power factor of 0.9. The required reactive power of D-STATCOM s
22.61 MVar (Qp_srarcom= 22.61 MVar) and load voltage, V;4, is 11.00 kV. The
value of the D-STATCOM current, I, is 1.19 kA from Eq. (3-41).

When the desired voltage of the load terminal is 11.00 kV, the DC side voltage of
the D-STATCOM can be calculated from [160]:
Vi (3-42)
2 VZ (L)
%2 7

V,. =
dc m

Where m is the modulation index which ranges between 0 and 1. If it is assumed

m = 0.5, the voltage of the DC side is:

Ve = 35.93585 kV ~ 36 kV

3.4 Summary

This chapter presented the modelling circuit for D-STATCOM with a distribution
grid. The system voltage was modelled as a source bus with impedance, the load
was modelled as a resistance connected in series with an inductor, and the D-
STATCOM modelled as a controllable current source with parallel capacitor. The
dynamic differential equations of the distribution system were given and applied
in the d-qg transformation analysis. A set of steady state equations were obtained

from the dynamic equations.

The D-STATCOM capabilities to control the load voltage at the maximum load
power and the minimum source voltage were considered and discussed in this
chapter. It was found that the maximum load power, P;,,y) decreased as the
source inductance (L) increased, whereas increasing the time constant of the

source (T) resulted in an increase of the maximum load power. The effects of
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change in inductance of the source and time constant on the source voltage were
discussed; decrease in source time constant (T;) resulted in an increase of the
minimum source voltage (V; ;) While the voltage of the source increased linearly

with increase in source inductance.

This chapter also addressed, the ability of the D-STATCOM (Sp_srarcom) @S @
voltage regulator corresponding to the system parameters for different levels of
the source voltage and a range of values of the load power. The rating of the
output of the Sy_srarconWas found to be a function of the system parameters e.g.

source resistance (R;) and source inductance (Ly).
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4 Chapter Four: Design of D-STATCOM Control

4.1 Introduction

As stated previously, voltage stability is enhanced in power systems by controlling
the voltage and reactive power flow at all points in the system within acceptable
limits. Real power may have to be injected to support the power grid at the setting

frequency.

Different types of compensation devices have been used in distribution systems
to ensure the system meets the demand for reactive power and to avoid any
voltage disturbance in the system [161].

In recent time, compensator-based power electronic devices have been
employed as reactive power sources in AC power systems to maintain voltage
stability [62]. A D-STATCOM power electronic device is fast-acting and can
produce or absorb reactive power more rapidly than other classical reactive

power compensators such as capacitor banks and SVCs [161].

The main aim of this chapter is to adopt and improve the performance of the D-
STATCOM device to provide enhanced power quality and voltage stability in
distribution grids. To ensure a fast and consistent voltage response during a load
change, a novel approach that decouples the d-q power components has been
developed; applying a Sugeno fuzzy PI controller to a D-STATCOM. Based on
this strategy, the error signal of the DC side voltage is reduced significantly
because the proportional and integral coefficients of Pl based fuzzy logic
controller have been adjusted almost instantaneously during the transients as a
result of changes in load and operating conditions. The resultant excellent

performance is verified by comprehensive MATLAB/SIMULINK models

The chapter is organized as follows. Section 4.2 explains grid connected power
converters. The two—level, three phase power converter is detailed in Section 4.3.
The modelling and steady state analysis of D-STATCOM are described in
Sections 4.4 and 4.5. Section 4.6 describes the design of the D-STATCOM
control loops built using a voltage source power converter, and the design of the
new Sugeno Pl fuzzy controller to enhance the performance of the standard D-
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STATCOM. Sections 4.7 and 4.8 present the simulation of a distribution system
with a sudden load change and during fault condition, showing the benefits of
using a D-STATCOM. Furthermore, a performance comparison of the system has
been carried out for the fuzzy-tuned Pl and the standard PI controllers under load
disturbance. At the end, Section 4.9 makes some concluding remarks on the

current work.

4.2 Grid connected power converters

Previously, industrial, domestic and information technology applications
depended mainly on power-electronic converters. However, in the last two
decades, due to advancements in semi-conductor and electronic technologies,
the benefits of their use in power systems have become more significant. Thus,
the number of commercial and industrial companies including active power
filtering and compensation in equipment based on power electronics is increasing
rapidly [162].

The accurate control of the active and reactive power flow is the main objective
of most power distribution systems designed to maintain the system voltage
stable [163]. Thus, electronic converters are employed as the main part of the
control system due to their ability to convert power from AC to DC or vice versa.
There are mainly two types of AC to DC converters: voltage source converters
(VSC) and current source converters (CSC) depending on the source type used
on DC side of the converter. In the VSC a voltage source such as a capacitor is
used in the DC side while a current source, for example, a reactor is utilised in
CSCs. The VSC has a number of advantages over the CSC; including
autonomous reactive and active power conversions and unlimited reactive power
[47].

The configuration of a three-phase VSC can be described based on the number
of levels [162]. In general, the VSC configuration is classified into two or multilevel
converters. Cascaded Multilevel Converter (CMC) [122], Cascaded Multilevel H-
Bridge converter [123], Neutral Point Clamped (NPC) and Flying Capacitor
Multilevel converter [85] are different applications of the multilevel converter.

These converter structures increase the ability of IGBT devices to control the

72



voltage of IGBT devices and meet the needs of high power grids. However, to
use CMCs in high and medium-voltage power amplifiers necessitates employing
transformers to deliver the required active dc sources that are electrically isolated
[164]. To build multilevel inverters, complex control and isolated power sources
are required at each stage [165]. This increases costs and energy losses and

adds to the complexity of the power circuit.

The modular multilevel converter is attractive for use in medium and high voltage
applications because of its modularity which makes it feasible to adapt it to
multiple levels without the problem of having to balance the capacitor voltage
[164] [166] However, such applications can require the addition of a number of
semiconductors and large capacitors which may adversely affect the losses and
footprint of the convertor [164].. Thus, the two level (six pulse) three phase VSC
configuration has been selected for this work, which is appropriate for medium
and low power grids.

4.3 Two —level three phase power converter

The two-level converter has been widely used for a many application at different
power levels. “A VSC uses composite self-commutated switching devices such
as the insulated gate bipolar transistor (IGBT) and anti-parallel diodes” as shown
in Figure 4-1“to enable bi-directional current flow in each phase-leg, hence
bidirectional power flow between AC and DC sides.”[167]. The three- phase two-
level VSC schematic diagram is presented in Figure 4-1. The converter is a two-
level converter because the AC voltage level of the converter at phase a, b and
c can be produced from only two discrete voltage levels, %2 Vac and —V2 V4c, based
on the supply mid-point (0). The converter consists of three legs, two controllable
switches in each leg connecting in series (a total of 6 switches) [47] [167]. In any
one phase-leg the switches are complementarily. When the top switch in a phase
is switched on, the ¥2Vqc voltage potential is supplied to the converter, conversely,
the Y2V voltage is produced when the lower switch in the same phase is turned
on. So, the two switches in the same leg should never work simultaneously, as
this would produce an undesirable current through the DC side with the risk that

the converter switching units would be destroyed.
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Thus, maintaining the successful operation of the converter in any real system is
achieved by operating one switching device at a time. A delay is introduced
between the switching gates to avoid any failure in converter operations by

ensuring both switches in the same lag are never on simultaneously.

) Vdc

% Vdc —‘7

Figure 4-1 Three-phase, two-level converter [167]

4.4 Modelling of D-STATCOM

In this study the voltage source converter is employed as the core of the D-
STATCOM device [163].

The detailed model of the D-STATCOM with a 2-level three phase converter and
its control are shown in Figure 4-2. For the purpose of deriving equations
describing the workings of the D-STATCOM device, a simplified equivalent circuit
is first obtained. A simplified, equivalent VSC is assumed to be connected to the
electric system. It is also assumed that the inverter operates under ideal,
balanced conditions, that it produces an ideal sinusoidal voltage at a fundamental
frequency. See Figure 4-3. The necessary equations can now be derived
relatively easily from consideration of Figure 4-3.

In this figure, each switch represents a power semiconductor device and anti-
parallel diode combination. Vsa, Vsb, and Vsc represent the AC grid voltages. Vst,a,
Vstp, and Vst represent the converter voltages. ia, ib, and ic are the line currents
flowing through the coupling reactor, L. The converter is integrated into the AC

grid through a coupling transformer and inductor. The inductor also acts as filter
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unit to eliminate the harmonic components of the output currents. The inductance,

L, in this figure represents the leakage inductance of the transformer and the

interfacing inductors. The copper loss of the connecting transformer and loss of

the interfacing inductor is represented by a resistance R.

Two- Level Three
Phase Converter

........ Line Filter
i | *ﬂ *L).} 5 - g
. (B00) Vsa Ve
. ; Vs, I3} > ! ,_ L
b H V.
6 A2 L L [oo0L | Y
Vs cg——> : L
_‘ _‘E] _‘E} : 1
___________________________________________________ C== C== C==
oo Contoller | i
| * ok id,iq
| Vie o PWM [V V
i O e
: Macer z:ontrtgfg _| i
E N Current Control
=y AC voltage ] iq*
:l ,4&—5 control

Figure 4-2 Detailed model of D-STATCOM

Voltage Source Converter

__________________________________________________

i Vdc

Transformer and the

Figure 4-3 the equivalent diagram of DSTATCOM
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According to Figure 4-3, Vst anc represents the D-STATCOM’s AC voltage and

thus the three-phase dynamic differential equations of AC system may be

expressed as:
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di,

L E = —Ria — vs,a + vst,a
di .
d—f = —Rip = Vsp + Vgt p
(4-1)
di, ]
L E = —Rlc - vs,c + vSt,C

Referring to the DC side in Figure 4-3, the DC link of D-STATCOM is represented
by capacitor C,4. . The DC current flows through the capacitor C,;. and resister Rc
which represents losses in the converter. (To represent both the power losses in
the capacitor, Cqc, and the switching losses in the inverter, a shunt resistance Rc
is placed across the capacitor). The power balance equation of the convertor and

the instantaneous power of the DC- link can be expressed as

Pac = Vaclac = vdc(ic + iRc) = Pac = U.Zt,abciabc (4-2)
According to Figure 4-3, the DC current may be described as
dvdc Vac (4'3)

e = bac g + R,
From Equations (4-2) and (4-3), the relation between DC and AC power can be

expressed as:

Yac (4-4)

dvdc .
Vac {Cdc dt + R_} = _(vzt,abc' l,abc)
c

The vector representation of the abc to dq transformation in Chapter Three is
applied to analyse the above equations. Thus, the dynamic equation of the D-

STATCOM in a d-q reference frame can be represented as:

dig R | 1 i
E:_Z‘““”WZ”W +ch056vdc (4-5)
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di R
d—;I:—ziq—wid+zmSin5vdc (4-6)
dvdc Vdc 31 31
=Y 20 mcosSiy—oe—msindi (4-7)
It (LR 2C, mcosdiq — 5 o msiné i,

From Equations (4-5), (4-6) and (4-7) the state equation will have the general

form:
x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t), (D=0)

After substituting the D-STATCOM parameters, and with C=[1 1 1], the following

is obtained:
R 1 ]
-1 w —mcos d
ia(t) R 1 ta(t) (4-8)
— | ig@) | = - -7 stin& iq(t)
Vac(t) 3 m 3m 1 Vac(t)
— ———(O0S — ——sin —
2C4 Cdc CacRc
1
0
R 1 5-
. L @ pmeose 1
d|ta R 1 ta —= (4-9)
—lig | = - —— —msind (| ig [+ [Vgql
dt v L L v
dc 3m 3m 1 dc 0
———cos — ——sin -
2 Cdc 2 Cac Cchc

The Linear and Time Invariant dynamic matrix is:
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R 1
—= W ~mcosd
L L
R 1 )
A= —w —= -msiné
L L
3m 3Im . 1
—=—cosd —=—sind -—
2Cqc 2c¢qc CdacRc

1 ig
And the corresponding input matrix B = OL and the state vector xT = [ iq ]
0 Vac

where: w is angular frequency of the rotating reference frame, mis the modulation
index of the converter and § is the phase difference between the output voltage

of the D-STATCOM and the grid voltage, i; and i, are the direct axis and

quadrature axis components of the line currents vy, is the AC voltages of the

system on d-axis.

This mathematical model describes the averaged continuous state-space; it
represents the steady-state behaviour of an ideal D-STATCOM referred to the d-
g reference frame. This is the model that will be used as the basis for the design
of the proposed inner control loop scheme. [56] has reported that greater
accuracy can be obtained when static inverters are modelled using an orthogonal
rotating, synchronised d-q reference frame, instead of a stationary coordinate
system. Moreover, such a system simplifies the design of the control system

compared to using abc or af§

4.5 Steady state analysis of the D-STATCOM

Equation (4-8) is a set of dynamic equations of the D-STATCOM. The steady
state equations for the D-STATCOM can be easily obtained by making the
derivative terms of Equation (4-8) equal to zero. If it is assumed that the output
AC voltages of the D-STATCOM (m cos 6 vy, ) and (msin § v4.) on d-axis and g-
axis are represented by mu,V,;. and mu,V,. respectively, then iy, i, and V. are
the state variables of D-STATCOM and thus u, and u, represent the inputs
signals to the D-STATCOM [168]. After the voltage and current are transformed

into DC quantities, obtained by applying d-q frame reference (vyy = Vig » Vg =
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Vae, ta = 1q, ig = 1;) the D-STATCOM steady state equations are obtained as

follows:
[ R X mugy |
— _ d V.
| X . muq| Iy | = [ (S)d] (4-10)
l—3mud —3mu, -— J Vac 0
c
From Equation (4-9) the solutions of 1,4, I, and V. are:
R+ émzuZRC
I, =— S Ve (4-11)
R? + X2 + 5m?RR.(uf + uZ)
R+ §mzu u R
I, =— 2 e Ved (4-12)
R%Z + X2 + imZRRC(ufi +u2)
§ch(udR -u X)
2 a (4-13)

Vac = — 3 5 Vsa
R? + X% + 5m?RR.(uf + uf)

Where X is wL

It seems from the steady state Equations (4-10) to (4-12), that Iy, I, and V4, do
not include the magnitude of the capacitor of the DC link. The steady state
performance of the system does not appear to depend on the DC capacitor size.
However, The DC capacitor is used to maintain the DC voltage level on the DC

side of converter.

The D-STATCOM parameters in Table 4-1 [159] were used to evaluate the
steady state performance of the system according to Equations (4-10) - (4-12).
The steady state response of the D-STATCOM variables I; I, and V,, against

AC voltage component based g-axis, u,, at different values of the AC voltage
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component based d-axis, u,, are presented in Figure 4-4 (a), (b) and (c)

respectively, with m =0.5

Table 4-1 D-STATCOM parameters [159].

D-STATCOM parameters Values
Interfacing resistance and inductance 0.01 2 5.07 mH
DC capacitor 150 pF

The resistance of DC side R, 61.273 kQ
Switching frequency 5 kHz

As indicated from Figure 4-4 (b), generally, the reactive current I, varies linearly
with the AC voltage component u, over the range of values -1*103 < u, < 1*10°
3. The D-STATCOM provides the reactive current to the grid when the u, has
positive values, which means the D-STATCOM device is in a capacitive mode.
When the u, has negative values the D-STATCOM device is in an inducative

mode, which mean it absorbs reactive current from the grid .

The DC side voltage V. decreases linearly as a function of AC voltage u, (Figure
4-4 (c)). Relative to reactive current, there is very little change in the active current
with change the AC voltage component u, ( Figure 4-4 (a)). This is because it

acts only to regulate the DC voltage side at the required level and to offset

converter losses.

Figure 4-5 shows the surface plots of the active current (I, ), reactive current (I, )
and DC voltage (V,.) as a function of the AC voltage component on the g-axis
(uq ) for different values of the AC voltage component on the d-axis (ug). The
Figures show that the surface trends of the active current, reactive current and
DC voltage all show a slight change at high values of the AC voltage component
based d-axis (v, ). where there are dramatic changes at low values of AC voltage
commands on the d-axis (u, ) with respect to the AC voltage component based

g-axis (uq).
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4.6 Control design of D-STATCOM

A vector control algorithm [169] based on a rotating reference theory of the (d-q)
components has been adopted in this controller. The overall control scheme for
the D-STATCOM controller is illustrated in Figure 4-6.

Firstly, the instantaneous measured grid voltage and current in a-b-c stationary
components are transformed to the a-f3 reference frame. The angle 6 for the
rotating transformation of the voltage at the PCC is obtained from the voltage
transformation (a-B) to carry out the synchronization with the system voltage.
Then, another transformation is done from a-f3 to d-q, which rotates at the same
speed as the AC grid quantities. The D-STATCOM controller is designed in three
loops, the inner control loop, outer voltage control loop of the DC- link and the
Vpcc control loop. The inner loop is the main current loop which will adapt to adjust
la and Iq corresponding to the required active and reactive power demands. The
output signal is used to calculate the reference voltage of the PWM (modulating
voltage). Then, the modulating voltage is compared with the carrier signal to
generate the required pulses of the IGBT switches. The DC-link voltage loop is
needed to regulate the DC side voltage for proper performance of the D-
STATCOM, and to set the flowing active current between the VSC and the AC
grid. The Vecc controller loop controls the grid voltage by adjusting the flowing

reactive current between the VSC and the AC grid.

AC voltage regulator g-axis current regulator
*
V, + iy + +<
- [ s n
- = +
Ve ; Vst,q
Iq > —
dg-abc [—# PWM »
g —

D-STATCOM

VSsC

¢ Vst,d
* + - + N
e — e[ it o1 ] J
*+ +

Ve _'* ld *
Vsd
DC voltage regulator d-axis current regulator

Figure 4-6 The overall control scheme for the D-STATCOM
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4.6.1 Current control loop

The current control loop of the D-STATCOM controller can be designed from the
dynamic equation of the D-STATCOM. The three phase dynamic differential
equations of DSTATCOM are expressed in Equations (4-5) to (4-7).

Equations (4-5) to (4-7) demonstrate that the output currents of the D-STATCOM
are due to the modulation of its output voltage. Nevertheless, the power converter
in the (d-q) synchronously rotating reference frame controls the current via a two-
output, two-input system which has cross-coupling between the reactive and

active currents. To decouple the control and eliminate interaction between

Igand i4, Equations (4-5) and (4-6) are written as:

Vgqg = — (Rld + L%) + (,()qu + vSt,d
(4-14)

] dig ]
Vsq = — (qu + LE) —wlig +vg 4

Where:

Vsa d component of supply voltage
Vsq d component of supply voltage
iy dcomponent of Line current

iz g component of Line current

Vseq d component of DSTATCOM output voltage

Vst 4 4 component of DSTATCOM output voltage

R  internal resistance of the coupling reactor

L coupling reactor

w angular frequency of the rotating reference frame

The iz component is used to regulate the DC- voltage loop while the reactive
demand and PCC voltage loop is controlled by the i, component. The PI
controller to be used to control the D-STATCOM currents is based on these

considerations,
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If the d-component is aligned to the supply source, voltage Vy,-,, Equation (4-14)
can be rewritten as:

dig

Vga = —(Rld + L dt

) + wlig + Vs g
(4-15)

] dig ]
0=- (qu + LE) — wlig + Vg 4

To control the d and g axis currents, the D-STATCOM has to produce associated
output voltages according to the reference voltage signals determined from

Equation (4-15). The associated output voltages are given as:

Vita = Vg + (—wLiy + Vyg)

(4-16)
s*t,q = VE{, + (wLiy)
Where,
Vg=Riq+ L2
(4-17)
I—p: diq
Vi=Rig +L—!
The Laplace transformation applied to Equation (4-17), gives:
Vi(s) = Rigz(s) + SLiyz(s)
(4-18)

V, (s) = Rig(s) + SLig(s)

V; and V; will calculated from the current control as applied in Equation (4-16)
to compute the reference voltages of the PWM. The current control loop can be

designed according to:

ia(s) _ g _ _1 (4-19)
V(8 vg(S)  SL+R

G(S) =
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The control loop design is illustrated in Figure 4-7. A connecting inductor L=10.00
mH with R=0.1 ohm were used to design the PI controller, where | in the figure
represents the current on the d and g axis and V' represents the voltage reference
on the d and g axis. An anti-aliasing filter with a cut-off frequency of 1500 Hz was
used to remove the high frequency switching noise. A 5-kHz switching frequency

was used and this was also used as the sampling frequency.

Controller - }—p| - 1/SL+R >

Figure 4-7 closed current control loop

The design of the control loop was carried out using standard procedure:
MATLAB SISO tool box with 110 Hz bandwidth.

4.6.2 Vpcc vVoltage control loop

The D-STATCOM should produce the desired amount of the reactive power to
the AC grid to control the voltage magnitude at the PCC as in the power grid
shown in Figure 4-13. As the change in the voltage at PCC is based on the
variations of the current flowing from source to PCC point, the control loop design
of the Vpcc is derived using the small signal model which is detailed in Appendix
A and presented in Equation (4-20) [170].

AVPCC =
Al (4-20)
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where, w is the angular frequency of the rotating reference farm, AVp.. is the
change in the voltage at PCC, A, is the variations of the reactive current

component passing in the line.

As in the current control loop, the low pass filter (anti-aliasing filter) was used in
the loop design of the Figure 4-9 with a cut-off frequency of 1500 Hz. The design
of the control loop was carried out using standard procedure: MATLAB SISO tool
box with 10 Hz bandwidth.

*
|VPCC| V Iq | Vpcc|
HQ_' Contiolier [ wlL. >

Figure 4-8 Vpcc control loop

4.6.3 DC-link voltage control loop

To design the voltage control loop of the DC-side, the D-STATCOM was
represented as a current source, as explained in Chapter Three. The voltage of

the DC-side was based on power flowing from source to convertor.
The current flowing from the current source was:

Vala+ vgrg C av g c(t) (4-21)
- c

I;,.=3
dc Ve dc gt

As stated earlier, if the d-component is aligned to the supply source voltage, V,-

and Equation (4-19) is written as:

_ o Vala _ ava.c(t) (4-22)
Idc =3 Vae - Cdc dt

The modulation index (m) is defined as the ac voltage (rms value) of the converter

to the DC-side voltage.
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_ 22 . vy (4-23)

m =
Vdc
- m. Vg, (4-24)
=
242

From Equations (4-22) and (4-24)

m.lg
lye = eV Cac

Ve (4-25)
dt

The Laplace transformation applied to Equation (4-25), gives:

d4(S -
lae = 37552 = SCacVae(S) (4-26)

The voltage control loop can be designed according to:

_ Va8 . 3m (4-27)
G(S) = 19(8) ~ 2v2.8Cq,

The block diagram of the DC-side voltage loop design is shown in Figure 4-9. An
anti-aliasing filter with a cut-off frequency of 120 Hz is used to remove the high
frequency switching noise. The cut-off frequency is chosen as a compromise
between the speed of the dynamic response of the controller and the filtering of
high frequency switching noise. A capacitor with C;.=1000 yF was used in the

design of the PI controller for the voltage control loop.

*
\V/ lg V
«© Controller: - — 3.m/2.5qrt(2) I 1/SCqc = >

Figure 4-9 closed voltage control loop

The design of the control loop was carried out using standard procedures:
MATLAB SISO tool box with 10 Hz bandwidth.
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4.6.4 DC -link voltage control loop based on fuzzy logic

The performance of the VSC of the D-STATCOM is directly affected by the DC-
side voltage. Thus, for proper performance of the D-STATCOM,, it is important to
keep the DC voltage side close to the reference level. A conventional PI
compensator may be used in the DC control loop to adjust the DC side voltage
to the reference level by processing the error signal between the actual and
reference values of the DC side voltage. In general, standard PI controllers will
give a satisfactory response when the system parameters are pre-defined and
subject to minimum disturbances. However, if the model’s initial conditions vary,
an adaptive PI controller which tunes the controller parameters may be essential
for good performance. Fuzzy logic control is particularly conducive to more
complex control structures, by using functional objectives and linguistic
descriptions, rather than mathematical equations, to define the system’s mission
and the relationship between the input information and the output action
[171][172]. The structural design of the DC side with a fuzzy-Pl controller is
illustrated in Figure 4-10. The scaling terms G1, G2, G3 and G4 are introduced
here to normalize the input and output signals [173].

]
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Figure 4-10 Structural design of the fuzzy -PI controller based DC voltage side

Fuzzy logic controller (FLC) has the following advantages over the conventional

controllers:

e simplicity and flexibility in the design
e The problems can be handled with empirical and estimated data

e The nonlinear functions can be modelled of arbitrary complexity
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e The fuzzy control model can be developed according to the system
requirements.

e |t can be covered a wider range of operating conditions

e A self-organizing fuzzy controller can automatically refine an initial

approximate set of fuzzy rule

FLC involves four principal components: “a fuzzification interface, an inference
mechanism, a rule base, and a defuzzification interface” [174]. The fuzzy logic
controller design requires precise selection of suitable inputs and outputs for
building each and every one of the four components of FLC. The four components
of the fuzzy logic controller based on the DC voltage regulator will be explained
in the next section. The strategy of the fuzzy-tuned PI controller is stimulated
during the disturbance times and when the DC voltage amplitude is in the steady
state, the Pl compensator gains are kept at their original values. A more detailed
explanation of the control design of the fuzzy logic is found in [174]. The error
signal between the actual and reference value of the DC side voltage and the
deviation in the error as a function of the input signals of the Pl-fuzzy supervisor

are:

error(i) = (Vdc_ref = Vac) (4-28)

Derror(i) = error(i) — error(i — 1) (4-29)

Where, error(i) and Derror(i) is the error and deviation in the i iteration. The
output signal of the PI-fuzzy was the deviation in the controller gains (
AK, and AK;).

K, = Kpres + AK, (4-30)
Ki = Kiref + AKL (4-31)
Kyref and K;,.; are the normal steady state values decided on, and tuned from

the standard procedure by the MATLAB SISO tool box. A Sugeno fuzzy logic

based supervisor control is designed to adjust the gain of the PI controller used
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for the DC link voltage control. The fuzzy supervisor is designed in such a way

that the gains AK,, and AK; are the outputs of the fuzzy logic supervisor, which
are added to the reference gains (K. and K;,.s) during changes in load. Hence,

the design process is intuitively stable and the system’s response can be further

enhanced and improved by the Sugeno/fuzzy controllers

AK, and AK; are normalised gain perturbations obtained directly from the Sugeno
defuzzification process equations (Equations (4-32) and (4-34)). Thereafter the
gain perturbations are scaled to suitable values which will generate the desired

system response using the time invariant factors G; and G,.

A. Fuzzification

Fuzzification is the first part in designing the FLC and includes the process of
converting the real input signals into a linguistic variable. Each range of the input
represents a membership function. There are a number kinds of membership
functions: including triangular, trapezoidal, singleton, Gaussian and piecewise
linear. It is decided to select five triangular membership functions for each input:
Nlarge (Negative large), Nmedium (Negative medium), Z(Zero), Pmedium
(Positive medium) and Plarge (Positive large). The triangular membership
functions are very fast to run in real-time applications thus making them excellent
candidates. The limits of the membership functions (i.e. LHS and RHS) are
trapezoidal to retain the denominator in, i.e., Equations (4-33) and (4-35), thus
retaining system stability. This allows the Sugeno fuzzy controller to have added
value without large gain changes. The number of functions was empirically
verified so that the minimum number of functions was used. The input
membership functions have been tuned according to the system requirements
and the membership values for each membership function ranged between (0-
1). Figure 4-11 shows the membership functions for each error and the deviation
of error signals. It is noticed that one or two membership functions will be initiated

for each error or deviation in error signals.
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Figure 4-11 (a) Membership functions for error input signal. (b) Membership

functions for deviation in error signal

B. Inference Mechanism

The main task of the inference mechanism is to decide the appropriate rules for
the status of the system dependent on the membership functions of the input
signals. “Once the rules are determined, the certainty of the control action is
ascertained from the membership values” [175] .This is known as the premise

guantification.

Finally, after tis part, a set of linguistic control rules involving the necessary
information would be ascertained as valid for the system. The database of the
FLC which contains the rule data is the rule base. A real control action is activated
from the output of the fuzzy inference mechanism. The rules data is normally
described by the format of “(IF) and (THEN)” statements. For example:

The error is defined as e(t) and the derivative of the error is defined as Derror

=e"(t)
For the AK,, every rule has the following form:
Rule 1: IF e(t) is A;; AND e*(t) is By,

then AKpl = all. e(t) + bll' e*(t) + Cll
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Rule 2: IF e(t) is A;, AND e*(t) is By,
then AK,, = a;;.e(t) + byz.e*(t) + ¢z
Rule k: IF e(t) is A;x AND e*(t) is By
then AK,x = ajg.e(t) + byg.e™(t) + ¢y
So,

AK o YK _1TljqA1j(e)-Big(e").AKpg (4-32)
p(ee’) Yk TjqA1j(€)Biqe®)

Subject to the constraint:

Yo=1lljgA1j(€).Big(e™) > & (4-33)

For the AK; every rule has the following form:

Rule 1: IF e(t) is A,;, AND e*(t) is By
then AK;; = ay;.e(t) + byp.e™(t) + ¢p

Rule 2: IF e(t) is A,, AND e*(t) is By,
then AK;, = ay,.e(t) + byy.e™(t) + oy

Rule k: IF e(t) is Ay, AND e*(t) is By
then AK;, = ayi.e(t) + byi.e™(t) + ¢y

So,

AK. v = Zo=1lligA2j(@).Bzq(€)AKiq (4-34)
(ee’) = Rk Tljq Azj(€)Bog(e)

Subject to the constraint:
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Za:l qu Azj(e)-BZq(e*) > & (4'35)

Where: j,q < kalsoe, >0 and ¢ > 0, anda, b and c are all constants.

C. Therule base
The importance part of the FLC design is forming the rule base. In a FLC, the rule
base defines the dynamic behaviour of fuzzy control system in an expert way by
a set of rules based on linguistic variables. Table 4-2 and Table 4-3 show a
set of fuzzy rules applied, which describe the connection between the input
signals (error and Derror) and output signal (AK,, and AK; ) respectively. The
surface viewers of the fuzzy control applied in the model are illustrated in Figure

4-12 (a) and (b) respectively.

Table 4-2 Rule base for the deviation in K,

error Nlarge | Nmedium Zero Pmedium Plarge

Derror (B1s) (B14) (B11) (B1z) (By3,
Nlarge (4,,) High High Med Low Zero
Nmedium (A4,,) High High Low Zero Low
Zero (A4,) Med Zero Zero Zero Med
Pmedium (4;,) Med Zero Low High High
Plarge (4;3) Zero Low Med High High

Table 4-3 Rule base for the deviation in K;

error Nlarge | Nmedium Zero Pmedium Plarge

Derror (B2s) (B24) (B21) (B22) (B23)
Nlarge (4,5) Low Med Zero Zero Zero
Nmedium(4,,) | Low Low Zero Zero Zero
Zero (A,;) High High Zero Med High
Pmedium(4,,) | Zero Zero Zero Low Low
Plarge (A,3) Zero Zero Zero Med Low
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11 Derror

Figure 4-12 Rules Surface

According to the surface plots in Figure 4-12, the tuning of AK,, and AK; are based
on some important points.

e For large values of error and Derror, then AK,is increased (area A) and
vice versa, which mean the DC side voltage moves away from the target
point.

e When the erroris negative in value and Derror is positive, AK,, is set to
zero and vice versa (areas B and C). which means approaching the steady
state.

e When the error and Derror have big values, AK;is set to zero, which
help to prevent control saturation. (Areas F and G).

e When the value of the error approaching to zero, AK; is active and AK;is
increasing to minimize overshoot and to reduce steady-state error. (Areas
E and H).

The main effect of applying a Sugeno fuzzy logic with PI inside the D-STATCOM
controller is that by varying the parameters of the quantities contained in the fuzzy
rules, the fuzzy control surface is improved. Consequently, the strength of the PI
controller coefficients K, and K; can be adapted. For instance, Figure 4-12 (a)
depicts the fuzzy control surface used to adjust the K,, parameter, the effect of
the control parameter is changed to an extreme when error and Derror have large

values, and decreased when error and Derror are near zero, approaching the
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steady state. Furthermore, observe that the transition between the areas is done
efficiently (area D), so that a kind of gain scheduling is accomplished. These
points are confirmed clearly in the next section in the simulation results when

system performances are compared.

The fuzzy inference can be accomplished with a variety of methods such as:
“‘Mamdani method, Larsen method, Tsukamoto method, and the Sugeno style
inference method” [176]. The Mamdanie and Sugeno have been widely used in
FLCs, and the Sugeno method [177] has been chosen and applied in this thesis.
The output memberships of the fuzzy controller are taken as constant and/or
linear memberships and are represented as High, Med, Low and Zero for
deviations in both K,, and K;. Using information obtained from the rule base, the
inference mechanism will determine both the rule and its level of certainty.
Defuzzification is the name given to the method whereby the fuzzy results are

converted into swift and decisive control actions, see next section.

D. Defuzzification

Defuzzification is the processing of the rule and converting the output linguistic
constant’s memberships into crisp numerical data, such that “the fuzzy control
action is transformed to a non-fuzzy control action” [175]. There are different
algorithms for defuzzification operation. The commonly used operation is Centre

of Gravity (COG) which has been used in this study.

To=luini] (4-36)

COG is defined as =
1S detl S Tk _alui]

where u is the output variable, u is the membership function after accumulation,

i is index and k is the number of the output memberships.
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4.7 Simulation of a distribution system with a sudden load
change

4.7.1 Simulation without D-STATCOM

To illustrate the reactive power possibilities of the D-STATCOM, the performance
of a simple circuit diagram without D-STATCOM Figure 4-13 is simulated. Figure
4-14 and Figure 4-15 show the simulation results obtained by
SIMULINK/MATLAB. The circuit parameters are depicted in Table 4-4.
The voltage at the PCC is indicated in first trace of Figure 4-14. The magnitude
of the voltage sag at t = 0.15 s can be clearly observed in Figure 4-15. The initial
value is very close to 1 p.u when carrying Load 1, at 0.15 second, Load 2 is turned
on by connecting the circuit breaker (C.B1). A sudden drop in Vpcc from 0.988
p.u to 0.830 p.u occurs due to the increase in load. The supply current is raised

as shown in the second trace of Figure 4-14.

Load 1

PCC
Three phase AC
I power grid

o 3 )

C.B2

Figure 4-13 System structure of simulation model

Table 4-4 System parameters of simulation model

Parameters Values

Supply voltage 20 kV, 50 Hz

Transformer 20 kv/380 V

Load1l 380 V,50 Hz, 25 kW

Load 2 380 V,50 Hz, 15kW, 4.6 kVR
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VSC IGBTs based 3 arms 6 pulses,

Carrier frequency =1.65kHz,
Sample time =50us

DC voltage 700 V

DC Capacitor 1000 pF

Supply ¢

s

-100 =
0
| support current (A)
0
-1
0
\
800 )
700
600
o 0.2 0.25 03
Time (sec)

Figure 4-14 Simulation results without D-STATCOM

Time (sec)

Figure 4-15 Voltage magnitude at PCC
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4.7.2 Simulation with D-STATCOM.

According to Section 3.2.3 (Steady State Analysis of D-STATCOM based

Distribution System), the maximum load active power (P, gesireq ), @and minimum

source voltage ( Vi, ) of the system with the given parameters in the
Table 4-4 are 35.83 kW and 16.94 kV, respectively. = 26.5 kVA D-STATCOM is

chosen for load voltage compensation in this system. This D-STATCOM can

regulate the load voltage as 380 V when the source voltage is more than 17.00

kV. In addition, it can be applied to regulate the voltage of the load as 380 kV

when the load active power is more than 15 kW. The required reactive power for

different source voltages is given in Table 4-5. Meanwhile, the required reactive

power for different load power is given in Table 4-6.

Table 4-5 Required reactive power for different sources

Source voltage (kV) | Required reactive power (Kvar) | Required reactive power (Kvar)
Unity power factor 0.9 power factor
27.00 -12.0855 4.8648
26.00 -8.7705 8.1798
25.00 -4.7370 12.2133
24.20 0.0022 16.9525
20.00 8.2346 25.1849
19.00 8.5321 25.4824
18.00 8.8295 25.7798
17.00 9.1270 26.0773

Table 4-6 Required reactive power for different loads

Load active Required reactive power (Kvar) | Required reactive power (Kvar)
Power (kV) Unity power factor 0.9 power factor

15 -22.6831 -15.3497

20 -20.9731 -11.1953

25 -18.1021 -5.8799
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30 -13.4554 1.2113

35 -4.7278 12.3833

The reactive power possibilities of the D-STATCOM are demonstrated by
simulating the circuit diagram (Figure 4-13), by connecting the conventional D-
STATCOM (without energy storage at the DC side) at the PCC point by turning
on the circuit breaker (C.B2). To examine the dynamic response of the proposed
fuzzy-tuned Pl with D-STATCOM controller, two test cases are performed and
compared to conventional P and PI controllers with and without filter. The two
cases have been examined with conventional D-STATCOM starting with the

general structure of a vector control (Figure 4-6) as below:

Case 1: PI- controller with K, tuned with fuzzy control and K; parameter is fixed.
Case 2 : Pl controller with both K;, and K; tuned with fuzzy control.

After 0.15 second, the D-STATCOM is coupled to the system at the PCC, the
voltage at the PCC and the DC side with P controller and P with added filter are
compared as shown in Figure 4-16 and Figure 4-17 respectively. Although, the P
controller with filter gives a better dynamic response, it gives higher overshoot in
the voltage at the PCC and the DC side voltage is still uncontrolled and the DC
side voltage of the D-STATCOM is actually higher than the reference voltage
(700 Volt). However, this problem can be eliminated by using the PI controller.
The voltage response from the PI controller at the PCC and DC side with and
without filter are shown in Figure 4-18 and Figure 4-19 respectively. As can be
seen in these figure, the DC side voltage response is not in excess of the
reference value and it has a rather acceptable response but there are still
oscillations and overshoots in the voltage. This may lead to instability of the power
system. When the fuzzy controller with tuning of the K, parameter, with the
K; parameter fixed, is applied, the voltage responses are as shown in Figure 4-20
and Figure 4-21 respectively. The fuzzy tuned Pl can be seen to provide a good
response. Similar observations with fewer dips, swells and oscillations are seen
with the fuzzy tuned PI for both K, and K; in Figure 4-20 and Figure 4-21. It is
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noticed that both fuzzy controllers (only tuning K,, and tuning both K,, and K;) give
a faster response of voltage at the PCC with a shorter settling time and oscillation
against both P and PI controllers. Clearly the fuzzy tuned PI for both K, and K;
offers a good response of the DC side voltage with no oscillation and ripple, and
a faster response compared to fuzzy only tuning of K,. Additionally, a clear

reduction in the dip can be seen in the DC side voltage at the beginning and at
time =0.15 s.
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14 P-filter |
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Figure 4-16 Voltage at PCC with P controller
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Figure 4-17 DC side voltage with P controller
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Figure 4-18 Voltage at PCC with PI controller
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Figure 4-19 DC side voltage with PI controller
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Figure 4-20 Voltage at PCC with fuzzy controller
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Figure 4-21 DC-side voltage with fuzzy controller

Although the linear PI controller gives a rather acceptable result under normal
conditions, the point is that the fuzzy controller activates a control system that
captures the nonlinearities of the Microgrid online. Thus, the nonlinear fuzzy
controller is proposed for the D-STATCOM controller. The simulation results
(Figure 4-22) with D-STATCOM support are achieved by using
SIMULINK/MATLAB. After 0.15 second the D-STATCOM is coupled to the
system, as a result, the voltage at the DC side displayed in the fourth trace (Figure
4-22) is controlled to the desired value of 700V. D-STATCOM reactive power is
represented by the support current in the third trace of Figure 4-22. By comparing
the voltage at the PCC obtained from the simulated circuit without D-STATCOM
in Figure 4-15 to the voltage at PCC in Figure 4-20 (circuit with D-STATCOM),
showed that the PCC voltage is improved when the D-STATCOM is linked to the
circuit. The output voltage of the convertor (VSC) is shown in the fifth trace (Figure
4-22). The supply current of the source with D-STATCOM only can be clearly
observed in Figure 4-23.
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Figure 4-22 Simulation results with D-STATCOM only
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Figure 4-23 Supply current (simulation of the system with D-STATCOM only)

From the d and q components of D-STATCOM'’s current, shown in Figure 4-24,
it can be seen, that the la current component is zero as indicated in the first trace.
The lq current component nearly reached -10 A when the second load was turned
on, as seen in the second trace. The results show that the conventional D-

STATCOM has a limited capability to support the voltage when exchanging only
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reactive power with the system. However, D-STATCOM performance can be

improved by adding an energy storage system device to D-STATCOM to support

both active and reactive power.

Id (A)
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Figure 4-24 d and g components of the support current (simulation of the system
with D-STATCOM only)

4.8 Simulation of a distribution system with a three-phase fault
applied at load point

A symmetrical fault is applied at the PCC using a fault breaker in series with fault

impedance (Figure 4-25). The value of the fault impedance has been

programmed to produce a voltage dip 80% and 30% voltage sag at the PCC.

Load pPCC
Three phase AC
..... power grid
Three 3 ? I
phase.-” 3 & r\J
Fault’
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Figure 4-25 Circuit diagram of simulated system with a fault

The fault is assumed to be happen at t= 0.15 s under two conditions: for the
duration of 10 and 5 cycles of a 50 Hz source. The system performance was
evaluated without D-STATCOM and with D-STATCOM. A voltage sag more than
20% for more than 2 seconds and/or a voltage swell above 20% for more than 1
second will trip the generating units from the grid [178]. In addition, high voltage
sag or voltage swell at the load bus due to a fault or load change, degrades the
power quality. The use of the D-STATCOM device could improve the power

quality in distribution systems.

Figure 4-26 shows the voltage at the PCC during the fault condition of a voltage
sag for 10 cycles. The voltage sag at the PCC without any compensating device
reaches almost 30%. With a conventional D-STATCOM device, the D-STATCOM
is controlled to compensate for the amount of reactive power in the grid. When
the control senses the fault, the D-STATCOM starts injecting reactive current into
the grid and the system tries to compensate the voltage but with a high degree of
oscillation and, in general, the system is disturbed because the conventional D-
STATCOM has limited capability to support the voltage when exchanging only
reactive power with the system. However, the D-STATCOM performance can be
improved by adding an energy storage system (ESS) device to D-STATCOM
which will explained clearly in the next chapter.

S
3

o
o
T
1

VPCC (sec)
© (
(o))
ﬁs

o
~
T
1

— without D-STAT ||
— with D-STAT

o
N
T

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (sec)

o
o

Figure 4-26 Voltage magnitude at PCC for the fault condition lasting 10 cycles
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The d and g components of the D-STATCOM'’s current for the 10 cycles fault are
shown in Figure 4-27. Figure 4-28 and Figure 4-29 show the voltage magnitude

at PCC and support current during fault of duration 5 cycles.
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Figure 4-27 d and g components of the support current for fault condition lasting

10 cycles
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Figure 4-28 Voltage magnitude at PCC for fault condition lasting 5 cycles
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Figure 4-29 d and g components of the support current for fault condition lasting

5 cycles

4.9 Summary

D-STATCOM acted as a reactive power compensator and voltage controller at
the point of common coupling. The voltage source converter is the core of the D-
STATCOM device which basically operated in inductive and capacitive modes.

In this chapter, the modelling and the control loop designs for a D-STATCOM
have been presented. The inner vector current control loop and the outer
voltage/reactive power control loop, respectively, have been derived.
Furthermore, the Sugeno-PI fuzzy controller approach has been applied to the
structural design of DC side. The approach used the d-g control theory to obtain,
in real-time, the active and reactive currents from the D-STATCOM during
different operating conditions. To overcome the sub-optimal operation of existing
methods which are based on optimization of a single operating point during
steady state, the proposed method adjusted the proportional and integral
coefficients based on the Sugeno PI fuzzy controller during critical transients such
as a load disturbance. The performance of the system with voltage sag dip has
been investigated using different controllers. Comprehensive simulation results

show that the proposed fuzzy Pl controller demonstrates significant
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improvements over conventional PI controllers in supporting voltage stability in

distribution networks.

The simulations clearly demonstrated that voltage sags due to sudden load
change were compensated by including a conventional D-STATCOM but can be
partially compensated for by including a conventional D-STATCOM in the
distribution grid during the fault condition. However, the system did attempt to
compensate for the voltage sag but introduced a high degree of oscillation
because the conventional D-STATCOMSs essentially act as a reactive power
compensator and voltage controller at the point of common coupling in a grid
system and they have limited ability to mitigate voltage fluctuations due to active
power disturbances. However, by integrating energy storage innovatively with the
D-STATCOM, active power from the storage device can be effectively harnessed
to enhance voltage compensating capability. This will explain clearly in the
following chapters.
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5 Chapter Five: D-STATCOM Based Battery Energy
Storage System

5.1 Introduction

AC power systems that employ distributed generation should be able to deliver
and exchange active and reactive power to ensure stability of the power
distribution grid [179]. The new renewable, distributed sources employ power
electronics to meet system level requirements in terms of power quality, reliability
and demand response capability [179][180]. The D-STATCOM is a power
electronic converter widely used with reactive power device applications to
enhance power system stability. However, it is limited in its application with
respect to improving active power in the system. However, D-STATCOM
functionality can be developed by integrating energy storage into the DC-side to
produce controllable active power through the DC-to-DC converter. Active and
reactive powers can be exchanged simultaneously with the grid by adjusting the

magnitude and phase angle of the converter output voltage.

In this chapter, a modified D-STATCOM configuration based on a battery energy
storage system (BESS) is explained in Section 5.2. Section 5.3 presents design
and modelling of a D-STATCOM based BESS. In Section 5.4 the simulation of a
distribution system with D-STATCOM plus energy storage under a sudden
change in load and with a fault condition is presented with results. Further, a
summary of the comparative performances of a fuzzy -tuned Pl and the standard

P1 controller is reported. Finally, Section 5.5 provides a summary of the chapter.

5.2 D-STATCOM based battery energy storage

The advance of new power electronic strategies, particularly FACTS, is currently
focusing attention on the integration of energy storage technologies to provide
adequate support for electrical power grids during critical condition of the

microgrid, allowing it to be managing in an isolated mode [181].
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The D-STATCOM based power electronic controller is attracting significant
interest among electrical engineers as one of the desired options that could
enable AC power grids to provide power in a more efficient and flexible way
[56][62]. D-STATCOM acts as a reactive power compensator and voltage
controller at the point of common coupling (PCC) which produces or absorbs
reactive power. The active power exchange can be accomplished by controlling
the phase of the D-STATCOM voltage, if adding the energy storage device to the
DC-side [182]. The action takes the form of a controlled current delivered
between the utility grid and D-STATCOM through the coupling inductor. This
enables the D-STATCOM to control the amplitude of the voltage at the PCC for
such cases as sags, swells and transients. Moreover, it can use the active power

capacity of the energy storage.

The capability of the D-STATCOM/BESS to provide active power permits the
modification of its control objectives, reduction of transmission losses and
improvement of voltage stability with steady state and transient demands on the

power microgrid.

A modified configuration of D-STATCOM based battery energy storage for a three
phase grid operating under load disturbance and balanced voltage sags is
presented in this chapter. Figure 5-1 shows the structural model of the battery
energy storage unit connected with the D-STATCOM for microgrid applications.
The main part of the model consists of the voltage source converter (VSC) and
battery energy storage connected in parallel to the DC-side of the D-STATCOM,
and bidirectional interface controller, represented through the DC-to-DC

converter.
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Figure 5-1 Configuration of the D-STATCOM with BESS

5.3 Modelling and control design of D-STATCOM based BESS

The battery energy storage unit is proposed as the energy storage device to be
connected into the DC-side of the D-STATCOM. The general structure of the D-
STATCOM based BESS is shown by the model in Figure 5-2. It includes a two-
level, three-phase VSC connected to the battery storage unit through the DC-to-
DC converter for application in the distribution grid. The control scheme of the D-
STATCOM based on BESS consists of two controllers: a vector controller of a
two-level, three phase AC-to-DC converter, is based on d-q rotating reference
components; and a BESS controller which consists of DC-to-DC converters. The
control objectives are simultaneous control of the amplitude of the voltage at the
PCC and to utilize the active power capacity of the energy storage. To achieve
that, the controller must ensure instantaneous energy balance between the grid
and battery storage. Thus, the battery storage unit is controlled through the

bidirectional (buck/boost) converter.

113



After transforming the three-phase equations to a rotating d-q frame, the dynamic
equations of the AC side of the D-STATCOM, previously depicted in Equations
(4-5)-(4-7) can be represented as [183]:

di, R 1

E——Zid+wiq_zv5d+sz055vdc &-1)
di R 1
d_tqz_ziq_wid-i_zmSinavdc (5_2)
dvg,. 1 RyR, VB 31 31
=————)vy, + ———=—mcosbiy —=——msind i (5-3)
dt Cac (RC + Rb) a Rycac 2Cq ‘2 Cac !
Battery , DC/DC converter \ TV\g)hésléeC\I/gL-\l;gtee?

|
. |

Figure 5-2 Detailed model of D-STATCOM based BESS

By combining the Equations (5-1) — (5-3), the dynamic model of the D-STATCOM
based BESS can be expressed as:

—_ 0
. r ¢ .
d |t — la
E iq = 1w — 0 iq +
v v
dc 0 i( RbRc ) dc
| Cqc \R; + R}/
dc c b (5_4)
m -
T cos § vy, Usd
m L
—sind v, -1 o0
L —vg
- mcosdigz — msiné i, RycCac
Cac Cac -
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7 )
where [A] = |—w _T 0
1 RyR
0 0 _( bfc )
| Cdc RC+Rb |

Equation (5-4) is the state equation of a nonlinear system. Such an equation may
be subjected to linearization around an equilibrium operating point [183]. The
linear equations of system thus obtained are:

d Ald la A
= | Bia | = Aol | 8ig | +[Bol|\5 (5-5)
Avdc Avdc
o |=[ 2 | =325
Aig | = ig—igo =
" LAS )
Av,, Vac — Vaco °

[A] is is now [Ao], where:

—R mg cos d
L @o L
—R mg sin &,
Aol = — — —
[4o] Wo 7 I
3 5 3 - —1( RyR, )
— mg COS — mg Sin —
2cdc 0 0 chc 0 0 Cdc RC+Rb |

The corresponding matrix [Bo] is:
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Vgco COS O —Vg400Mp Sin &
L L
Vgco Sin 8 Vgc0Mo COS
L L
- . . 3my . .
(ldo cos 8y + igp sin 60) (Ldo sin 8y —iqg COS 60)
_ZCdC Cdc -
where [Aiy Ai; Avg]T represent the state variable vectors, and [Am  AS]T are

the control variables. All the characters with subscript o in Equation (5-5)

represent system values at the equilibrium point.

5.3.1 Two level three phase D-STATCOM controller

The vector control algorithm based on the rotating reference theory for the d-q
components has been adopted for the two-level, three phase D-STATCOM
controller. The vector controller consists of the main inner current control loop,
outer voltage control loop for DC- link and VPCC control loop as shown in Figure
5-3. The active and reactive power transfer between the DSTATCOM/BESS
device and the utility grid is decided by the outer control loop which is outlined in
Figure 5-3. The design adapted the D-STATCOM device to achieve two main
power purposes; the reactive power compensator (RPC) to regulate the voltage
at the PCC, and dynamic active power control (APC) to transfer power between
the BESS and the utility grid. Decoupled power control theory is introduced for
the two-level converter to give parallel control of active and reactive power.
According to instantaneous reactive power theory [169], the active and reactive

powers can be described as:

P =2 (Vaiq + Vyig) (5-6)

(5-7)

3
Q= 5 (Vgla = Vaiq)

The instantaneous measured grid voltage and current in a-b-c stationary

components are transformed to d-q components, (V;,V,, and i, i;) respectively.

Then, they are filtered to reject all undesirable components. As previously stated

in Chapter Four, the d-component of the voltage, V;, is usually aligned with the
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instantaneous voltage vector, V. Therefore, I, in Equations (5-6) and (5-7) is zero

and the formula can be re-written as follows:
P =2 |Vyq (>-8)

3 . 5-9
Q= E |Vd|lq >-9)

As is obvious from Equations (5-8) and (5-9), the instantaneous active power P
Is specified by the d-component of the VSC current, whereas the instantaneous
reactive power is represented through the g-component of the current.
Furthermore, the actual active and reactive currents, iy and i, respectively are
calculated and filtered through the low pass filter and forwarded to the inner
control loop. The angle 8 for coordinate transformation of the voltage and current
at the PCC from abc to d-q axes is obtained from a phase locked loop used to
carry out the synchronization with system voltage and current. The dynamic
response of the control loops designed in the d-q reference frame is more
manageable than applying the stationary frame techniques.

The voltage regulator at the PCC is the main loop of the outer control loops,
achieving compensation of the reactive power by adjusting the quadratic
component of the D-STATCOM current. This control mode has provided good
performance in conventional D-STATCOM controllers (for the case of no energy
storage see Chapter Four). The second loop of the outer control loops is the APC.
The APC controls the active power transfer from the utility grid to enhance the
desired system response. Thus, the reference signal of the active current
component of the D-STATCOM, i 4, is computed by comparing the reference
active power value with actual power signals through the PI controller. Therefore,
the active power transferring between the D-STATCOM/BESS and the utility grid
is controlled by forcing the BESS to deliver active current when the active power
signal is positive (discharging process), or to absorb active current when the

active power signal is negative (charging process)

117



PCC L AC grid
la
m@ Vea -
vsb
Load lo mzs-l_m Vgb

-——— e e = = = = e = - —_——————— abc abc

ap ap

oy v

ap ap
. 4—‘ PLL '—> .

Two- Level Three
Phase Converter

“
‘i
ok
ok
A 5

QB
2§ Vo
s 8 Veu
Vo Vg
lg I
4 A 4

Secccccccccccca=’

,---------------‘
£
11
1f
3

1
e |

D-STATCOM with
BESS

—— e —

B e Ll R e L

Two level three phase D-STATCOM controller

— e o ————— =

Two level DC to: DC controller

- e e e —— —— — —

| : (
l l APC I l
i | I 11
X
| e =
. r g
Vdﬂ Boost state l l
: : 11
equation I l P J
| | Gyttt e el :
| | |
» 4, Buk state : l I * I I
equation | | | Y Vece l |
| | ( (
: | | RPC Vece | :
I l

BRI e e e e e B s S i

Figure 5-3 The control scheme for the D-STATCOM /BESS

118



The reference output signals produced from the outer loops is forwarded to the
inner control loops to track expected output values. The control design of the
inner loops is based on simplified state-space averaged model of the D-
STATCOM/BESS in the rotating d-q reference frame, which is given in Equations
(5-1) — (5-3). Inspection of Equations (5-1) to (5-3) indicates a cross-coupling of
both components of the BESS output current through w. To decouple active and
reactive power control, all that is required is to decouple the control of i; and i,.
At the equilibrium point, assume there is no exchange of active power between
the grid and battery, iz, and 6, equal zero. Therefore, A, and B, in Equation (5-5)

can be formulated as:

—R mg
L @o L
—R
[Ao]l =] —wo T 0
3 0 —1( RyR, )
chc Mo Cdac RC + Rb
(5-10)
Vdco 0
Vdco
[BO] =10 L
3mg ,.
B chc (lqO)_

If Equation (5-10) is substituted into Equation (5-5), the first two rows of equation
(5-5) can be written as:

. —R 0 .
sfa-[7 2
acligl = o zB[laig] T Lx, (5-11)
L

. m %
woliy + —*Avye + dLCO Am,

1% m, .
%Ag — wg Ay

[l =

(5-12)

Where [x1  X2]" is the new control variable vector, and i, and i, are active and

reactive control current. The decoupling of the controls of the active and reactive
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powers of the VSC is obtained by using standard PI controllers. The introduction
of these new control signals yields a full AC side, VSC model reduced to two first-
order functions, see Equation (5-11) (the control design of the inner loops was
explained in Chapter Four).

According to Equation (5-3), there is another coupling of the derivative of DC
voltage v, to iy and i,. Thus, the condition corresponding to Equation (5-3) must
be satisfied to keep the DC-side voltage at an acceptably constant level, and
eliminate variation of the steady state voltage, v,.. Thus, another controller is
used to solve the problem of fluctuation of the DC voltage. It is represented by a
DC-to-DC converter connected between the ESS (battery) and the DC-side of the
grid to maintain the DC voltage side of D-STATCOM constant. The DC-to-DC
converter controls the flow of energy to/from the energy storage combination and
grid through modulation of the duty cycle (D) of the DC/DC chopper. The state
eqguations to determine the duty cycles of buck/boost are derived and explained

in Appendix B.

5.3.2 Battery modelling

The Lithium-ion battery model is made up of an energy storage component and
energy loss element, and the equivalent circuit of the battery model is shown in
Figure 5-4) with “all the model parameters determined based on the discharge
curve” [184]. It is represented as a voltage source E connected in series with
resistance R,. The voltage equation of the voltage source is computed using a
non-linear equation with respect to the state of charge of the battery (SOC) in the

following equations[184] [185].

I _______ A
|
.—
. oc /Y |
|
Vdc | = E :
) |
o— | DC i |
L _ Bess _ _ |

Figure 5-4 ESS scheme
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t.
E = Eo - KQLfdtl + Ae_B'IO tat (5'13)
— l
And,
Vg=E—R,. i (5-14)
where

E = no-load voltage (V)

E, = battery constant voltage (V)

K = polarisation voltage (V)

Q = battery capacity (Ah)

idt = actual battery charge (Ah)

A = exponential zone amplitude (V)

B = exponential zone time constant inverse (Ah)-1
Vg = battery voltage (V)

R,= internal resistance (Q)

i = battery current (A)

The non-linear voltage in Equation (5-13) is based on the actual battery charge.
The SOC may be taken as 100% for a completely charged battery, and fully
discharged has SOC = 0%. This indicates that the totally discharged battery
causes the voltage to approach zero. The state of charge is determined according
to Coulomb-counting as:

S0C =100{1 - % [y i®dt} (5-15)

where: t is the time of charging or discharging; i(t) is the current charging or

discharging.

5.3.3 Two level DC to DC controller
As formerly described, the conventional D-STATCOM has a limited capability to
support the voltage by exchanging reactive power with the system. However, the

D-STATCOM performance is improved by adding an energy storage system
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device to D-STATCOM to support the grid with active and reactive power. On the
other hand, directly connecting of the battery (energy storage) to the DC-side will

influence the D-STATCOM operation during real power exchange.

A wide variation in voltage and current levels between the DC-side of the D-
STATCOM and battery storage will occur due to the charging and discharging of
power between the battery and the grid. For example, if the voltage level of the
DC-side falls to a level less than the boundary limit of the AC side, the D-
STATCOM operation will be ended. To avoid and solve this issue, a bidirectional
DC-to-DC (buck/boost) controller is connected between the battery storage and
the DC-side [56].

Figure 5-5 shows the basic circuit diagram of the combination of the energy
storage (BESS) with DC-to-DC converter. As indicated in the circuit the converter
consists of two high power, fast IGBT switches operating in two modes
(boost/buck) in order to provide suitable control of the overall system. This
bidirectional step-up and step-down converter provides the means of decreasing
the overall power rating of the devices by controlling the current flow from the
BESS to the D-STATCOM inverter, and vice versa.

A
IGBT1_b

vdc - Cac &L

IGBT2_b

SEE

m |

Ve

Figure 5-5 DC to DC Circuit Diagram [47]

Basically, the DC-to-DC converter operates in two modes (boost/buck). The boost
mode operation, is when power is transferred from energy storage to AC grid
(discharging mode), the buck mode is the transfer of power from the grid to

storage mode (charging mode). The bidirectional power transfer is regulated
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using the inductor, Lo. The buck/boost state equations used to generate the

pulses for the buck/boost switches are:

LAI + Vg

buck = Vo (5-16)

LAI -V,
Apoost = 1+ v 5 (5-17)
dc

Where Vs is the battery voltage, Alon is the inductor current during the on-period,
Alott is the inductor current during the off-period and Al is the inductor current

changing across one sampling period [79]: Al= Alon - Alogt.

The D-STATCOM operation based energy storage can be categorized into three
operating modes: D-STATCOM only mode, D-STATCOM with ESS boost mode
and D-STATCOM with ESS buck mode. The overall D-STATCOM with BEES

controller is shown in Figure 5-3.

In the case when BESS is not utilised, the D-STATCOM is used in standard D-
STATCOM mode only. Referring to the circuit diagram in Figure 5-6 the converter
is in buck mode (charging) when the upper switch (IGBT1_b) is turned on and
when the DC bus voltage is regulated by injecting the energy from the grid into

the battery storage.

_ » _
b Ll 4
IGBT1_b IGBT1_b
- D1

T Cue IBatt b T Cuc IBatt b
Vvdc —— Y Y Vdc —p— Y

BESS "=
D2

IGBT2_b)

|
|

4 BESS =
Vs A 0

(@) (b)

Figure 5-6 BESS in buck mode [47]

Once switch 1 (IGBT1_b) is closed as displayed in Figure 5-6 (a), energy is
transmitted from the power grid to be stored as magnetic energy in buck/boost

inductor (Lb); the battery current flowing is Isait. Whenever switch 1 (IGBT1_b) is
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opened, see Figure 5-6 (b), the diode D2 conducts due to the induced back emf
across Lb causing Lb to discharge the stored energy to battery storage. The
process of energy transfer between the DC-side of D-STATCOM and the battery
Is managed through the duty cycle of IGBT1_b. During this cycling, the voltage
of the battery is controlled, and the charging mode will stop when the battery
voltage reaches the saturation rate. The converter is in boost mode when power
is injected from the energy stored in the battery to the AC grid by closing and
opening the lower switch (IGBT2_b) as shown in Figure 5-7 [47].

—_ -
IGBTL_b } 1 -«

vdc T G _.4'5‘&/\/&}\_ vdc T Ge _<|Bmeme
IGBT2_b BESS:% Ve IGBT2_b } D2 BESS:%

@) (b)

Figure 5-7 BESS boost mode circuit [47]

In the case that IGBT2_b is closed, see Figure 5-7 (a), energy is transmitted from
the battery to be stored as magnetic energy in the buck/boost inductor (Lb); with
battery current (Isa). When, the switch 2 (IGBT2_b) is opened as in Figure 5-7
(b), the diode D1 is conducting because of the induced back emf across Lb,
causing Lb to discharge the stored energy to the DC-side capacitor and then to
the grid. The process of energy transfer between the DC-side of D-STATCOM
and the battery is controlled through the duty cycle of IGBT2_b. The voltage of
the DC-side capacitor is regulated at setting value during the converter boost
mode. This is suitable for real power injection where constant DC-link voltage is

essential.

5.3.3.1 Control Strategies

The DC-to-DC controller includes two control loops, the outer voltage control loop
and the inner current control loop. The voltage error signals are used in the

voltage control loop to control the required energy to be absorbed or injected. The
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battery voltage error is used in the buck operation mode to produce the
appropriate pulsing of the IGBT switches. In the boost operation mode, the error
signal of the DC-side voltage is used to produce the required pulsing signals for
the IGBT switches. As mentioned above, the bidirectional power transfer between
the battery and DC-side capacitor is regulated by using an inductor, Lb. Therefore,
the reference control feedback current is obtained from the voltage control loop
and fed forward to the inner control loop. This reference current signal is
compared with the actual signal of the inductor current and the resulting error
signal is used by the PI controller. The PWM duty cycle is produced by the
controller and transmitted to the gate drive to provide the gate signals of IGBT1_b

and IGBT2_b to generate the necessary output power.

Figure 5-8 (a) presents the structure diagram for the two controller modes (buck
and boost). Depending on the mode of operation, only one IGBT switch of the DC
to DC converter is needed to be switched. In order to select the proper IGBT
switch, the battery reference current Ipbat IS given by the two controllers
separately. Mode switching is controlled by the inductor actual current (Igatt). The
different control modes can be represented by the different current flow
directions. In Figure 5-8 (b) if the charging current signal through the inductor in
the buck controller is positive, the discharging current for the boost mode will be
negative. Hence, the function of the converter, whether charging or discharging,
is determined by the positive or negative sign of the inductor current. This
effectively protects the converter against critical transient over-currents during
mode exchange [186]. The control diagram of the buck mode loop is given in
Figure 5-9. The outer voltage loop regulates the battery voltage whilst the internal
current loop is employed to generate the duty cycle based on the buck state
equations. The control diagram of the boost mode loop is presented in Figure
5-10 .The outer voltage loop regulates the DC-side voltage whilst the internal
current loop is employed to control the inductor current necessary for operation

of the boost mode.
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5.4 Simulation of D-STATCOM based battery energy storage

5.4.1 Simulation of a distribution system with a sudden load change

The capacity of the D-STATCOM to support the grid with active and reactive
power is shown by adding the BESS to the DC-side of D-STATCOM. The battery
rated at 400 V with a capacity of 60 Ah is connected to the DC-side of the D-
STATCOM through the DC-to-DC converter with L, = 10mH. The simulation
results of the D-STATCOM based BESS with PI controller are illustrated in Figure
5-11 and Figure 5-12. At time t=0.15 s, a sudden step change in the load current
has occurred when a second load is switched on by closing the circuit breaker
(C.B1), shown in Figure 4-13. The load current is measured and transformed to
d-g components. The measured load current is then used to trigger the D-
STATCOM with BESS. There is a consequent supply current change as shown
in the second trace of Figure 5-11. The voltage at the DC-side displayed in the
fourth trace of Figure 5-11 is regulated relatively to the desired value of 700 V.
The supply source provides the real power demand by the second load briefly
until the support current from the D-STATCOM based BESS unit takes full

control.
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Figure 5-11 Simulation results for the case with D-STATCOM based BESS with PI

controller
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Figure 5-12 Voltage magnitude at PCC point results for the case with D-
STATCOM based BESS with PI controller

The voltage response at the PCC is maintained reasonably constant at 1 pu as
indicated in Figure 5-12. However, there is some oscillation in the voltage
response during the system loading when compared to the voltage response of
Figure 4-18. The oscillation in the system response occurred because the D-
STATCOM takes energy from the DC-side until the BESS starts to operate in
boost operating mode to provide the additional real power required by the second
load. The export of power from the DC link created an oscillation in the voltage at
the PCC. The active power possibilities of the D-STATCOM based BESS can be
shown clearly by comparing second and third traces of Figure 4-22 (simulation of
D-STATCOM without BESS) and Figure 5-11 (simulation of D-STATCOM based
BESS). In Figure 4-22, the supply source provided the active power demanded
by the system as illustrated in the second trace (supply current). The third trace
represented the D-STATCOM'’s reactive current to compensate the voltage
during the load change (support current). In Figure 5-11 , the support current
shown on the third trace is more than the current shown in the third trace of Figure
4-22.The support current represents the active and reactive power requirements
by the second load which are supported by D-STATCOM and BESS. Meanwhile
the supply current in the second trace is less than the current shown in the second
trace of Figure 4-22 . The supply current of the source with BESS can be clearly

observed in Figure 5-13.
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Figure 5-13 Supply current (simulation of the system with D-STATCOM based
BESS)

The D-STATCOM with battery supported the grid with active and reactive power
as can be confirmed by the d and q quantities of D-STATCOM'’s current.

From the d and g components of the D-STATCOM current without and with
energy storage (Figure 4-24 and Figure 5-14,) it can be seen that the Iq current
component is zero as indicated in the first trace (Figure 4-24). The Iq current
component nearly reached -10 A when the second load was turned on, as seen
in the second trace. As expected it is provided by D-STATCOM without energy
storage to improve the voltage at the PCC. From Figure 5-14, the active current
component is clearly indicated in the first trace with nearly -20 A provided by D-
STATCOM with battery, to support the grid with active power when the second
load was turned on. The reactive current lg was injected by D-STATCOM to
compensate the voltage at the PCC. The current and voltage magnitude of the
battery storage are shown in Figure 5-15.
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Figure 5-15 The current and voltage magnitude of the battery storage

5.4.2 Comparison between fuzzy-tuned PI controller and the PI

controller (with a sudden load change)

the dynamic behaviour of the distribution grid (Figure 4-13) based on D-

STATCOM integrated BESS is simulated with fuzzy-tuned Pl controller and

compared with standard PI controller in this section. Figure 5-16 shows the

dynamic response of the voltage at the point of common coupling with both the

D-STATCOM controllers. It can be noticed from Figure 5-16 that the dynamic

response of the voltage at the PCC is much improved by adopting the PI-
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controller with fuzzy logic. The voltage waveform in the case of the PIl-controller
with fuzzy logic (fuzzy- tuned PIl) has a more consistent response. This
particularly true during the system loading, whereas the voltage response when
using the Pl compensator shows much rougher behaviour. Figure 5-17 shows the
simulation results of the system obtained by SIMULINK/MATLAB. It is observed
that the rating of the support current at start up and at the change in load, as
shown in the third trace of Figure 5-17 is less than third trace shown in Figure
5-11. A DC-side voltage comparison is presented in Figure 5-18. The voltage
response has less steady state error in the case of applying a fuzzy logic
controller; with a clear reduction in the value of the voltage dip during the load
change at t= 0.15 s. A reduction of nearly reached 50% is noted. A summary of
the performance comparison between the fuzzy-tuned Pl and the standard PI

controller is shown in Table 5-1.
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Figure 5-16 Voltage magnitude at PCC point
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Table 5-1 Comparison of the system performance

0.4

0.45 0.5

Standard Pl-controller

Fuzzy -tuned PI

System
performance
VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt)
at Max peak 1.092 | - 1.06 701.5
Start-up
Min dip 0.94 688.5 = zero 686
Settling time (msec) 20 80 10 50
at Load Max peak 1.065 | - 1.04 | -
change at
1=0.15s Min dip 0.788 685.5 0.787 693
Settling time (msec) 20 100 15 50
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5.4.3 Simulation of a distribution system with a three-phase fault
applied at load point

The effectiveness of the D-STATCOM based battery energy storage is shown by
simulated a voltage dip of 80% followed by a sag of 30% for 10 cycles caused by
a symmetrical fault (Figure 4-25). First, the simulation is carried out with a
balanced three phase fault applied at time t = 0.15 s and cleared att = 0.35 s,
without coupling the D-STATCOM. The simulation results are shown in Figure
5-19. It can be observed that a voltage drop at the PCC resulted from the three
phase fault action. Secondly, the model assumed that when the fault occurred
the D-STATCOM is operating. In this case, the D-STATCOM compensation
device is connected without the battery storage unit and it can be seen that the
system’s dynamic response is still unacceptable because the conventional D-
STATCOM has only limited capacity, exchanging only reactive power, as
discussed in Section 4.8. Finally, the model simulated a D-STATCOM with battery
storage unit (BESS) linked with the system. The DC-to-DC converter is coupled
between the battery and DC-side capacitor to control the power flowing between

the battery and the grid.

The simulation results are shown in Figure 5-19 and Figure 5-20. It can be seen
from Figure 5-19 that the voltage magnitude at the PCC is effectively regulated
at 1 pu with the D-STATCOM based battery storage under the fault condition.
The spikes that can be seen at the beginning and end of the voltage sag for this
situation are due to the charging and discharging of capacitors.

Figure 5-20 presents the DC-side voltage of the D-STATCOM. It can be seen
that the control system with the proposed D-STATCOM with BESS effectively
maintained the DC-link voltage profile during the period of the voltage
disturbance. The comparison of the I;and I,components of the D-STATCOM
support current with and without battery storage are shown in Figure 5-21 and
Figure 5-22 respectively. The active current output of the D-STATCOM based
BESS (I;) is quite high at the start-up time and at the beginning (t= 0.15 s) and
end (t= 0.35 s) of the sag, in order to compensate for the sudden change in power

demand, which then decays to its normal value. This is as expected, as it is
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desirable that the battery storage acts to charge and discharge only during the
disturbance. The outputs of the conventional D-STATCOM and D-STATCOM
based BESS are very slightly different under steady state conditions because the
internal losses of the two systems are different, the battery storage unit including
the DC-DC converter has an additional loss, though this is usually small. The
reactive support current I, of the D-STATCOM based BESS system (Figure 5-22)
shows a clearly damped response compared to the conventional D-STATCOM
current. This is because the active power control and the voltage control are
accomplished independently, and thus much more rapidly. The current and
voltage magnitude of the battery storage are shown in Figure 5-23.
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02r —— with D-STAT only
—— with D-STAT/ BESS
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Figure 5-19 Voltage magnitude at PCC for the fault condition lasting 10 cycles
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Figure 5-23 The current and voltage magnitude of the battery storage

5.4.4 Comparison between fuzzy-tuned PI controller and the
standard PI controller (faults applied)

The fuzzy logic integration with the standard PI controller is modelled in a D-

STATCOM based battery storage system under the fault condition described
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above. Figure 5-24 shows the comparable dynamic responses of the voltage at
the PCC for both controllers (the standard Pl controller and adapted Pl-fuzzy
controller) with the fault lasting fromt = 0,15 s, to t = 0.35 s. As can be seen, the
magnitude of the voltage is maintained within about 1pu for both controllers.
Figure 5-25 shows the voltage waveform of the DC-side with both the Pl-fuzzy
and conventional Pl controller. It is clear from Figure 5-25 that the DC-side
voltage response of the D-STATCOM with fuzzy controller is better than the
response with the standard PI controller. In particular, it is seen that the values of
the dips in the DC-side voltage with fuzzy application are reduced compared to
the values of the dips for the voltage with Pl controller. Further, the recovery time
- the time taken for the dc bus voltage to return to a steady state - was significantly
smaller when the fuzzy logic controller was used. This result affects the time
required by the grid currents to return to steady state conditions. A summary of
the comparable performances between the fuzzy -tuned Pl and the standard PI
controller is shown in Table 5-2. It is worth remarking that, to a certain extent the
voltage response of the PCC is similar for both controllers. Both responses follow
a similar pattern but the fuzzy logic controller is more effective in controlling the
dynamic response of the DC voltage than the voltage response at the PCC
(Figure 5-24 and 5-25). The relative responses of the I¢ and g components of the
D-STATCOM support current are shown in Figure 5-26 and Figure 5-27

respectively.
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Figure 5-24 Voltage magnitude at PCC point
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Table 5-2 Comparison of the system performance

0.45 0.5

System Standard Pl-controller Fuzzy -tuned PI
performance
VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt)
Max peak/Min dip
at ( pu /volt) 1.09 669 1.07 682
Start-up
Settling time (msec) 12 70 10 50
at o
Fault Min dip 0.81 685 0.79 692
initiation
t=0.15s Settling time (msec) 10 100 10 33
at Max peak 1.12 733.6 1.09 722.12
Fault ('pu /volt)
clearance L
t=035s | Settling time (msec) 20 40 20 32.5
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Figure 5-27 Comparison of g components of the support current

Figure 5-28 and Figure 5-29 show a comparison of control strategies for PCC
voltage and DC-side voltage with fault of 2 s duration, fromt=0.5stot=25s.
The results again demonstrate the effectiveness of D-STATCOM based BESS
compensator, as the system is able to mitigate the voltage sag successfully for a
longer fault period. This confirms that the D-STATCOM with BESS works very
well to provide the grid a good ride through capability even when the time period
of fault was as long as 2 s. A summary of the performance comparison between

the fuzzy -tuned Pl and the standard PI controller is shown in Table 5-3.
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Table 5-3 Comparison of system performance for fuzzy-tuned Pl and standard PI

controller
System Standard Pl-controller Fuzzy -tuned PI
performance
VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt)
Max peak/Min dip
Start-up
Settling time (msec) 10 80 10 45
at L
Fault Min dip 0.7 681 0.86 689.3
initiation
t=0.5s Settling time (msec) 7 80 7 38
at Max peak 1.135 728.81 1.10 723.75
Fault ( pu /volt)
clearance -
t=25s Settling time (msec) 17 36.1 17 34
5.5 Summary

This chapter has presented a modified configuration of D-STATCOM based
energy storage for three phase grids operating under balanced voltage sags. The
battery storage unit, in particular the high performance high power density one
used in the D-STATCOM device, acts as an effective power compensator and
voltage controller at the point of common coupling of the distribution grid.
Facilitated by a D-STATCOM structure, the DC-DC bidirectional charging system
is able to exchange the power with grid, and therefore serves as additional
resources to support the voltage stability of the distribution grid. Simulation results
highlighted the ability of the energy storage system to enhance power system
stability during the fault condition. D-STATCOM can avoid overcurrent tripping
while mitigating adverse effects of grid faults. A performance comparison has
been made of the D-STATCOM based battery storage system with fuzzy-tuned
Pl and standard PI controllers. The conventional linear PI controller gave
acceptable results under normal conditions, but the proposed fuzzy controller
allowed automated tuning that captured the nonlinearities of the microgrid and

provided superior performance over varying operating conditions.

145






6 Chapter Six: D-STATCOM Based Hybrid Energy
Storage System (HESS)

6.1 Introduction

A Microgrid is a low voltage network which connects distributed generators, and
a cluster of loads that act as a single controllable entity with respect to the grid
[187] [188]. With a significant proportion of distributed generation including
renewable resources, there is an urgent need worldwide to speed up the
implementation of energy storage unit infrastructures at the distribution level.
These storages systems will help ease the integration of renewable energy into
the grid and increase the momentum toward power generation by clean energy
resources. On the other hand, a large increase in energy storage as an electrical
load can create new challenges to the stability of the grid at distribution levels.
The recent advances in smart grid technologies will enable enhanced utilization
of ESS and D-FACTS devices as active and reactive power devices. If
implemented appropriately, these new energy devices can become a reservoir of
new resources to provide system-wide services, rather than an energy drain on
the grid. With renewable energy, distributed generators and other energy storage
units are now accepted as key ‘players’ in the next generation of electric grids at
distribution level. There has been a fundamental paradigm shift from passive to
active networks [9] [189]. Among these sources, battery storage units are one of
the most rapidly growing technologies with D-STATCOM, as explained in Chapter

Four.

The battery energy storage system (BESS) has relatively greater energy capacity
but the drawback of a small rate of discharge and reduced life time when subject
to high power variations [190]. The supercapacitor storage device (SC) has a high
power and discharge rate that can deliver or absorb large quantities of power with
a fast response time. But with low energy storage capacity compared with
batteries. Thus the SC’s proper application in high power demand for short
periods of time [142][191]. This chapter provides a detailed analysis of a novel
approach using a modified D-STATCOM converter supplied by a dual DC source

(battery and SC). Based on the analysis in this chapter two control strategies, a
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standard controller with low pass filter and a new sugeno-fuzzy control strategy,
are proposed and tested for Hybrid Energy Storage System (HESS)
management. Both strategies are designed using the concept that the SC is
adapted to simultaneously inject and absorb the quantity of instantaneous power
required and average power requirement is provided by the battery. This chapter
explains all aspects of the procedure used for the design, which was tested using

simulation.

6.2 Configurations and modelling of the HESS

The modelling and the configurations of general types of HESS topologies are

presented in this section.

6.2.1 Configurations

Energy storage systems combining battery and SCs have produced effective
solutions for energy management in high performance automotive and avionics
systems. Various configurations of HESS, employing battery and SC have been
studied[192] [193] [194]. The major battery/SC configurations: passive, semi-
active, and fully active are illustrated in Figure 6-1.

In the passive type the battery and SC combinations are connected in parallel
and directly to the DC side without any power electronic interface as shown in
Figure 6-1(a). This type is considered as being one of the simplest and of lowest
cost. However, this type cannot control the power distribution between the battery
and SC. Therefore, the passive HESS performance is compromised because the
energy storage units are connected in an uncontrollable manner. The semi-active
HESS types are presented in Figure 6-1 (b and c) which utilize a single DC-DC
converter. In Figure 6-1(b) the battery storage is connected to the DC side
through the DC-DC converter and the combination connected in parallel with the
SC. In Figure 6-1(c) the SC is connected in parallel with the DC-DC converter
and the battery storage is connected in parallel with the combination. Thus,
compared to the passive type in Figure 6-1(a), voltage stability of the DC side

may be achieved. In addition, the energy stored in the battery unit in Figure 6-1(b)
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and the SC unit in Figure 6-1(c) can be used more efficiently if it does not have

to pass through a DC-DC converter.

Battery Supercapacitor Battery
4 EEsESs

Supercapacitor

DC-DC
converter

DC
o_ DC bus + [ ) - bus +
(a) Passive configuration (b) Battery semi-active configuration
Battery Supercapacitor Supercapacitor Battery
DC-DC DC-DC DC-DC
convertel converter converter

DC DC
= bus + = bus +

(c) Supercapacitor semi-active

configuration (d) Active configuration

Figure 6-1 HESS topologies

However, voltage matching is required between the storage SC in Figure 6-1(b)
and battery in Figure 6-1(c) and the DC side. The third configuration, shown in
Figure 6-1(d), is a fully active HESS type. In this configuration two DC-DC
converters are employed to connect the energy storage devices (battery and
SCs) in parallel with the DC side. Although the control system complexity is
increased, this type of HESS can control precisely the required power sharing
between the battery and SC. This configuration could accurately manage the
power distribution of the two storage devices according to the control
management algorithm. Hence, a good system performance is achieved.

Generally, the recent literature [195] reports the investigated of the capability of
the active HESS configuration to give better performance compared to the

passive and semi-active types in the electrical vehicle sector and with microgrid
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applications as explained in [196]. Thus, in this study, the active HESS
configuration is proposed based on the D-STATCOM application.

6.2.2 Modelling of HESS topology

The general structure of the D-STATCOM configuration with the HESS is shown
in Figure 6-2. The HESS is connected to DC side of the D-STATCOM converter
through the bidirectional DC-DC converters. These converters are connected
between the energy storage systems (battery and the SC) and the DC side of the
converter to maintain the voltage constant on the DC side of the D-STATCOM by
controlling the flowing of energy to/from the energy storage combination and grid.

Typically, the battery storage unit is the main energy storage elementin the HESS
configuration. “Currently, the main commercially available cell chemistries are
Lead-Acid, Nickel Cadmium (NiCad), Nickel Metal Hydride (NiMH), Lithium-lon”
[197] [198]. The BESS type presented in this thesis is based on the modelling of
the Lithium -lon (Li-lon) cell. In this chapter, the Li-lon battery model [184] , as
described in Section 5.3.2 is used to analyse the dynamic performance of the

HESS with simulation of voltage regulation under different conditions.
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Figure 6-2 D-STATCOM with HESS configuration
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To enable simulation of a battery/SC hybrid energy storage configuration, it is
also necessary to model a SC storage unit. A classical SC-capacitance model is
presented based on experimental findings which are supported by results
reported from relevant studies [199] [200] [201] [202].

6.2.2.1 Modelling for the Supercapacitor module

A SC is an enhanced capacitor with 100 to 1000 times the capacitance per unit
volume compared to a conventional electrolytic capacitor [199]. The equivalent
circuit of the SC is a capacitance, C, with parallel resistance, Rp, and series
resistance, Rs [201] as shown in Figure 6-3.

i R i
—AAN; L .
— L

ISC <T
LR
- Vsc ----------

Figure 6-3 The equivalent circuit of supercapacitor

The series resistance is also known as equivalent series resistance (ESR, Rs)
and affects energy loss during charging and discharging. Leakage resistance
which is represented by the parallel resistance also consumes energy during self-
discharge of the capacitor. In practice, the parallel resistance value is much
greater than the series resistance and thus can be ignored, especially in high

power applications [199].

Thus, the voltage profile of SC can be represented in two parts, a capacitive part
and a resistive part. The capacitive part represents the change in voltage
resulting from capacitor energy change. The voltage change due to the ESR

represents the resistance part

Capacitive part is written as:
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dv(t) _ =V (t) N Is (6-1)
dt R,C C
The resistance part is expressed as:
Ve = Rs. Iy (6-2)

Where Iscis the SC current

The total voltage change during charging or discharging of the SC can be
obtained from Equations (6-12) and (6-13).

Vse(£) = Rs. Isc + V(1) (6-3)

The SC voltage level is based on the state of charge (SOC) as [203]:

Vse
VZ

sc,0

s0C = (6-4)

where:
Vsc,0 IS the voltage for a fully charged SC and V. is the actual voltage of the SC.

6.2.2.2 Modelling of the parallel DC-DC converters System

The HESS with bidirectional DC-DC converters can be representing as the
equivalent circuit shown in Figure 6-4. It is assumed to be a balance system and
the storage units are modelled as source buses. Power losses in the switches
can be represented by resistances (R, 5 and R;,.) connected in series with the
inductors of the converters (Lg and Lg.). The parallel capacitor represents the DC
side of the D-STATCOM. Thus, the dynamic equations of the converter system

can be expressed as follows:

di
Lg d_f = Vg — 1- dB)VDC —igRyp (6_5)

di
scd_;c = Voe — (1 - dsc)VDC — IscRpsc (6-6)
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dv,
Cdc dZC = (1 - dB)iB + (1 - dsc)isc - iDC (6-7)

Where i, is the total current required by the ESS and is the difference between
the main power source and load currents, dg is duty cycle of the battery converter

and dsc is duty cycle of the SC converter.

Figure 6-4 Equivalent circuit of HESS

An equivalent circuit of the DC-DC converters shown in Figure 6-4 can be

represented as a time-average model, see Figure 6-5.

iB + Vinz lout1

(1'dsc)

Figure 6-5 Equivalent circuit of HESS in time-average model [204]

Assuming the HESS is operating at an equilibrium operating point, Equations
(6-5) to (6-7) may be subjected to linearization around an equilibrium operating

point [204]. Thus, the equations for a two bidirectional converter system are:

dip -
B d_f = Vg — (1 = Dp)Vp¢ + dgVpc — igR.p (6-8)
di? - )
Lscd_ic = ng - (1 - Dsc)Vlg)C + dchDC - lgcRLsc (6 9)
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dvyp . , - )
CdCd_l;C =(1- DB)lg +(1- Dsc)lgc - IBdlg - ISCdgC - lgC (6-10)

where, Dy and D,. are a linearised values for ds and dsc

From Equations (6-8)(6-9) and (6-10) the state space equation has the general

form of:
x(t) = Ax(t) + Bu(t) + Fv(t)

y() = Cx(t)

Thus, the state space model of HESS can be formed as:

— Rﬂ 0 _ (1 - DB)
i0 Lg Lg 0
d (1)3 — RLSC (1 - Dsc) (1)3
— — 0 _ B ;
lSC N
dt V() LSC LB VO
be (1-Dg) (1-Dg) . DC
i e ' (6-11)
B4 . -1 -
_bc 0 ~ 0 0
Lg . Lg o
Vboe {[d 1
+ 0 e B] +10 R 0 VO
Lgc dgc L, igc
TR P O
Cdc Cdc_ - Cdc
—_ Rﬂ 0 _ (1_DB)'|
| s |
The LTI dynamics matrix A =| 0 _% _ (1—Ll;sc)|
[(1—D3) (1-Dsc) 0 J
Cac Cac
[ 0 L o 0 ]
LB LB
And the corresponding input matrix B =| 0 % j F= [O Li 0 ‘
Ip Isc _i
- Cde Cac O Cac
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.0 0
lp d0 Vg
T _|%B

and the state vector x” = [ i%. |, uT = 0 ] ,vT = | V2
0 sc -0
Vbe Ipc
y=1lig % Vol C=[111] :

6.3 Standard HESS control strategy

The control diagram for a hybrid D-STATCOM converter with dual DC sources
has been designed as shown in Figure 6-6 .The main target of this control
algorithm is that the battery compensates for slow disturbances, whereas the SC
compensates for fast disturbances in grid voltage. “It is assumed that state-of-
charge (S0OC) of energy storage components are within the acceptable limits
throughout the work” [205]. Therefore, the error signal is produced by comparing
the measured voltage of the DC side, V;, with a DC reference voltage, Vj.. The
error drives the PI control which produces the total required current, I7,, from the
ESS. This current, I{,;, is separated into its average power value and dynamic
power value by a low pass filter. The average current value is given as reference
battery current, I, to the current control loop of the battery to produce the duty
cycle Ds.. The duty cycle is fedforward to the PWM to generate the appropriate
switching signals for the DC-DC converter battery switches. The dynamic current
value is given as the reference SC current, I;., to the current control loop of the
SC to produce the duty cycle Dsc.. The duty cycle is fedforward to the PWM to
obtain the appropriate switching signals for the DC-DC converter switches of the
SC.

The low-frequency component, I, of If,; is:
Iipr = Fpr(lfor) (6-12)
where, F;pr(..) is the function of the low pass filter

I/pr is fed to the rate limiter to control how fast the battery charges and

discharges, so the reference current to the battery can be written as:

IE = Flimter(IIfPF) (6-13)
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where Fjineer(-.) is the rate limiter function
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ccccc ter —

Rate
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.
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I
tot Vbc

SW3&SW4 of DC-DC
converter —|

Dsc
Isc

* *
\L _ I'sc_emor (" - A | bi V.
State Equ: v <
Ve

Figure 6-6 HESS controller

I5 and the actual battery current, I, are compared and the error signal drives the
Pl controller to obtain the duty ratio Dg which is required to produce the
appropriate switching signals corresponding to the battery switches SW1 and

SW2, shown in Figure 6-4. The high frequency part Iy, is represented as:

Iyp = lior-Ip (6-14)
It may not be possible for the battery to track I; instantly [205]. Thus, the

uncompensated battery power, P,;comp. Will be:

Puncomp = (I;IF + Ig) * Vg (6-15)
where Vj is the battery voltage.
Puncomp Will be compensated for by means of the SC. In which case, the reference

current of the SC will be:

_ Puncomp

V,
Il = =28 = (e + I3) * V—B (6-16)

N N

where V. is the SC voltage.
I;. and the actual current I, are compared and the error signal will drive the PI

controller to obtain the duty ratio Dsc which is required to produce the appropriate
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switching signals corresponding to SC switches SW3 and SW4, shown in Figure

6-4. The overall control strategy of the HESS is presented inFigure 6-7.

Q Vdc (measured) )
Vdc ref @
Pl controller

lotar requred by HESS
Al = | sup — lload

Power Management

|
|
Al (t) Low pass filter } Ibatt (t)
|
|
|
|
|
|

>
™ Ioat ()> 0
Battery in Battery in
Buck mode Boost mode

t=t+1

¥
i
:

Buck mode Boost mode
Figure 6-7 Overall control strategy of HESS

6.3.1 Constraint conditions

The above strategy for the HESS does not include the constraints on the grid and
storage units, which are important when simulating the control strategy. To keep
a constant DC side voltage at the setting value, the power should be balanced

between the sources and loads. The system power balance constraint is:

Psource + Pess = Pioaa (6-17)

where P, .c. 1S the power of the main supply in the grid, Pgss represents the
battery and SC power and P,,,4 is the load power.
This power balance is restricted by other constraints such as minimum and

maximum power flow from the battery and SC.:
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PBmin < PB < PBmax (6'18)

Pscmin < Rs‘c < Rs‘cmax (6'19)

where Pz and P, are the actual power of the battery and SC respectively,
Pgmin and P4, are, respectively, the lower and higher power boundaries of the
battery. Psemin and Psomax are, respectively, the lower and higher power
boundaries of the SC.

Another critical constraint related to the energy storage units, is the state of
charge (S0C) constraint: that the charge stored in either SC or battery should not
exceed the maximum capacity nor drop below the permitted minimum limit. It is
required to maintain the battery and SC units within the desired boundaries to
avoid depletion or overcharging.

The SOC constraints of the battery and SC are given as:

SOCgmin < SOCz < SOCpmax (6-20)

SOCscmin < SOCSC < SOCscmax (6-21)

where SOCg and SOC,. are the actual SOC of the battery and SC respectively,
SOCgmin and SOCgma, are the lower and higher SOC boundaries of the battery
respectively. SOCg.minandSOCs.may the lower and higher SOC boundaries of the
SC respectively.

The SOC limits for a battery are, typically, between 40% and 85% and for a SC
within 25% and 85%. In addition, the control parameters are constrained in order
to meet bus voltage restrictions. According to British Standard BS 7697 [206]
[207] the bus voltage constraint is:

0.94pu < Vs < L.1pu (6-22)

6.3.2 Control loops design for HESS

As stated in [186], the same transfer function of the DC-DC converter is valid

during both charging (buck mode) and discharging (boost mode) processes.
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Thus, the two modes can used in a unified controller in a complementary way by
switching between the two modes. For this system of operation, the HESS

controller is designed according to boost operation mode.

The control design of the HESS is included in three control loops: external voltage
control loop and two internal current control loops [205] as presented in Figure
6-6. Basically, current control loops are intended to control the flow of distributed
current between the battery and SCs, using the inductors of the DC-DC
converters. While a voltage loop is applied to keep the variation of the constant

DC side voltage within an acceptable range.

The delivery and absorption of current flow rates of the SC are faster than for
battery storage [208]. Thus, the Pl compensators are designed according to the
SC power loop. To prevent oscillation and to distribute the transient variations to
the SC, the bandwidth (B.W) of the SC current loop is kept greater than the
bandwidth of the battery current loop. The B.W is f;,, /6 for the SC while the
battery bandwidth is f,, /10 , where f;,, is switching frequency.

The current control loop response is faster than the response of the voltage
control loop. So, the B.W of the outer voltage loop is kept less than for the SC

current control loop. A 10kHz switching frequency is used in this design.

A. Current control loop of supercapacitor

The block diagram of current control loop design of the SC is illustrated in Figure
6-8. The reference current of the SC is produced from the outer voltage controller
and the error signal between the reference and actual current values drives the
current controller GPI(sc). The transfer function of the SC current to the dg, is

given as [205] :

(6-23)

where i;. and dg,. are small changes in the SC current and duty cycle of the SC

converter.
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Figure 6-8 Current control loop of supercapacitor

The transfer function of the PI controller is:

Ki
GPI(sc) = Kps. + S“ (6-24)
B. Voltage control loop of HESS

Figure 6-9 presents the block diagram of the outer voltage controller. The transfer

function of this loop is given as [205]:

- o Lse )
oy = Ve 2P (- oy (6-25)
N l;c N 2+ RCCdCS
\75(; VDC
GPI(V) GP(V)
Figure 6-9 Voltage control loop of HESS
The transfer function of the PI voltage controller is [205] :as:
Ki
GPI(V) = Kpy + TV (6-26)

C. Current control loop of battery

The block diagram of the current control loop of the battery is illustrated in Figure

6-10. The transfer function of the battery current to the dj is given as [205] :
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Re (6-27)

LBCdCSZ + é_is + (1 - DB)2

i~
GP(B) = d% =
B

Figure 6-10 Current control loop of battery

where i; and dz are small changes in battery current and duty cycle of the battery

converter. The transfer function of the PI controller is [205]:
Ki
GPI(B) = Kpp + TB (6-28)

Connecting inductors were L, =10mH and Lz = 15mH,the resistor
was R;. = 10KQ and Dg=0.3, Dsc=0.5 see Figure 6-4 are used in the design of
the PI controllers. The design and tuning of the control loops are carried out
following standard procedure of the MATLAB SISO tool box.

6.4 Fuzzy logic design of controller for HESS

6.4.1 The general scheme of power management

As advanced bidirectional power paradigms, microgrids require fast-online
control and management of power to work instantaneously and jointly with the
main utility grid in order to supply a reliable service. Generally, microgrids have
used combinations of energy storage systems such as battery and SC for
providing efficiency performance and smart grid operation. The lifespan of the
battery is extended by the high power density of the SC [209] [152]. From other
side, to meet system power requirements in microgrids, it is crucial to keep the

S0C of the battery and SC within acceptable ranges because of the uncertainties
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inherent in renewable energy sources. Thus, power control management is an
important part of ensuring reliable and stable operation of the microgrids [210].
The hybrid system is a multisource and complex system, including a number of
working modes. These modes are usually known as buck and boost modes and
are responsible for producing the control signal to the switches of the DC-DC
converters during power charging and discharging. To obtain accurate control of
power distribution between the battery and SC, a robust control power
management for HESS is required, which is able to give control decisions for
suitable power flows between the storages and the grid in a fast and intelligent
way.

Thus, in this section, a new approach, a sugeno-fuzzy logic controller for power
management of the HESS is presented based on decision-making. “Fuzzy control
is basically an adaptive and nonlinear control, which gives robust performance
for a linear or non-linear plant with parameter variation” [171]. Fuzzy logic control
(FLC) models the behaviour of a system by using knowledge-based rules and

thus differs from classical control methods.

The key objective of the HESS controller is to manage the power exchange
between the HESS and the DC side of the D-STATCOM, providing a fast
response and hence improving the dynamic voltage stability of the grid. For
example, a disturbance to the grid might cause the voltage at the PCC to fall, in
which case the controller should be designed to stop the voltage at the PCC
falling too quickly or too far, to maintain power and control power sharing on the
input side. The detailed model structure of the D-STATCOM configuration with
HESS based fuzzy strategy is shown in Figure 6-11.
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Figure 6-11 Detailed model of D-STATCOM based HESS

6.4.2 The structure of FLC

The key point behind utilizing FLC is to facilitate the overall power sharing directly
between the battery and SC while keeping the SOCs within permitted levels, so
that the dynamic voltage response of the system is maintained. The fuzzy logic
control strategy of HESS is represented in the model diagram in Figure 6-12
shows two inner current control loops (CCL) associated with two DC/DC
converters. The desired output voltage of the hybrid source is maintained by the
FLC. It also partitions the power to be supplied between the two energy sources
according to a reference current criterion and maintains the voltage of both
storage devices within the acceptable limits. The control scheme of the hybrid
storage system included four input signals and two output signals as illustrated in
Figure 6-12.

The inputs of the FLC are the error signal between the reference and actual
voltage of the DC side of the D-STATCOM'’s converter, the load power, the SOC
of battery and SC. The outputs variable are the reference currents of battery and
SC.

The performance of the fuzzy logic based energy storage management is

determined by the membership functions and fuzzy rules:
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Figure 6-12 Control diagram of HESS

A. Determination of the membership functions:

As stated earlier in Section 4.6.4, the FLC includes a process whereby the real
input signals are converted into a linguistic variable. Each range of the input
represents by a membership function. The input membership functions are used
as transitions between the different operating modes. These are given in Figure
6-13. The first input variable, the error signal of the DC side voltage (Vp¢ error)
poses a logical choice as the performance of the VSC is directly affected by the
DC-side voltage, which determines the required steady state power and acts as
a power buffer in transient conditions which can cause aberrations in the DC bus
voltage. There are five membership functions for this input: A; (Negative large),
A, (Negative small), A; (Zero), A, (Positive small) and A; (Positive large). The
input membership functions have been tuned according to the system
requirements and the membership values for each membership function ranges
between (0-1). Figure 6-13 (a) shows the membership functions for the error
signal. The membership functions of the second input (P,,,4) are formed on four
levels to accommodate the needs of the proposed strategy, B; stands for low, B,
stands for medium B5 stands for high and B, stands for very high, as shown in
Figure 6-13(b).

Figure 6-13 (c) and (d) show the membership functions of SOC of the battery
(50Cp) and SOC of the SC (S0C,,) respectively. Four membership functions are

selected for each of these two inputs: low membership represents the SOC
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between zero and 25% for SC and between zero and 40% for battery, normal
membership represents the SOC between 25% and 65% for SC and between the
40% and 70% for battery, high membership represents the SOC between 65%
and 85% and the maximum membership function represented the SOC between
85% and 100% for both SC and battery. The variables names of all memberships

functions for each of the four inputs are given in Table 6-1.

The output variables of the fuzzy control are included in the reference currents of
battery and SC which were forwarded to the current control loops of the DC-DC

converters.

The output memberships of the fuzzy controller are taken as constant and linear,
and are represented with Neg_L= -60, Neg_s=-30, Zero =0, Pos_s= 30 and
Pos_L=60 for the both battery current I; and SC current I;,.

Commonly, for a specific problem, typically a singleton output function is
sufficient. Depending on the input, spikes in the values for the singleton output
membership can be triggered in a linear pattern in the output domain. This allows
for an efficient and compact system notation. From other side, in the case of
sudden variation in the system operation condition, it used a linear function for
the output membership for nonlinear mapping for each rule. In this case, as the
result, the fuzzy rules are a function of the input vector which makes the control
rules fairly general. For particular values of the inputs in Equations (6-29) and (6-
31), the membership functions are expected to smoothly interpolate the output
function. Generally, depending on the constants or linear functions, the output
memberships in the sugeno systems are distinctly parameterised maps.
Therefore, heuristically it is possible to use constant or linear memberships to find
the best output surface to fit the system requirement, depending on the choice of

parameters that would be controlled.
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Table 6-1 The variables names of membership functions
VDC_error P load S ocsc S OCB

memberships

memberships

memberships

memberships

A, = Nagative large B,=low C, =low D; =low
A,= Negative small B, =medium C, =normal D, = normal
A; = Zero B; =high C; = high D5 = high
A, =Positive small B, = very high C, = max D, = max

A; = Positive large
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B. Fuzzy supervisor rules:
The rules for fuzzy data are normally described by the form (IF), (AND) and

(THEN) statements. For example:
Rule 1:
IF Voc error iSAy  AND  Poq isB;  AND SOCy isC; AND SOCgis D,
THEN Ip; = a11.Vpc_error + b11- Pioaa + €11-SO0Csc + d11.S0Cp
Iser = a21-Vpc_error + b21- Pioaa + €21.SO0Csc + d31.S0Cp
Rule 2:
IF Vpc error iSAz  AND  Pjyaq isB, AND SOCg,.isC, AND SOCpis D,
THEN Iz, = a13.Vpc error + b12- Proga + €12.SOCsc + d1,.S0Cp
I5e2 = a22. Ve error + b22: Proaa + €22.S0Csc + d2,.50Cp
Rule k:
IF Vpc error iSAxy AND  Pjyaq isB,  AND SOCs isC, AND SOCgis Dy
THEN Iz, = a1x.Vpc error + b1k Proaa + C1x-SOCsc + d1x. SOCp
Ik = k- Vpc_error + b2k Pioaa + €21 SOCsc + dai. SOCp

So,

15 (Voo Pioaar SOCse, SOC3)

_ Zlé:l H$ Aj (VDC_error)- By (Pioga)- Cs- (SOCSC)' D,,.(S0Cp). Ips (6-29)
Zlc;:l Hf Aj (VDC_error)- Bh (Pload)- Cz- (SOCSC)' Dw- (SOCB)

¢ represents all the membership function combinations.

j, h, z, w:represent all the membership function combinations subject to
the constraints. (6-30)

Aj, where je[1,5]

By, where he[1,4]
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C,, where ze[1,4]

D,,, where we([1,4]

And
I;C (VDCeTTOT' Pload; SOCSC' SOCB)

_ ZI;:l Hf Aj (VDC_error)- Bh (Pload)- Cz- (SOCSC)' Dw- (SOCB)- Is*ca
26=111g Aj(Voc_error)- Ba(Pioaa)- Cz- (SOCscy. Dy (SOCp)

(6-31)

The most important part of fuzzy logic controller design is the control rules
determination. We determine the fuzzy rules by studying the characteristics of the
ESSs and analysing the controller's logic process. It has been shown that
successive simulations are required to confirm the reliability and robustness of
the controller. On other hand, four inputs and four or five memberships for each
input, as well as the nonlinearity of the system, make the total number of rules
very complicated to control. So, to obtain better control execution, the number of
the rules considered (80 rules) are made based on historical output information
of standard HESS control management as in Section 6.3

The following are a set of rules have been applied in the fuzzy controller:

Examples of rules applied in the fuzzy controller

If Vbc error is positive large, then I is Neg_L and I, is Neg_s

If Vbc erroriS positive small, then Iz Neg_s and I3, zero

If Vbc erroris zero, then Iy is zero and Ig, is zero

If Vbc erroris Negative small and SOCj.is not Max, then I is zero and I, is Pos_s

If Vbc erroris Negative large and SOCj_is not Max, then I is zero and I, is Pos_L

If Vbc erroris Negative small and SOCg is max, then Iz Pos_s and I is zero

If Vpc erroris Negative large and SOCs.is Max and SOCp is not Max, then I is Pos_L and

.
I, is zero

If Pjpqq is High and SOCj_is not low, then I is zero and I3, Neg_L

If Pjogq is Med and SOCg is Low and SOCq_is not low, then I is zero and I, is Neg_s

If Pjpqq is Low and SOCjy is low and SOCg.is not low, then I is zero and I is Neg_s

168



If Pjpqq is High and SOCg.is low and SOCp is norm then I is Neg_L and I3, is zero

If Pjpqq is Med and SOCg_is low and SOCp is norm then I is Neg_s and I3, is zero

If Ppqq is Low and SOCg.is low and SOCyg is norm then I is Neg_s and I3, is zero

If Vpc erroris Positive large, then I is Neg_L and I3, is Neg_s

If Vbc erroris Positive small, then Iz Neg_s and Ig. zero

The appropriate rules for the status of the system are be decided by an inference
mechanism which depended on the mapping between the membership functions
of the input and output signals.

The rules are to converge the following conditions to maintain the DC side voltage
at a desired level:

e When the system is in the steady state condition, the required power is
supplied by the battery storage.

e The SC supplies power under a sudden load variation and provides
transient power peaks to avoid the battery discharging at a high
frequency and to restrict the battery discharge to relatively low currents
to minimize the impact on battery life.

e When the DC side voltage is at a desired value and the load power is
steady, the power distribution principle will be complex, and will depend
on both SOCz and SOC,.. When SOCjy is high, the battery will always
provide power to the system. When SOCg is medium, the battery will
also provide power. The SC will discharge only if SOC, is also high. If
the SOC,, is low, the SC will be charged. Because low SOCy has a
negative effect on battery life, when the SOCy is low, the SC will provide

power to the load. The battery will recharge only if SOC,, is not low.

The surface plots shown in Figure 6-14, are used to explain rule triggering as
related to the different input sets. Each of the panels presents the control surfaces
for two inputs at a time with the resulting changes in Iz and Isc. The intention is
to gain an understanding of system behaviour to be used to plan for the D-
STATCOM to better cope with sudden variations.
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In Figure 6-14, the surface plots have nonlinear input-output relations whose
shapes reflect the specific conditions of each application and the conflict of the

different requirements.

Consider the relationship between the voltage error (Vp¢ errorr) and SOC of the
battery (SOCg ) with the battery reference current (Iz) and SC reference current
(Isc), frames (d) and (f) respectively, it can be noticed when the voltage error is
zero (no power exchanging between the D-STATCOM and grid) the output
reference currents of both of the battery and SC are zero. This is indicated by the
areas 1 and 2 of Figure 6-15.

When the error signal of the DC side voltage (Vpc error) IS pOsitive large which
means that there is a sudden change in the load and therefore the D-STATCOM
based HESS is required to deliver power into the grid via the discharge mode.
During this time, the SC has started to discharge power until the battery has
started to also deliver power as indicated in areas (3 and 4) of Figure 6-15. It is
also important to note that the SOC of the two storage devices gives a priority to
the SC and then the battery which results in a relatively normal level of charging.
In this context, if the error signal of the DC side voltage (Vpc error) IS Negative
large that would imply the grid has a surplus of power. In this case the SC and
battery have the opportunity to recharge, if the SOC for both is under the normal
level then the system will give priority to charging the SC as indicated in areas (5
and 6) of Figure 6-15.
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Figure 6-15 Surface description

6.5 Simulation of D-STATCOM based hybrid energy storage

Figure 6-16 shows the circuit diagram of the distribution power system connected
to the D-STATCOM based HESS. Detailed simulations have been carried out in
MATLAB/SIMULINK to illustrate the system performance in the context of the
proposed management strategies of D-STATCOM, with dual sources (battery
and SC). The rated voltage of the battery is 400 V with a capacity of 60 Ah. The
auxiliary storage is a SC of 500 F with 150 V as rated voltage. The system
parameters for the simulation analysis are given in Table 6-2, where
the inductor and capacitor values of the power converters have been chosen after
empirical investigation. In order to verify a performance of the D-STATCOM base
on HESS, two study cases have been applied (with sudden load change and

during fault condition).
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Figure 6-16 System structure of simulation model

Table 6-2 System parameters

Supercapacitor parameters | Values
Nominal voltage 150 v
Capacitance 500 F

Battery parameters Values
Nominal voltage 400V
Capacity 60 Ah
Converters parameters Values
Inductance of inductors Le=10 mH , Lsc =15 mH
Capacitance of DC side Cdc =2000 pF
Resistance R, =10 kQ
Pl parameters Values

Current control of | Kp=0.45 Ki=30
Supercapacitor

Current control of battery Kp=0.3 Ki=20
Voltage control loop Kp=1.5 Ki=1.1
Power grid Values

Main source 20 kV, 50 Hz
transformer 20 kV/380 V

DC side voltage 700 V

Loads Values

Load 1 380V, 50 Hz, 25 kW
Load 2 380V, 50 Hz, 15 kW,4.6 kVR
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6.5.1 Simulation of a distribution system with a sudden load change

In this case, the load power is increased at time = 0.15 second by connecting a
second load to the system at the point of common coupling (PCC). The system
performance is tested by using both classical and fuzzy logic control strategies.

The simulation results are given below:

A. With classical control strategy

The simulation results of the D-STATCOM based HESS with a standard
management scheme are shown in Figure 6-17 and Figure 6-18, 10 sec is
selected as the time constant of the low pass filter to execute the simulation tests.
At time t=0.15, a sudden step change in the load current occurred when a second
load is switched on by closing the circuit breaker, (C.B) in Figure 6-16. The
voltage response at the PCC is maintained reasonably at 1 pu as indicated in
Figure 6-17. Also the DC side voltage (Vdc) of the D-STATCOM is displayed in
the first trace in Figure 6-18, and regulated effectively to the desired value of 700
V. The second trace in the Figure 6-18 represents the total current supplied by
the HESS.

It is observed in the third and fourth traces of Figure 6-18 that the maximum
power demand is momentarily provided by the SC at start-up and then again at
the load change, average power requirement is diverted to the battery.

It is worth noticing that the SC provides much more current than the battery during
load disturbance (at start-up from 0 sec to 0.005) and when the load is increased
(from 0.15 sec to 0.25 sec). Aftert = 0.25 seconds the current delivered from the
SC dropped to zero, and the current to supply the entire load is delivered by the
battery alone. This is because the total current required from the ESS is divided
by the low pass filter into the instantaneous values forwarded as a reference
current to the SC current control loop while the average values is a reference

battery current in the battery current control loop.
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Figure 6-18 Simulation results for standard HESS management
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Figure 6-19 and Figure 6-20 show the comparison of the dynamic response of
the voltage at the PCC and DC side of the D-STATCOM with battery only system,
and D-STATCOM based HESS. From the figures, as would be expected, it is
noticed that the proposed modified D-STATCOM configuration with Dual DC
Source offers a more consistent the voltage response at the PCC with significant
reduction in the value of the voltage dip during the load changing condition, at
time 0.15 second. The reduction is better than 50% compared to the results of
the D-STACOM based battery only system (the voltage dip is reduced from
0.7877 pu to 0.9360 pu). However, there is a small oscillation in the voltage
response at start-up when compared to the voltage response of the D-STATCOM
based battery-only system, due to the SC charging and discharging. In addition,
the voltage response of the PCC for both systems (D-STATCOM with battery only
and D-STATCOM based HESS) are a slightly different in the steady state
because the internal losses of both systems are different, also the SC storage
unit included the DC-DC converter which has an additional loss, though this is
usually small.

In addition, the maximum battery current in the proposed configuration is much
lower than the maximum battery current in the D-STATCOM based battery only
system (Figure 5-15), it is observed from the fourth trace of Figure 6-18 that the
peak battery charge current decreased by 50% when combining the SC with the
battery unit. As a consequence, the battery current stresses are reduced, and
the battery life span is improved. Furthermore, as the SC is utilized to provide the
transient currents, it ensures that the battery storage system is protected from
high load currents and the battery unit size is reduced significantly. Hence saving
in the battery life cost.
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B. With fuzzy control strategy

section, simulation studies of the energy management strategy of the

with the proposed FLC method are carried out. The output results are

battery and SC are determined by the set of the control rules associated with
input signals which include the voltage error of the DC side and SOC of both
battery and SC. The SC output current is displayed in the third trace in Figure
6-22. The SC supplied the required maximum transient current within a response

time of t; ;. = 25ms, compared to the current response of the standard control
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management of t; ;. = 50ms (see third trace in (Figure 6-18). The remainder of
the required current is delivered by the battery.

As can be seen from the fourth trace in in Figure 6-22 , from the start the battery
provide more the current to regulate the voltage of the PCC, though the amount
depended on the it's SOC. The output current of the battery with FLC is relatively
greater than with the standard control method. However, the battery current with
the proposed FLC is flatter than the output current with the standard control
method. This indicates the FLC approach gave a steadier power output which is
desirable to extend the lifespan of the storage unit. However, the total average
battery current is the same. The DC side voltage of the D-STATCOM is displayed
in the first trace, it is maintained at 700 V.

Clearly, it can be seen from Figure 6-21 the output voltage at the PCC is regulated
to the desirable value with a slight oscillation though with a very fast response to
the load variation.

The comparison of the voltage responses at PCC and DC side voltage between
battery only system, standard HESS and the HESS based fuzzy management
are seen in Figure 6-23 and Figure 6-24.

The voltage response with D-STATCOM based HESS/FUZZY shows a faster
voltage response with less voltage dip at the time of the load change (t = 0.15
sec). A summary comparison of system performance between battery only
system, standard HESS and the HESS based fuzzy management is shown in
Table 6-3. It can be seen that the HESS/FUZZY system can cope better with
transient spikes than the other D-STATCOM models.
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Figure 6-22 Simulation results for HESS with FLC management
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Table 6-3 Comparison of system performances.

System Battery only system HESS HESS/FUZZY
performance
VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt)
at Load o
Time =0.15 | gettling time | 15 50 11 20 8 12
(msec)
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6.5.2 Simulation of a distribution system with a three-phase fault
applied at load point

A. With standard control strategy

The simulation results of the D-STATCOM based HESS with fault condition and
standard control method are presented in Figure 6-25 and Figure 6-26. The

results of the initial case without D-STATCOM were presented in Chapter Four.

From Figure 4-25, it is seen that the D-STATCOM converters managed, under
normal condition when a balanced three phase fault is applied at the PCC at time
0.15 seconds and cleared at 0.35 seconds, the system voltage at the PCC tended
to oscillate away from the desire voltage limits. The HESS provided the necessary
power compensation to control the system voltage. In Figure 6-25, it is noticed

that the voltage at the PCC stayed relatively stable.
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Figure 6-25 Voltage magnitude at PCC

From Figure 6-26, the SC current delivers instantly at time 0.15 seconds until the
battery reacts to deliver its current. At time 0.35 seconds, it is seen that the SC
can directly absorb the instantaneous rise of system currents in order to keep the
system voltage constant. Thus, both energy storages shared the required current
from the D-STATCOM until the system is automatically reset to the normal

control.
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Figure 6-27 and Figure 6-28 illustrate the comparative voltage responses at the
PCC and DC side for the case of the D-STATCOM based battery only system,
and D-STATCOM based HESS. The dynamic response is acceptable in both
systems. The voltage response becomes more consistent by adding a HESS to
D-STATCOM and nearly reached 1 pu. However, there is more oscillation in the
voltage response at start-up with the D-STATCOM based HESS compared to
voltage response of the D-STATCOM based battery only system. The oscillation
in the system response occurs because the D-STATCOM takes energy from the
DC side until both the battery and SC operate in the boost operating mode to
provide the real power required by the load. The exportation of power from the
DC link created an oscillation in the voltage at the PCC. It is also noticed that
voltage recovery time is longer with the D-STATCOM based battery only system
and shorter with the D-STATCOM based HESS. In addition, the large voltage dip
in the DC side voltage at start-up, and at the instant of fault and overshoot at
recovery are least with D-STATCOM /HESS and highest with D-STATCOM
based BESS. This is due to the capacity of the SC to deliver high power density
and it has a faster dynamic response. The SC mitigates the dip and the overshoot
and keeps the voltage within the desirable range from 0.94 to 1.1 pu according
to the UK voltage standard, which is based on British Standard BS 7697, i.e.
ranges between - 6% and +10%. Also, the maximum battery current in the
proposed configuration is much lower than the maximum battery current in the D-
STATCOM based battery only system (Figure 5-23).

It is clear that the transient spikes can be coped with more efficiently with D-
STATCOM based HESS than the D-STATCOM based battery only system.
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B. With fuzzy control strategy

In order to evaluate the performance of the proposed sugeno-fuzzy control
scheme for the HESS, the simulation model of the proposed HESS with FLC have
been simulated under a balanced voltage sag with magnitude 30% for 10 cycles
triggered by a symmetrical fault. The output results are given in Figure 6-29 and
Figure 6-30.

As mention earlier, the voltage sag begins at 0.15 sec and clears at 0.35 sec.
The DC- side voltage of the D-STATCOM is displayed in the first trace of Figure

6-30 and the total current of the energy storages is displed in second trace.

According to the dataset of control rules, the output reference currents of the SC
and battery are determined by the FLC with multi input signals. From the third
and fourth traces of the Figure 6-30, it is obvious that the SC system and battery
storage unit together provide the required system current. For the hybrid source
the proposed fuzzy logic algorithm permits non-linear control of the power flow
using data concerning the desired performance of the system. With this control,
the suggested power flow control strategy determines the most suitable operating
point for battery and SC units. Thus, the output current of the battery is provided
only during the voltage disturbance.
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The output of the HESS is limited to providing current during the voltage
disturbance periods instantly, which improved the capacity to ride out the voltage
sag. Actually, during the fault time, the current compensators restrict the output
currents to within the voltage disturbance time to prevent the overloading of the
converter. As a result, the DC side voltage is controlled faster, resulting in

decreased voltage oscillation at the PCC as depicted in Figure 6-29.

It is interested to note from Figure 6-30 that the HESS management, by applying
FLC, gives better dynamic performance in comparison to the standard filter
control management. However, SC stopped providing current and the battery
continued to provide the current required by the system during the disturbance
time. The SC supplied the required maximum transient current for the time
required to reach the steady state (t; ;. = 30ms) compared to the response of the
standard control management (ts ;. = 50ms). Furthermore, the battery current
has a faster and more consistent response with FLC compared to the battery

current response using the standard control management.

Although the standard filter control management gives fairly acceptable results
under fault conditions, the proposed fuzzy control management provides effective
and fast voltage regulation, reducing the dips and the overshoots. Also, the fault
oscillation is reduced and the ability to ride through faults is improved.
Furthermore, sugeno-fuzzy control management allows automated sharing of the
power between the storage units which could be used as a powerful tool in real
time application and will provide superior performance in the control of varying

operating conditions in microgrids.

The comparison of the voltage responses at the PCC are described in Figure
6-31. The voltage response with D-STATCOM based standard HESS shows
significant change at the beginning and end of the sag. However, the ripple that
occurs during the transient is less than 10% peak-to-peak, and is rapidly damped
by the sugeno- fuzzy control management. The comparison of the DC side
voltage responses is shown in Figure 6-32. A summary of the system
performance comparison among the battery only system, standard HESS and the

HESS based fuzzy management is shown in Table 6-4.
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Table 6-4 Comparison of system performances.

System Battery only system HESS HESS/FUZZY
performance
VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt) | VPCC (pu) | Vdc (volt)
At fault Min dip 0.79 692.0 0.857 693.7 0.966 696.5
initiation
i Settling time | 10 33 16 14.5 8 12
Time =0.15
(msec)
At fault Max peak 1.09 722.12 1.043 706.3 | - 704.4
clearance
) Settling time | 20 325 17.0 30 | - 24
Time =0.35
(msec)

6.6 Summary

In this chapter, considerable manipulation of energy storage technologies based
on the use of FACT devices has been proposed to give better performance in
microgrid operation.
The advantage of high-power storage units and high energy storage units have
combined with a D-STATCOM based HESS configuration to avoid the limitations
of using only one specific storage unit, which is considered to be one of the main
contributions to future of energy storage technology.
The main advantages of modified D-STATCOM configuration with Dual DC
Source (battery and SC) involves faster voltage regulation and reduction of
battery current stresses.
Two control strategies, a standard controller with low pass filter and FLC have
been designed and tested for HESS management. The strategies were designed
based on the concept that the battery provides the average power requirements
of the system while the SC supplies the transient power requirements. These
coordinated control schemes have been shown to be able to ensure effective use
of two different types of ESS (short term and long-term storage) and accomplish
the followings goals:

e Successfully achieve both steady state and transient voltage stability of

the distribution system.
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e Improved the lifespan of the battery by minimizing the charging and
discharging frequency and reducing maximum rate of battery discharge
current.

The simulations results demonstrated that by managing the battery and SC
combination using standard control strategy that the SC reacts swiftly to the load
system requirements while the battery delivered more slowly because of the low
pass filter. The difference in current between the battery and total load current
required was compensated by the SC. Thus, a sugeno-fuzzy supervisor control
management was proposed, to act as a fast and effective energy management
system. In the supervisory HESS management strategy, a multi-input and multi-
output were mapped. Thus, it was possible to implement an intelligent real-time
energy management controller able to effectively distribute the required current
from the ESS and provide good performance in trimming the peak battery current.
The effectiveness of these proposed strategies: of maintaining a DC side voltage
at 700 V and maintaining the voltage at the PCC at acceptable levels, were

subsequently demonstrated by simulation.

Finally, it is concluded that the D-STATCOM based HESS configuration can
efficiently minimize the maximum value of the battery current by 50% in
comparison to the D-STATCOM based battery only system. Hence, it is expected
that the cycle life of the battery could be extended by over 50%.
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7 Chapter Seven: Experiment Design and
Implementation of Real-Time Controller for a Battery-
Supercapacitor Hybrid Energy Storage System

7.1 Introduction

To investigate the effectiveness of the proposed modification to the D-STATCOM
based HESS, it is necessary to carry out experimental tests. Emulation of the
distribution system (Figure 6-16) in real time is difficult and expensive. Reduced-
scale models can offer substantial benefits for time simulation and operational
testing of real systems and provide good quality estimations. The test rig is a
modified version of an existing experimental platform.
This chapter, will describe the experimental testing of the scaled-down hardware
prototype of the proposed energy management system presented in Chapters 5
and 6. For this part of the work the aims were:
e To show the battery current waveform in a D-STATCOM based battery
only system.
e To investigate in the laboratory the current waveforms of the battery and
supercapacitor (SC) for the case of a D-STATCOM based HESS.

The D-STATCOM converter based HESS used for this part of the work is a
modified and extended version of an existing experimental platform. This scaled
model is suitable for testing and then validating the hardware and software
systems for power management, for both the HESS and battery-only system

applications.

7.2 Prototype Hardware Description

The schematic of the experimental rig is shown in Figure 7-1. The rig consisted
of two main parts; the combined and modified cascade inverter with a

combination of energy storage systems (battery and SC) and the rig controller.
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The rig design included a motor drive consisting of a 0.37 kW induction motor as
a load, powered by a modified cascade inverter. The DC side of the inverter
consisted of a battery bank as the main DC voltage source and a set of SC banks.
The entire rig is controlled by a National Instruments CompactRIO real-time
control platform using a LabVIEW FPGA module. The main elements of the

hardware platform are described below:
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Figure 7-1: Overall schematic of experimental system
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7.2.1 The Load of Platform

A KAPAK, three-phase induction motor manufactured by English Electric
Machines AEI was used as the load, see Figure 7-2. The winding of the motor is
connected in a delta configuration to meet the maximum peak voltage that is
provided from the converter. A simple LC filter is connected between the three-
phase terminal load and the output side of the converter to reduce the switching
noise (to eliminate harmonic components of the output currents) as shown in

Figure C- 1 in (Appendix C). The motor’'s parameters are given in Table C- 1

Figure 7-2 The load platform

7.2.2 Modified cascaded inverter

The configuration of the modified inverter included two sources and cascade
converter, the main source is represented by the battery unit connected to the
three-phase bridge converter and a combination of SC units connected to the H-
bridge switches. The hardware platform of the inverter with SCs is shown in
Figure 7-3.
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7.2.3 Switch drive circuit of the inverter

Providing galvanic isolation between the sources (the battery and SC units) is

one of the hardest parts in the design of the inverter. DC-DC converters
(NCS6S4815C and Astec ASAO0CC36-L) were used in order to provide a stable

voltage supply for the switches’ gates. The block diagram of the modified cascade

inverter with switch drive circuits is presented in Figure C- 2 in appendix C.

The figure shows galvanically isolated low power supply units whose input

voltage can be from 18 V to 75 V, and which deliver a stable and isolated auxiliary
voltage from each bridge of 15 V. PSU1, PSU2, PSU3 and PSU4 are 3W and 6W
universal DC/DC converters.
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7.2.4 Battery bank

The battery bank is the main source that supplies the DC side of the three-phase
bridge in the inverter. The battery bank contained 10 Leoch LP12-4.0 Sealed
Lead Acid batteries (LAB, SLA 12 V, 4.0 Ah) connected in series with 400 mQ
total internal resistance (40 mQ internal resistance per single battery). An LC filter
element was connected between the battery bank and the three-phase bridge
inverter to reduce the current ripples and help alleviate battery stress. The filter
is constructed from a set of two 1 mF electrolytic capacitors and a series 80 uH
inductor connected to the battery terminals. A shunt resistor with 50 mQ was
connected in series with the battery as shown in Figure 7-4. This was used to
measure the battery current and is necessary to maintain battery charging and
discharging within precise limits.
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Figure 7-4 The battery voltage source
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7.2.5 Supercapacitor storage unit

The second voltage source on the hardware platform is the SC. An electric
double-layer boost cap UC from Maxwell Technologies (BMODO0350-15) with
individually balanced cells was chosen. The pack working voltage for each cell is
15 V, so three cells are connected in series for each phase to obtain the 45 V
connected to the H-bridge switches of the cascade converter. The capacitance
of one module is 58 F which means the total capacitance of three connected in
series in one phase is 19.33 F at 45 Volts. Thus, the maximum energy stored in
each phase was 19.6 kJ. The circuit diagram for the SC compensation is

presented in Figure 7-5.

EC1 45V SC2_45y 503 45V
19.33F 1933F 1933F
CLisy —— €115 —— CLisy ——
s8F 58F 58F
cLisv —— clis — — Clisy ——
BEF [=0:1 G8F
C1isv —— Cl1sw —— Cl1sv ——
52F SEF 58F

Figure 7-5 Capacitor bank and modelling circuit
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7.2.6 Control platform
The National Instruments CompactRIO system embedded with a straightforward
NI LabVIEW graphic interface was used as the control platform, see Figure 7-6
for the architecture of the system. A reconfigurable FPGA chip was a useful
option that could be programmed using LabVIEW FPGA. This overcame the
difficulty of using complicated FPGA programming languages such as VHDL.
Thus, the custom timing, triggering, synchronization, control, and signal
processing for analogue and digital 1/0Os could be achieved by exploiting the
FPGA hardware embedded in CompactRIO. Details of the control system
configuration is given in Appendix C. Figure 7-7 shows the physical
representation of the NI CompactRIO system. Figure 7-8 show the overall

hardware structure of the experimental rig.
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Figure 7-6: Architecture of the CompactRIO system [211]
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Figure 7-7 The NI Compact RIO system with input/output allocation

7.2.7 Optoisolated digital signal interface

On the hardware platform, a high-speed logic optocoupler HCPL2601 device was
used to ensure galvanic isolation between control signals from the NI system and
converter gate drivers. This device has the speed and common mode rejection of
10 kV/us and 10 Mbit/s respectively. The graphic diagram of the digital

optoisolator is given in Figure C- 3 in Appendix C.

7.2.8 Optoisolated voltage and current sensing circuit

Accurate feedback information of voltage and current measurements of the
storage devices are essential in order to manage the maximum available energy
that can be realised from the battery and SCs and to keep the voltage and current
drawn from the storage devices balanced between the phases. The separate
circuit constructed for each of the current sensors depended on the output of the
isolation amplifiers HCPL-7840, see Figure C- 4. Also, a highly linear analogue
optocoupler HCNR201 took the voltage measurement from the sources and
provided isolation between each source and CRIO control system, see Figure C-
5 in Appendix C. The circuit, including current and voltage measurement devices

is given in Figure C- 6 in Appendix C.
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7.3 Experimental Setup

In order to investigate the applicability of the proposed D-STATCOM hybrid
storage system, it was tested using an experimental test rig with cascade inverter-
based battery and SCs. The hardware platform with dual sources (battery and
SC) was tested under two modes to verify the proposed concept. Firstly, the
inverter platform test was executed with the two-level three-phase bridge using
the battery only system. In the second mode, the hardware platform used the
hybrid storage energy system (both battery and SC). The results of the tests, the
measured voltage and current for the inverter, battery current and SC current
were recorded using three Picotechnology TA042 100 MHz 1400 V Differential
Probes, one Yokogawa 700925 15 MHz 1000 V Differential Probe, one
Techquipment LEM PR30 Oscilloscope AC/DC Current Probe and a Yokogawa

DL9510L mixed signal oscilloscope.

The main purpose of the experiment was to test how the D-STATCOM's inverter
with two sources, see Section 6.2.2, would operate. In this experiment, the main
source provided a 60 V maximum amplitude to the three-phase bridge. Figure
7-9, 7-11, and 7-13 present the experimental results of the output waveforms of
the converter based on the battery-only system supplied to the load at voltage
levels of 40 V, 50 V and 60 V respectively. The system in the first mode relies on
the battery current only. It can be seen from Figures that the system does not
have the benefit of having the SC support the battery. The performance of the
converter based on the battery only system gives a balanced output voltage with
phase shift of 120°.

The simulation model in chapter six has been modified and employed in this
section. Figure 7-10, 7-12 and 7-14 present the simulation results of the output
waveforms of the converter based on the battery-only system supplied to the load
at voltage levels of 40 V, 50 V and 60 V respectively. It can be seen from the
Figures that the improved simulation model still maintains the capability of the
battery storage to deliver the power but with some oscillation. It can be clearly

seen that experimental voltage waveforms of the three-phase bridge (yellow,
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green and purple channels) of Figure 7-9, 7-11, and 7-13 and voltage waveforms
of the simulation outputs captured on the control board are the same in steady
state. However, a distortion is observed in experimental results. The distortion
indicates that the motor voltages are not purely sinusoidal. The distortion is due
to harmonic components which exist in the output voltages when the motor
impedance was operated at low voltages. In terms of the time constant, the
system takes longer than the designed value of the simulation. The difference in
time constants between the captured value and the design is possibly due to the

sample and processing delays associated with the hardware platform.

The phase current of inverter absorbed by the three-phase induction motor (load)
is shown in the blue channel in (Figure 7-9, 7-11, and 7-13) was provided by the
battery.

Generally, the simulation results are in good agreements with the corresponding
experimental results and reasonably accurate predictions, where battery current

and phase voltage and current had identical shapes.
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(b)

Figure 7-9 Waveforms of the three-phase bridge at output voltage 40 V
(experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB, channel
2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of inverter at line

CA, channel 4 (blue) phase current of inverter, (b) Battery current (A)
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Figure 7-10 Waveforms of the three-phase bridge at output voltage 40 V
(simulation results), (a) voltage waveforms of three-phase bridge, (b) three phase

current of inverter, (c) Battery current (A)
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Figure 7-11 Waveforms of the three-phase bridge at output voltage 50 V
(experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB, channel
2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of inverter at line

CA, channel 4 (blue) phase current of inverter, (b) Battery current (A)
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Figure 7-12 Waveforms of the three-phase bridge at output voltage 50 V
(simulation results), (a) volt-age waveforms of three-phase bridge, (b) three phase
current of inverter, (c) Battery cur-rent (A)
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Figure 7-13 Waveforms of the three-phase bridge at output voltage 60 V
(experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB, channel
2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of inverter at line

CA, channel 4 (blue) phase current of inverter, (b) Battery current (A)
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three-phase bridge at output voltage 60 V
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current of inverter, (c) Battery current (A)
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Figure 7-15 to Figure 7-20 display the experimental and simulation output
waveforms for distributed power sharing between the battery and SC storages

units at voltage levels of 40 V, 50 V and 60 V respectively.

The main purpose of the modified D-STATCOM configuration with multisources
(battery and SC) is to provide faster and better voltage regulation and reduce
battery current stresses. To achieve this, in the second mode, the power demand

was distributed between the two sources.

The capacity of the platform to detect sudden source current increases was
verified in the second test. The battery current remained within limits while the
SC reacted to sudden changes in the load and the output voltage of the converter
was unchanged, as shown in Figures 7-15 (a), 7-17 (a) and 7-19 (a). Also, it can
be seen that when the battery current (channel 1 in the yellow colour of Figures
(b)) is at its maximum value, the SC delivered current (channel 2 in the green

colour of Figures (b)).

To allow comparison of the experimental results of the second test (D-STATCOM
configuration with multisources, battery and SC) with the simulations results. The
modified simulation model for inverter based battery and SC at output voltage
levels of 40V, 50V and 60V were performed as shown in Figure 7-16, 7-18 and
7-20. In traces (a) and (b) of the Figures an example voltage and current
waveforms are presented. Trace (c) presents instantaneous current delivered by
each voltage source where it is noticeable that power (blue trace) is provided by
the main source almost constant current when the supercapacitor current is
oscillating (red trace). In general, it is seen a close agreement between the

experimental and simulation results.

Comparing the two sets of Figures it can be seen that in the first mode test the
maximum battery current was higher than in the second mode test. The output
phase current and voltage were not affected in either test mode; in the second

mode the battery current was effectively decreased.

Figure 7-21 to Figure 7-23 give the phase-voltage waveforms of the converter at

voltage levels of 40 V, 50 V and 60 V respectively.
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Figure 7-15 Waveforms of the inverter based battery and SC at output voltage 40
V (experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB,
channel 2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of
inverter at line CA, channel 4 (blue) phase current of inverter, (b) channel 1 (yellow)

Battery current (A), channel 2 (green) SC current (A)
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Figure 7-16 Waveforms of the inverter based battery and SC at output voltage 40

V, (simulation results), (a) voltage waveforms of three-phase bridge, (b) three

phase current of inverter, (c) channel 1 (blue) Battery current (A), channel 2 (red)

SC current (A)
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Figure 7-17 Waveforms of the inverter based battery and SC at output voltage 50
V (experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB,
channel 2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of
inverter at line CA, channel 4 (blue) phase current of inverter,(b) channel 1 (yellow)

Battery current (A), channel 2 (green) SC current (A)
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Figure 7-18 Waveforms of the inverter based battery and SC at output voltage 50

V, (simulation results), (a) voltage waveforms of three-phase bridge, (b) three

phase current of inverter, (c) channel 1 (blue) Battery current (A), channel 2 (red)
SC current (A)
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Figure 7-19 Waveforms of the inverter based battery and SC at output voltage 60
V (experimental results), (a) Channel 1 (yellow) voltage of inverter at line AB,
channel 2 (green) voltage of inverter at line BC, channel 3 (purple) voltage of
inverter at line CA, channel 4 (blue) phase current of inverter,(b) channel 1 (yellow)

Battery current (A), channel 2 (green) SC current (A)
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Figure 7-20 Waveforms of the inverter based battery and SC at output voltage 60
V, (simulation results), (a) voltage waveforms of three-phase bridge, (b) three
phase current of inverter, (c) channel 1 (blue) Battery current (A), channel 2 (red)
SC current (A)
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Figure 7-21 Phase waveforms of the inverter at output voltage 40 V
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Figure 7-22 phase waveforms of the inverter at output voltage 50 V
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Figure 7-23 Phase waveforms of the inverter at output voltage 60 V
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7.4 Summary

This chapter concentrates on the experimental validations of the D-STATCOM
configuration based HESS. To develop and validate the proposed strategy of the
modified D-STATCOM configuration with HESS connected with a distribution
system is difficult and expensive using real systems, and to carry out those tests
using model experiments are a serious challenge and will add an interesting
dimension to the study. Therefore, a previous test rig was modified for these tests,
this included adding a control platform consisting of FPGA processor
programmed using LabVIEW software. The main purpose of the experiment was
to investigate the operation of the D-STATCOM’s inverter configuration with two

energy sources.

Generally, the converter structure with the control platform provided a good
description of the management of energy storage units used with a D-STATCOM
structure. It has the capability of the experimental validation. Therefore, this
prototype hardware even with its limited abilities and controlled platform acted as
an effective option which gives the basis for developing other more advanced
practical applications. Firstly, this chapter has presented a description of the
component parts of the experimental platform to provide a good understanding
of the system architecture. The system architecture consisted basically of a three-
phase bridge converter, battery bank, combinations of SC and load, and other
auxiliary components and measuring instruments. The chapter then reported on
the two test modes that were carried out, first the inverter platform test based on
the battery-only system and then the hardware platform test based on the hybrid
storage energy system (battery and SC). The tests confirmed the platform with
hybrid storage demonstrated the ability of the design to sense rapid source
current changes and distribute the power required between the two storage units
effectively. Finally, the simulation and experimental results provided very close
predictions. it is reasonable to conclude that the experimental results are in very
good agreements with the corresponding simulation results. Overall, the validity
of the modified D-STATCOM configuration proposed has been underpinned by

the experimental results.
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8 Chapter Eight: Conclusions and Future Work

This chapter presents the conclusions of this study, identifying some of the

limitations in the research and potential areas for future studies in this area.

8.1 Discussion and Conclusions

At the present time, across the globe, electrical power systems are undergoing
serious and dramatic changes, particularly with the significant penetration of
distributed generation, including renewable resources, energy storage units and
smart devices. These developments should assist in reducing climate change by
decreasing greenhouse gas emissions, while meeting system-level requirements

for better power quality, in particularly compensating for voltage sags.

This research has integrated a number of disciplines and this has been one of its
most significant challenges. Another was that there is no commonly agreed
definition of what is a microgrid. This omission has been addressed by a
comprehensive literature review, with a view to develop a simple description of
the differences between traditional and modern power grids, particularly with
respect to the allocations of new sources and power flow direction, this was done

in Chapter One.

Managing these new electrical power grids is a substantial part of good grid
performance, which requires the provision of solutions to current grid and voltage
problems using active and reactive power compensation. Power electronics
technology is an underpinning technology which can utilise the great potential of
these grids even under varying operating conditions, as introduced in Chapter

Two.

It is expected that in the future the development of intelligent control of advanced
power electronics systems will allow electricity generated by renewable energy
systems to increase grid power capacity. Additionally, the higher efficiency and
greater reliability of the power conversion systems will be enhanced, hopefully

reducing the cost of energy and extending the service period. Chapter Two also
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summarises the current state of energy storage technology. It is shown that
current energy storage uses a wide range of technologies and that by suitably
combining different technologies, EES can meet most of the technical

requirements for power system and network operations.

In this study, the advance in D-STATCOM application to energy storage
technologies is presented as a promising option that can provide the active and
reactive power support needed to give a better performance of AC grid operation.
The literature survey has shown that most researchers in this field have
considered the control of the power quality using only conventional D-STATCOM
converters connected to distribution networks. There has been little attention
given to the control and operation of D-STATCOM based energy storage
systems. The main purpose of this work is to achieve voltage control and improve
power quality of distribution grids by controlling the voltage at the point of
common coupling using D-STATCOM combined with hybrid energy storage
technology.

In Chapter Three, the modelling and analysis of a D-STATCOM connected to a
distribution grid was presented in the d-q orientation frame. The dynamic
differential equations of the distribution system were given and applied in the d-q
transformation analysis and a set of steady state equations were obtained. From
the plots and surface graphs resulting from the steady state analysis, it was found
that the maximum load power P, ,,,, decreased as the source inductance (L)
increased, whereas increasing the time constant of the source (T;) resulted in
increasing the maximum load power P4y qesireq- IN @ddition, there is a linear
relationship between the source voltage and the inductance and time constant of
the source. The decreasing of the source time constant (T) results in increasing
the minimum source voltage Vs .,;, Whilst the voltage of the source increases
linearly with source inductance. Furthermore, the rating of the D-STATCOM
application as a voltage regulation device corresponding to the system
parameters was investigated. The rating of the Sp_srarcon Was found to be a
function of the system parameters e.g. source resistance (R;) and source

inductance (Ly).
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In Chapter Four reported the investigation of the suitability of a novel control
method using the sugeno-fuzzy PI controller and its fithess when used with
distributed FACTS devices to mitigate problems with power quality. Firstly, the
model and the control loops for a conventional D-STATCOM (without ESS) were
developed based on the vector control algorithm in rotating reference frame of
the (d-g). The PI control parameters (K, and K;) were decided on and tuned using
standard procedure from the MATLAB SISO tool box. Then, an intelligent
sugeno-fuzzy compensator for DC side voltage control of the D-STATCOM was
developed based on the previous design of conventional linear Pl compensators.
Two inputs and one output for each control parameter of the Pl compensator
were selected to map a set of rules based on linguistic variables in an empirical
way to modify the proportional and integral control parameters during different
operating conditions. As a nonlinear controller, the fuzzy-tuned Pl has been
tested against the linear P and PI controller based D-STATCOM models.
Comprehensive simulation results show that the D-STATCOM with the proposed
fuzzy PI controller demonstrates significant improvements over the conventional
P and PI controllers in enhancing voltage stability in distribution networks. The
control approach with the Pl-based sugeno-fuzzy logic supervisor gives an
improved voltage response at the PCC of the AC grid, and DC side voltage
response of the D-STATCOM with lower steady state error and a clear reduction
in the value of the voltage dip during load changes. This was because the
proportional and integral coefficients of the Pl based on the fuzzy logic controller
were adjusted almost instantly during the transients when the load and operating
conditions changed. Since, the fuzzy supervisor is designed in such a way that
the deviations in the control gains are the outputs of the fuzzy logic supervisor
which are added to the reference control gains during the load changes, a good
control performance can be achieved. Verification of the model and control design
was implemented through MATLAB/SIMULINK. From the systematic simulation
framework MATLAB/SIMULINK, it was found that the conventional D-STATCOM
was limited when compensating for voltage drop under sudden load change and
did not provide full voltage regulation during the fault conditions, the system tried

to compensate the voltage but with a large amount of oscillation because the
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conventional D-STATCOMs act only as a reactive power compensator and
voltage controller at the point of common coupling by producing or absorbing
reactive power, and have limited capability to support voltage stability in modern
grids with high penetration of distributed generations and dynamic loads. The D-
STATCOM performance can be modified by adding energy storage systems as

presented in Chapters Five and Six.

Chapter Five shows that by using intelligent control on the D-STATCOM with
battery energy storage integrated into its DC side, there is a marked improvement
in its ability to support voltage stability. The active power exchange is made by
controlling the phase of the output voltage of the D-STATCOM'’s converter and
by adding the energy storage device to its DC part. The D-STATCOM is
configured with a battery storage unit by connecting a bidirectional DC to DC
(buck/boost) controller between the battery storage and the DC side of the D-
STATCOM'’s converter. Thus, the short-term voltage stability with the D-

STATCOM can be analysed based on energy storage system.

The comprehensive simulation results generally show good voltage recovery
after load disturbances due to improved ability to support the grid with both active
and reactive power. In particular, to provide the distribution grid a good fault ride

through capability.

With the proposed FLC control, the D-STATCOM based BESS is able to absorb
or inject both active and reactive power with the grid. Furthermore, a
performance comparison of the D-STATCOM based BESS system with the fuzzy-
tuned Pl and the standard PI controller was carried out. Although the linear PI
controller gives a rather acceptable result, the proposed fuzzy controller allows
automated tuning that captures the nonlinearities of the grid online, and therefore
provides superior performance over varying operating conditions. Thus, the
nonlinear fuzzy controller is proposed for the D-STATCOM based BESS
application. The active power possibilities of the D-STATCOM with BESS can be
used in smart distribution grids to compensate the intermittent power of

renewable energy.
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Chapter Six presents a review of previous studies, this revealed a lack of
quantifiable data to demonstrate the advantages of a hybrid energy storage
configuration in D-STATCOM applications with respect to voltage control. The
present study has succeeded in demonstrating the advantages of such a HESS
strategy with a D-STATCOM device by providing new data which quantify the
advantages, showing faster voltage regulation, and reduction of the battery
current stresses. A novel energy management approach is suggested using two
control strategies under two different conditions: standard control management

and sugeno-fuzzy logic control management.

The voltage control and power management approaches are presented in this
study realising effective employment of the HESS, based on the concept that the
battery provides the average power requirements of the system while the SC
supplies the transient power requirements. In the standard control management
strategy, the error signal of the DC side of the D-STATCOM is used to produces
the total required current from ESS which is divided into an average power value
and dynamic power value by a low pass filter. The implementation of the D-
STATCOM based HESS was tested in a distribution power grid, simulated in
MATLAB/SIMULINK. The simulation data demonstrated that, compared with the
D-STATCOM based battery only system, the D-STATCOM based HESS
provides better voltage regulation. A further benefit of the proposed D-STATCOM
configuration is that the maximum value of the battery current is reduced, and the
battery is protected from high rates of charge/discharge. Hence, the battery
service life is improved and extended.

As advanced bidirectional power paradigms with renewable and distributed
resources, the fast-online power control management with HESS is required to
work instantaneously and jointly with main utility grid to supply a reliable service.
In this context, a D-STATCOM with multisources and non-linear system
characteristics and including several working modes is complex. Therefore, a
new approach; a sugeno-fuzzy logic controller based decision-making for power

management of the HESS was presented. Sugeno-fuzzy control strategy based
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energy management is designed by means of premise learning. It has the

following important features:
(1) The rules database is described in terms of the form (IF) and (THEN)

statements to formulate the conditional statements that comprise fuzzy

logic.

(2) The general rule premises allow the selection of important regions of the

input domain to be covered in the coding scheme.

The approach focused on developing a coordinated control strategy for a D-
STATCOM based HESS (battery and SC), and concluded that:

For a D-STATCOM with dual sources, the results demonstrated that the
proposed fuzzy control management is more robust than a standard
controller with low pass filter, and significantly reduces the problems
associated with parameter tuning. In addition, the dips and spikes of the
PCC voltage and DC-side voltage of the D-STATCOM’s converter were
reduced very effectively, inspiring new ideas for improving the output
characteristics of the HESSs and the system’s dynamic response
performance.

The fuzzy logic management approach distributes the power required
almost instantaneously between the energy sources and overcame the
time delay that arose with the use of a low pass filter, as in the standard
method. Here, the SC supplies the required maximum transient current
with a lower steady state response as compared to the current response
with standard control management, approaching a 50% reduction.
Furthermore, the output battery current is more steady than the current
obtained using standard control management, which is desirable because
it will extend the lifespan of the storage unit. However, the total average
battery current is the same as the output battery current using standard
control management. Hence, the fuzzy management strategy is a method
that utilizes the power and energy characteristics of the battery and SC in
a more effective way.

By considering the State of Charge (SOC) levels of the battery and SC the
proposed fuzzy control management protects the storage (both battery
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and SC) from overcharging and under-discharging by estimating the

power allocation a step ahead.

Chapter seven reports the details of the experimental rig and the results to
validate the D-STATCOM configuration based HESS. Two test modes of D-
STACOM operation were performed, inverter platform test based on the battery-
only system and then the hardware platform test based on the hybrid storage
energy system (battery and SC). The experimental platform was modified version
from an existing experimental platform with control algorithm implemented on the
C-Rio platform with FPGA and LabVIEW software. The proposed converter with
energy storage system enhanced D-STATCOM's performance and provided the
effective power sharing between the battery and supercapacitor. Thus, it will
improve the voltage stability at distribution level during the transient conditions by
using D-STATCOM based HESS. Simulation and laboratory results both
demonstrate that HESS control strategy effectively improves the dynamic
performances of the D-STATCOM device. Furthermore, a prototype rig with a
modified hardware together with its control platform can present an effective

option for further research in the field of converter with multiple source types

8.2 Suggestion for future work

This work has introduced a two-level, three-phase power converter configuration
with multiple sources as an attractive option for D-STATCOM applications,
providing a good performance in the distribution of grid voltage with fewer
fluctuations and without greatly increased complexity. The work concentrated
mainly on voltage regulation applications in distributed power grids, but the D-
STATCOM configuration and control method could be easily employed for other
applications as stated in Chapter Two. For example, to compensate for the
intermittent power delivery of renewable power sources and harmonic

minimisation in power distribution systems.

This work was limited mainly to the modified D-STATCOM configuration with
HESS based on a two-level converter. However, there are other types of multi-
level converters as mentioned in Chapter Four. So, there are many possible

applications for multisource structures with multilevel inverters. The control
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strategy implemented here could be scaled to be suitable to meet other specific

objectives.

One other limitation of the fuzzy logic control management of HESS is
determining the maximum number of control rules sets. When the upper limit is
too small, no satisfactory solution can be found. But too large an upper limit in
such a nonlinear system makes the total possible number of rules too large and
complex to control. The fuzzy rules sets used here are limited by considering
different SOC levels of the ESSs and examining the controller's analytical
processes established on the historical output information obtained from the
standard HESS control management. Empirical knowledge and experience play
important roles in estimating the number of rules needed to achieve the desired
control goal. Future work in this area research could concentrate on developing
the fuzzy logic control by adding further input signals and more sets of rules

incorporated without a priori information.

Although the main objectives of this study have been achieved, there are further
research aspects that are worth addressing:

e An extension of energy control management to enhance the voltage
stability of distribution grids with different types of sources, such as wind
turbines and PV panels, and to introduce a more effective control strategy
in an autonomous microgrid.

e This work has limited itself to voltage control for three-phase, balanced
systems with the assumption that both the load and the supply impedance
are balanced. Unbalanced load has not been addressed. It should be
possible to manage the D-STATCOM to assist in the balancing of three-
phase voltages and this should be part of any future work. Such work will
need further development in modelling and control loop design to obtain
separate d-q components for a positive and negative sequence of the

voltage and current.
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Appendix A Small Signal Modelling of the PCC Control
loop design

According to the chapter three, the D-STATCOM device can be represented as

a controllable current source as shown in Figure A-1.

B
ISt 9 ||_

Figure A-1 Modelling circuit for D-STATCOM with AC grid

where

Vs is the voltage of the source

Vpcec is the voltage at the point of common coupling

I is the current of the main load

Ist is the current of the D-STATCOM

L is the inductance between the AC source and the PCC
R is the resistance between the AC source and the PCC

According to the circuit diagram shown in the Figure A-1, the three phase voltage

and current relationship can be formulated as given:

Vsa = Vpeca g ig
Vsp = Vpcen | = LE ip|+R|ip (A-1)
Vs,c - VPCC,C le le
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The d-g transformation analysis applied to above equations, gives the voltage

formulas in a d-q reference frame as:

dl, )
Vsa = Vecca = L—=+ Rlg = oLl (A-2)
dl
Veq — Vpccq = L d—;’ + Rl + wLly (A-3)

In the d-q orientation frame the d-component is aligned to the voltage of PCC,

the g- component of the voltage at PCC becomes zero, voltage Vpcc,g=o-

The load current is the summation of the source current and D-STATCOM

current, therefore the load current representation in the d-g reference frame given

as.
Ipg =1+ Igq (A-4)
Ig=1q+ Istq (A-5)

As the DC link capacitor has a limited energy, the D-STATCOM supports the grid

with reactive power only. Thus, I 4 = 0, therefore after substituting Equation (A-

4) and (A-5) into Equation (A-2) and (A-3), results the Equations as:

dlpa (A-6)

Vs,a = Vpcca = L dt +RILg — wL(=Istq + 11q)
d(~Igpq +1 A7
2 ea *lig) | R(~Ispq +Ipq) + WLl g (A7)

sq4 dt

The perturbing and Laplace transformation applied to Equation (A-6) and (A-7),

gives:

AVS,d - AVPCC,d == (SL + R)AIL,d - a)L(_AISt,q + AIL,q) (A'8)
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AVeq = (SL+ R)(—Alsq + AlLg) + wLAILL 4 (A-9)

Assuming the voltage of the three-phase power source is constant at all time,
therefore

AV, 4 and AV; , equal zero. If the load being the active power component, the load
current on the g-axis will assume constant compared to the variation in the d-

axis, thus Al , equal zero. Equation (A-8) and (A-9) can be represented as:
—AVpeca = (SL + R)ALL 4y — wL(—Algq) (A-10)
0 = (SL + R)(—Alyq) + wLAIL 4 (A-11)
Equation (A-11) can be rewritten,
Alg= S22l , (A-12)

From Equation (A-10) and (A-12) the variation of the voltage magnitude at the
PCC to the variation in the reactive current component of the D-STATCOM given

as:

AV, SL + R)?
PCC:( ) + wl

(A-13)
Alg g wL

The term (SL + R)?/wL in above Equation can be ignored because the value of
the impedance connected between the AC source and the point of the common

coupling is very small [170].
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Appendix B State equation for buck and boost
controller

[ loff |u=

=]
lon
; §

Vde T G- | Bt _

=]
IGHTZ b +
o—(} BRI == | ATon v AToff

]

d e 1-d

| | |

» : o

| T !
A-Converter schematic diagram B- one sample period for inductor

Figure B 1 Inductor current during one sample for DC-DC converter topology

For buck operation (IGBT1_b) is on and (IGBT2_b) is off and represented with
uy=1,u, =0

Applying current and voltage for Kirchhoff

di -
Ly =5 = Vac = Vs (B-1)
dv. . 1 B-2
a " TR'E =

di _ (B-3)

d -
Al = L_ (Vdc - VB) (B-4)
b

For buck operation u, =0, u; =0
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Applying current and voltage for Kirchhoff

di (B-5)
Ly—=-V
b dt B
Al )
Vi = Vgare = Lp o] (B-6)
Atoff
1-d B-7
Moy = —— Vs (B-7)
b

Referring to the Figure B 1 (b), the overall change in the inductor current during
one sampling period is given:

1 R
Al = Mgy = Blogy = 7 (@Vae = Vi) (B-8)
_ LAl + Vg (B-9)
buck — v
dc

For boost operation u; =0, u, =1

Applying current and voltage for Kirchhoff

L di _v (B-10)
b dt — VB
LA Vae (B-11)
dt R
Al,, (B-12)
Vi=Vy=1L
L B bAton
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_dV (B-13)

For boost operation u; =0, u, =0

di (B-14)
Ly pri Vg —Vac

Alyss (B-15)
Atoff

VL:VdC_VB:L

1-d (B-16)
Alyrr = T(Vdc —Vg)

The change in the inductor current is given as

Al = Aly, — Alysy (B-17)

Al = 7 (Vg — (1= d)Vye) e

LAl — Vg (B-19)
Apoost = 1+ ———
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Appendix C Graphic Description of the Laboratory
setup
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Figure C- 1 Schematic diagram of input LC_filter for induction motor

Table C- 1 Induction motor parameters

Parameter Value

Power 0.37 kW

220/250 V, Delta configuration

Voltage 380/440 V, Star configuration
Clrrent 1.5 A, Delta configuration

0.9 A, Star configuration
Number of phases Three, 50 Hz
Speed 2840 rev/min
Regime Continuous work

21 Q, Delta configuration,

Winding resistance 30 Q, Star configuration
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Figure C- 3 Simplified diagram of the HCPL2601 optocoupler
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Figure C- 5 Schematic diagram of voltage measurement interface
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Figure C- 6 Schematic diagram of including voltage and current sensing

Control Platform detiales

NI CRIO 9012: it is an embedded real-time controller that is suitable for advanced
control and monitoring the operation of proposed inverter. The specification of
this device is 400 MHz CPU, 64 MB DRAM, and 128 MB of storage. This
controller features accept one Ethernet, one USB, and one serial connectivity

ports. The configuration of the cRIO-9012 is shown in the Figure C- 7.

NI CRIO 9112: it is a rugged programmable FPGA CRIO chassis that can be
used to add C series I/O modules to the controller. It consists of eight Xilinx Virtex
5 LX30 FPGA slots with 19200 flip-flops and 1152 kbit embedded RAM. It
operates at an internal clock frequency of 40 MHz. The chassis is connected to
the compatible CRIO controller to communicate with the modules installed in the

chassis as illustrated in Figure C-8.
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NI 9425: it is input series digital model with 32 channels and 7 ps resolution. It
works to read decoded information from position encoder as shown in Figure C-
9.

NI 9476: it is a source of low-speed digital output model with 500us resolution. It
is used to control shutdown function of gate drivers. DO1 to DO 4 that are used to
enable switching of the manual switch, three phase bridge, H-bridge phase A, H-
bridge phase B, and H-bridge phase C respectively. The configuration of the

model is shown in Figure C-10.

NI 9474: itis eight high-speed digital output channels module with 1 ps resolution.
Six channels outputs are used to control H- bridge converters in each phase. D02
and D03 control gate signals of H-bridge converter connected at phase A. D04
and DO5 control gates signals of H-bridge converter connected at phase B. D06
and DO7 control gates signals of H-bridge converter connected at phase C
(Figure C-11).

NI 9402: it is high speed four bidirectional channels model with 4 us resolution.
The first three channels (DIO0-DIO2) are used to control gate signals of the three-
phase bridge while digital input DIO3 is used to detect full rotation from the
encoder. The signal level of DIOO to DIO2 is amplified from 5V to 15V for the
optoisolated circuit (Figure C-12).

NI 9201: it is the eight analogue input channels model with +10 V input range,
12-Bit resolution, and 500 KS/s sampling frequency. It is used to measure voltage

and current feedback signals. The channel is distributed as below:
AlQ is occupied to measure three phase bridge inverter supply current (IBatt)

All is occupied to measure H-bridge converter supply voltage connected to
phase C (SC)

Al2 is occupied to measure H-bridge converter supply voltage connected to
phase B (SCb)

AI3 is occupied to measure H-bridge converter supply voltage connected to
phase A (SCa)
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Al4 is occupied to measure inverter current at phase A (la)
Al5 is occupied to measure inverter current at phase C (Ic)
Al6 is occupied to measure inverter current at phase B (Ib)
Al7 is occupied to measure three phase bridge inverter supply voltage (Vbat).

The current in AlO, Al4, AI5, and Al6, the voltage in All, Al2, and Al3, and the
voltage in Al7are converted by external hardware from +6 A to +10 V, from
floating 0-65 V to 0-10 V, and from floating 0-160 V to 0-10 V respectively ( see
Figure C-13).

P
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|22
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125
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o : P
@
1 LEDs 5 Beset Button
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3 Power Connector 7 USB Port
4 DIP Switches 8 RS5-232 Senal Port

Figure C- 7 : Compact RIO cRIO-9012 configuration
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2. Captive Screws
3. Controller Slot

Figure C-8:
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Figure C- 9 : NI 9425 model configuration
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Figure C-13: NI 9201 model configuration
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