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Abstract

Small scale embedded generation (SSEG) connected to low voltage (V) distribution
networks offer the potential to make major contributions to energy security and
reductions in carbon emissions. SSEG technologies include non-renewable ones such
as internal combustion engines, micro turbines, fuel cells and Stirling engines, but
also renewables, such as small-scale wind turbines and photovoltaic arrays. If
managed properly SSEG can benefit utility companies. These benefits can be
realised by improving network efficiency and reliability, but also by gaining an
increased understanding of the economies involved and opportunities for reductions
in environmental costs. However there are issues and challenges associated with the
interconnection between SSEG and the LV distribution networks; these should be
carefully examined before incorporating SSEG in the power system. The issues of
interconnection include: voltage and frequency control; increase in network fault

levels; stability of the network; protection methodologies and power quality.

This work focuses on exploring the stability and control of the network with many
small scale embedded generators (SSEGs) attached during steady state and
disturbance situations. SSEG should be able to deliver a pre-set amount of real and
reactive power to the grid, or be able to follow a time varying load profile. Therefore,
proper controllers need to be designed for SSEG to enhance performance

characteristics.

Control schemes for SSEG are proposed to enable proper system operation during
steady state and disturbance situations, whilst maintaining system voltage and
frequency within appropriate limits. A robust control method within a multi small
scale embedded generation networks (SSEG networks) has been implemented to
ensure fault ride through of distribution network. A centralized controller for the
system with multi SSEG networks during grid and islanded modes has been applied
and a primary frequency controller has been designed to contribute to power system

frequency regulation.
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CHAPTER 1

Introduction

1.1 Background

Rising public awareness for environmental protection and our continuously
increasing energy consumption has created a greater interest in distributed generation
(DG) systems connected directly to the distribution network rather than through the
high voltage transmission network. Small scale embedded generation (SSEG)
follows the concept of DG but is typically at the point of use and is of smaller
generation capacity. This effectively eliminates the need to transport electricity from
the supplier to the customer. Additionally SSEG may refer to small-scale
installations that generate heat or electricity or both in the case of Micro Combined
Heat and Power systems. The introduction of SSEGs in power system results in
changes in operation of the electrical power system. These changes are mainly
caused by the differences in location and operation principles compared to

conventional generators and loads. The most important differences are:

» Connection of SSEGs to the distribution network introduces generators to the

distribution network, which historically only contained loads.

» Many SSEG technologies do not use a conventional grid coupled
synchronous generators to convert primary energy into electricity. Instead
SSEG technologies tend to generate DC or high frequency AC power for
output. This power can then be grid-connected through the use of power
electronic converters [1]. The power electronic converters behave in a
fundamentally different manner from that of conventional synchronous

machine based generators.

» Several types of SSEG such as photovoltaic (PV) and wind are based on

uncontrollable energy sources (sun and wind).



» Most SSEG units behave as ‘negative loads’ and do not participate in the

conventional control of the network [2].

1.2 Problem Definition

Before introducing SSEGs in large quantities there are a number of issues related to
their connection to the distribution network that need to be resolve. These issues
include stability, voltage and frequency control, maintaining power quality,
protection, reliability and safety. The problems investigated in this thesis are
described below, and suitable control strategies were designed to handle them and to

improve the dynamic performance of the network:

Transient behaviour — transient behaviour concerns the response of the SSEGs to
network disturbances such as voltage dips and short-circuits [3]. The SSEGs can be
based on synchronous generators, induction generators and power electronic

interfaced SSEGs, all of which have different responses to fault disturbances.

Fault-ride through - There are two meaning of fault ride-through. The first one is for
short circuit faults of up to 140ms in duration. In this case, each generating unit shall
remain transiently stable and connected to the system without tripping for a close-up
solid three-phase short circuit fault or any unbalanced short circuit fault on the GB
transmission system operating at supergrid voltages. The second meaning is for
voltage dips greater than 140ms in duration. In this case, each generating unit
remains transiently stable and connected to the system without tripping of any
generating unit for balanced supergrid voltage dips [4]. Most distribution network
operators (DNOs) require that SSEGs are disconnected from the grid during fault
conditions. Disconnection may become undesirable, however, when the penetration
level of SSEGs in a network is significant, as it can result in a large unbalance

between load and generation.



Islanded operation mode — Safe and stable operation of SSEGs in islanded mode
under fault conditions could offer significant benefits in improving the security of

supply to customers [5].

Voltage control — The objective of voltage control is to maintain the RMS value of
the voltage within specified limits. The introduction of SSEGs in the distribution
network changes the power flow in part of the network. As a result the changing in

magnitude and direction of the power will change system voltages[6].

Voltage sags - Faults that occur in the main grid may lead to reduction in the RMS
voltage magnitude of the scale embedded generation networks (SSEG networks). As
result the SSEG networks may lose their stability depending on the severity of the

voltage sag [7].

Voltage unbalance- As most of the SSEGs are single-phase sources adding
generation to just one phase gives unbalanced voltages. This unbalance has a
negative impact on the quality of the power supplied to the load as well as on the

performance of the rotating machines [8].

Frequency control — The function of the frequency control is to maintain the balance
between generation and demand as well as the synchronism between the synchronous
generators in the system [3]. When an unbalance occurs between generation and
demand, the system inertia would limit the rate of change of frequency. Therefore the
inertia of the generators plays an important role in maintaining the stability of the
power system during a transient (e.g. during and after a disturbance). With an
increasing level of the SSEG penetration, the power system inertia would decrease
[9].This is due to the power electronic interfaces between SSEGs and the grid which
leads to the loss of direct relationship between power and frequency [1] .As a result,
maintaining system stability can become increasingly difficult and disturbances

might result in larger frequency deviations.



1.3  Research Motivation

The presence of SSEGs connected to the power distribution network is rapidly
increasing. Scenarios developed by the EPSRC Supergen III Consortia [10] estimate
that by the year 2020, SSEGs will produce about 6GW of online generation in the
UK. As a result in the last few years, investments in SSEGs manufacturing and
research into SSEGs integration with the distribution network has increased

exponentially.

Currently there are many problems with integrating SSEGs into power distribution
networks. These problems mainly arise from the design of the power distribution
network; where during its design it was assumed that only loads, and not generators,
would be connected to it. In addition to this: the power sources for SSEGs, such as
solar and wind, are not consistent and therefore not guaranteed to realise their full
benefit. The introduction of high penetration levels of SSEGs can also have adverse
impacts on the utilities, especially on distribution system operation schemes. In
addition, distribution network operators refer to Engineering Recommendations;
these define industry-wide technical standards relating to the connection of
embedded generators. In accordance with these recommendations operators
disconnect the SSEGs from the network during fault conditions: if a loss-of-mains is
detected, or the voltage, or frequency deviates outside set limits. Solving these
identified problems is essential for seamlessly integrating SSEGs into the distribution

networks. The motivation of this research lies in the following points:

¢ The introduction of SSEGs into the power system benefits not only the power
companies and the customers, but also the whole society. However, before
introducing SSEGs in large quantities a number of issues should be resolved
in terms of connection to the distribution network, power quality, stability,

voltage and frequency control, protection, reliability and safety.

e To develop a better understanding of the impact of the SSEGs on the voltage
regulation, stability, frequency regulation, power quality and protection of

distribution networks.



¢ To investigate the dynamic behaviour of different types of SSEGs (induction
generator, synchronous generator and power electronic converter based
SSEG). This is important since the design of control systems requires an

understanding of how the different SSEGs technologies behave.

e To permit the stable operation of a network with many SSEGs attached
during steady state and disturbance situations. The main challenge related to

the integration of SSEGs is to do with their control.

e To permit the stable operation of SSEGs networks during islanded mode. In
islanded mode how the voltage and frequency can be maintained using

suitable control schemes.

e To design and develop frequency control, voltage control and fault-ride-
through techniques that can address some of the challenges related to SSEGs

integration with the distribution networks

1.4 Objectives of the Research

Most of the problems discussed in the problem definition section occur in the
medium and low voltage networks, where generally no control is available.

Therefore the general objectives can be summarised as follows:

(1) Exploring and identifying the main issues associated with the stability and

control of distribution networks with a high penetration of SSEGs.

(2) Modelling the components of SSEGs and their corresponding control schemes

to provide dynamic voltage and frequency control.

(3) Implementing a robust control scheme to ensure fault ride-through of a system

with high penetration of SSEGs.

(4) Designing a centralized controller for an operating system with multi SSEG

networks during grid and islanded modes.



(5) Designing a load—frequency controller for a system with large number of

SSEGs.

(6) Assessing the dynamic performance characteristics of the proposed controllers
in a network during steady state, small system disturbances and network

faults.

(7) Demonstrating the performance of the controllers with case study simulations

conducted in PSCAD/EMTDC [11].

1.5 Research Questions

Based on this objective and the problem definition given above, this research aims at

answering the following questions:

e What are the main issues that can limit the installed capacity of SSEGs in a

distribution network?

e What is the impact on distribution network stability when the network has a

high penetration of SSEGs?

e How can distribution systems consisting of multi SSEG networks be

controlled efficiently whilst providing required security levels?
e How can the frequency of the network be regulated by SSEGs?

e How can the fault ride through of a system with high penetration of SSEGs

be guaranteed?

1.6 Research Contributions

The original contributions of this research can be summarised as:

% The development of enhanced controllers to facilitate the large—scale

integration of SSEGs.

% The design of flexible controllers of converter-interfaced SSEG that



facilitate independent control of each phase in a three-phase converter
addressing voltage rise and imbalance issues.

®

s The design of a control system that allows SSEGs to participate in the

frequency stability of the distribution network.

¢ The design of a control system that ensures fault ride through for a system

with a high penetration of SSEGs.

% A thorough evaluation of the dynamic performance characteristic of
various control strategies aimed to improve the stability and security levels

of LV network with SSEGs.

1.7 Software Evaluation

Power Systems Computer Aided Design (PSCAD) is a power system simulator and
was the software chosen for the power system studies. PSCAD was first developed
in 1988 by the Manitoba HVDC Research Centre and is a graphical front end to
EMTDC [11]. In PSCAD, models of power networks can be created by connecting
blocks, which represent items of plant. These models can then be executed, and
results of the simulations analysed. The blocks are implemented in FORTRAN, and
call an EMTDC code library to combine into executable files. Executing these files
runs the simulations, and the results can be picked up by PSCAD during runtime.

PSCAD is suitable for SSEG integration studies for several reasons:

e PSCAD has fully developed models of various devices used in the SSEG
studies. The code library includes models of conventional synchronous,
permanent magnet and induction machines, transformers, three-phase
converters, turbine models including wind turbines, steam turbine and

governor, relays, breakers, cables, and transmission lines.
e PSCAD offers tools to simulate various faults on the power system.

e The PSCAD code library provides a complete set of basic linear and
nonlinear control components. These components can then be combined into

larger, more elaborate systems. Outputs from these control components can



be used to control voltage and current sources, switching signals, and firing
pulses for thyristors, gate turn-off thyristors, and insulated gate bipolar
transistors (IGBTs). The control components can also be used for signal

analysis, and the outputs may be directed to online plots or meters.

PSCAD has an inbuilt model for a six-pulse SCR converter. Converter
models with other switching devices and firing circuits can be built using the

control systems modelling function library.

Devices not available in PSCAD, such as models of micro turbines, fuel cells
or pulse-width modulated inverters, can be written by the user in FORTRAN,

C or C++.

The graphing, plotting, and exporting of results is easy.

For the above reasons PSCAD is suitable software to use for the required power

system studies as it has the tools to model the power systems and implement the

proposed control algorithms.
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Scale Distributed Generation through Voltage-Phase Angle Droop", IET
Renewable Power Generation (Under review).
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Connected and Islanded Small Scale Embedded Generation Networks", IEEE
Transactions on Power Delivery (Under review).
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Systems Research (Under review).
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1.9 Thesis Organization

The work carried out in this thesis has been organized in eight chapters. The present
chapter provides a brief introduction to SSEG. It presents the motivation behind this

work, the main research questions and the contributions made.

Chapter 2 introduces a literature review on SSEG technologies, benefits of using
SSEGs, the technical impact of SSEGs on the distribution network and issues that
can limit installation capacity of SSEGs in distribution networks. This information

can be helpful to understand the remaining part of the thesis.

Chapter 3 investigates the transient behaviour of SSEG based on synchronous
generators, SSEG based on induction generators and SSEG based power electronic
inverters. The response of these different technologies to symmetrical and

unsymmetrical faults has been investigated in this chapter. Also the impact of



reconnection of a large number of SSEGs on MV distribution network has been
investigated. The comparison between simulation results and a theoretical analysis

for the calculation of critical clearing time of the generators is also done.

Chapter 4 presents different control schemes that are applied to SSEG based on
power electronic converter during different operating conditions: when the SSEG is
isolated from the grid, and when the SSEG is connected to the grid. These control
schemes are: active and reactive power control (PQ), voltage and frequency (VF)
control, DC current control, power factor control, voltage/phase angle droop control,
active power-voltage (PV) controller and apparent power-voltage (SV) controller.

The test results to show the effectiveness of the controller.

Chapter 5 proposes a central storage device combined with a central controller
located on the bus between the SSEG networks and the main grid. The central
storage device compensates the difference between the generation and the load
demand during islanded mode. The central controller coordinates between the central
storage device, multi SSEG networks and the main grid. The presented control
system maintains the voltage and frequency of the SSEG networks within acceptable
operating limits when the SSEG networks are islanded, and synchronises them

before connection with the distribution network.

Chapter 6 proposes a fault ride-through technique that prevents the flow of large fault
currents and maintains the terminal voltages of networks with SSEGs during voltage
sags or network disturbances within appropriate limits. This technique employs a
unified series-shunt compensator (USSC) connected between networks with SSEGs
and the utility grid. The test results to show the effectiveness of the controller for
fault ride-through and improving the voltage quality have been presented in this

chapter.
Chapter 7 investigates how the mix of types of SSEG networks can contribute to

frequency control. It starts with testing the response of MV network with and without

SSEG networks to load unbalances and frequency deviations. It then designs and
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implements a control technique for load-frequency control for a system with a high
penetration of SSEGs. The impact of SSEGs with load and frequency control on
frequency stability is studied with the following different SSEG technologies:
photovoltaic, reciprocating engine driven synchronous generator, stirling engine
driven induction generator, small wind turbine driven induction generator, microCHP
connected to permanent magnet synchronous generator. Case studies to show that
system frequency control is possible with the proposed load-frequency control for the

SSEG networks are presented.

In chapter 8 conclusions derived from the work are presented and possible future

work outlined.
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CHAPTER 2

Literature Review

2.1 Introduction

This chapter presents a literature review on various issues associated with the
integration of small scale embedded generation (SSEG) in low-voltage distribution
networks. The last decade showed a large increase in the literature on distributed
generation, but only the publications that treat the electrical aspects of DG units and
their interaction with the grid are included in this work. In this chapter a more
general overview is presented. Later, in each chapter, more specific literature related

to the respective chapter topic is discussed.

2.2 Micro grid (MG)

A micro grid is a cluster of interconnected micro sources (micro turbines, fuel cells,
PV, diesel, etc.), loads and intermediate energy storage devices (flywheel, batteries,
super capacitor, etc.), that is formed to provide reliable electricity and heat within a
small area. Generally, this combination of devices is connected to the distribution
network through a single Point of Common Coupling (PCC) and appears to the grid
as a single controllable unit (load & source) [1]. Most of the micro source and micro
storage equipment is connected through power electronic devices providing the
required flexibility to ensure controlled operation as a single aggregated system
[12,13]. The main objective of its conception is to facilitate the high penetration of
SSEGs without requiring re-design of the distribution system and causing power
system stability and power quality problems to the distribution network [14, 15]. The
micro grid could be operated, either interconnected to the main grid or either isolated
from it, by means of a local management system with a communication infrastructure
allowing control actions to be taken following any given strategy and objective [16].
Figure 2.1 shows a micro grid architecture. Micro grids can be considered as a

network architecture which supports the realisation of a Smart Grid — a concept
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which was conceived in 2005 to enable the delivery of energy in a manner fit for the

21% century [15].
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Figure 2.1: Micro grid architecture [1]

2.2.1 Micro grid Research Projects

Micro grids have been studied in several research projects, especially in Europe, the
United State of America, Japan and Canada [17]. In the European Union (EU), two
Micro grid projects were started, namely Micro grids: Large Scale Integration of
Micro-Generation to Low Voltage Grids (1998-2002) and More Micro grids (2002—
2006). The projects were led by the National Technical University of Athens
(NTUA) together with research institutions and universities. EU demonstration sites
are taking place in Greece, Netherlands, Germany, Denmark and Spain[17]. In the
USA, the R&D activities on the micro grids research programme were supported
both by the US Department of Energy & the Californian Energy Commission. The
most well-known US micro grid R&D effort has been pursued under the Consortium
for Electric Reliability Technology Solutions (CERTS) which was established in
1999 [18]. In Japan the NEDO (New Energy and Industrial Technology
Development Organization) started three research projects, which deal with new
energy integration to local power system field test in 2004 and also in 2008. The

Japanese started a new research framework called TIPS {Triple 1 (Intelligent,
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Interactive and Integrated) Power Systems} that focuses on large penetration of DG
using renewable energy sources [19]. In Canada the micro grid R&D activities
focused on medium voltage networks and are mostly carried out in collaboration
with the electric utility industry, manufacturers and other stakeholders in distributed

energy resources integration and utilization [20].

2.3 Highly Distributed Power Systems

The Highly Distributed Power Systems (HDPS) concept is based around the future
vision that large numbers of small scale embedded generators (SSEGs), many
(perhaps mostly) independently owned and operated, are connected across all voltage

levels within the distribution network [21].

There are currently (2010) over 100,000 SSEG installations in the UK — generating
heat and/or electricity [22]. However, this is set to increase with the backing of
supportive governmental policies expected over the coming decade. A number of
scenarios have recently been created by academic consortia, government agencies
and trade associations to give an estimate for future capacity by considering the
range of externalities that may impact on the electricity supply industry in the UK
(examples include [10, 22,23]) As an illustration, the four scenarios developed
jointly by the EPSRC Supergen III consortia [23] provide a projection of 6GW of
SSEG by 2020 within their ‘Environmental Awakening’ scenario. Given the support
for these technologies within the 2007 UK government energy white paper [24] and
the wider scenario-based projections, the issue of SSEG is expected to be of growing
interest within the industry as generation technologies mature and become more
affordable. The HDPS concept can be summarised by the statement “many loads —

many sources”, in contrast to the traditional “many loads — few sources”.

2.4 SSEG Technologies

SSEGs are currently based on several different technologies: reciprocating engines,
Stirling engines, micro gas turbines, steam engines (Organic Rankine Cycle — ORC)

and fuel cells.
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2.4.1 Reciprocating Engines

Reciprocating engines are conventional internal combustion engines coupled with a
generator and heat exchangers to recover the heat from the exhaust gas and the
cooling cycle. Figure 2.2 shows the operation process of reciprocating engines that
begins with fuel/air mixture is introduced into the combustion cylinder, and then
compressed while the piston moves toward the top of the cylinder [25]. The heat
from the engine exhaust, cooling water and oil jackets is used for respective heat
demand. For micro combined heat and power (Micro CHP) applications,
reciprocating engines offer low costs and good efficiency. However maintenance
requirements are high and diesel-fuelled units have high emissions. Micro CHP
products based on reciprocating engines are commercially available and are
produced in large numbers by a variety of companies worldwide. The market leader
is the Germany based company Senertec (The Senertec model — called Dachs —
generates around 5.5 kWel and a thermal power of 14 kW). Other companies
offering micro CHP products based on reciprocating engines include Power Plus,
Spilling Energie Systeme, Buderus, Oberdorfer and GE Jenbacher. Other companies
from the Asian region offering micro CHP products are Honda (1 kWel system —
named Ecowill), Yanmar, Aisin and Sanyo. From the United States Victor Cogen is

also developing a micro CHP system [26].
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Figure 2.2: Process of Reciprocating Engines [25].
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2.4.2 Stirling Engines

Stirling engines are closed-cycle engines characterized by an external heat supply
that allows the use of any heat source operating at a sufficient temperature level. As
shown in Figure 2.3 stirling engine is external combustion engine which, operates
without a valve gear, an ignition system and no air or fuel is taken into or out of the
cylinder from the atmosphere [27]. These allow continuous, controlled combustion
resulting in very low pollutant emissions, long service intervals, low running costs
and high combustion efficiency. The widely known companies that produce micro
CHP products, based on stirling engines, are WhisperTech (New Zealand) and Solo
(Germany). The New Zealand-based company WhisperTech is developing a Stirling
engine called WhisperGen, with a capacity of up to 1.2 kW electric power and 8 kWy,
of heat. Other companies developing micro CHP systems based on stirling engines

are: MicroGen (UK), Sun Machine (Germany), EnAtEC micro-cogen B.V.

(Netherlands), Stirling Systems (CH) [26].
Crank \

Figure 2.3: Example of a Stirling Engine [27].
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2.4.3 Organic Rankine Cycle-ORC

The steam engine technology that is used in a MicroCHP system is the Organic
Rankine Cycle (ORC). As shown in Figure 2.4 the operation of the ORC unit is
similar to close cycle of a conventional steam turbine, except for the fluid that drives

the turbine, which is a high molecular mass organic fluid [28]. The high molecular



mass organic fluid drives the turbine instead of water that allows for exploiting
efficiently low temperature heat sources to produce electricity in a wide range of
power outputs (from a few kW up to 3 MW, per unit). Also, the ORC system has
many advantages, such as high-cycle efficiency, simple start-stop procedures, low
speed (which allows the direct-drive operation of the electric generator without
reduction gearbox), quiet operation, minimum maintenance requirements and good
part-load performance. The European market leader in ORC product development is
the Italian company Turboden, which has developed a standard range of turbo
generators using silicone oil as the working fluid. The biomass fuelled ORC systems
have been mainly applied in the wood processing industry and in local district

heating systems [26].

Thermal oil cycle Turbine
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Figure 2.4: Working principle of a biomass-fired ORC process [28].

2.4.4 Micro Turbines

Micro turbines are the newest type of combustion turbine (small gas turbines), with
outputs ranging between 25-500 kW, which are used in Micro CHP systems. As
shown in Figure 2.5 a simple micro turbine consists of a compressor, combustor,
turbine, and generator. Compressed air is mixed with fuel and burned in a combustor

under constant pressure [26]. Then the resulting hot gas expands through a turbine
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that turns connected generator to producing electricity. Microturbines have many
advantages, such as their small number of moving parts, compact size, lightweight,
low emissions, low electricity costs and they have the ability to use waste fuels.
Moreover they can be located on sites with space limitations for the production of
power. On the other hand micro turbines are still more expensive than internal
combustion engines; because of the few moving parts of the device, lower operation
and maintenance costs are possible to be compared to combustion engines. There are
many manufacturers, which have made commitments to enter the micro turbine
market. For example in the USA Honeywell, (AlliedSignal), Capstone and Elliott, in
Europe, Volvo and ABB, in Japan, Toyota is a company that is developing micro

turbine products [26].
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Figure 2.5: Operation Process of Micro turbine [26].

2.4.5 Fuel Cells (FCs)

Fuel cells are similar to batteries. They convert the chemical energy of a fuel into
electrical energy without the use of a thermal cycle or rotating equipment. In contrast
to most electrical generating devices that are used in MicroCHP systems (e.g. steam

and gas turbine cycles and reciprocating engines) FCs first convert chemical energy
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into thermal energy and then into mechanical energy before finally generating
electricity. Physically a FC plant consists of three parts, as shown in Figure 2.6 a
fuel processor, a Power section and a Power conditioner [29]. Compared with
conventional power plants, the FCs have many advantages, such as high efficiency,
zero or low emission (of pollutant gases) and have a flexible modular structure.
Moreover, compared with other green DG technologies such as wind and
photovoltaic, FCs have the advantage that they can be placed within any site in a
distribution system, without geographic limitations, to provide optimal benefits. Also
they show great promise for use as DG sources [29] FC systems are still in the
research and development phase. Vaillant are developing a 5 kWel/7 kWth polymer
electrolyte fuel cells (PEFC) system and Sulzer Hexis are developing a 1 kWel/3
kWth solid oxide fuel cells (SOFC) system. In the USA, International Fuel
Cells/ONSI Company currently manufactures a 200 kW phosphoric acid fuel cell for
use in commercial and industrial applications. The products of other companies such
as DAIS Analytic, A Vista Corp, Ballard Power Systems, Plug Power and Fuel Cell
Energy, are still at the test stage [25].
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Figure 2.6: Block diagram of a fuel cell plant [29].

2.4.6 Small-Scale Wind Turbines

Wind turbines capture energy from the wind and transform this energy into electrical
energy by conventional rotating generators. As shown in,Figure 2.7 the mechanism

of power generation by a wind turbine starts with the wind blowing over the blades,
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causing the blades to rotate; the rotating blades then keep the shaft turning. The
function of the gearbox is to increase the rotational speed of the shaft and to drive the
generator to produce electricity [30].

Wind is a highly variable resource that cannot be stored and wind energy conversion
systems must be operated accordingly. Individual units can range in size from a few
kilowatts to ratings approaching 4MW [31]. Previously the majority of small wind
turbines were installed at schools or environment centres with very few domestic
systems in existence, especially in urban areas. Installations were dominated by
Horizontal Axis Wind Turbines in the 2.5-20 kW range. Products like the Skystream
and Iskra are ideal for rural domestic applications, whereas the Gaia and Westwind
are more suited to farm and commercial requirements or larger domestic installations
with significant energy need [32]. However more recently the small wind turbine
industry has started to focus on developing smaller (<1.5 kW) building- integrated
wind turbines. In particular there has been a push to develop rooftop installations that
are suitable for domestic properties in the urban environment. For example Segen
offers a range of tower mounted small wind turbines suitable for rural domestic

installations [33, 34].

Wind Blade Nacelle

Wind Shaft  Gearbox Generator

Figure 2.7: Mechanics of electricity generation by wind turbine [30].

2.4.7 Photovoltaic (PVs)

Photovoltaic (PV) technology is one of several promising energy generation
technologies. Nowadays PV systems are available from major manufacturers in a
number of standard sizes (from 5 W to 300W) of PV panels, and may be stand alone

or grid connected. PV systems may be ground or roof mounted, or on the side of a
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building. As shown in Figure 2.8 a PV system consists of a PV generator, maximum
power point tracker (MPPT), energy storage (for example a battery) and a power
conditioning system [35]. A PV generator can contain several PV arrays. Each array
is comprised of several modules and each module is built up of several solar cells.
Photovoltaic (PV) units, with the help of solar cells, convert the sun light directly
into electrical energy. The MPPT is used to assure that the PV Array generates the
maximum power for all irradiance and temperature values. The battery bank stores
energy when the power supplied by the PV modules exceeds load demand and
releases it back to the system when the PV supply is insufficient. The power
conditioning system contains a DC to DC converter and DC/AC inverter, isolation
transformer and filter. Its function is to provide an interface between all the elements
of a PV system and the grid, as well as to protect and control the system [35]. There
are many companies that produce, supply and install solar panel systems such as

SolarUK Ltd and [36] the Green Electrician Ltd [37].
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Figure 2.8: PV schematic diagram [35].

2.5 Storage Devices

Energy storage devices are essential for proper micro grids operation [8, 38]. An
energy storage device is an inverter interfaced battery bank or flywheel. The storage
devices in the micro grid are analogous to the spinning reserve of large generators in
the conventional grid. They are needed to overcome differences in demand and
generation during islanded mode. Therefore they are used for system stability
(voltage and frequency) during post grid disconnection. Another method of
integrating energy storage to the micro grid is to install battery banks or super

capacitors in the DC links of the inverters of the SSEGs [39]. Papers [40, 41] assume
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that an ultra-capacitor is used for energy storage on the DC bus of the inverter

interfaced SSEG.

The different storage types that are available are:
e Batteries such as lead acid batteries, a flow battery, lithium ion batteries and
metal-air batteries.
e A flywheel is a heavy rotating disk used as a storage device for kinetic energy

e (Capacitors used to store electrical energy.

2.6 Communication Facilities

In the case of a micro grid, an advanced communication system is needed [16]. The
storage devices and SSEGs with islanding detection capability can automatically
transfer from grid-connected control mode to islanded control mode and vice versa.
However, if the SSEGs rely on the central controller in determining the state of the
micro grid, a fast communication line should be installed between the controller and
the SSEGs. Moreover during islanded mode the communication between the central
controller and loads is required if load shedding is implemented especially when the
connected load exceeds the generation capacity or the frequency drops to excessively
low levels immediately after grid disconnection. If the communication system is
required for control of the micro grids, the delay within communication network
should not present problems unless it exceeds the critical clearing time (CCT) of the
SSEG which would lead to the instability of the generators. In micro grid
applications an adapted communication environment based on internet and XML-
RPC has been used in order to allow the micro grid supervisory controller to send
control set points to the local generator controllers (Remote Terminal Units) of the

different power units [42].

2.7 Benefits of SSEG Applications

The introduction of SSEG into the power system benefits not only the power

companies and the customers, but also the whole society [43, 44].

a) Customer Benefits:
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Reduced fuel bills,

Superior environmental performance and fuel flexibility,

Offers using of both electricity and heat,

Provides a stand-alone power option for areas where transmission and
distribution infrastructure does not exist or is too expensive to build and

New opportunities to replace old boilers without finance.

b) Supplier Benefits:

Voltage support and improved power quality,

Loss reduction,

It is environmentally friendly and a fuel flexible system,

Avoids unnecessary capital expenditure by closely matching capacity
increases to growth in demand,

Avoids major investments in transmission and distribution system upgrades
by sitting new generation near the customer and

Offers a relatively low-cost entry point into a competitive market and

opens markets in remote areas without transmission and distribution systems

¢) National Benefits:

Reduces greenhouse gas emissions,

Contribute to a reduction of the fuel poverty,

Establishes a new industry to solve unemployment problem,

Enhances productivity through improved reliability and quality of power
delivered and

Responds to increasing energy demands.

2.8 Technical Impacts of SSEG on the Distribution System

A number of previous studies in the public domain have investigated the technical

issues surrounding the connection of a large number of SSEGs in small areas of the

electrical network such as a new build housing development. The studies are
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extensive in scope and cover issues such as those concerning fault level management

voltage regulation, power flow management, protection systems and stability.

2.8.1 Power Flow

Traditionally, the distribution network was designed as a passive network, which
delivered power flows from transmission to distribution network [2]. The effect of
DG on the distribution network is largely dependent on the power flow into the
network [6]. Consider the configuration shown in Figure 2.9 adding DG to
distribution network, the power flows are in the reverse direction. Reverse flows of
real or reactive power may cause problems for the DNO’s voltage control and
protection systems as well as metering systems. Transformer tap changers may not
be adequately rated to accept significant flows of reverse real power. The voltage
control schemes for tap changers may also be affected by the flows of reverse real
and reactive power [45]. Installation of active systems in the distribution network

requires new procedures and equipments to isolate such issues [46].
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Figure 2.9: SSEG power flow to utility grid.

Distribution network

2.8.2 Voltage and Frequency Control

In the electricity system active and reactive power generated has to be balanced with
the power consumed by the loads including the losses in the lines and plant. The
unbalance condition happens when power generated is not equal to the power

demand [3]. A significant unbalance between generation and load, results in a
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deviation of the system frequency from its set point value (50/60Hz) [3]. The SSEGs
can either be synchronous, asynchronous machines or inverter connected. When
synchronous machines are used the voltage and frequency of the machine can be
controlled by automatic voltage regulators (AVR) and speed regulators. However,
when induction machines are used, the voltage cannot be controlled. The machine
imports reactive power from the network, which depress the network voltage. On the
other hand the inverters do not behave as rotational synchronous generators and
require different control philosophies [47, 48]. The purpose of voltage and frequency
control is to ensure that both voltage and frequency remain within predefined limits
around the set point values by adjusting the active and reactive power generated or

consumed.

Papers [18, 20, 39, 49-52] mention that the basic issue for micro grids is the
technical difficulties related to the control of a significant number of micro sources.
The possible control strategies for the micro sources (MS) and the storage devices
may be: (a) PQ control (fixed power control) (b) Droop control and (c)
Frequency/Voltage control. Papers [53-57] proposed controllers based on droop lines
(frequency-active power and voltage-reactive power). These droop controls do not
require any communication at all between the converters. Another method is the
master/slave method, which strongly relies on fast communication between the micro
sources and the micro grid central controller MGCC [8, 58]. In this method all micro
sources remain in PQ control (slave) while the storage device shifts to droop control
or voltage/frequency control (master). Therefore the storage device will control the
voltage and frequency of the micro grid [59]. In addition the approach proposed by
Lasseter and Piagi [39] is called autonomous control of micro sources. They avoided
the installation of MGCC and dedicated storage units, so the micro sources have

integrated storage (a battery bank in the dc bus of the inverter).

Frequency control is essential for the secure and stable operation of a power system.
System frequency is generally regulated through primary and secondary frequency
controls. Primary frequency control (PFC) regulates the system frequency in a

dynamic process whereas secondary frequency control (SFC) regulates the frequency
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as close as its nominal value by adjusting the loads of units participating in system
frequency control [60, 61]. The next paragraphs present the publications that treat

frequency stability of the electrical networks with DG connections.

One of the books on DG is [62], which attempts to provide a solid grounding in all
significant aspects of wind power integration. It defines the time scales of categories
of reserve (primary, secondary, tertiary and replacement). Primary reserve is the
most critical and is required in the period immediately following an incident (5-15
sec). Secondary reserve is required to return the system towards 50 Hz (15-90 sec).
The role of tertiary and/or replacement is to replace the lost unit, that is, generation
outputs should be maintained (minutes to hours) until such time as a replacement

plant can be brought online.

Paper [63], mentions that wind farms do not have to participate in network frequency
control but in the future they will have to because of the high amount of wind energy

integrated in the grid.

Paper [64] examines the impact on frequency control of increasing wind generation
on the Ireland electricity system. It concludes that at high levels of wind generation,
either the largest in feed needs to be reduced or wind generation needs to be curtailed

or wind turbines should be required to provide an inertial response.

Paper [65] describes a control approach applied to doubly fed induction generators
(DFIG) to provide a frequency regulation capability. The control approach adopted
consists of an additional frequency control loop that is integrated into the rotor-side
active power controller of a DFIG. In this control scheme a small de-load regarding
the maximum power extraction curve of the wind generator is implemented to allow
its participation in frequency control during an eventual decrease of system

frequency.

Paper [66] addresses the design and implementation of a control scheme for a doubly

fed induction generator (DFIG). This controller provides a DFIG-based wind farm
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with operational and control compatibility with conventional power stations, giving
the ability to contribute to frequency and voltage support and recovery following
network faults as well as to provide a power system stabilizer capability that

improves overall system damping.

Paper [67] focuses on the contribution of wind farms to ancillary services and more
specifically to frequency regulation. In this paper the frequency droop strategy that is
normally applied in classical generation units was applied to wind turbines whilst

considering the wind conditions.

In paper [68] the impact of DG on safety of the transmission system is studied in
detail with different DG technologies of various penetration levels. This study shows
that large penetration of DG has a significant impact on the transient stability of the
system. The impact depends on the DG technology used. In most cases, the induction

generator has a larger influence compared to that of synchronous machines.

2.8.3 Voltage Regulation

The operation of SSEG results in an increase in LV system voltages. This increase is
due to generators, which supply local loads and due to the excess in generators real
power output flowing back through a mainly resistive network to the distribution
transformer [69]. Large single SSEG units may violate the voltage profile or the
constraints of maximum voltage rise even if the aggregated power in the grid is low
[6]. The statutory voltage limits are currently (+10%/-6%) for LV-systems (0.4kV) in
accordance with the Electrical Safety, Quality and Continuity Regulations 2002 [70].
Studies conducted by PB Power [71] indicated that, the remote end voltage level
would exceed the upper limit level due to connection of SSEGs. This occurs
regardless of customer loading conditions, where the customer installed SSEG
produces 0.4kW or 1.5kW for minimum and maximum loading conditions

respectively.
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2.8.4 Voltage Step Changes

Voltage step changes can be caused by a sudden loss or tripping of generation in
response to a system disturbance. Engineering Recommendation P28 provides a
general limit of 3% for the magnitude of the voltage step change occurring from

switching operations [72].

2.8.5 Voltage Unbalance

Adding generation to just one phase, as expected, gives unbalanced voltages. The
main effect of voltage imbalance in electrical equipments is the overheating of the
stator and rotor windings of three-phase rotating machines. Also, power electronic
converters tend to generate more harmonics when subject to an unbalanced supply
voltage [2, 8]. The recommended limits for voltage unbalance are defined in the
Engineering Recommendation P29. The maximum percentage difference between
the average of all three phase voltages and the individual phase voltages has a design
limit of 1.3%. In the studies conducted by PB Power [71], the limits will be exceeded
when 1.6kW is connected at each customer on one phase. In some cases the
connection of single phase sources can help to correct existing imbalance voltages, as
the generation can behave like negative load. Figure 2.10 shows a voltage waveform

during a voltage unbalance event.
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Figure 2.10: Voltage waveform during a voltage unbalance event.
The three-phase set of unbalanced voltage (Va, Vb and Vc) can be resolved into

three—phase balanced positive sequence (Vp), negative sequence (Vn) and zero

sequence (V0). The degree of voltage imbalance is expressed by equation (2.1) [73]:
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Voltage unbalance (%) = Negatlve. p ase se quence component x % @1
Positive phase sequence component

This standard implies that if the magnitude of the negative phase sequence
component is within 2% of the positive phase sequence component then the

unbalance is acceptable [73].

2.8.6 Voltage Sags

Voltage sags are short duration reductions in the rms voltage magnitude caused by
motors starting, transformer energizing or faults in the main grid. The voltage sags
can occur at any instant of time with amplitudes ranging from 10-90% and a
duration lasting for half a cycle to one minute [7]. In particular, during utility
voltage sags, large line currents can flow along distribution feeders connecting the
micro and utility grids. This leads to instability of SSEGs. Figure 2.11 shows a

voltage waveform during a typical voltage sag event.
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Figure 2.11: Voltage waveform during voltage sag event.

2.8.6.1 Voltage Sag Compensation

Previous research studies show that power electronic devices such as flexible ac
transmission systems (FACTS) and custom power devices provide the power system
with new control capabilities. In general, FACTS devices are used in transmission

control whereas custom power devices are used for distribution control. The studies
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related to distribution networks show that there are many different types of custom
power devices that have been used to provide ride-through for voltage sags in
distribution networks such as the distribution static compensator (D-STATCOM),
Dynamic Voltage Restorer (DVR), unified power-flow controller (UPFC) and the
solid-state fault current limiter. Some of the recent studies in this area that focus on
voltage sags compensation, on the distribution network with distribution generation,

are discussed in the next paragraphs.

Papers [74-76] use the UPFC for voltage sags compensation in distribution networks
with distributed generation. Paper [74] presents an algorithm that functions by
controlling a series inverter connected between the micro- and utility grids, to insert
a large virtual RL impedance along the distribution feeder to limit the line currents
and damp transient oscillations with a finite amount of active power circulating
through the series (and shunt) inverter. Paper [75] proposes a topology that consists
of a combination of shunt and series inverters connected to a common Z-source
impedance network. The shunt inverter is controlled to maintain a quality voltage
waveform at the load bus. Whereas the series inverter enhances the ride-through
capability during grid faults, protects the shunt inverter by limiting the current and
controls the power delivered to the grid. Paper [76] deals with the simulation of a
unified series-shunt compensator (USSC) aimed at examining its capability in

improving power quality in a power distribution system.

Paper [77] shows the analysis of custom power controllers, a new generation of
power electronics based equipment aimed at enhancing the reliability and quality of
power flows in low voltage distribution networks and the static VAr compensator

(SVC) as an example of FACTS.

Paper [78] presents a detailed PSCAD/EMTDC simulation model of the distributed
static series compensator (DSSC). The concept of Distributed Static Series
Compensator (DSSC) uses a low-power, single-phase inverter that attaches to the
transmission conductor and dynamically controls the impedance of the transmission

line allowing control of active power flow on the line.
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Papers [79-83] use the STATCOM for voltage sag compensation in distribution
networks with distributed generation. Paper [79] illustrated and discussed the
stability improvement of a wind farm consisting of 83 fixed speed induction
generators with additional STATCOM. Paper [80] presents a study scenario
composed of a fixed speed wind turbine and a D-STATCOM with battery storage
connected to the distribution grid as an isolated system. The aim of the study is to
demonstrate by means of simulation results, how the D-STATCOM with storage can
be a solution for a larger and better integration of the intermittent energy produced
by DG in the electrical grid. In paper [81], wind farm and STATCOM usage are
studied to increase the upper limits of induction generators dynamic stability in
various distortion conditions in the grid. In paper [82] the stability of wind generators
are improved using STATCOM, limiting the generator speed by controlling the
torque, with pitch control or dynamic slip control and reducing the reactive power
consumption by disconnecting some induction generators. Paper [83] has assessed
the performance of the electromagnetic transient models of custom power equipment,
namely DSTATCOM and Dynamic Voltage Restorer (DVR) aimed at enhancing the

reliability and quality of power flows in low voltage distribution networks.

Papers [84, 85] use the fault current limiter for voltage sags compensation in
distribution networks with distributed generation. Paper [84] proposes a
superconducting fault current limiter in the distribution system with dispersed
generators to solve increases in fault current and voltage sag issues due to short
circuits. In paper [85] a high temperature superconducting (HTS) fault current limiter
(FCL) is inserted at the terminals of the 12 KVA synchronous generator to improve

the dynamic stability of this generator.

Other papers [86, 87] introduce control methods for the voltage-dip ride-through
capability of inverter connected distributed generators. Paper [86] has presented an
asymmetrical grid-fault ride through control algorithm for modern wind turbines
with a fully rated direct-in-line three-phase converter arrangement. The control
enables the wind turbine to retain its connection to the grid during asymmetrical grid

faults without having to derate the hardware, in particular the semiconductor devices
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and the dc-link capacitors. Paper [87] describes the improvement of the voltage-dip
ride-through capability of a full-bridge bidirectional converter by means of the
implementation of an alternative current-control strategy. The current-control
strategy with a programmable damping resistance has been compared to the classical

sine wave control strategy.

2.8.7 Increase in Network Fault Levels

Increasing levels of SSEG tends to increase the fault current. For a distribution
network fault, as shown in Figure 2.12, if the contribution of SSEGs is high
compared to the utility supply, then the fault current will be the summation of the
SSEGs and utility current. For each 48kVA generation (AC machine) connected to
the network, the fault level will rise by approximately 0.3MVA at the secondary of
the substation (0.4kV side) and by approximately 0.5MVA at the primary of the
substation (11kV side) [71]. Also the fault levels at the primary 33kV busbar will be
exceeded first since all generation feeds back through this busbar [88]. The increase
in system fault levels may cause switchgear fault ratings to be exceeded. Therefore
there is a need to look at ways of limiting the fault current to prevent up rating of the

switchgear.
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Figure 2.12: The contribution of SSEGs and the grid to fault.
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2.8.8 Stability

Traditional distribution network design did not need to consider issues of stability as
the network was passive and remained stable under most circumstances. Paper [89]
mentions that DG can improve the stability of power systems if suitable types and
appropriate locations are selected. The transient stability analysis shows that the
maximum power angle deviations between the generators are decreased with the
increase of DG penetration levels. With more power from the DG units, the absolute
reserve power from generators and the network inertia constant are smaller due to the
lower rated power of the rotating generators. As a result, the frequency response
shows faster behaviour with higher maximum frequency deviations when more DG
units are employed. The voltage profiles at load terminals are also improved due to

the use of active DG sources near end-user terminals.

As the number of SSEGs connected to the main grid is rapidly increasing, the
simultaneous disconnection of these SSEGs under fault conditions leads to local
loads not being supplied by the SSEGs. This results in a decrease in system stability
(i.e. angle and voltage stability) as hidden loads previously supplied by SSEGs,
appears on the network. Therefore, it is essential that the SSEGs are kept connected

during disturbances. This behaviour is called fault ride-through capability [90, 91].

2.8.9 Harmonics

The electronic devices that couple SSEG with the distribution network, for example
AC-to-AC converter used in micro turbines and the DC-to-AC converter used in fuel
cells and PV, produce several kinds of harmonics, because they inject currents that
are not perfectly sinusoidal to the distribution system. The resulting harmonic
distortion, if not properly contained and filtered, can bring serious operational

difficulties to the loads connected on the same distribution system [69].

The quality of the inverter output waveform is defined by the total harmonic

distortion (THD). In parallel processing mode of distributed generation systems as
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per IEEE standard 1159 the total harmonic distortion is less than 5% (THD<5%)
[92].

The total harmonic distortion (THD) is the square root of the sum of the squares of

the harmonic voltages divided by the fundamental voltage:

)Vf R A
THD=

- 2.2)

2.9  Conclusions

From the discussions on the recent studies in the field of distributed generation, it can

be concluded that:

» Some of the SSEG technologies produce electrical energy in DC form such as
fuel cells and photovoltaic arrays. Others generate at variable AC frequency such
as wind turbines, or at a high AC frequency, such as micro gas turbines.
Although some generators can be connected directly to the electric power grid
such as wind power driven asynchronous induction generators, there is a trend to
adopt power electronics based interfaces which convert the power first to DC and
then use an inverter to export power to the 50Hz (or 60Hz) AC grid. Therefore

most SSEGs do not have an inherent inertial response.

» A number of previous studies in the pubic domain have investigated the technical
issues surrounding the connection of a large number of SSEGs in small areas of
network such as a new build housing development. However, the studies were
primarily aimed at addressing steady-state conditions and did not explore the
transient response to be expected from SSEGs and any impact this may have on

network performance or customer reaction.

» The integration of large numbers of SSEGs into LV networks may violate the

voltage profile or constraints of maximum voltage rise even if the aggregated
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power in the grid is low as they use constant power factor (unity power factor)
controls. Thus in this work the power factor of SSEGs would be variable
according to the voltage at the connection point. The advantage of this type of
control that the local generation of reactive power by SSEGs reduces losses, and
improves the voltage profile. As a consequence, the voltage security is also
improved. This control scheme is useful during grid connected mode and

islanded mode.

Several research studies focus on a single micro grid connected to LV networks.
In this work the connection of multiple small-scale distribution networks
connected to the MV network (33kV) have been studied and will be discussed in
the following chapters. Maintaining the stability of these small networks requires
control strategies during grid connected mode and islanded mode. Therefore in
this work the control schemes have been devolped to detect the loss of mains and
to transfer the operation of these small networks from grid connected mode to

islanded mode and vice versa.

The tripping time of protection systems may be long such that they may not be
possible to ensure system stability for all faults on the distribution network, due
to the low or zero inertia of SSEGs. Then more care is required to try to ensure
that SSEGs does not trip for remote network faults. Although previous research
studies introduced solutions for voltage sags, the fault-ride through of a system
with high penetration of SSEGs have not been considered and analyzed so far
especially when there are mixed technologies of SSEGs connected together. In

this case a comprehensive fault-ride through technique must be used.

Even though previous research studied the contribution of DG to system
frequency control, they concentrated on wind turbine especially for DFIG types.
Thus the contribution of SSEGs in system frequency control would be
investigated in this work. Also the frequency control scheme has to consider the

different technologies of SSEGs.
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CHAPTER 3

Transient Stability of Small-Scale Embedded Generation

3.1 Introduction

This chapter firstly presents the results of studies concerning the transient behaviour
of small scale embedded generators (SSEGs) in response to network transients. The
study uses small rotating AC machines and power electronic converter interfaced
SSEG. The rotor angle and slip behaviour of a number of machine (synchronous and
asynchronous) and prime mover technology combinations have been considered
during and after the clearing of both local LV and remote HV faults. The results of
case studies developed to examine the impact of fault locations, typical clearance
times, type of fault (symmetrical or asymmetrical), type of SSEG (synchronous
machine, asynchronous machine or inverter interfaced SSEG) or combinations of
these types on the critical clearance times of SSEG are presented. A further study
concerning the voltage step response due to the reconnection of a large number of
power electronic converters is also considered in this chapter, specifically for the
case of three single-phase inverters used to interface photovoltaic (PV) modules
within a small area of the network. The step voltages that occur may be of a
magnitude that is outside the limits (-6%, +10%) recommended in the Engineering
Recommendation P28 [72]. All of these studies have been undertaken with simple
control systems for active and reactive power control and no fault ride-through
techniques were employed, aiming to understand nature behaviour of SSEG in

transient conditions.

3.2 Fault Studies

The purpose of the following studies was to investigate the response of SSEG to a
range of network faults and thereby ascertain the range of conditions under which
SSEG might be expected to trip. Many of these may be regarded as nuisance trips

when the action of network protection does not isolate the SSEG from a mains
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supply. Any protection associated with the SSEG has not been included in order to
demonstrate inherent capability and response. The critical clearing time (CCT) is
used to indicate the stability of the SSEG. In this investigation the CCT of the SSEG
is calculated from simulations conducted in PSCAD/EMTDC as well as from the

mathematical calculations.

In this section difference types of studies are presented:

» The first study presents the transient behaviour of synchronous generator
based SSEG in response to network faults.

» The second study presents the transient behaviour of induction generator
based SSEG in response to network faults.

» The third study presents the dynamic performance of mixed SSEGs, three-
phase induction generator powered by a small wind turbine, three-phase
synchronous generator powered by small diesel and three—phase inverter
interfaced fuel cell.

» The fourth study investigates the effect of unbalance voltage on transient
performance of SSEGs when a fault occurs on a single-phase inverter

interfaced PV.

These studies are complemented by finding the relationship between the inertia

of the SSEG, fault location and CCT.

3.2.1 LV Network Model for Fault studies

The network model used for the transient studies is shown as a single line diagram in
Figure 3.1 and is based on an assumption of customers representing a suburban mix
of residential dwellings and small commercial premises. The high voltage (HV)
11kV network has been characterised using an ideal voltage source and impedance
scaled to provide a fault level of 150MVA at the ring main unit (RMU) supplying the
secondary substation (Appendix A provides the description of the infinite bus

PSCAD model). An impedance of 4.5% and rating of 0.5MVA have been taken for
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the secondary substation transformer. The demand on the secondary substation has
been modelled as one detailed circuit and two equivalent unbalanced loads (the load
model is provided in Appendix A) with the values as shown (a uniform power factor
of 0.95 lagging has been assumed) and short lengths of connecting cable. SSEG has
been connected at the location indicated depending on the particular study (e.g.
synchronous generator, asynchronous generator, converter-connected source or all of

them).
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Figure 3.1: LV network model [71].

3.2.2 Three-Phase Synchronous Machine (11kVA)

The following studies present the investigation of the transient stability of a small
diesel powered 11kVA three-phase synchronous generator (model, impedance and
time constants are available in Appendix B) connected to the LV cable network
described previously. A number of electrically local and remote three-phase faults
have been applied and the critical clearance time (CCT) calculated. The studies are

performed for two values of inertia constant (H = 1 s and 1.7s) and simulation results
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are shown for fault clearance times in excess of the CCT to illustrate the impact of
generator pole slipping. The figures in these studies illustrate the responses of the
speed, load angle, and active and reactive powers of the machine, and also the

voltage profile at the generator terminal and at the 0.433 kV and 11 kV bus bars.

3.2.2.1 Fault 1: Within LV Commercial Premises

The CCT for a three-phase fault applied within the same commercial premises as the
generator (Fault 1 in Figure 3.1) was found to be 90ms and 115ms for the inertia
constant values of 1s and 1.7s respectively. As shown in Figure 3.2(b) to (c), the
duration of the fault is 110 ms applied at 3s (the complete collapse of voltage can be
observed), in this case the generator (H=1.7s) recovers stability once the fault is
cleared and returns to the pre-fault operating condition. If the duration of the fault is

larger than the CCT=110 ms the generator will not recover stability after fault

clearance.
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Figure 3.2: Performance of (SG) during LV local three-phase fault ( tc =110 ms): (a)
Machine internal angle, (b) Terminal voltage& (b) Mechanical and electrical power.
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Figure 3.3 illustrates the instability of the generator (H=1.7s) by showing the
machine internal angle, load angle and shaft speed responses for a fault duration of
116 ms applied at 3s. During the fault the speed increases to high speed and,
depending on the mechanical design, could cause damage if the generator is not
quickly tripped. The onset of instability can be observed after the continual increase
in machine angle after the fault clearance the generator pole-slips. However, as faults
within the commercial premises will be quickly cleared by the substantial fault
current contribution from the mains supply, instability arising from these events is

not deemed to be of concern.
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Figure 3.3: Performance of (SG) during LV local three-phase fault (t;=116ms): (a)
machine angle, (b) shaft speed& (c) Load angle.

3.2.2.2 Fault 2: Adjacent LV Circuit

The fault was applied on an adjacent LV circuit (Fault 2 in Figure 3.1) and it was
observed that instability did not occur due to the relatively high retained voltage at

the generator terminals. As an example, Figure 3.4 shows the machine angle, shaft
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speed, terminal voltage responses and active and reactive powers of the machine for
a fault duration of 500ms applied at 3s (H =1.7s). The power angle returned to the
prefault value and the speed increased to 1.009 pu, but the voltages at the generator
terminals and the load terminals decreased to 0.85 pu and 0.77 pu respectively
(voltage sag). As shown in the results this voltage sag has an effect on the active and
reactive power of the generator. The purpose of applying such a long-duration fault
was to explore the performance of the generator during a permanent fault (assuming
protection system failure). It also can be observed that when the fault is located
further away from the generator it will evidently have the capability of withstanding

faults of larger duration.
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Figure 3.4: Performance of (SG) during adjacent LV circuit fault: (a) machine angle,
(b) Generator and load terminal voltages (c) shaft speed & (d) Active and reactive
power.

3.2.2.3 Fault 3: Electrically Remote on HV Distribution Network

Two specific fault conditions were applied on the HV side of the secondary

substation and the CCT of the machine was found for both cases with different
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inertia constants. The first fault condition was when a three-phase fault occurred
adjacent to the HV terminals of the secondary substation transformer and the second

when the same fault occurred at a remote location on the HV cable circuit.

For the first condition the CCTs were calculated as being 82ms and 110ms for the
inertia constant values of 1s and 1.7s respectively. For the second condition the fault
was placed 500m along a length of cable and the CCTs were found to be equal to
91ms and 121ms. Figure 3.5(a) and (b) illustrate the instability of the machine for a
fault adjacent to the HV terminals with the drop in terminal voltage again evident.
Figure 3.5 (a) shows the internal machine angle as function of time, for the three
values of fault clearing time (tc): 100ms, 110 ms (critical clearing time) and 112 ms.
The critical clearing angle (8,) is about 70°. The results show that, when the fault

duration is larger than the CCT the generator losses stability.
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Figure 3.5: Performance of (SG) during remote HV fault: (a) machine internal angle
response for different values of fault clearing time & (b) Terminal, 11kVbus and
0.433 kV bus voltages.
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3.2.3 Three-Phase Asynchronous Machine (11kVA)

The following studies present the investigation of the transient stability of a three-
phase induction generator 11kW (impedance and time constants are listed in
Appendix B) driven by a small wind turbine connected to the LV cable network

under different fault scenarios as shown in Figure 3.1.

3.2.3.1 Fault 1: Within LV Commercial Premises

A three-phase fault is applied within the same commercial premises as the generator
(Fault 1) as shown in Figure 3.1. In this case the CCT was found to be 93ms and the
critical speed ®, =1.232 pu (critical slip sg=w-1=0.232 pu) as shown in Figure
3.6(a). Figure 3.6(a) to (d) illustrates the stability of the generator by showing the
machine shaft speed, the output active and reactive power, electrical and mechanical
torques and terminal voltage when fault 1 is applied at 3s lasting 80ms. During the
prefault time the steady state operating slip is so=0.011pu. It can be seen that during
the fault duration, the terminal voltage collapses completely, the output power and
the electrical torque of the machine fall to zero and as a consequence the generator
over-speeds and reaches the critical speed () if the fault duration increased to
tc=93ms (CCT). However, it should be observed that the generator absorbs a
significant amount of reactive power once the fault is cleared. This leads to depress

the voltage of the system that may lead to voltage instability.

Figure 3.7 illustrates the instability of the generator if the fault duration is in excess
of the CCT (93ms). In this case the fault duration is 94ms applied at 3s. The
electrical torque developed by the machine falls to zero during the fault and as a
consequence the machine quickly accelerates and reaches a high speed far over from
the critical speed as shown in Figure 3.7(a). Therefore, when the fault is cleared
insufficient electrical torque can be developed to reduce the machine speed causing
instability. Due to the maximum torque the machine can develop at critical speed
(1.232 pu). In this case over-speed protection would be required to operate to avoid

damage to the machine and to avoid drawing a comparatively large amount of
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reactive power from the network.
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Figure 3.6: Performance of (IG) during LV local three-phase fault (t. =80ms): (a)
Rotor speed, (b) Terminal, 11kV bus and 0.433 kV bus voltages, (c) Electrical and
mechanical torques & (d) Active and reactive power.
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Figure 3.7: Performance of (IG) during LV local three-phase fault: (a) Rotor speed (
tc=80ms, 93ms and 94ms) & (b) Electrical and mechanical torques ( tc=94ms).
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3.2.3.2 Fault 2: Adjacent LV Circuit

The fault was applied on an adjacent LV circuit (Fault 2) and it was observed that
instability did not occur due to the relatively high retained voltage at the generator
terminals. As an example Figure 3.8 shows the machine shaft speed and terminal
voltage as well as the 11kV bus and 0.433kV bus voltages responses for a fault
duration of 500ms applied at 3s. The generator terminal voltage decreased to 0.768
pu and the speed of the generator varied between 0.94 pu to 1.1 pu. The results also
show that, although the generator is stable there are voltage sags in voltages at the

different buses in the system.
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Figure 3.8: Performance of (IG) during adjacent LV circuit fault: (a) Rotor speed &
(b) Terminal, 11kV bus and 0.433 kV bus voltages

3.2.3.3 Fault 3: Electrically Remote on HV Distribution Network

The fault was applied on the HV side of the secondary substation (Fault 3a). The
CCT of the machine was found be equal to 87msec. Figure 3.9 illustrates the
instability of the machine for a fault duration of 90ms. The results show that the
machine quickly accelerates and reaches high speed far from critical speed and a
complete collapse of system voltages (Terminal of the generator, 11kV bus and

0.433 kV bus voltages) can be clearly observed.
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Figure 3.9: Performance of (IG) during HV transformer terminal fault (tc=119ms):
(a) Rotor speed & (b) Terminal, 11kV bus and 0.433 kV bus voltages.

3.2.4 Mixed SSEGs

The following studies present the investigation of the transient stability of a three-

phase induction generator powered by a small wind turbine, three-phase synchronous

generator powered by small diesel engine generator and three—phase inverter

interfaced fuel cell (Three-phase inverter parameters are listed in Appendix C)

connected to the LV cable network of Figure 3.10. A number of electrically local and

remote three-phase faults have been applied and the critical clearance time (CCT)

calculated.

11kV distribution network

500

11/0.433kV (A/Y)
500kVA 4.5%

‘ 141m

161m
/
Ve Fault2
‘aultl
7[ Total load

28 Customers

\
i 42kVA
c .
be Commercial load Each customer 1.5kVA
total load 72kVA Load PF=0.95

/
71“ault3(a)

Fault3(b)

Figure 3.10: LV network model with mixed SSEGs
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3.2.4.1 Fault 1: Within LV Commercial Premises

A three-phase fault is applied within the same commercial premises. The results
show that the dynamic performance of the different types of SSEGs when connected
together to the LV network is the same as the dynamic performance when every
generator is connected alone to the network (Figures 3.2, 3.3 and 3.7) except that the

CCT of the induction generator presented a minor improvement.

3.2.4.2 Fault 2: Adjacent LV Circuit

The fault was applied for 3s on an adjacent LV circuit (Fault 2) for duration of
500ms and it was observed that instability did not occur due to the relatively high
retained voltage at the generator terminals. As an example, Figure 3.11 shows the
terminal voltage response for cases containing only one SSEG compared with the
case with mixed SSEGs. The results show that, when different SSEG types work in
parallel with each other (a synchronous generator, induction generator and a
converter-connected SSEG) the load terminal voltage changed slightly from 0.766 pu
to 0.773 pu. This means that the connection of other type of SSEGs may have a

positive impact on the power quality and voltage stability of the distribution network.

079
Z o7
[nk]
= 0773
= 077
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249 3 3.1 32 33 3.4 35 388
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Figure 3.11: Load terminal voltage in case of mixed SSEG and only one generator.

3.2.4.3 Fault 3: Electrically Remote on HV Distribution Network

The fault was applied on the HV side of the secondary substation. The results show

that the dynamic performances of the different types of SSEGs when connected
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together to the LV network are the same as when every generator is connected alone

to the network.

3.2.5 The Relationship between the Inertia, Fault Location and CCT

This study aims to show the relationship between the generator inertia, fault location
and CCT (synchronous generator as an example). A number of electrically local and
remote three-phase faults have been applied, and the critical clearance time (CCT)
calculated. The studies are performed for different values of combined inertia
constant (H) of the generator and prime mover (H = 1s, 1.35s and 1.7s). Figure 3.12
shows the relationship between the CCT, inertia constant of the machine and fault
location. The results show that, the CCT increases as the inertia of the machine
becomes larger showing a practically linear relationship. Also it was observed that
the location of the fault (in the case of HV fault) significantly affected the CCT. The
generator in case of the HV Distribution Network (500m) has longer CCT than in

case of the HV transformer terminal fault.
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R : : :
Y R N —+— LV local faut (F1) ||
—B— H fault
: : —o— HY fault(500m)
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g2 85 a0 o5 100 105 110 115 120 125

CCTimsec)

Figure 3.12: Relationship between inertia constant, fault location and CCT.

3.2.6 Single Line To Ground Fault with Single-Phase Inverter

In this section a single line to ground fault has been considered, as this fault type is
more common and also some SSEG technologies like PVs are single—phase.
Therefore, it is important to investigate the behaviour of SSEGs during this type of
fault. In this study a single-phase inverter interfaced PV (single-phase inverter

parameters are listed in Appendix C) was connected to the network as shown in
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Figure 3.13. The inverter is connected to phase A of the bus 0.433kV with other
SSEGs.

11kV distribution network

X/R=15 CB1
11/0.433kV (A/Y)
500kVA 4.5%
95mm?
7=0.32+j0.07Q/km
(CNE cable for all feeders) 161m 141m
’7 Total load
42kVA
28 Customers
SL-G
l’aull / 7
Commercial load
AC total load 72kVA
bC Each customer 1.5KVA
Single -phase Load PF=0.95
inverter

Figure 3.13: Induction generator and single-phase inverter connected to LV network

A single line to ground fault was applied at 3s for duration 400ms. This period has
been chosen to explain the difference between performance of the generators during
the single-phase-to-ground fault and during a three-phase fault. At this time the
generators were unstable during the three-phase fault studies at the generator
terminal in the previous sections. In this case, as shown in Figure 3.14 during an
asymmetrical fault, the three-phase voltage of the system is unbalanced. Due to this
unbalanced voltage, there are negative and positive torques and even the generators
(induction and synchronous generators) are stable. However, these torques are
pulsating with zero average values. The pulsating torque causes vibrations which

reduce the life span of the machine and produces hum. Furthermore, this fault caused
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unbalanced operation that leads to fluctuations in speed, load angle and output

power.

1.05
1.025
1
0.975
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Figure 3.14: Single —phase inverter terminal fault: (a) SG electrical torque, (b) IG
electrical torque, (c) SG load angle, (d) IG rotor speed and (e) Three-phase terminal
voltage.

3.3 Reconnection Study

This study investigates the step changes in supply voltage experienced due to the

simultaneous reconnection of a large number of SSEGs. The context for this event is
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the reconnection of SSEG after a disturbance, once the system voltage and frequency
have returned to within tolerance for a period of 3 minutes (G83/1) [93]. This study

has been done with constant power factor operation.

3.3.1 33kV Network Model used for reconnection study

In this case the SSEG is assumed to be exclusively interfaced using power
electronics and operates at a unity power factor. The SSEG is connected to the small
rural 33kV network [94] through the sub-sea cable at bus 1115. Figure 3.15 shows
that, the load connected at this bus is 2.85 MW and 0.58MVAr. This network is a
basic power system model of the small rural network with a sub-sea cable and has
been used to examine the effect of reconnection of a large number of SSEGs on the
voltage of the distribution network. The EHV1 model is a 33kV rural network fed
from a 132kV supply point. The network has long lines, including a sub-sea cable
between buses 318 and 304, leading to voltage problems at the extremities of the
network. The network includes a generator (G1) which represents the main 132kV
system (system slack bus) connected to a 132kV bus (bus 100) and one
interconnected generator which works as a PV bus 4MW connected to the network at
bus 336. The full description of the 33kV rural network model is available in

Appendix D.

3.3.1.1 Simulation Study

For this study it has been initially assumed that SSEG has been installed and meets
100% of the local peak demand if sufficient fuel is available. The units and loads are
balanced across the phases. All SSEGs reconnect to the system at 10s and deliver
real power at their rated value. Figure 3.16 shows both the instantaneous and
calculated rms voltage as measured at the 11kV side of the secondary substation. A

7% step change can be observed based on the nominal value of 11kV.

Table 3.1 lists the step voltage changes for a number of levels of SSEG given as a

percentage of peak demand and is in excess of the 3% recommendation within P28
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[72]. However, the steady-state voltage is within statutory limits in all cases (-6%,
+10%).

Grid supply
100 132 KV

302 33 KV
303 327 331
A —_— 332
305 328 329 — 1 333
306 _1330 337 334

1103 | |339 1102 335
307 1116 336
340 — — 341

308 | 309

1117 1118
@

311
Interconnector
1105 38
1104 318
310 312 | 313 319 304
Sub-sea cable
1106 1110
321

J71107 —
314 — 4
| 326 323
— 315 26|
|_316 oo - 325 324
—— 301 317—— 3 3 @
| 1115 i
1108 - [wecc | 1113 1112
| |
| |
101 1109 | () ssga” | ~

Figure 3.15: Network with small scale distributed generators [94].
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Figure 3.16: Secondary substation three-phase voltage at 10% step change: (a)
Instantaneous & (b) RMS .

Table 3.1: Voltage step changes for various generation levels

SSEG as a % of Peak Demand % Voltage Step Change
40 4.35
50 5.18
75 6.7
100 8
125 10.2

3.4  Theoretical Results
In this subsection the critical angle and critical time for the synchronous generator as

well as the critical slip and critical clearing time for the induction generator
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considered in this study have been calculated by using circuit analysis and machine

theory.

3.4.1 The Equivalent Circuit of the Distribution Network

Calculating the critical angle and critical speed requires calculating the circuit
impedance between the generator and the infinite bus, the voltage at the bus where
the generator is connected to. Figure 3.17 shows the equivalent circuit of the low

voltage network used in this study (Figure 3.1).

ZL1
1 2 ZLoad1

e
XT
s 3|
1£0 [

Low voltage Z12
W volta @ ZLoad2 SSEG

Figure 3.17: Network impedances diagram

Where Z,, ,Z,,...-Z,, and Z,, ,,are the impedance of lines land 2 as well as loadl

and 2 respectively. XT is transformer reactance.

The impedances values will be converted to per unit values on the system base. In
general, the per unit value is the ratio of the actual value and the base value of the

same quantity [95].

1.
per unit value = actual value 3.1)
base value

For the system the generator voltage and power have been taken as the system base

(11kVA, 0.433kVA). The base impedance Z,,, is given by:
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V2

Zhase = b [95] (3.2)
Sbase

Siue =11k VA

Viuse =433V
\% 2 2

7, = A3 10440
S 11000

base

The impedance of line 1(Z,,) and loadl (Z, ) in per unit are:

7 Z,, 0.0323+ j0.0110929
Llpu. — 7 -

=0.00194 + j0.00057 p.u.
17.044

base

z 4.067+ j1.268
_ Load 1 — J = 02387+j00744pl4

17.044

Z =
Loadlp.u. Zhase
The impedance of line 2(Z,,) and load2 (Z,,,,,) in per unit are:

, _Zi _ 00376+ 0.0097
L2pu. — -
Z 17.044

=0.0022 + j0.00065 p.
base
Zipar 2474+ jO.813

Z = =0.1451+ j0.0477 p.u.
Load2p.u. 7 17'044 J P

base

Converting the transformer reactance from the transformer per unit to the system per

unit is given by:

MVAy e V1 40)’
ZNpu :ZMpu N base . ( Mbase)2 [95] (33)
h h MVAM base (kVN base)

Where the old base and per unit values of the transformer are denoted by subscript

M, the base values of the system are denoted by subscript N. Thus the new per unit

value is:

2
7 :0.045><0'011‘(0'433) _

9.9x107* pu
N p 0.5 (0.433)* b
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The Thevenin equivalent of the network, as viewed from the generator terminals, is

shown in Figure 3.18.

2 ZL1 ZlLoad1
|
1 XT
L 3
1£0
Low voltage Z12
ol @ ZLoad2 Vih

Figure 3.18: The network equivalent circuit after disconnected the generator

The Thevenin voltage is the voltage on bus 3 (V= V3). The voltage at bus 3 can be

calculated by using Kirchhoff current law as follow:

-j1010 j1010 0 V1 0
j1010  -421.8+ j1134.8 418-3j123.5 V2 |=|-;1010.1
0 418-j123.51 -424.2+ j125.59 || V3 0

The voltage at bus 1 is known then the first row and the first column are eliminated

from the matrix.

~421.8+j11348  418-j123.5 V2] [-j1010.10
418-j123.5  -4242+i125.59 || V3|~ 0

{— 421.8+j1134.8 -j1010.10
V3

418-j123.5 0 } _ 1.2475e +005 +4.2222¢ + j005
-421.8+j1134.8 418-j123.5 -1.2306e + 005-4.3111e + jOO5
418-j123.51 -424.2+j125.59

V3=0.9814£-0.53°pu

Thevenin impedance is:
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ZSB = [XT //(ZLI + ZLaadl) + ZLZ]// ZLaadZ (34)

Or it can be found from the Z bus (Z33) of the network after the generator is
disconnected from the circuit. The Zs3 is the impedance of bus 3 where the generator
is connected to the network which can be calculated by finding the Y bus first then

the inverse of the Y bus is the Z bus.

The Y bus matrix of the system is:

_|-421.8+j1134.8 418-j123.5
- 418-j123.5 -424.2+j125.59

By taking the inverse of the Y bus the Z bus is:

_[0.0000+ j0.0010  0.0000+ j 0.0010
71 0.0000+ j0.0010  0.0022+ j0.0016

From the Z matrix (Zs3) as well as from the parallel and series calculations the value
of the Thevenin impedance of the network is:

Z, =7y =Ry + jX,, =0.0022+ j0.0016 pu

Figure 3.19 shows the Thevenin equivalent of the distribution network.

0.0022+j0.0016 pu

|

Zn

0.9814£-0.53°
Vn @

Figure 3.19: The thevenin equivalent of the network.
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3.4.2  Calculation of Critical Clearing Angle/time for synchronous generator

In order to compare the simulation results with the mathematical result for finding

the critical angle (J,) and critical clearing time (CCT) for the synchronous

generator considered in this study the equal-area criterion method has been used.
Calculating the critical angle requires calculating the reactance between the generator
internal voltage and the network, mechanical power (Pm) and electrical power (Pe).

Figure 3.20 shows the generator equivalent circuit connected to the network.

0.0022+0.0016i pu  Xt+X’=0.3+.4093i pu

Zth
0.9814/—0.53° ! 1£8°

Vth f\) SSEG

Figure 3.20: The equivalent circuit of the synchronous generator and the network

where

X is the transient reactance of the generator which is equal to 0.3 pu.

X, is reactance between the network and the generator 6.97Q2 (22.2 mH). It is used
for transmitting 11kW at corresponding phase angle difference equal to 23.3 deg
(0.406 rad) as clearly satisfied from the simulation results as shown in Figure 3.3.
This is entered as the initial machine angle for initialisation. The per unit reactance

X, is calculated by:

X .
Xy == 097 _ 0.4093 p.u.
v Z 17.044

base

Figure 3.21 shows the p-0 plot. At steady state, the value of the electrical power of
the generator is (Pe) 0.972 pu and the mechanical input torque of the generator (Pm)

is 0.983 pu.
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Figure 3.21: p-J plot for case study [3].

The value of Rs3; and the Thevenin voltage angle are ignored to make this calculation

easier. The power supplied by the generator is:

Vg VSE .
p,=—————sind, [3] (3.5)
X +Xt+X,,

0.9814x1 .
= sin J,,
0.34+.4093+.0.0016

P,

p. =1.3805sin 6,

The value of Pe=0.972 pu thus the steady state the internal phase angle d, is 44.76°
=0.7813 radians.

In this study the disturbance is a temporary three-phase fault on the grid side of the

low voltage network. The power angle then increases to a maximum value &, =180-

0,=135.24" =2.3603 radians, which gives the maximum decelerating area. Equating

the accelerating and decelerating areas in the p-J plot:

Al=A2
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Al - J’;‘T pm dé‘ =A2 = J.;m (Pmax Sln 5_ pm )d5 [3] (3.6)

S, 2.3603 .
j 0.983d8 = j (1.3805 sin & —0.983)dd
0.7813 S,

Solving for &,

0.983%(J,, —0.7813) =1.3805[cos J,, —c0s(2.3603)] —0.983x (2.3603-4,,)
1.3805co0s 0, =0.572

0., =1.1435 radians = 65.52°

To calculate the critical clearing time (CCT) the swing equation is integrated twice

do(0) _

with initial condition ¢, (0) = J, and y 0,
t
2H d3(0) _ pmpu [96] (3.7)
o, d
a5 _ @y, Npmpu) 58)
dt 2H
@,, \pm.pu)
Sty =—"""1*+6, 3.9
(®) T 0 (3-9)
Solving
t=\/4—H (6(1)—9,) [96] (3.10)
syn pmpu

Then the critical clearing time for inertia constant (H=1s and H=1.7s) is:

t= __HH) (1.1435-0.7813)
10072 % (.983)

Table 3.2 shows the simulation and calculation results for different CCT for various

inertial constants.
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Table 3.2: Different CCT for various inertial constants

Method Steady state Critical angle | CCT (ms)
angle (o) (Ocr) H (s)=1 H (s)=1.7
(degree) (degree)
Simulation 45.9° 70° 82 110
Results
Calculation 44.76° 65.52° 69 90
Results

3.4.2.1 Calculation of Critical Clearing Slip/time for Induction Generator

As the stability of an induction generator is related to the slip the critical clearing slip
and the critical clearing time are calculated and compared with the simulation results
in this study. The steady-state equivalent circuit for the system with induction

generator is shown in Figure 3.22 [97].

Distribution network
equivalent circuit

|IEEE equivalent circuit of
an induction machine

098142-05 10.0022+0.0016i pu
v2 (o

Figure 3.22: Induction generator connected to the network [97].

3.4.2.2 Calculation of critical slip

From the torque slip characteristic of the induction machine shown in Figure 3.23,
for three-phase fault on the terminals of the generator the critical slip can be
calculated as follows. Before the fault the electrical and mechanical torques are equal

and the machine operates at sp= -0.011pu. If the fault is cleared at a slip before
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maximum/critical slip (s,), where the electrical torque is higher than the mechanical
torque the rotor decelerates and settles back to the steady-state slip. However if the
fault is cleared at a slip higher than the critical slip then the mechanical torque is

higher than the electrical torque the machine accelerates and goes unstable.

A /\t Te
Tm
=)
& - > >
g Generator Generator
g stable unstable
}_
0 0011 024 T
So S Slip

Figure 3.23: Torque slip characteristic [3] [97].

The developed torque of the induction generator is given by :

‘V,,f R'r/s
R'r

N

Te=

[97] (3.11)

(R, +—)+(X,+X'r)’

Where

R'r and Xr are the rotor resistance and reactance and equal to 0.0363 pu and 0.078
pu, respectively.

Rs and Xs are the stator resistance and reactance and equal to 0.05824 pu and
0.05824 pu, respectively.

Rth and Xth are the thevenin resistance and reactance which are calculated by

finding the equivalent impedance of the stator circuit and the network by equation

(3.12):

Z, = jXm/l/[(Rs+R33)+ j(Xs+ X33)] (3.12)
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Where Xm is the magnetising reactance and is equal to 2 pu.

Z, =R, + jX, = j2//[(0.05824 +0.0022) + j(0.0016s +0.05824)] = 0.0569 + j0.0597 pu

th

The developed torque is a function of slip. Therefore differentiating equation (3.11)
with respect to slip (s) and equating the answer to zero gives the slip for maximum

torque:

R'r

¢ ——
JRD? (X, +X'1)?

m

[97] (3.13)

Thus from equation (3.13) the maximum slip is:

o 0.0363
" J(0.0569)> +(0.0597 +0.078)

s =—-0.243pu

The speed at which the torque is maximum @,= (1-s,)Xsynchronous speed=

(1+0.243) = 1.243pu. Stable operation is from synchronous speed to that at which the
torque is maximum. Thus, the range of speed for safe operation will be from 1 to

1.243pu.

The critical clearing time of the induction generator can be calculated by integrating

the equation of motion. The equation of motion in per unit is

dw
2H d’ =T, -T, [3] (3.14)
t

Where @, is the angular velocity of the rotor in per unit, H inertia in seconds. Ty, and

T, are the mechanical and electrical torques of the machine respectively in per unit.
To calculate the critical clearing time (CCT) the equation of motion equation (3.14)

is integrated from the steady-state speed @, to the maximum speed @, :
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2H (@, —0,) =T, (t, 1)~ Tedr (3.15)

By assuming the integral of the Te during the transient is zero and initial time to=0.

As the speed in per unit (@, — @,) = As then the CCT (t.) is:

¢ =2 A (3.16)

c

m

For this study the CCT can be calculated using equation (3.15). The H=0.2s, T, =
0.992 pu and normal steady state slip S¢=0.011 pu.

. _2x02
©0.992

(0.243-0.011) = 94 pu

The CCT, critical slip and critical speed for the induction generator from the

simulation results and calculations are shown in Table 3.3.

Table 3.3: CCT, critical slip and critical speed for induction generator

Simulation results Calculation
Terminal fault | Network results
(F1) fault(F3a)

Critical slip (pu) | -0.2305 -0.232 -0.243

Maximum speed | 1.2305 1.232 1.243

(pu)

CCT (ms) 93 87 93
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3.5 Conclusions

From the above results, we can conclude that:

The stability of the induction generator during a disturbance depended on
rotor speed stability which refers to the ability of the generator to remain
connected to the network and running at a mechanical speed close to the
speed corresponding to the actual system frequency. However the stability of
the synchronous generator during a disturbance depended on the rotor angle
stability which is concerned with the ability of the synchronous generator to
remain in synchronism with the network. In contrast, the dynamic
performance of the inverter based SSEG was different from the dynamic
performance of rotating machines, as the inverter does not have inertia and
the inverter current rating is set by the temperature rise of the

semiconductors.

The induction generator during the initial post-fault period absorbs high
reactive power from the network that causes reduction in the network

voltages. When the generator over-speed it also absorbs high reactive power.

Connection of different types of SSEG together to the network (synchronous
generator, induction generator and inverter interfaced SSEG) has a positive
impact on the system voltage stability due to the above differences in the

dynamic performance during disturbance.

Concerning the type of fault, it was observed that the three-phase fault is
more less severe on the generator than a single-phase to ground fault.
Although the generator is stable during single-phase to ground fault (at the
CCT of three phase fault), the resulting pulsating torque has an effect on the

machine life span.

The grid fault contribution at LV ensures fast fault clearance by operating the

various fuses located on the network and consequently the tripping of SSEG
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due to instability will not occur except in the cases where the fault is either at
the terminals or in the service connection (sufficient terminal voltage remains

for the electrically remote LV faults).

The reconnection of a large group of SSEG at the same time has been shown
to create relatively large voltage step changes of between 5% and 10% from
nominal. The frequency of an occurrence of such step changes will be based
on that of either originating HV faults causing the initial disconnection or the
control strategy applied to the generators (e.g. heat led microCHP).
Moreover, these figures represent the worst case as the impact of diversity in
a population of SSEGs could result in a lower number being able to reconnect

at a particular time due to variations in their primary energy source.

Based on the summary of findings given above, the following proposals are made for

further study:

An investigation of the potential solution to enhance the fault-ride-through

capability for a large population of SSEGs.

Design a control system to control the power flow in the grid-connected
mode of operation, maintain voltage and frequency of the system with large
population of SSEGs within acceptable operating limits when they island, and

resynchronize them with the distribution network before reconnecting them.

Addressing voltage rise and unbalance issues.

66



CHAPTER 4

Control Schemes for Converter-Interfaced Small Scale

Embedded Generation

4.1 Introduction

This chapter presents the modelling, analysis and design of a power electronic
converter (PEC) to be connected between a DC source and the AC grid. In this study
a switching model and an ideal voltage source converter model are used. Different
control schemes are applied to control the converter-interfaced SSEG in different
operating conditions when the SSEG works with no connection to the grid and when

the SSEG is connected to the grid. These control schemes are:

e Active and reactive power control (PQ),

e Voltage and frequency (VF) control,

¢ DC current control, power factor control,
e Voltage/phase angle droop control,

e Active power-voltage (PV) controller and

e Apparent power-voltage (SV) controller.

The objective is to show that with an adequate control the converter can transfer the
DC energy from the SSEG and improve the power factor and voltage regulation of
the electrical system. Some design considerations are also discussed. The feasibility
of the proposed control schemes were verified by simulation studies conducted in

PSCAD/EMTDC.

4.2 Converter-Interfaced SSEG

SSEG technologies include small-scale wind turbines, PV arrays, solar thermal
collectors and micro combined heat and power (WCHP) connected to the electricity

grid at the customer’s side (residential) [98]. Unlike conventional synchronous
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generation plant, many types of these new technologies are interfaced to the low-
voltage distribution network through power electronic converters. Some SSEG
technologies such as photovoltaic cells generate DC power whereas other
technologies such as gas-fired micro turbines generate AC power at a frequency of a
few kHz [92, 99]. The output power from these small sources must be first
conditioned as required via DC/AC or AC/DC/AC converters before connecting to
the system. The converter provides conversion of the source frequency to the
conventional network frequency of 50/60 Hz, and controls the power exchange
between the generator and the load/utility network playing thus a vital role to
facilitate their integration to the network [99]. Most modern converters which are
used for connection of SSEG use controlled power switches (e.g. MOSFETs or
IGBTs), generally based on Pulse Width Modulation (PWM) control signals for
producing an AC output. Single or three-phase voltage source converters (VSCs) are
typically used for SSEG applications. Also, a VSC can be broadly classified as
voltage-controlled or current-controlled VSC depending on its control mechanism.
The most appropriate VSC should then be chosen based on the requirements of a
particular application. Additionally, VSCs are suitable for those applications where
voltage stabilization, unity power factor operation and active filtering are required

[100].

4.2.1 Converter Characteristics
Power electronic converters have very different characteristics compared to electrical
machines. Some of these are [18, 101, 102]:
= Converters do not present the inertia feature.
= Converters have no overloading capability; even slightly too high a current
may permanently damage the power electronic components, while rotating
machines can provide up to 9 pu of current during faults.
= Converters operate as voltage sources with near instantaneous and independent
control of magnitude and angle in each phase.
= The switching action of the converter produces harmonics, which in some

cases may only be addressed using filtering equipment.
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4.2.2 Operation Principles of Single Phase Voltage Source Converter

Figure 4.1 shows a single-phase full-bridge converter consisting of four power
switches (IGBTs), with anti-parallel diodes and a DC source. By turning ON and
OFF these switches in a particular manner DC is converted into AC. Two transistors

should be on at the same time (g; and g, ) or (g3 and g4) for a half cycle, which can

be done by using a PWM technique.

To phase A of
H@ |_| ‘E £\ the network
~ d o

D

r r
o2

o

Figure 4.1: Single-phase full-bridge converter connected to the distribution network.

4.2.3 Operation Principles of Three-Phase Voltage Source Converter

A three-phase converter (Figure 4.2) may be considered as three single-phase
converters where the output of each of these is shifted by 120° [103]. A carrier wave
is compared with the reference signal corresponding to a phase to generate the gating

signals for that phase.

Network

Figure 4.2: Three-phase converter connected to the distribution network.
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In the studies conducted in this chapter the single-phase and three-phase converters
were modelled and simulated in PSCAD/EMTDC. Appendix C provides further
details of the principle of operation of single-phase and three-phase converters with

SPWM technique.

4.3 Controller Design and Test for Single Source with no Connection to

the Grid

This section focuses on controlling the power flow from a converter-connected single
source to the load. In this case the source must supply the active and reactive power
depending on load demand with suitable voltage and frequency values. In this case
voltage and frequency should be kept constant; therefore a voltage and frequency

(VF) control scheme was developed.

4.3.1 Basic Structure of the VF Controller

The basic structure of the VF controller is shown in Figure 4.3. The converter is
controlled to maintain constant 220V and frequency 50 Hz by regulating the load
terminal voltage using a PI controller. This PI controller generates the amplitude A,
for the SPWM. In order to keep the frequency constant, the reference frequency of a
sinusoidal reference waveform is fixed at 50 Hz.

The transfer function of the PI controller is:

iA

A (s)=K , [l + L}EV (s) “4.1)
7.8

Where EV (S) = lVref (S) - Vmeas (S)J (42)

Where Vs and V.. are the reference voltage and the RMS load terminal voltage

respectively. Kpy is the proportional gain of the PI controller, 7;4 is the integral time

70



PA

constant of the PI controller that equals , where Kj, is the integral gain. All the

iA

PI controllers in this work were tuned using the Ziegler —Nichols Rules [104.

|:P> V1 I:>VL

SSEG Is DC
Vs AC l Load
Carrier wave IPH-Q
| 93,04 uE

PhaseT 0 degree ﬁ
Vref ﬂ 91,02
] _ B.JCompar-
H“ Sin ; ator
} Ar Ar Sinwt

Freql
Vrms 50Hz

Figure 4.3:Single-phase converter with the SPWM and controller.

4.3.2 Simulation Study for a Single Source

As shown in Figure 4.3 a single—phase converter interfaced small source is connected
to the RL load (10 ohm and 0.00265 H). The L.C (120 pF and 0.003377 H) filter is
added to mitigate the fifth harmonic. The source is controlled to supply the active
and reactive power demanded by the load with constant voltage of 220V and
frequency of 50 Hz. The output results in Figure 4.4 show the source supplying the
power demanded by the load and maintaining the voltage and the frequency at the
pre-defined values (220V, 50Hz). This study shows that the converter frequency can
be controlled in a different way to that in rotating machine. For rotating machines
there is a relationship between the speed and the frequency; in contrast, the
frequency of the converter is controlled independently. Also, as shown in Figure 4.4
(c and d) by adding the LC filter the pure sinusoidal waveforms of current and

voltage can be measured at the load terminal.
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Figure 4.4: Single source with no connection to the grid: (a) Active power and
reactive power, (b) Voltage, before LC filter (c) Current and (d) Voltage at load.

4.4 Flexible Control of Converter-Interfaced SSEG

This section focuses on controlling the power flow from converter-connected SSEG
to the distribution network. A control scheme is presented which allows controlling
independently each phase of the three-phase converter-interfaced SSEG. It is
demonstrated that this technique provides additional control flexibility to balance
voltages in a distribution network with high penetration of SSEGs. This controller is
needed because SSEG installations may include a mix of SSEGs interfaced via single
or three-phase converters, which may give rise to voltage unbalance problems. Some
controllers used in SSEG applications are based on the synchronously referenced
frame and have the disadvantage that the unbalance problem is more difficult to
control. In this work a simple control scheme is provided that facilitates independent
control of each phase in a three-phase converter. The performance of this controller

is tested and explained using case studies implemented in PSCAD.

4.4.1 Small-Scale Embedded Generator Controller Design

The power output of the SSEG can be controlled by controlling the magnitude and

angle of the converter output voltage. In this section the typical power angle and
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voltage magnitude control method is improved by adding two PI blocks, one for

power angle control, and another for voltage magnitude control where power factor

is used as a reference value as opposed to reactive power. This is because an SSEG

may be required to operate at different power factor conditions. Figure 4.5 illustrates

the block diagram of the proposed controller of active power and power factor in a

single-phase converter-interfaced SSEG.

VoZ 6, Vi£4,
SSEG L > | X F
il
A Gate signals
1
g 5 B
X 0 Q -
i1 P PWM
e 5 OB -
PLL
LI B L
Vi
y —Vicosd, £ (V1 0055]))2+4'X‘an
tang- P, |- Vo= 2
cos™ IEH ‘V‘
T VOmeas
PE,

Figure 4.5: Control of active power and power factor for a single phase converter.

The dynamic performance and stability of the power angle control method can be

improved by including the additional PI control blocks. The power angle control

technique is based on the steady-state relationships given by Egs. (4.3) and (4.4) [3].

The magnitude of the converter output voltage relative to the grid voltage is

manipulated to control reactive power flow. The active power flow is controlled by

adjusting the power angle ,, .

pe VoVisind,
X
(V12 -V cosé‘p)
Q _f
Pmeas = IO'VO COs ¢
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Where:

P : active power; Q : reactive power

v, : grid bus voltage; V,: converter terminal AC voltage

8, : power angle of V;; &,: power angle of V,

X : interconnecting reactance; J, : angle difference between V; and v,

1,: converter output current

¢ : phase angle between V,and I,

From Egs. (4.3) and (4.4), if 6,=0 then the active power flow is zero, and the
reactive power is determined by the magnitudes of v, and Vv,. If v, =v; with 6, #0,
then the active power flow is determined by the angle &, and the reactive power

flow is zero. The load angle ¢, and the converter AC voltage are calculated as:

P, -X
.- ref
517 =Ssin l(wJ (46)
2
-V, coso i\/Vcos§ +4-X-0,
v, = 1 14 (1 - p) of 4.7)

Where P, is the reference value of the active power that needs to be transferred
from the SSEG to the grid, and Q,, is the reference value for the reactive power.

Two PI control blocks are added to track the difference between the power angle and
voltage reference values and their measured values. The maximum and minimum
reactive powers depend on the power factor limitation to enhance the efficiency and
stability of the system. Minimum reactive power (Q,;, ) represents the minimum
value the SSEG has when operating at lagging power factor. Maximum reactive

power ( Q... ) represents the maximum value the SSEG has when operating at leading

power factor. The maximum value of voltage (V,,, ) is required when the SSEG

operates at a threshold value of leading power factor. The minimum value of voltage
(Vo) 1s required when the SSEG operates at a threshold value of lagging power

factor. These values are given by:
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Vit(v)’ +4-X-0

‘max 4.
Vmax ) ( 8)
2
Vi .V, 4-X-Q._.
me _ 1 ( 1) + Qmm (49)
2
0 _ (Vnzlax _Vmaxvl) (4 10)
‘max X .
0. Z(Vrrzlin_vminvl) (4 11)
‘min X .

In order to detect the angular positions (wt) of the voltages waveform, the measured
three-phase voltages of the low voltage network are fed to a three-phase PI-
controlled Phase Locked Loop (PLL) (the description of PLL is provided in
Appendix E). Then this (ot) is added to the load angle (6,) generated by the active
power controller. Then the sin of (®t +0,) is taken and multiplied by the output of the
reactive power controller (V) to obtain a single phase sinusoidal voltage waveform as
defined bellow [95]:

v=Vsin(wr+3,) (4.12)

This voltage is the input of the PWM unit to generate the gate signals for the

converter.

For a SSEG interfaced through a three-phase converter this controller takes the form
shown in Figure 4.6 which enables independent control of each phase of the
converter. A second order LC filter is used for filtering the PWM switching
harmonics of the converter. The LC filter used in this work is tuned to mitigate the

third harmonic. The values used are C=30 pF and L=0.03753 H.

Similarly as with the single phase converter, the three phase converter controller

generates three phase sinusoidal voltage waveforms as described below [95]:

v, =V, sin(ar +6,) ((4.13)
v, =V, sin(wr + 8, —2%) 4.14)
v, =V, sin(@rt+ 3, +27%) (4.15)
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Figure 4.6: Control of active power and power factor for a three-phase converter.

4.4.2 Simulation Studies for Flexible Control

4.4.2.1 Single-Phase Converter -Connected SSEG

The study was conducted with a single—phase converter connected to the network of
Figure 3.1 (described in chapter 3). The capacity of the converter is 2kW (connected
to one customer). The rated active power P is 2kW, rated AC voltage is 250V, rated
unity power factor and the power angle at full rating is 20 degrees. The converter is

fed by a DC bus voltage source of 370V. The size of the inductance X is calculated
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from the choice that the power angle at full power output is about 20 degrees. This
choice guarantees operation in the linear region of the sinusoidal characteristic. The
single-phase converter is connected to the network through a transformer (250/250

V) for isolation purpose.

The performance of the controller is tested by changing the active power set point
with unity power (zero reactive power). As shown in Figure 4.7 the output active and

reactive powers from the converter follow the reference values.
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=y : : : = : i :
s00 ; : ; o ; ;
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Time (sec) Time (zec)
(a) (b)

Figure 4.7: Response of active and reactive powers to step-changes in demand

4.4.2.2 Three-Phase Converter-Connected SSEG

The study was conducted with a three—phase converter connected to the network of
Figure 3.1. The capacity of the converter is 11kVA (connected to a commercial load
11kVA). Rated active power P =10kW, rated AC voltage 433V, rated power factor
PF = 0.95 and power angle at full rating is 5.77 degrees. The converter is fed by a
DC bus voltage source of 860 V. The size of the inductance X is calculated in such
way as to get the power angle at full power output about 5.77 degrees. This choice

guarantees operation in the linear region of the sinusoidal characteristic.

A Performance of Controller Different Demand Power among Phases

As shown in Figure 4.8(a) the desired power from phase A is 3.33kW, from phase B
is 2.4kW and from phase C is 1.5kW all working at PF=0.909. It is observed that the
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performance of the controller is correct with minimized steady-state error and no
overshoot. As shown in Figure 4.8(b) the reactive power for every phase is different
in order to maintain the power factor of all three phases at the desired value,
PF=0.909. The controller sends the appropriate signals to the PWM generator to
adjust the modulation index of every phase depending on the desired power factor as
illustrated in Figure 4.8(c). Thus, by using this control approach the voltage
imbalance problem may be solved. Also as illustrated in Figure 4.8(d) the sinusoidal

phase currents present different amplitudes.
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Figure 4.8: Performance of the three-phase converter controller with different power
references among phases: (a) active power output (b) Reactive power output (c)
output voltage at the desired power factor (d) Three-phase converter output currents
at the desired power factor.

B Performance of Controller to Step-Changes in Demand

At time 1.75 sec the desired power from phase B is changed from 2.4 kW to 3.33
kW. Also the desired power from phase C is changed from 1.5 kW to 3.33 kW. As

78



shown in Figure 4.9(a) the output active power of every phase follows the desired
values. The source operates at PF=0.909. As shown in Figure 4.9(b) and Figure
4.9(c) the controller changed the terminal phase voltages due to the change in desired
reactive power. This is because the controller is designed to maintain fixed power
factor in every phase. Also as shown in Figure 4.9(d) the phase currents are
sinusoidal and have low harmonic distortion: THD= (phase A=0.267%, phase
B=0.324% and phase C=0.46%).

o 15 : —
% § T2 bt SRR SRR R i
g E b o 5 __m_ﬂ:
=3 g 075 [ I“"“'"""*"'" |
2 =t} oy am : Cla
= 05 st
5 = : ; Qb
e : : Sonaglbo s 2
"8 1 17 28 3m & £ 0 5 Al Bttt
' : ' ' 1 1.75 25 3 35 4
Time (sec) Tirme (sec)
(a) )
0.255 0.04
= : :
= 0.2525 --—-—Lb‘--.-.-.-....'...._....-—-..—'.-'-m-'-# T
o :‘ f 5 é 0.0z
I . =
£ 025 bt va £ o
= : : =
E 02475} SRR b |l 3
o : S B = 0.02 :
0.245 : : : : ; :
Tois 25 3 4 225 226 227 228 229
Time (sec) Time (zec)
(c) (d)

Figure 4.9: Response of the three phase-converter to step-changes in demand: (a)
Active power (b) Reactive power, (c) Three-phase RMS output voltages & (d) Three-
phase converter output voltages

4.5 DC Current Control for Converter -Interfaced SSEG

This section presents the analysis and design of a SSEG DC current control. As
shown Figure 4.10 the DC source injects DC power to the AC system through the
converter. In order to protect the converter from over current and the source from

overload, such a controller is needed to keep the DC average current below the
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maximum value. The study was conducted with a single-phase converter-interfaced
SSEG connected to the network of Figure 3.1 (described in chapter 3). The capacity
of the SSEG is 3 kVA (S1aea=3kVA). Rated AC voltage 250V and power angle at
full rating and unity power factor is 8.5 degrees. This choice guarantees operation in
the linear region of the sinusoidal characteristic. The single-phase converter is
connected to the network through a single-phase transformer (250/250V), for
isolation purposes. The size of the inductance X between the converter and the
transformer is 1.885 ohm. Also a PLL is used for the same purpose as mentioned

before.

4.5.1 Basic Structure of DC Current Controller

The basic structure of the DC current controller considering constant reactive power
is shown in Figure 4.10. The first PI controller regulates the DC current by
generating the proper reference active power for the active power controller, as
described in the following equations:

With regard to Figure 4.10 the average DC current Iy when the losses are neglected

1s:

P
I, =— 4.16
% (4.16)

The transfer function of the PI controller is:

1
Py (5)=K, {1+H}E,S (s) (4.17)

il

Where Ej (5)= lIs—ref ()= 1 — (S)J (4.18)

where I,V and P are the instantaneous value of the average DC current from the
source, the instantaneous value of the DC voltage and the converter active power

output respectively. Kp; is the proportional gain of the PI controller, z; is the integral

pl

time constant of the PI controller equals to where Kj; is the integral gain.

il
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4.5.2 Basic structure of the Active Power (P)-Controller

After the DC current controller generates the proper reference active power (Pys) the
function of the active power (P) controller is to control the active power. As shown
in Figure 4.10, the second PI controller would suffice to control the flow of active
power by generating the proper values for d,, based on the instantaneous values of
current and voltage taken from the converter output terminal, as described in the
following equations:

From Eq. (4.18) the transfer function of the PI controller is:

1
J, (s):Km{1+—}EP(s) (4.19)
T.s3
Where Ep(5)=| Pryr (9= Py | (4.20)
K s proportional gain of the PI controller,
K

7,5+ integral time constant of the PI controller equal to —Z °  where K,sis the

i6
integral gain.

Conver P
Vi Vg

Low voltage network

Carrier wave C
Reactive power controller g3,{g4 :_[
| As g1,|92 B
B. Com.nar-l

=71 _dlor

V Sin (wt+0p)

Sin (wt+06p)

From the network

Vc

Figure 4.10: DC current controller considering constant Q.
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4.5.3 Basic Structure of the Reactive Power (Q) - Controller

As shown in the dashed frame of Figure 4.10, the function of the PI controller is to
control the flow of the reactive power (Q) by generating the proper values of the
voltage magnitude (V), based on the reference reactive power required by the
system, as described in the following equations:

The transfer function of the PI controller is:

iV

1
Vi ()=Kpy {1+ — }.EQ (s) (4.21)

Where EQ (S) = lQref (S) - Qmeas (S)J (422)

K, : Proportional gain of the PI controller

pV

z,, - Integral time constant of the PI controller which equals where K,, is the

iV

integral gain, Q,,,, : measured reactive power.

meas

The reactive power is determined by the magnitudes of V, and V; as described in
equation (4.4). If v, =V, then the reactive power flow is zero.

Also Q... =1,V, sin ¢ (4.23)

meas
For choosing the reactive power reference value, some careful consideration must be
given. The reference reactive power must be selected within the limit of the source.
Also the value of power factor must be higher than 0.75 as specified by the
manufacturer [105]. The value of reactive power that the source can inject or absorb

to or from the grid is given by:
Qref = Srzuted - (Is Vs )2 (424)

1V =P (4.25)

Minimum reactive power (Q,,, ) represents the minimum value the source has when

operating at lagging power factor. Maximum reactive power (Q,,, ) represents the

max

maximum value the source has when operating at leading power factor. The

maximum value of voltage (V,,, ) is required when the source operates at a threshold

ax

value of leading power factor. The minimum value of voltage (V,,, ) is required when
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the SSEG operates at a threshold value of lagging power factor. These values are

given by equations (4.8, 4.9, 4.10 and 4.11).

To determine the maximum DC current that the SSEG can inject to the converter
DC side we assume that the SSEG is operated at unity power factor (Q=0) at the AC

side, thatis, P=S . Thus the value of the maximum DC current will be:

rated

=22 _g 1A

© 370
If the power factor assumed in this case is 0.95 leading then from equations (4.5) and
(4.20) the reference values of active and reactive power are:

P,, =3000x0.95 = 2.85kW

0, =+((3000)* - (2850)* ) = 936.7kVAr

(Q,... =936.7kVAr capacitive or Q,,, =-936.7 kVAr inductive).

Then from equations (4.8, 4.9) the value of V,,  =256.87V and the value of

V... =242.72V will be the limits of the Q controller.

4.5.4 DC Current Controller Considering Constant Power Factor

Instead of operating the source at constant reactive power, the source can be
controlled to be operated at constant power factor. This can be achieved by adding a
block on the DC current controller as shown in Figure 4.11. The basic structure of
this controller is similar to the controller shown in Figure 4.10 the only difference is

the part which is added to the controller according to the following equation:

Qref = Pref tan ¢ (426)
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Figure 4.11: DC current controller considering constant power factor.

4.5.5 Response of the Controller to Load Variations

The aim of this study is to investigate the response of the controller when an
additional load (18kW/5.9kV Ar) is connected to the low-voltage network at t=1sec.
This test was performed with the SSEG operating at a 0.95 leading power factor
(reference reactive power is 0.986 kVAr). As illustrated in Figure 4.12 the
performance of the controller has been evaluated, proving it to be stable against a
load disturbance. However in this case the function of the controller is to maintain
the constant DC current and constant reactive power output. Also there is a positive
impact on the converter AC output current as it is also regulated by regulating the

DC current.
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Figure 4.12: Performance of the controller during a load disturbance: (a) DC current
(b) AC current waveform (c) and (d) output active and reactive powers.

4.5.6 Response of the Controller to Changes in the DC Current Set point

The aim of this study is to investigate the performance of the DC current controller
with an additional loop to control power factor. The study was done when the DC
current set point is changed due to a change in the operational conditions of the
prime mover. In this case the current set point is changed from 0.6 pu to 0.75 pu at
t=1 sec and to 1.0 pu (full load current) at t=1.5 sec. Concerning the results shown in
Figure 4.13, some observations can be made. First the controller demonstrates a good
response to a change in the set point. Second as shown in Figure 4.13(a) and (b) the
DC current follows the reference value generated by the DC current controller and
the AC output current transfers smoothly to the new operating condition. Third, as
shown in Figure 4.13 (c) and (d) the active power output follows the reference output
power generated by the controller and the reactive power changed depending on the

reactive power and power factor reference values.
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Figure 4.13: Performance of the controller during a change in the DC current set
point: (a) DC current (b) AC current waveform (c) and (d) output reactive and active
powers.

4.6 Voltage/Phase Angle Droop Control for SSEG

Voltage regulation is necessary for local reliability and stability. Without local
voltage control, a system with high penetration of SSEG could experience voltage
and/or reactive power oscillations [49]. In SSEG systems there is the problem of
circulating reactive currents. With small errors in voltage set points, the circulating
current can exceed the rating of the sources. Most research conducted to date uses a
voltage/reactive power droop controller to solve this problem [49, 51, 53, 102, 106]
However, little attention is given to operating the SSEG within the appropriate power
factor range (0.95 lagging or leading). This range is mentioned in the Engineering
Recommendation G83/1 that says that when the DG operates at rated power it should
operate at a power factor within the range 0.95 lagging to 0.95 leading [107]. In
order to satisfy this requirement the converter droop controller is modified in this

work to become a voltage/phase angle droop controller. The controller manipulates
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the terminal voltage of the converter at the required power factor whilst observing
the specified limits. The function of the basic controller is shown in Figure 4.14. The

phase angle limit (¢) shown in the figure is a function of the power factor limit.

Voltage set 4
pointinpu 105
o | —

- »-

- 1 8.20 l 8-2O
Phase angle
¢
Lagging power Leading power
factor factor

Figure 4.14: Voltage/phase angle droop.

4.6.1 Basic Structure of the Voltage/Phase Angle Droop Controller

Figure 4.15 shows a voltage/phase angle droop control block diagram based on
specified set points for voltage control of SSEG. It consists of two PI controllers.
RMS phase to ground voltages are measured in the bus where the source is
connected. These values are compared with the reference value (for example the
nominal value, 1pu). The error voltage is the input of the first PI controller to
regulate the terminal voltage within the appropriate power factor range (0.95 lagging
or leading) by generating a reference phase angle (limit ¢==%18.2). The reference
reactive power is produced from the product of the tangent of this phase angle and

the reference active power, as described in the following equation.

Q, =P, tang (4.27)

This reference reactive power is the set point of the second PI controller. The second
PI controller would suffice to control the flow of reactive power by generating the

proper values for V as described before (section 4.5.3). The SSEG injects reactive
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power if the voltage falls below the nominal value and absorbs reactive power if the

voltage rises above its nominal value.

18.2
Yref ‘C Phase -angle
Pre
A f  @—
V -meas -18.2 Cir =1
Phase angle B,
order T Tan -
Ctr
Select (B) if the source is to be v
operated at constant power factor >
Q-meas

Figure 4.15: Voltage regulations through voltage-phase angle droop.

The following equations describe the transfer function of the controller.

iv

1
P, (s)=K {1 + H}EW (s) (4.28)

Where E, (5)= lVL—ref (5) = Vi meas (S)J (4.29)

In addition, there is an additional switch that allows the controller to operate at
constant power factor. For constant power factor operation, the input value to the

controller is the phase angle that is related to the chosen power factor.

4.6.2 Simulation Results of the Controller

Studies were conducted to explore the performance of the controller in both steady
state and transient operation for single-phase and three-phase converters. In the
following plots the current and voltage waveforms are shown together. The three-
phase voltages and currents are shown only for phase A in the bus where SSEG is
connected to the network. Active and reactive powers measured and reference

values, phase angle and load voltage are also shown.
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4.6.2.1 Simulation Results for Single-Phase Converter Interfaced SSEG

In this subsection the study was conducted with a single—phase converter (switching
model) connected to the network of (Figure 3.1). The capacity of the source is 3kVA,
rated active power is 2850kW and rated AC voltage is 250V. The converter is fed by
a DC bus voltage source of 370 V. The single-phase converter is connected to the

network through a single-phase transformer (250/250 V) for isolation purposes.

A Output Results for the Controller during Steady State Conditions

The aim is to investigate the performance of the controller when the load terminal
voltage is equal to the set point as shown in Figure 4.16 (the period between 0-1sec).
In this case the controller has to generate unity power factor reference which means

there is no reactive power absorbed from or injected to the network.

B Response of the Controller to Disturbance

The aim of this study is to investigate the response of the controller when an
additional load (18kW/5.9kV Ar) is connected to the low-voltage network at t=1sec.
This test was performed when the SSEG is operating at unity power factor (the
voltage set point at V=I1pu) as illustrated in Figure 4.16. When the new load is
connected the load voltage decreases but the controller responds rapidly to operate

the source at leading power factor in order to inject reactive power to the network.

4.6.2.2  Simulation Results for Three-Phase Converter Interfaced SSEG

In this subsection the phase angle/voltage droop control technique has been used to
control a three—phase converter-interfaced SSEG which is connected to supply a
domestic load. The capacity of the SSEG is 15.1 kVA and it is connected to the low-

voltage network (Figure 3.1) through a three-phase power transformer.
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Figure 4.16: Response of a voltage/phase angle droop controller for single—phase
converter to load increase: (a) Active power, (b) Reactive power response, (c) RMS
load voltage, (d) phase angle response and (e) Transfer from unity power factor to
leading power factor (Fundamental voltage and current waveforms).

A Results for the Controller during Steady State

To investigate the response of the controller the load terminal set point is changed to
values over, under and at 1 pu. First the response of the controllers when the load

terminal voltage is equal to the set point as shown in Figure 4.17 (the period between
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0-5sec) is investigated. In this case the controller has to generate unity power factor
reference which means there is no reactive power absorbed from or injected to the
network. The response of the controller when the load terminal voltage is lower than
the set point is shown in Figure 4.18 (the period between 0-5sec). In this case the
controller has to generate a leading power factor reference to inject reactive power to
the network. Figure 4.19 (the period between 0-5sec) shows the response of the
controller when the load terminal voltage is higher than the set point. In this case the
controller has to generate lagging power factor reference to absorb reactive power

from the network.

B Response of the Controller to Load Variations

The aim of this study is to investigate the response of the controller when an
additional load (15 kW/5kVAr) is connected to the low-voltage network at t=5sec.
The first test when the voltage set point at (V=1pu, unity power factor), the second
test when (V>1.00pu, leading power factor) and the third test when (V<1.00pu,

lagging power factor).

In the first case the source is operating at unity power factor. However, as shown in
Figure 4.17, when the new load is connected the load voltage decreases but the
controller responds rapidly to operate the source at leading power factor in order to

inject reactive power to the network to support the voltage.

In the second case the source is operated at 0.95 leading power factor when the load
is connected at 5 sec. As shown in Figure 4.18 the voltage decreases but in this case
the power factor controller does not modify the source operation because they are

already operating at the threshold value of leading power factor.

In the third case the source is operated at 0.95 lagging power factor (absorbing
reactive power from the network) when the new load is connected at 5 sec. As shown
in Figure 4.19 the voltage decreases, however the power factor controller reacts to
modify the operation of the source to leading power factor in order to inject reactive

power into the network and compensate for the new load power demand.
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Figure 4.17: Response of a voltage/phase angle droop controller for three—phase
converter to load increase (at unity power factor): (a) Active power, (b) Reactive
power response, (c) RMS load voltage (d) phase angle response and (e) Transfer
from unity power factor to leading power factor (voltage and current waveforms).
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Figure 4.18: Response of a voltage/phase angle droop controller for three—phase
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Figure 4.19: Response of a voltage/phase angle droop controller for three—phase
converter to load increase (at 0.95 lagging power factor): (a) Active power, (b)
Reactive power response, (c) RMS load voltage (d) phase angle response and (e)
Transfer from lagging factor to leading power factor (voltage and current
waveforms).

4.7 Relationship between Phase Angle and Converter Terminal Voltage

In this study the relationship between phase angle and converter terminal voltage and

the performance of the controller was also investigated for different power factor
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values (0.95 lagging to 0.95 leading) using the same network (Figure 3.1). As shown
in Figure 4.20, the simulation results indicate that this relationship is essentially

linear.

Valtage (V)

Leading i

pawerfastor: ...

i 1 i i
21182 15 12 8 & 3 0 3 ] 9 12 15 182 21
Phaze angle (degrees)

Figure 4.20: Relationship between phase angle and converter terminal voltage.

4.8 Active Power-Voltage and Apparent Power-Voltage Controllers

This section deals with SSEG connected to the network of (Figure 3.1) as a weak low
voltage network with low fault level (1.14MVA). In order to support the voltage
magnitude of this low voltage network, two control techniques namely active power-
voltage (PV) controller and apparent power-voltage (SV) controller, have been used

to achieve this task.

4.8.1 Active Power-Voltage (PV) Controller

This section focuses on controlling the active power flow from a converter-connected
SSEG unit to the low voltage distribution network and supports the network voltage
magnitude by generating the adequate voltage magnitude. The controller works
similarly to a PQ controller but the reactive power is variable according to the
network voltage need. This value of the reactive and active power should be within
the VA capacity of the source. The maximum and minimum voltage values depend
on the estimated reactive powers that the source needs to inject or absorb. When the
voltage of the network at the converter connection point dips, the converter needs to

inject reactive power by raising the value of its terminal voltage to more than Ipu.
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On the other hand when the voltage swells the source absorbs reactive power by
reducing the terminal voltage to a value lower than 1pu. The maximum and
minimum values of voltage can be determined by equations (4.8) and (4.9). The
maximum reactive power (leading or lagging) considering the rated apparent power

of the converter is given by [95]:

= Jvaz, . -pr2)
Q rated ref (4 30)

P ref

Qmax =
PF 4.31)

In this case the source may inject reactive power to the system or absorbs reactive
power from the system. The capacity of the source that is used in this study is

15.1kVA. If the power factor assumed in this case is 0.75 leading then from

equations (4.2, 4.3) P, =11325 W and Q,  will be g

max max

_ Py =9987.7 VAr from
5

equation (4.8) the value of V=467 V is obtained. For calculation of V_, the power

factor is 0.75 lagging and from equation (4.9), then of V,_, =377 V. V__and V

will be the limits of the V controller.

The basic structure of the PV controller is the combination of the previously
described P and V controllers generating the proper values for voltage angle 9, and

magnitude V.

4.8.1.1 Simulation Results of the PV Controller

In this section some basic simulations have been performed based on models which
were discussed in previous sections. Through these simulations two case studies
were considered. One case study addresses the controller performance during steady
state conditions and the other case study investigates the performance of the

controller during disturbances.
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4.8.1.2 Results of the PV Controller during Steady State Conditions

The PV controller is applied to control active power and support the grid voltage.
The results are shown in Figure 4.21 (the period between 0-5sec). The results show
the response of the controller during steady state operation which proves stable

operation of the source.

4.8.1.3 Response of the PV Controller to An Increase in Load

The aim of this study is to investigate the response of the controller when an
additional load of 28kW and S5kVAr is inserted to the network at t=5sec. As
illustrated in Figure 4.21, the source maintains the same reference active power and
injects reactive power to the system to support the voltage. This reactive power is

within the capacity of the source.
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Figure 4.21: Performance of the PV controllers during steady state and disturbance
conditions: (a) Active power output, (b) Terminal voltage and (c) Reactive power.
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4.8.2 Apparent Power-Voltage (SV) Controller

This section focuses on controlling the apparent power flow from converter-
connected SSEG units to the low-voltage distribution network and supporting the
network voltage magnitude by generating adequate voltage magnitude. This
technique is useful for converter interfaced storage devices or for custom power
devices (DSTATCOM, DVR, USSC, etc). In this case the controller works in a
similar way to the PV controller but the amount of active power is not constant. The
difference here is that the values of the active power and the reactive power are
determined by the converter apparent power rating and the phase angle required by

the V controller described in section 4.6.

4.8.2.1 Basic Structure of the SV Controller

As shown in Figure 4.22, based on the reference apparent power S, the first part of

ref °
the controller calculates the reference active power by converting the reference phase

angle ¢ required by the V controller and apparent power S, from polar form to

rectangular form that generates P and @, which are taken as input values to the PI
controllers. Thus, these PI controllers would suffice to control the flow of active
power and reactive power by generating the proper values for 6, and V based on the
instantaneous values of active and reactive power taken from the converter output

terminal (P and Q controllers are described in 4.5.1 and 4.5.2). These values of P and

Q are given by:

S =+31vs¢ (4.32)
In polar form § = |S|4¢ (4.33)
In rectangular form § = P+ jQ [95] (4.34)
Where P, =S, cos¢ (4.35)
Qrp =S, sin g (4.36)
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Figure 4.22: Basic structure of the S controller.

4.8.2.2 Simulation Output Results of SV Controller

In this section two case studies were performed. One case study during steady state
conditions, the second case study investigating the performance of the controller

during disturbances.

A Output Results of the SV Controller during Steady State Operation

In this study the source is connected to the 433V distribution network. The SV
controller is applied to control apparent power and support the grid voltage. Figure
4.23 (the period between 0-5sec) shows the response of the controller during steady

state operation which proves stable operation of the source.

B Response of the SV Controller to Disturbance
The aim of this study is to investigate the response of the controller when a

disturbance load is inserted to the network at t=5sec. As illustrated in Figure 4.23, the
performance of the controller has been evaluated and shown to be stable to load
disturbance. However in this case the function of the controller is to maintain a
constant apparent power and support the voltage magnitude at the connection point
to the network. As shown in the figure the values of active and reactive powers
change. The change in the reactive power is due to the source injecting more reactive
power to the system to compensate for voltage sag caused by load increase. As a
result, the controller decreases the active power flow from the source to the network

to maintain the source apparent power at a constant level.
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Figure 4.23: Performance of the SV controllers during steady state and disturbance:
(a) Apparent power, (b) Terminal voltage, (c) Reactive power and (d) active power.

4.9 Summary

The main task of this chapter was to propose control schemes to control output
power from a converter interfaced SSEG. These control schemes are VF control, PQ
control, PV control, SV control, DC current control power factor control and a
voltage/phase angle droop control. A low-voltage distribution network with
embedded generation was modelled and simulated in PSCAD/EMTDC to assess the
performance of the proposed control schemes for converter-interfaced SSEG under
different operation conditions. The studies showed that the response of the SSEG
controllers was satisfactory during steady state and disturbance conditions. It was
also shown that each phase of a three-phase converter can be controlled
independently in order to address voltage unbalance problems encountered in SSEG
applications which use single and three-phase converters to interface SSEG.
Therefore the controllers have a positive impact on the voltage stability and power
quality of the network. Moreover the results show that there is a linear relationship

between the phase angle and the SSEG terminal voltage.
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CHAPTER 5

Centralised Controller for Grid Connected and Islanded
Small Scale Embedded Generation Networks

5.1 Introduction

Small scale embedded generation networks are designed to be isolated from the
distribution system during disturbances. They intentionally disconnect when the
quality of power from the grid falls below certain standards, as an example the total
harmonic distortion (THD) is more than 5% [58]. Once these problems are resolved
they reconnect back to the grid. Normally, in grid-connected mode, the small sources
act as constant power sources, which are controlled to inject the demanded power
into the network. In islanded mode, small sources are controlled to supply all the
power needed by the local loads while maintaining the voltage and frequency within
acceptable operating limits [108]. Moreover, the existing power utility practice often
does not allow islanded operation and automatic resynchronisation of a SSEG
network. However, the high penetration of SSEGs potentially necessitates provisions
for both islanded and grid-connected modes of operation and smooth transfer
between the grid-connected mode and the islanded mode to enable the best utilisation

of the SSEG network resources [109].

This work, proposes a control system for use with multiple SSEG networks
connected to the 33kV distribution network. This control system employs a
multilayered control approach where a combination of centralised and distributed
controllers are used. Each SSEG will have its own distributed controller. Moreover,
each SSEG network will deploy a centralised (EGCC, SSEG network Central
Controller) controller which oversees the operation of the distributed SSEG
controllers. There also exists a Central Management Controller (CMC) which
coordinates the operation of the EGCCs. The proposed controller controls power
flow in the grid-connected mode of operation, enables voltage and frequency control
when the SSEG networks are islanded, and resynchronises the SSEG networks with

the utility before reconnecting them. The proposed control system has a fast
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response, allowing the controlled SSEG networks to transition smoothly between the
grid-connected and islanded modes without disrupting critical loads connected to
them. In addition the control system contains loss-of-mains and synchronising
algorithms. The loss-of-mains detects the loss of grid connection and isolates the
SSEG networks from the system. The synchronising algorithm synchronises the
SSEG networks and grid voltages and reconnects the SSEG networks back to the
grid. The performance of the proposed controller has been tested in simulations using

PSCAD.

5.2 Control Approach for A System with Multiple SSEG Networks

A specific area with high levels of SSEGs, for example a city, could be divided into
many areas, each of which is represented by one SSEG network. The interconnection
of these individual SSEG networks forms multi-SSEG networks. This new concept is
formed at the Medium Voltage (MV) level, consisting of LV SSEG networks
connected on several adjacent MV feeders. SSEG networks under Demand Side
Management control can be considered in this network as active cells, for control and
management purposes [110]. These SSEG networks should be able to operate when
they are in grid-connected or islanded modes, and should transition reliably through
the connection/disconnection event [111]. Thus the technical operation of such a
system requires the transposition of the SSEG network concept to the MV level,
where all these active cells, as well as MV/LV passive substations, should be
controlled by a Central Autonomous Management Controller (CAMC). This CAMC
would be installed at the MV bus level of a HV/MV substation, serving as an
interface to the Distribution Management System (DMS), and under the
responsibility of the Distribution System Operator [112].

5.3 Network Used in the Study

The basic power system model of the small rural network as shown in Figure 5.1
(described in chapter 3), has been used to evaluate the performance of the general
control approach that this work proposes. As shown the Central Management

Controller (CMC) is located between five SSEG networks and the grid.
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Figure 5.1: Network with multiple SSEG networks used in the analysis

The position of the controller has been chosen in this place to be close to the SSEG
networks. Moreover, positioning this controller on the SSEG networks side of the
sub-sea avoids the cable losses that may result if the controller and energy storage
were placed on the other side. The SSEG networks are connected to this network
through the sub-sea cable at buses 1111(0.55 MW), 1112(0.04 MW), 1113(0.77
MW), 11142.7 MW) and 1115 (2.85 MW) all of which operate within the

appropriate power factor range (0.95 lagging or leading). The load connected at these
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SSEG networks are 1111 (0.55MW, 0.11MVAr), 1112 (0.04MW, 0.01MVAr), 1113
(0.77MW, 0.15MVAr), 1114 (2.7 MW, 0.55MVAr) and 1115 (2.85 MW,
0.58MVAr). Every SSEG network has its own control system, named the SSEG
network central controller (EGCC). The central energy storage device and the

controller (CESC) are connected on bus 321.

5.4 Assumptions

A number of assumptions are made concerning SSEG networks modelling. The main

assumptions are:

» Each LV SSEG network was considered as a single bus with an equivalent

generator (sum of all SSEGs ) and equivalent load (sum of all LV loads),

» There is a central storage device to compensate the difference between the
generation and the load demand during islanded mode. The capacity of the inverter
interfaced storage device is 1.25 MVA, which can be working at 0.8 power factor

(leading or lagging).
» There is communication in place between the controller and storage device,
» There is a circuit breaker between the SSEG networks and utility ends,

» The models of the SSEG networks and storage device in this study are not
concerned with the switching dynamics of the converter. The initial switched
model was used as the basis of a functional model using a controlled voltage
source to allow for the connection of a large number of modules whilst ensuring
that simulations are completed in a reasonable time [14]. The validity of the
functional model used for the studies in this work is demonstrated in Figure 5.2
for the cases of a real power reference step change from 1kW to 1.5kW at 1s and

from 1.5kW to 2kW at 1.5s.

Appendix F provides further details on the operation principle of the functional

model and the full switched model.
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Figure 5.2: Power Response to Step Reference Change (+1kW)

5.5 Controller Design

In order to regulate the power flow of SSEG networks in the grid—connected mode
and islanded mode, the SSEG networks should have a certain amount of control. This
control system must fulfil a number of tasks. For this purpose several control
elements are used. The objective of the control design for multiple SSEG networks is
to offer a solution for power control along with voltage regulation in islanded as well

as grid-connected modes.

5.5.1 Control Goals

This control system must fulfil a number of tasks:

¢ [t needs to facilitate new SSEG connection to the system without disturbing the

controller’s operation.

e Keep the SSEG networks bus voltages within specified limits during grid-

connected mode.
¢ Control the power factor.
¢ Control active power and reactive power.
e Detect loss-of- mains conditions.

e Connect to or isolate the SSEG networks from the main network in a rapid and

seamless fashion.
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e Maintain both voltage and frequency within the standard permissible levels during

islanded operation of the SSEG networks.

e Synchronise the SSEG networks to the grid after islanding.

5.5.2 Control Elements

Three control elements are distinguished, as presented in Figure 5.3.
» Central Management Controller (CMC).
» Central Energy Storage Devices Controller (CESC).

» SSEG network Central Controller (EGCC).

DMS ——4 CMC | CESC

|
¢ ¢ ¢

SSEG network 1 SSEG network 2 SSEG network x
EGCC EGCC EGCC

Figure 5.3: Control elements

5.5.2.1 Central Management Controller (CMC)

The Central Management Controller (CMC) is installed at the MV bus on the 33kV
sub-sea cable between the SSEG networks and the main grid, serving as an interface
to the Distribution Management System (DMS), and under the responsibility of the
Distribution Network Operator (DNO). The block diagram of the CMC and the
direction of the output signals can be seen in Figure 5.4. The CMC contains loss-of-
mains detection controller (LOMDC) and synchronising controller (SC). The
function of the LOMDOC is to detect the loss-of-mains and isolate the SSEG networks

from the system by sending a signal to the circuit breaker when the main generation
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is lost. However, the function of the SC is to compensate for the difference in
magnitude and angle of the SSEG networks and grid voltages and to verify the
synchronisation conditions. Once the conditions are satisfied it sends a signal to the

circuit breaker to reconnect the SSEG networks.

e A ——
| Loss of main detection Synchronization |
| controller (LOMDC) controller (SC) |
| |
I I
P S A _ e — —
A
SSEG network x Circuit breaker
EGCC CB 7 CESC

Figure 5.4: Block diagram of CMC and the direction of the output signals.

A. Loss-of-Main Detection Controller (LOMDC)

To effectively integrate SSEG networks into distribution networks, several
requirements, such as voltage regulation, loss-of-mains protection and the
sustainability of SSEG networks following disturbances on the associated network
need to be satisfied [113]. The loss-of-mains protection may consist of one of the
following protections: reverse power flow, neutral voltage displacement, directional
over-current, directional under current, rate-of-change of frequency (ROCOF) and
change of power factor. In this work an islanding detection algorithm was developed
to be responsible for switching between the grid and islanded modes of operation.
This is operated by sending signals to open the circuit breaker between the SSEG

networks and the main grid and change the control mode of CESC.

In this work a loss-of-mains protection scheme depending on the ROCOF, has been
implemented. As shown in Figure 5.5 the relay block diagram consists of a
derivative component, which determines the rate at which the frequency of the
system is changing (df/dt). The output value of the derivative (ROCOF) is compared

with a preset threshold value [-0.125 Hz/s] (this reference value has been taken from
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[114]). During the initialisation the relay is deactivated. If the ROCOF exceeds the
threshold value this means the main generation is lost and the output will be logic
true (1), otherwise the output is logic false (0). This output will be the input of the
OR logic gate, its output value is logic false (0), during steady state the output
remains logic false (0). If the disturbance is detected the input of the OR gate
becomes 1 and the output changes to logic true (1). This signal goes to the circuit
breaker to open the circuit. Using the selector switch the circuit breaker B1 can be
kept closed or controlled by the loss-of-mains protection scheme and synchronising
relay. When a utility fault occurs, the main circuit breaker on the 33kV bus opens to
isolate the SSEG and utility networks within one frequency cycle. At the same time it
sends a signal to the central storage device to switch from PQ control to voltage and

frequency control (VF).

=1
Breaker B1 can be kept closed or CI>_A-' Ctr =
controlled by the loss-of-main B
protection scheme mr] To the subsea
Frequency -grid dL\ CB control
o—)

—
Threshold value

(ime > 412

Figure 5.5: Loss of main relay block diagram

P

Compar
ato

B. Synchronisation Controller (SC)

In order to reconnect the SSEG networks to the main grid it is necessary to
synchronise the SSEG networks to the grid at the point of connection. Hence the

following conditions must be fulfilled.
e The SSEG networks voltage must be the same as that of the main grid.
¢ The frequency of the SSEG network must be the same as that of the main grid.

¢ The SSEG networks voltage must be in phase with the main grid.
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Figure 5.6 shows the block diagram of the synchronisation controller (SC).

Synchronization |
switch i

; Synchronization |«
7 compansators

Synchronization relay

Circuit
CESC breaker |a—~
CB

Figure 5.6: Synchronisation controller (SC).

i. Synchronising Procedure

When the utility grid returns back to normal operating conditions, the SSEG
networks have to be resynchronised with the utility grid before the circuit breaker
can be reclosed to smoothly return the system back to the grid-connected mode of
operation. Synchronisation can be achieved by aligning the phase angle and
magnitude of the three-phase voltages at the SSEG networks and utility ends of the
circuit breaker shown in Figure 5.1. To align these voltages phase angles and
magnitudes, two separate synchronisation compensators are added to the external
voltage and frequency control loops of the central energy storage device. As shown
in Figure 5.7 and Figure 5.8, the inputs to these synchronisation compensators are the
magnitude and phase errors of the two voltage phasors at both ends of the circuit
breaker. Their outputs are fed to the real and reactive power loops to make the
voltage phasor at the SSEG networks end track the phasor at the main grid end
closely (both in magnitude and frequency). Also during resynchronisation, the
voltage and frequency references of the central energy storage device are changed to
achieve the same voltage magnitude and frequency at the connection point as that of
the grid voltage while the SSEG networks maintain the supply to the demand. When
synchronisation criteria are acceptable the circuit breaker will be closed, thus the

SSEG networks are reconnected to the main grid. Once the SSEG networks are
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reconnected, the synchronisation compensators must be deactivated by setting their
outputs to zero so as not to interfere with the proper operation of the real and reactive

power control loops in the grid-connected mode.

To active power and frequency controllers for
central energy storage device

L N

« k— CBclosed=0

CB opened =1
Ctrl T

From svnchronisina relav

Figure 5.7: Voltage angle synchronising compensator

To reactive power and voltage controllers for
central energy storage device

>

+ k— CBclosed=0
CB opened =1

Ctrl

From svnchronisina relav

Figure 5.8: Voltage magnitude synchronising compensator

The transfer function of the voltage angle synchronising compensator is given by the

equation below:

1
Pcom(s) =Kpa;|:l+n:|.E5 (s) (51)

icd
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Where E 5(s) = [5g () = Sssn (5)] (52)

K ,.s: proportional gain of voltage angle synchronising compensator PI controller,

K peop

7,.s- integral time constant of PI controller (7,5 = where K, s is the integral

icop

gain).

Similarly the transfer function of the RMS voltage magnitude synchronising

compensator is given by the equation below:

1
- }.EV (s) (5.3)

icv

OQeom () =K ., {1 +

Where EV (s)= lVrmsg (s) = Vrms gy (S)J 5.4

K . : proportional gain of RMS value of the voltage magnitude synchronising
compensator PI controller,

pev

7., . integral time constant of PI controller (z,., = < where K, is the integral

icv * icv
icv

gain).

ii. Synchronisation Relay

This controller performs a check synchronisation function which compares the
voltage (angle and magnitude) on either side of the CB at the point of connection
(SSEG networks and grid voltages) before issuing a reclose command. In addition it
activates the synchronisation compensators to correct for the difference between the
SSEG networks and the grid voltages (magnitude and angle) before reconnecting the
SSEG networks to the main grid. Figure 5.9 shows schematic diagram of the

synchronisation relay block diagram.

The first selector switch and two-state switch (ON, OFF) form the synchronisation
switch. The output of the selector switch component will be either the signal
connected to A, or the signal connected to B, depending on the value of Ctrl. The
Ctrl is changed by the two state switch (ON, OFF), if the switch is ON the Ctrl=1

then the output will be the signal connected to A which is logic true (1). This signal

111



will be one of the inputs to the logic gate AND, and also goes to the synchronisation
compensators to activate them. On other hand if Ctrl=0 then the output will be the
signal connected to B which is logic false (0). This synchronisation switch is
switched ON by the distribution network operator (DNO) to start the synchronisation
procedure (ON=1, OFF=0).

V- SSN

Ph | Range
ase
Difference quﬁ comparator

Vg [ Subsea-CB control
Fo /7NN —1, — | e ____._.
IX1 A m 1 From loss-of Tothe
. Compar- Inains protection  storage
Fss FerrorB,_ ‘ ] L controller
A —>
Ctrl=0
Vrms-g |—
H@i m P el
V-error B:{cgpear ctl
Vrms-ssn
CE >4 ot -
-——— LL»

To Subsea-CB
Cirl To the L e e e e e e e e e ]
’db) Synchronisation

compensators

Syncﬁronising switch

Figure 5.9: Synchronisation relay.

The voltage waveforms of the SSEG networks and the grid are the inputs of the
phase difference component as shown in the upper part of Figure 5.9. The phase
difference component determines the phase angle difference (Pheyor) between the
voltages of the SSEG networks and the grid. The phase angle difference is positive
if the SSEG networks side’s voltage leads the grid voltage otherwise it is negative.
The phase angle difference (Ph ¢nor) is the input to the range comparator. The range
comparator determines which of three ranges the input signal belongs to, and then
outputs a value corresponding to that region. The regions are defined by a lower
input limit Ph ,,,,,<0 and an upper input limit Ph .., >0. The first region is composed

of values below the lower limit (the SSEG networks side’s voltage lags the grid
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voltage); the second region is Ph .,,,, = zero which is between the two limits (normal
operation); and the third region is composed of values above the upper limit (the
SSEG networks side’s voltage leads the grid voltage). The output of the range
comparator is logic true (1) for Ph ., = 0 and logic false (0) for Ph .., <O or Ph .,

> 0.

The first difference junction subtracts the filtered measured frequency of the SSEG
networks from the filtered measured frequency of the grid, the difference will be the

frequency error f,.,- Which is given by the equation below:

ferror = fg - fSSN [Hz] (5.5)

f ¢ 1s the measured grid frequency [Hz], f ssv is the measured SSEG networks

frequency [Hz].

The upper two input comparator component will output logic true (1) if the

frequency error |f£,,,,|>0.002 otherwise the output is logic false (0).

The second difference junction subtracts the RMS value of the measured voltage of
the SSEG networks side from the RMS value of the measured voltage of the grid.
The difference will be the voltage V., which is given by the equation (5.6).

V

error

= Vrms g

Vimsssn [kV] (5.6)

Where: V, is RMS measured grid voltage [kV] and, V, is the RMS measured SSEG

networks voltage [kV].

The output of the lower two input comparator component will be logic true (1) if the

voltage error |V,

error

|>0.01 otherwise the output is logic false (0).

The output of the AND gate is logic true (1) if all synchronisation conditions are
satisfied, otherwise the output is logic false (0). The OR gate holds the output

constant (logic false (0)) until the input signal is changed to logic true (1), then the
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new output will be logic true (1). The function of the inverter is to invert the output
of the relay, because the signal (0) here means close the circuit breaker. The function
of the second selector is to change the source of the command signals that go to the
subsea cable circuit breaker and the central energy storage device. If the
synchronisation switch is ON the output signal will be the signal from the
synchronisation relay, otherwise the output will be from the loss-of-mains protection

or from the control panel by the distribution network operator (DNO).

5.5.2.2 Central Energy Storage Device Controller (CESC)

The control schemes of the storage device are PQ control or Frequency/Voltage
control. The storage device provides voltage and frequency control of the SSEG
networks when the SSEG networks are operated in islanded mode. During the grid-
connected mode the control technique of the energy storage device is PQ control.
When the main circuit breaker opens to isolate the SSEG networks from the utility
grid, the system must immediately keep the balance between load and generation
using the storage devices or by the load-shedding technique to continue supplying
power to all critical loads within the SSEG networks adequately. In this case the
storage device controller receives a signal from the main controller to switch from

PQ control mode to voltage and frequency control modes.

A. PQ Control for Central Storage Device

The PQ concept was obtained from the active and reactive power equations (4.3),
(4.4). The control of the active power is realised by controlling the load angle d;; and

reactive power is controlled by controlling the voltage magnitude V.

i. Active power controller for Central Storage Device

As shown in Figure 5.10, during grid—connected mode the central controller sends a
signal to deactivate the two PI controllers. Thus only the first PI is activated, which
would suffice to control the flow of active power by generating the proper values for

Oy as described in the following equations:
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1
8. (9)=K {1 +ﬂ}EP (s) (5.7)

istd
Where EP (S) = lPst—ref (S) - Pst—meas (S)J (58)

K ., : proportional gain of storage device PI controller,

K psip

7, - integral time constant of PI controller (7 where K,  is the integral

istp =
istp

gain.

In this study during the grid—connected mode, the output active power of the storage
device is kept zero. In islanded mode the active power reference value is received

from the frequency controller. This will be discussed later in this chapter.

From Subsea-CB  Active nower controller
CB closed=0

CB opened =1

Freauencv controller

F-ref — ‘

P=0

From the voltage angle
synchronising compensator

Figure 5.10: Active power and frequency controllers for central energy storage
device.

ii. Reactive power controller for Central Storage Device

The first PI controller in Figure 5.11 controls the reactive power injected or
absorbed by the central storage device. During the grid-connected mode the
controller maintains the output reactive power of the storage device at zero level.
However during islanded mode the controller controls the flow of the reactive power

according to the reference reactive power value issued by the voltage controller.
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Controlling the reactive power is performed by generating the proper values for Vy

as described in the following equations:

1
V,(s)=Kpy, {1+ — }EQ (s) 5.9

1%
Where EQ—st (S) = let—ref (S) - Qst—meas (S)J (5 10)

K, : Proportional gain of PI controller.

. K . : .
z,, : Integral time constant of PI controller (z;,, =—X- where K, is the integral gain).
iv
Q ;1o meas - Storage device measured reactive power.

CB closed=0
Subsea-CB  cBopened=1 Reactive power controller
i - V
’ ——»
Q-re
0-meas
Voltaae controller ﬂ Q-max
vt ’ P ) 7‘ ;
-ref \

Vrms-SSN Q-min

From the voltage magnitude
synchronising compensator

Figure 5.11: Reactive power and voltage controllers for the central energy storage
device.

B. Frequency /Voltage Control using Central Storage Device

The voltage and frequency control concept was obtained from the active and reactive
power equations (4.3), (4.4). Control of the frequency is realised by controlling the
active power P, the control of the voltage is enabled by controlling the reactive
power Q. At the instant of detection of the islanded operation by loss-of-mains

protection, the central controller sends three signals at the same time, one signal to
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open the circuit breaker and the other two signals to change the operation of the

storage device from PQ control mode to frequency and voltage control mode.

i. Frequency Controller

The objective of the frequency controller is to restore the frequency to its normal
value. This is accomplished by increasing or decreasing the required active power
from the storage device to maintain the system frequency at a constant value. Figure
5.12 shows the characteristics of the frequency controller of the storage device,
which during islanded mode adjusts the output of the storage device (within its
capacity) to restore the frequency of the system to normal (e.g. SOHz). The system
frequency is measured from a phase locked-loop (PLL), which operates based on the
three-phase terminal voltage (the description of the PLL is provided in Appendix G).
The implementation of frequency control is shown in Figure 5.10. When islanded
operation is detected by the loss-of-mains protection, the controller receives a signal
from the central controller to activate the frequency controller (second PI controller).
The PI controller compares the system frequency with a reference value (50 Hz) and
restores the frequency of the SSEG networks near the set value, by generating the
proper value of active power. This value of active power becomes the input reference
value of the active power controller. The frequency controller is described in the

following equations:

P”,f(s) :K[?f|:1+
iA

1S}.Ef(s) (5.11)

Where E(5)=|f (9) = Frneas (5)] (5.12)

Where f,; and f,., are reference frequency and the measured SSEG networks

frequency respectively.K ,, is the proportional gain of the PI controller, 7, is integral

time constant of the PI controller that equals —2- where K is the integral gain.
if

117



W
(=]

Prax (IMW)

Frequency (Hz)

(=)

Active power

Figure 5.12: Frequency controller characteristic

ii. Voltage Controller

As shown in Figure 5.13 the voltage control increases or decreases the required
reactive power from the storage device to maintain a constant voltage when the
voltage of the SSEG networks is changed. Thus, the voltage of the SSEG networks is
fixed at a desired value (e.g. 1.0 p.u). The implementation of the voltage control is
shown in Figure 5.11. When islanded operation is detected by the loss-of-mains
protection, the controller receives a signal from the central controller to activate the
voltage controller (the second PI controller). The second PI controller compares the
bus voltage at the point of connection with a reference value (e.g. 1.0 p.u) and
restores the voltage at this point near the set value by generating the proper value of
reactive power (inject or absorb). This value of reactive power becomes the input
reference value of the Q controller of the storage device. The voltage controller of

the storage device is described in the following equations:

Qref (s):KpV|:1+ 1S:|EV (S) (513)

Where Ey () =V, (5) =V, (5)] (5.14)

Where V,ef and V. are reference voltage and the RMS SSEG networks terminal

voltage respectively.K ,, is the proportional gain of the PI controller,z;, is the

K,

integral time constant of the PI controller that equals where K, is the integral

iv

gain.
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Figure 5.13: Voltage controller characteristic

5.5.2.3 SSEG Network Central Controller (EGCC)

The main interface between the central controller of the whole SSEG networks and
each individual SSEG network is the SSEG network Central Controller (EGCC). The
EGCC is the main component responsible for the optimisation of the SSEG network
operation. Also the output power set points of the SSEGs are determined by the
EGCC or by the owners. The problem is approached in this way because the
assumption in this work is that each LV SSEG network is considered as a single bus
with an equivalent generator (sum of all SSEGs) and an equivalent load (sum of all
LV loads) connected to an 11kV bus. Thus the SSEG controller concept will
transpose to EGCC.

Most of the SSEGs technologies that use renewable energy sources are often non-
dispatchable units (photovoltaic and small wind turbine), for example a small-scale
wind turbine is normally operated to extract the maximum possible power from the
wind. Thus, its output power varies according to the wind conditions. Also
photovoltaic panels depend on the weather conditions. Moreover the micro combined
heat and power (WCHP) produces electrical power depending on the heat demand.
Therefore the control strategy based upon maximum point of tracking (MPPT) is
used to deliver the maximum power to the system. In this work active power and
voltage regulation through voltage-phase angle droop strategies are used. This uses

pre-specified reference values for real power and phase angle (limit ®=%18.2).
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A. Active Power Control for SSEG networks

Every SSEG network produces constant output active power during grid-connected
and islanded modes. During grid-connected mode if the load increases in the system
the extra power comes from the main grid. When the SSEG networks are islanded,
the energy storage device compensates this difference between generation and
demand. If energy storage is unable to match this demand then load shedding is

implemented.

The active power controller described in section 4.5.2 is used to control the active
power output from the SSEG networks, based on pre-specified set points (Prr). The
(Pref) value can be set by the central controller or locally calculated according to a

pre-specified power profile to optimise active power export from the SSEG network.

B. Voltage Control for SSEG networks

To maintain the voltage between acceptable limits, the SSEG network will adjust the
reactive power in the network: it will inject reactive power if the voltage falls below
the nominal value (for example the nominal value, 11kV) and will absorb reactive
power if the voltage rises above its nominal value. This goal is achieved by using the

voltage/phase angle droop control technique (described in section 4.6.1).

5.5.3 The Algorithm of the Controller to Smooth Transfer between Grid
Connected and Islanded Mode

The sequence of control from a grid connected operation to islanded mode and then
again back to grid connected is given in Figure 5.14. To summarise the operational
principle of the proposed control system, the final block diagram representation of

the proposed controller is shown in Figure 5.15.

5.5.3.1 Control of SSEG Networks in the Grid Connected Mode

In grid-connected mode, the SSEG networks supply pre-specified power to minimise

power import from the grid, and each SSEG is controlled to represent a PV-bus. The
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central storage device is controlled to represent a PQ-bus. Thus, the main grid is

expected to accommodate the difference in real/reactive power supply and demand

within the SSEG networks. In this mode, the voltage and frequency are established

by the grid.
Grid connected | Islanded mode : Reconnected
I | | o
L | | |
| . | | . t
t1 2 3 t4 t5 o
Fault in LOSMD  Main grid Synchronizing Synchronizing
Main grid signal avaliable Procedure starts  relay signal to
Main grid close CB

lost

Figure 5.14: Control system time sequence.

5.5.3.2 Control of SSEG Networks to Transition from Grid-Connected to Islanding

Mode of Operation

When an abnormal condition occurs in the main grid and the main generation is lost.

The tasks of the control system are:

1. The loss-of-mains protection has to detect this event and send a signal to the

circuit breaker between the SSEG networks and the main grid to disconnect the

SSEG networks from the main grid [the SSEG networks are in islanded mode].

According to this condition df/dt< -0.125 Hz/s.

2. The control of the energy storage device shifts to islanded mode of operation

(voltage and frequency control).

3. In this mode, the central energy storage device forms the grid by establishing its

voltage and frequency; otherwise, the SSEG networks will collapse. Both voltage

and frequency should be regulated within acceptable limits. If the frequency has

dropped to excessively low levels, loads may be shed to hasten its recovery

towards the nominal value.
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4. Balance between supply and demand, if the SSEG networks are exporting or
importing power to the grid before disconnection, then the control system takes

actions to balance generation and consumption in island mode.

5. The SSEG networks control strategy is same as during grid connected mode

(active power /voltage regulation through voltage-phase angle droop strategies).

4% SSEG networks in grid mode
v

Calculate ROCOF

df/dt<threshold value

YES
v

Send trip signal to the main CB between SSEG networks and the main network

v
SSEG networks are operated in islanded mode, the control scheme of SSEG is
still PV control within (PF 0.95 lag-0.95 leading) .

v

Change the control scheme of storage device from PQ Control to VF (V=1.00
pu, F=50 Hz) .

(Verid=1.00 pu
Fgrid=50 Hz )&
[DNO command]

Stay in islanded

NO—»
mode

YES
v

Synchronizing Procedure
Change the reference values of frequency and voltage to
( Vref= Vgrid, Fref=Fgrid) <
compensate the difference between the phase angle of the two voltages on
both ends of CB.

!

Activate the synchronization
relay

NO

Synchronization
onditions are satisfie

} Close the CB

Figure 5.15: Flow diagram of overall control system.
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5.5.3.3 Control of SSEG Networks to Transition from Islanding to Grid-Connected
Mode of Operation

Finally, once service has been restored to the utility grid after an event has caused
separation of the SSEG networks from the utility grid, the SSEG networks must be
reconnected to the grid. In this case the controller matches the voltage sine wave of
the SSEG networks with the voltage sine wave of the main grid at the point of
connection and issues the command to close the breaker tying them together.

Sequence of actions during reconnection of SSEG networks:

1. When the MV network becomes available, check if the voltage and frequency are
within acceptable limits, if yes close the synchronising switch (it is done

automatically or by DNO) and go to the grid-connected mode.
2. Activate synchronisation compensators

3. Synchronisation conditions (phase sequence, frequency and voltage differences)

should be verified to avoid large transient currents during reconnection.

4. If the synchronisation conditions are satisfied go to step 5 to close the circuit

breaker otherwise wait until the conditions are satisfied.
5. Send signal to close the circuit breaker to reconnect the SSEG networks
6. Deactivate synchronisation compensators

7. Go to the grid-connected mode

5.6  Simulation Results

The performance of the proposed controller of the multiple SSEG networks
connected to a 33 kV distribution power network through a subsea cable has been
tested using PSCAD. This section introduces the results which display the operation
of the controller under various operating conditions. The main quantities will be

presented and an analysis of the results will be made.
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5.6.1 Performance of SSEG Networks in Grid-Connected Mode

The test verifies the active power and voltage regulation control strategies of the
SSEG networks when the system operates in grid-connected mode. First assume that
the SSEG networks operate in grid-connected mode in steady state operation when
there are no faults in the network (time 0-10 sec). Figure 5.16, Figure 5.17 and
Figure 5.18 illustrate the performance of the overall system control, SSEG networks
and central storage devices controllers. Each SSEG network central controller
(EGCC) regulates the bus voltage of the SSEG network within standard limits and
maintains constant real power output from each SSEG. Figure 5.16(a) shows that
during grid-connected mode the SSEG networks import power from the main grid to
accommodate the difference in real power demand within the SSEG networks. Also
as shown in Figure 5.17, during grid-connected mode there is no participation from
the storage device in the active and reactive power flow of the system. At the same
time, Figure 5.16(b) shows that the SSEG networks inject reactive power to the
system providing voltage support. Also Figure 5.18 (a), (b), (c), (d) and (e) show that
the terminal voltage of every SSEG network bus is regulated by the SSEG network
itself due to the phase angel/voltage droop control. Figure 5.18(f) shows the voltage
of the SSEG networks and the grid at the two ends of the PCC circuit breaker, which

are sinusoidal waveforms and synchronised.

s . T 5 S—
mh-- H ] T
R S;‘é@ o S 4. —— Grid |
= : ”E“’_"’Dr : g S5EG networks |
a E .................. P - o - -
z : z L .
=3 4i ....................... Fod 2 :
R R S ] @ e b .
o ik: S e e ook —— [N
< === g | —

0 10 20 30 40 &0 70 10 . 3 40 &0

Time (sec) Time (sec)
(a) (b)

Figure 5.16: Power output from the SSEG networks and the power flow between
SSEG networks and the grid: (a) active power and (b) reactive power
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Figure 5.18: (a), (b), (c),(d) and (e) RMS per unit of three phase terminal voltage of
SSEG networks (f) Grid and SSEG networks voltages waveform (kV) during grid

mode phase a.
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5.6.2 Performance of the SSEG Networks during Transition from Grid-
Connected to Islanded Mode

The test verifies the frequency and voltage control strategies of the SSEG networks
when the system operates in islanded mode. A set of simulation scenarios were
performed in order to evaluate the dynamic behaviour of the SSEG networks during
islanded mode. The evaluation includes disconnection from the upstream MV
network (33kV) and load-following in islanded operation. Several scenarios were
simulated. At the occurrence of a fault, the protection equipment disconnects the
SSEG networks as a protective measure. In this case the assumption is that the fault
in the main grid caused a loss-of-mains condition. This event was detected by the
loss-of-mains protection algorithm which is part of the control system of the SSEG
networks. Under this condition as shown in Figure 5.19 the loss-of-mains protection
sends a signal to the circuit breaker in the subsea cable between the SSEG networks
and the grid to open the circuit as well as a signal to the central storage device
controller to change the operation mode from grid-connected mode to islanded mode
(from PQ control to V/F control). The operation of the SSEG networks seamlessly
shifts from grid connected to island mode. The following figures show simulation
results when the SSEG networks were operated in islanded mode (time 10-20sec).
Figure 5.16 (time 10-20sec) shows the constant active power output and the change
in reactive power output (for local voltage control) of the SSEG networks when they
transit from grid-connected to islanded mode. Figure 5.17 (time 10-20sec) shows
simulation results with the voltage and frequency regulation control technique
operating in response to an abrupt change in load when the SSEG networks were
operated in islanded mode. The storage device injects active and reactive power to
maintain the terminal voltage and the SSEG networks frequency within acceptable
limits. Furthermore, the waveforms showing the load terminal voltage and the circuit
breaker currents during transfer from grid-connection to islanded mode are illustrated
in Figure 5.20. It is observed that no current passes through the circuit breaker
between the SSEG networks and the main grid. However, the controller regulates
voltage in all three phases and makes the transfer from grid-connection to island

mode a seamless one.
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Figure 5.19: (a) Control signals from LOMCD and (b) State of the circuit breaker.
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Figure 5.20: (a) The circuit breaker currents and (b) The voltage at two ends of the
circuit breaker during transfer from grid-connection to islanded mode (phase A).

5.6.3 Performance of the SSEG Networks during Transition from
Islanded to Grid-Connected Mode of Operation

This test was held to investigate the synchronisation processes between the grid and
the SSEG networks. At the start of the test the SSEG networks were disconnected
from the main grid (islanded mode). The regulating process during which the voltage
of SSEG networks is synchronised with the utility grid’s voltage is observed in the
following figures. Before transfer from islanded mode to grid-connection, the grid
voltage is inspected and verified to be within the acceptable limits as shown in
Figure 5.21. Then, the controller allows the SSEG networks voltage to synchronise
with the grid voltage at the ends of circuit breaker (refer to Figure 5.22), the
synchronising switch starts the synchronising procedure and sends a signal to
activate the two synchronisation compensators at 20sec. The synchronisation is done

by means of aligning the three-phase space vectors of the two voltages. The
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synchronisation relay checks whether the voltages on both ends of the circuit breaker
are locked in magnitude and phase angle before making the decision to send a signal
to close the circuit breaker. Once the magnitude and phase angle of the terminal

voltage are locked with that of the grid network, a signal is given to the circuit

breaker.
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Figure 5.21: Grid and SSEG networks voltages waveform (kV) during islanded mode
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Figure 5.22: Control signals for (CB and synchronising switch).

The waveforms showing the synchronisation to the grid and transfer from islanded
mode to grid-connection at both ends of the circuit breaker when the synchronisation
algorithms start functioning in the islanded mode are illustrated in Figure 5.23. It was
observed that there is a difference in voltage magnitudes and angles of the SSEG
networks system and the grid network during islanded mode. It can be seen that the
proposed controller successfully forces the voltage at the SSEG networks end to
track that of the main grid end without any power oscillation between the SSEG
networks. In the first 300ms the difference in phase and magnitude between the
SSEG networks and grid voltages is gradually decreasing, until synchronisation

conditions are fulfilled (at about 21.44 s as shown in Figure 5.22 the controller closes
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the circuit breaker). Subsequently, the system operates at a single voltage and

frequency.
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Figure 5.23: Grid and SSEG networks voltages waveform (kV) during islanded mode
and during synchronisation.
Figure 5.24 shows how the RMS values of the SSEG networks and grid voltages are
synchronised before the circuit breaker is closed. Figure 5.25 shows the frequency
synchronisation, the different frequencies are observed during the islanded mode.
After the alignment of the voltages, the frequencies are synchronised. It can be seen
in Figure 5.26 that at the start of the test the phase angle values of the voltages of the
main grid and the SSEG networks were different. However before the circuit breaker
is closed as clearly seen in the results the phase shift and rms voltage values of the
grid voltage match the SSEG networks voltage before the circuit breaker is closed.

After 21.44sec the network was connected to the SSEG network.
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Figure 5.24: RMS voltage of grid and SSEG networks at point of connection (Phase
A)
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Figure 5.26: Voltage angle of the grid and SSEG networks voltages: (a) for phase A
(b) Phase angle difference between grid and SSEG networks voltages for three

phases.

Figure 5.27 illustrates the corresponding real and reactive power outputs of the

storage device during the process of reconnection of the SSEG networks between 20-

21.44 sec. This figure shows an increase in both real and reactive power outputs,

which are expected due to the higher SSEG networks output voltages during

synchronisation.
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Figure 5.27: Output power of storage device before, during and after reconnection.
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At approximately 21.44sec, the SSEG networks are synchronised to the grid and its
frequency and voltage become equal to the values of the network (f=50Hz,
V =33kV) as shown in Figure 5.28 (a). At the end of the synchronisation process the
steady-state current from the main grid began feeding the SSEG networks as shown
in Figure 5.28(b). The system returns to its initial operating state also as shown in
Figure 5.18(a), (b), (c), (d) and (e) after reconnection (after 21.44sec) of the SSEG
networks. There is no a step change in the SSEG networks terminal voltages as can

be observed based on the nominal value of 33kV.
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Figure 5.28: The circuit breaker currents and the voltages at two ends after the SSEG
networks are reconnected (phase A).

Figure 5.29 shows the simulation results of the time sequence of the control system

during grid connected mode, islanded mode and reconnection of the SSEG networks

to the main grid.
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Figure 5.29: Control system time sequence from simulation results.

5.7 Review of Energy Storage Technologies

In this work, the SSEG networks in islanded mode require an energy storage device
to balance the load and the generation. The storage device plays the role of the main
grid to permit stable operation of SSEG networks by controlling the voltage and
frequency of the system. This storage device is installed in the substation where the
SSEG networks are connected to the main grid (bus 321). Thus the storage device
should be chosen properly to meet the requirements of the operation of the SSEG
networks in islanded mode. Then the capacity of the storage device has to be
sufficient to compensate the difference between the demand and the generation. This
is in addition to supporting an islanded mode of operation for an extended period of

time.

5.7.1 Energy Storage Device Options

There are a variety of energy storage device options. They can be divided into two
different categories depending on their application [115]. The first being short-term
response energy storage devices that can be used for a few seconds or minutes to aid
power systems during transient events such as line switching, load changes and fault
clearance [115]. Their application prevents the collapse of the power system due to
loss of synchronism or voltage instability, improving its reliability and power quality.

The main short-term energy storage devices are: flywheels, super capacitors [39] and
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ultra-capacitors [40, 41]. The second group is long-term response energy storage
devices that can absorb and supply electrical energy for several hours. They can
contribute in the energy management and frequency regulation of the power system
[115]. Long-term response energy storage technologies are already available and in
use today such as pumped hydro, redox flow batteries, compressed air and hydrogen
fuel cells [116]. Long-term response energy storage devices are more suited to the
application discussed in this chapter (SSEG networks during islanded mode of
operation) due to their time response. Thus a suitable device has to be considered in

this study among the others.

5.7.2 Available Long-Term Response Energy Storage Technologies

A brief description of these main devices is presented in this subsection except for
fuel cells which has already been described in chapter 2. A summary of the main

long-term response energy storage devices’ characteristics is presented in Table 5.1.

5.7.1.1 Pumped- hydro

The operation principle of pumped-hydro units is the same as the operation principle
of hydro-electric power plant. However during off peak hours the surplus water is
pumped from a lower reservoir to a higher level reservoir by an electrical motor.
Then during the times of high electrical demand the water is released from the higher
reservoir to turn a turbine and rotate the motor to work as a generator to produce

electrical energy [115, 116].

5.7.1.2 Compressed air

The operation principle of the compressed air energy storage is that during the off-
peak hours the power is taken from the grid and used to pump and compress air into
a sealed underground cavern to a high pressure. This compressed air is kept
underground for use when it is needed during peak periods to drive turbines to

generate electrical energy as the air in the cavern is released [115].
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5.7.1.3 Redox Flow Battery

Redox flow battery (RFB) is a storage device that converts electrical energy into
chemical potential energy by charging two liquid electrolyte solutions and
subsequently releasing the stored energy on discharge [116]. The name redox flow
battery is based on the redox reaction between the two electrolytes in the system

[115].

Compared with other energy storage devices, the redox flow battery (RFB) has a
number of advantages which makes its integration with SSEG networks very
attractive. The RFB system has a high speed response and is not aged by frequent
charging and discharging. The battery efficiency increases when the
charging/discharging period becomes shorter unlike the classical batteries [117]. An
RFB system is environmental friendly, it operates at ambient temperature, has a short
duration overload capacity and a long service life [117]. The size and location of
pumped hydro and compressed air depend on geological formations to provide
adequate storage. Therefore the RFB technology is more suitable as energy storage

for an SSEG network application as the storage units are more portable.

Table 5.1: Comparison of Long-term Response Energy Storage Technologies

[115,116].

Technology
Characteristics Pumped Redox Flow | Compressed | Hydrogen
Hydro Batteries Air Fuel Cell
Power (MW) 30-300 <100 100-3000 <50
Energy (MWh) <10000 <500 50-5000
Charge-Discharge
Efficiency 80% 60-90% 75% 20-40%
Life-Time (cycles) 40 years 2-12 years 30 years 12 years
Price (€/kW) 35-70 65-100 10-70
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5.8  Summary

Much research has been carried out regarding the operation and control of small, low
voltage networks. However the crucial difference between the research presented in
this chapter and that which has been carried out previously, is the focus here on
multiple small networks connected to MV voltage. This chapter proposed a control
system for use with a system consisting of multiple SSEG networks connected to a
33kV distribution network. The proposed control system contains a central
controller, local controller for every individual SSEG network and a controller of
central energy storage devices. The proposed controller controls power flow in the
grid-connected mode of operation, enables voltage and frequency control when the
SSEG networks are islanded, and resynchronises the SSEG networks with the utility
before reconnecting them. This control system can respond fast, allowing the
controlled SSEG networks to transition smoothly between the grid-connected and
islanded modes. In addition the central controller incorporates a loss-of-mains
algorithm and synchronising algorithm. The function of the loss-of-mains algorithm
is to detect the loss of mains conditions and isolate the SSEG networks from the
system by sending a signal to the circuit breaker when the main generation is lost.
The function of the synchronising algorithm is to compensate the difference in
magnitude and angle of the SSEG networks and grid voltages and verifies the
synchronisation conditions. Once the conditions are satisfied it sends a signal to the
circuit breaker to reconnect the SSEG networks. Including the loss-of-mains
algorithm and the synchronising algorithm in the controller made the difference from
the controllers used in the literature review for a single small network. The
performance of the proposed controller has been tested in simulations using PSCAD.

The main goals of the proposed control system were achieved.
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CHAPTER 6

Fault Ride-Through of Systems with High Penetration
of Small-Scale Embedded Generation

6.1 Introduction
The fault-ride-through capability of SSEGs is the ability of the system with high

penetration of SSEGs to maintain uninterrupted operation during and after grid
faults. There are two meaning of fault ride-through. The first one is for short circuit
faults of up to 140ms in duration. In this case, each generating unit shall remain
transiently stable and connected to the system without tripping for a close-up solid
three-phase short circuit fault or any unbalanced short circuit fault on the GB
transmission system operating at supergrid voltages. The second meaning is for
voltage dips greater than 140ms in duration. In this case, each generating unit
remains transiently stable and connected to the system without tripping of any
generating unit for balanced supergrid voltage dips[4]. This chapter proposes a fault
ride-through technique that prevents the flow of large fault currents and maintains
the terminal voltages of networks with SSEGs during voltage sags or network
disturbances within appropriate limits. This technique employs a unified series-shunt
compensator (USSC) connected between networks with SSEGs and the utility grid.
This technique has been chosen as an alternative to other similar solutions described
in the literature review such as DVR, DSTATCOM and FCL. The problem facing the
application of DVR, DSTATCOM and FCL in networks with SSEGs is that these
networks use a combination of different generation technologies (e.g. induction
machines, synchronous machines and converter—connected generators) which have
different transient performance. Thus the solution has to compensate the voltage sag,
limit the fault current, mitigate the voltage unbalance and control the power flow,
preventing the induction generator absorbing excessive reactive power from the
system and reaching over-speed and balance the electrical power with the mechanical
power of the synchronous generator, to avoid the pole slipping of the synchronous
generator. It must also keep the fault current within the limit of the semiconductors

devices capabilities of converter-connected generation. All of these requirements
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cannot be provided by individual devices such as DVR, DSTATCOM or FCL but
can be provided by the USSC as demonstrated in this chapter.

The USSC consists of a shunt converter and series converter connected together at
the DC link side. The series-connected converter injects a voltage in series with the
line between the SSEG networks and the main grid, thereby controlling the power
flow between the grid and these networks. The shunt-connected converter also
injects a reactive current, thereby controlling the voltage at the point of connection.
Operating both series and shunt-connected converters together as a USSC, the series
injected voltage can be at any angle with respect to the SSEG networks terminal
voltage and the RMS value of the voltage magnitude would be less than 1pu. In
addition the rating of the series converter is small compared to the converter used in
the DVR [118]. The effectiveness of the USSC to enhance fault ride-through of
SSEG networks is illustrated based on studies conducted in PSCAD/EMTDC.

6.2 Small-Scale Embedded Networks with the Proposed USSC based
scheme

The aim of the study is to demonstrate by means of simulation results how the USSC
can be a solution for a larger and better integration of SSEGs in the distribution
network. The network used to evaluate the performance of the USSC is shown in
Figure 6.1 (described in chapter 3). Five SSEG networks were connected to this
network through a sub-sea cable at buses 1111, 1112, 1113, 1114 and 1115. Table
6.1 describes the rating and technology type of every SSEG networks.

The main function of a USSC is the protection of SSEG networks from voltage sags
due to faults in the main grid. Therefore as shown in Figure 6.1, the USSC is located
on the subsea cable between the SSEG networks and the main grid. If a fault occurs
on the main grid, the USSC inserts a series voltage V¢ and recovers the SSEG
networks voltage to the pre-fault value. The three injected phase voltages are
controlled such as to eliminate the effects of grid faults to the SSEG networks

voltage.
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Figure 6.1: Network with multiple SSEG networks used in the analysis.

6.3 Operation Principle of the USSC

The basic components of the USSC are two voltage source converters (VSls) sharing
a common dc link, and connected to the power system through coupling

transformers. One VSI is connected in shunt to the distribution system via a shunt
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transformer, while the other VSI is connected in series through a series transformer.
A basic USSC electrical diagram is shown in Figure 6.2. [119-121]. The USSC is
almost similar to the UPFC, but the only differences are that the UPFC converters are
in a shunt-series connection from the main grid side and it is used in transmission
systems whereas the USSC converters are in shunt—series connection from the SSEG
networks side and it is used in distribution systems between SSEGs and the main

grid [122].

Table 6.1: Small scale distribution networks data.

SSEG network | Bus no Technology Rating in (MW)
1 1111 Converter connected (PV) 0.55 MW
2 1112 Converter connected (PV) 0.04 MW
3 1113 Converter connected (FC) 2 MW
4 1114 Synchronous generator (Reciprocating 2.7 MW
engine)
5 1115 Squirrel cage induction generator (small | 2.85 MW
scale wind turbine)

321 L A
-
To the SSEG networks | To the main grid
Shunt
inverter ﬁ i} Series
inverter
+] - N _
DC Link
1T

Figure 6.2: Basic Electrical diagram of USSC [119-121].

The operation principle of the USSC is that the shunt converter operates as a static
synchronous compensator (STATCOM) to control the AC voltage at its terminal,

while the series converter operates as a power flow controller to control the power
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flow between the main grid and SSEG networks during steady state. Under fault
conditions, the series converter injects a series voltage to balance the voltage
difference between the grid and the shunt converter to avoid high fault currents
flowing from the SSEGs. Thus the control system of the USSC can be divided into
two parts, namely a shunt converter controller and a series converter controller,
which control the shunt current and the voltage injected in series respectively. The
two voltage source converters of the USSC, connected through a DC link can be
modelled as two ideal voltage sources, one connected in series and the other in shunt
between the two buses [123]. In this work the controlled voltage sources used
simplify the model of the PWM converters. The two ideal voltage sources of the

USSC can be mathematically represented as:

V., (cos8, + jsind,) (6.1)

vYL’ =
v, =V, (cos8, + jsiné,) [96] (6.2)

The output of the series voltage source V. and 65 and the shunt voltage source is Vg

and O, are controllable in magnitude and angle.

6.3.1 Shunt Converter Control

The shunt converter works as a STATCOM, which compensates the reactive power
needed by the system in order to keep the voltage at the point of connection of SSEG
networks to the main grid at 1pu. Therefore the controller of the shunt converter is
used to operate the voltage source converter in such a way that the voltage magnitude
of the converter terminal is adjusted so that the shunt converter generates or absorbs
reactive power at the point of connection to the SSEG networks. This controller
consists of an active power control part and a reactive power control part. The

reference signals Q,, . and P, . can control the amplitude V|, and phase angle

6, of the output voltage, respectively.

The reactive power control part can be controlled in two different modes:
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* VAR Control Mode: The reference reactive power Q,, . is an inductive or

capacitive VAR request. The shunt converter control adjusts the converter

terminal voltage to establish the desired reactive power.

= Automatic Voltage Control Mode: The shunt converter reactive current is
automatically regulated to maintain the SSEG networks voltage at the point

of connection to a reference value [124,125].

The active power control part supplies the active power that the series converter
requires and compensates the losses of the shunt converter so that the DC link
voltage Vpc remains constant. Figure 6.3 shows the overall control system of the
shunt converter implemented in PSCAD/EMTDC. This consists of two parts; the AC

voltage controller and the active power controller.

: T .. |

- Vmg-meas I 4

e S — Si

= Vsha
PLL | wt
el | 3
I . 5 Vshb
v3

. - 3
! P !
. N . b
! Active power controller | Sin V
| J 2_7[ she
PSP 3

Figure 6.3: Block diagram representation of the overall controller of the shunt
converter.
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6.3.1.1 Basic Structure of Shunt Converter - the AC Voltage Controller

In this work, the shunt converter operates in automatic voltage control mode. The
shunt converter simply generates or absorbs reactive power to maintain the SSEG
networks voltage at the point of connection at 1pu. The upper dashed frame of
Figure 6.3 illustrates the control design of the AC voltage controller of the shunt
converter. In this controller the measured three-phase voltages of the SSEG networks
connection point are compared with a reference voltage. A voltage error is fed to the
proportional integral (PI) control block. The output of the PI controller is the proper

value of voltage magnitude of the shunt converter (V,, ), which gives a value either

higher or lower than the voltage at point of connection which results in the
absorption or injection of reactive power.

The transfer function of the PI controller is:

1
V,(s)=K,, {1 +n}Ew () (6.3)

iv
Egyy ($)= lVSNA—ref (8) =V (S)J (6.4)
Where VSN—ref and Vy are the reference voltage and the RMS SSEG networks

voltage respectively. K, is the proportional gain of PI controller, 7,, is the integral

pvV

time constant of PI controller that equals where K, is the integral gain.

iV

6.3.1.2 Basic Structure of the Shunt Converter - Active Power Controller

The USSC’s energy storing capacity is generally small therefore, the active power
supplied to the shunt converter P, should be equal to the active power demanded by
the series converter P, at the DC link [122]. Thus the DC link voltage can be

obtained from the power flow mismatch and the following equality constraint has to

be guaranteed [122].

P, +P

sh

=0 [125] (6.5)
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The power flow equation at node (321) where the shunt converter is connected gives:

— Py +P,, =0 (6.6)

se

P

sh

P

bse

=P, -P, (6.7)

The power flow equation before and after the series converter is:

Pse = Pbse - Pg (68)
Fpoe =P, + P, (6.9)

Combining equation (6.7) and equation (6.9):
Pse +Psh =PSN -P (610)

8
The two converters are assumed lossless in this voltage sources model. This implies
that there is no absorption or generation of active power by the two converters for
their losses. According to equation (6.10), during steady state operation, the
summation of active power absorbed or generated by the shunt and series converter
from the system is equal to the difference in active power between the SSEG
networks and the utility grid at bus 321. Another assumption is that during the
disturbance, if the SSEG networks supply or absorb the power to or from the grid,
the differences in demand and generation during the disturbance are accommodated
by the storage devices available in each individual SSEG network or at the DC side
of the SSEGs to maintain a stable operation of the SSEG networks. The advantages
of these assumptions allow the series converter to control the active and reactive
power flow between the SSEG networks and the grid without any predefined

reference values for active and reactive power.

During the disturbance, the above condition must be satisfied even if there is no

active power flow between the SSEG networks and the grid ( P, =0). Thus the

active power flow in the system is:

P+ By =Py (6.11)
P, : the total active power flow from the SSEG networks to the main grid before the

shunt converter;
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P, : shunt converter output active power,
P, : active power flow between the SSEG networks and the main grid after the

series converter;

P_ : series converter output active power,

se

P

bse

: active power before the series converter.

As shown in the lower dashed frame in Figure 6.3, the PI controller would suffice to
control the active power of the shunt converter by generating the proper values for

6,,. From equation (6.5) the transfer function of the PI controller is:

Ey(s)=[Py(9)+ P, (s)] (6.12)
8, (s) = Kp5|:1 N L}.Ep(s) (6.13)
TipS
The angle order 6, represents the shift between the system voltage and the voltage
generated by the shunt converter. The angle order is combined with the voltage
synchronizing signal (wt) which is provided by the phase-locked loop (PLL) fed by
the measured three-phase voltages of the shunt converter. Finally, with the voltage
order this signal becomes three phase sinusoidal voltage signals whose magnitude

and phase are controlled as described below [95, 96]:

vsha = Vsh Sin(wt + esh ) (6 14)
vshh = ‘/sh Sln(wt + gsh - 2%) (6 15)
vshc = ‘/sh Sin(wt + ash + 27%) (6 16)

6.3.2 Series Converter Control

The series converter controls the magnitude and angle of the voltage injected in
series with the line between the SSEG networks and the distribution network. The

Main objective of this voltage injection is to control the power flow between the
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SSEG networks and the distribution network. The actual value of the injected voltage

can be obtained in several ways [126-128].

= Direct Voltage Injection Mode: In this control mode, the reference inputs are

directly the magnitude and phase angle of the series voltage.

= Phase—shifting regulation mode: The reference input is the phase
displacement between the SSEG networks bus voltage at the shunt converter
terminal and the voltage at the point of connection to the distribution network

after the series converter.

= Line Impedance Emulation mode: The reference input is an impedance value
to insert in series with the line impedance between the SSEG networks and

the distribution network.

= Active and reactive Power Flow Control Mode: The reference inputs are

values of P and Q to be delivered or absorbed from the distribution network.

In this work, the series converter operates in the direct voltage injection mode. The
series converter simply injects voltage as per the beta ‘B’ order. B is the value of

phase angle shift B between the SSEG networks bus voltage V, and the main grid
voltage v, that follows the active power Psn., and the reactive power Qsn., flow
between the SSEG networks and the main grid. As B varies, the magnitude V,, and

phase angle 6., of the series injected voltage also vary. The series-injected voltage of

the series converter is given by:

Where 6,,, &g, and 6, are the angle of V,,, Vg andV,

se s g

respectively. With the

SSEG networks voltage V, taken as the reference, the phase difference between the
SSEG networks and the main grid voltages is:

B=6,-06 (6.18)
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From equation (6.17)
VLB, =V 20—V, L = Vgy =V, cos B~ jV,sin

polar rectan gular

From equation (6.19) the injected voltage magnitude and angle are:

6, =tan”' _~Vesinf
¥ Vi =V, cos B

V

se

= WV, con BT+, s AT

‘Vse‘ = \/Vs%v —2(VsyV, cos B) +Vg2 cos’ ﬁ-i-Vg2 sin? 3

‘Vse‘ - \/VS2N —2(VsyV, cos ) +Vg2 (Cos2 B +sin? ﬁ)

The term cos> B+ sin? B =1[129], then the voltage magnitude will be:

‘vse‘ = V& 20V, cos f) +V;

(6.19)

(6.20)

(6.21)

(6.22)

(6.22)

(6.23)

The equations of the active and reactive powers of the system are given as follows:

V Vg sin
PSN—g = X

se

(3]

Vv =V, Vey cos B
QSN—g - X

se

(3]
Po, =14, Vg cosdgy

P, =1,V,cos(dg, — ) [96]

P

bse

= Ise 'VSN Cos ¢SN

P

146

(6.24)

(6.25)

(6.26)
6.27)

(6.28)

sv_o - the active power flow between the SSEG networks and the main grid



Qgy_, - the reactive power flow between the SSEG networks and the main grid

X, : series injected reactance

From equations (6.8), (6.27) and (6.28) the series injected active power can be

expressed as:

\%
P,=1,V, (cos Doy _(V_gj cos(Pgy — ,B)J (6.29)

SN

From the above equations when the grid voltage and the SSEG networks voltage are
in phase (=0, (6, =6sy)), it is clear that the series injected voltage and the
supply-side voltage are in phase (8=4,,), thus the magnitude of the series injected

voltage attains its minimum value as in:

V| =V -2V V, +V; (6.30)
Vse = (VSN _Vg )2 (631)
V|=Vey V] (6.32)

For V¢, =1.0 pu, the magnitude of a sag can be defined as:

Ve =1-V, (6.33)
In steady state the SSEG networks bus voltage is regulated by the shunt converter to
maintain Vg =1.0 pu. If the grid voltage is close to 1pu (V, =1.0pu) then the series

injected voltage V,, =~ 0pu and the sag is zeroV,,, =0pu .

The worst case during the disturbance is when V, = 0in this case the maximum sag

that must be compensated is V,,, max =V, =1pu

To compensate the maximum sag, the required series voltage magnitude injection is

V., =lpu.
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When the SSEG networks voltage and series current Vszv and I, are used as base

quantities (1pu), the injected active power and injected voltage magnitude and angle

in equation (6.29), (6.20) and (6.21) respectively will be:

P, =cos @y, =V, cos(dsy — f) (6.34)

6 =tan” (MJ) (6.35)
1-V, cos

V= 1-20, cos )+ (6.36)

If Vg =1.00pu then the equations (6.34) and (6.36) will be

Vse =1-2cos f+1 (6.37)
Vse =1.414\1-cos S (6.38)
6. =tan (ﬂj (6.39)
‘ I-cosf

6.3.2.1 Series Converter Controller Design

Figure 6.4 shows a schematic diagram of a series converter controller block. The
function of this controller is to control the power flow between the SSEG networks
and the main grid by determining the magnitude and angle of the series injected
voltage for the series converter. These values of magnitude and angle are controlled

by the angle B between the SSEG networks and the main grid. The angle B is
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generated by the PI controller that controls the flow of active power at node (321)

where the shunt converter is connected, as described in the following equations.

The transfer function of the PI controller is given by:

1
= — 4
B(s) KM{HT S}Ep(s) (6.40)

i
Where E, ()= [Py, ()= P, (5)] (6.41)
sh

K 5 : proportional gain of the PI controller

7,5 integral time constant of PI controller ( equal to —" \where K, is the integral
iB
gain).

B : power angle of Vg, ;

The angle B is the input of the second part of the controller which is equation (6.42)
decomposed into its real and imaginary components (x and y) as described in the

following equations:

If the grid voltage V, =1pu and SSEG networks voltage Vg, =1pu, the equations

(6.1) and (6.19) can be written together as:

V. (cos@, +jsin@, ) =1-cos B~ jsin 3 (6.42)
Then x and y will be:

x=(1-cos j) (6.43)
y=—sin S (6.44)

These two equations (6.43 and 6.44) are the input of the rectangular to polar form

component to generate the modulation index, m; andé,,. The m; and @, signals are
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used to develop firing pulses for the PWM converter. Since a controlled voltage
source is used instead of a PWM converter, the reference value m; is converted from

per unit to volts to get V_ in kV. Finally, the measured three-phase voltages of the

grid are fed to the phase locked loop (PLL) in order to detect the angular positions
(ot) of the voltages as a saw tooth waveform. Then (wt) is added to the series

injected phase shift &, signals to represent the three phase sinusoidal voltage source

converter as defined below [95]:

Vi =V, sin(@r +6,,) (6.45)
v,, =V, sin(ar+6, —2%) (6.46)
Ve =V, sin(at+6, +2%) (6.47)

Modulation Index Gain

X
Y M
P Jé
SN X
Y
Rectangular to
P, polar form
b
Vsea
Vga
l Sin ' Vseb
N\Vgb| PLL
\
N5 Vsec
Sin H‘ ; |—>

Figure 6.4: Block diagram representation of the controller of the series converter
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6.4 USSC Rating

In this section the rating of USSC components; converters, transformers and

capacitance of the DC Link capacitor has been calculated.

6.4.1 USSC Converter Ratings

Operation of the USSC demands a proper power rating of the series and shunt
converters. The ratings should enable the USSC to carry out pre-defined regulation
tasks without becoming overloaded. The shunt and series converters mutually
exchange active power only, whereas reactive power is controlled independently at
both sides. Thus the sizing of the converters depends upon the amount of reactive
power needed by the system to achieve the appropriate response. This can be
identified from the simulation results by assuming the USSC can deliver large
amounts of reactive power at the connected bus. The amount of reactive power
needed at the connected bus is the amount of reactive power needed by the system,
which dictates the size of the USSC converters. This size of the USSC converters is
required to alleviate over and under voltage fluctuations during steady state and

disturbance conditions [130].

According to equation (6.5) the active power absorbed by the shunt converter from
the system could be equal to the active power needed by the series converter if the
losses in the shunt converter are neglected. Thus the apparent power rating of the

shunt converter Sy, is given by:

Ssh = V Psi + Qszh (648)

Or

Ssh = V Psi + Qszh (649)

Also the apparent power of the series converter S, given as:
S =0, (6.50)
Thereby, the minimum apparent power rating (Sy,) of the shunt converter is given as

a maximum active power demanded by the injected series voltage source.
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S (6.51)

sh—min ~— ° se—max

The maximum available reactive power from the shunt converter is given as:

Qe =182 = (P ) (6.52)

Therefore, based on the active power absorbed by the shunt converter from the
system and reactive power injected by the shunt converter to the system during the
network disturbance in the case studies performed in this work, the active power
absorbed by the shunt converter is 0.5 MW and reactive power injected to the system
by shunt converter is 2.7MVAr. Thus from equation (6.49) the rating of the shunt
converter is 2.746MVA. Also from the results the reactive power injected by the
series converter is 0.25MVAr, therefore according to equations (6.50) and (6.5) the
rating of the series converter is 0.25MVA. Thus, the rating of the series converter

need not be as high as the shunt converter.

6.4.2 Transformers Ratings

The shunt inverter is connected through 11/33 kV, 2.8 MVA Y-A transformer. The
series inverter is connected through set of three single-phase series transformers

(6.35/19.05 kV, 0.3 MVA).

6.4.3 Capacitance of the DC Link Capacitor

The total capacitance of the DC link in Farads, is related to the USSC converter
ratings and to the DC link nominal voltage. The energy stored in the capacitance (in
Joules) divided by the converter rated power (in VA) is a time duration which is

usually a fraction of a cycle at nominal frequency as given:

2

. cX(VDC)

S [131] (6.53)

The DC voltage can be calculated from the equation below:

V. = 3Xﬂ‘/§ v [132] (6.54)

= peak phase voltage of the converter
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The converter terminal voltage (Vs) used in this study is 6.35kV. From equation
(6.54) the value of the Vpc is 10.5kV. Also in this study the time duration was
assumed to be 400ms, which represents 20 cycles for a 50 Hz frequency. Thus from

equation (6.53) the value of the capacitor is 19.9 mF.

6.5 Results and Discussions

In this section two types of fault studies are presented, in order to illustrate the
effectiveness of the USSC as a compensator for voltage sag, fault ride-through of
SSEG networks, power flow control and voltage unbalance mitigation. The first type
of fault study investigates the transient performance of the USSC in response to
symmetrical faults (three-phase fault) in the grid by compensating the voltage sag
and controlling the power flow in the system for fault ride-through of SSEG
networks. The second study presents the transient behaviour of the USSC in response
to an asymmetrical fault (single-line to ground fault) in the grid by mitigating the

voltage unbalance.

6.5.1 Three —Phase Fault Study

In this study, two specific three-phase fault conditions were applied on the grid side
of the distribution network as shown in Figure 6.1. The first fault condition was
when a three-phase fault occurred at a remote location on bus 339 to examine
performance of the USSC as the voltage sag compensator. The second fault condition
when the same fault occurred at the subsea cable connection to the grid (bus 318) to
examine voltage-interruption compensation, the power flow control and fault ride-
through capabilities of different types of SSEG networks with the proposed USSC-
based method. The three-phase faults were applied at 5s for a duration of 400ms.
This time has been chosen to determine the effective of the USSC to enhance the
stability of the SSEGs. From Chapter 3, at this time the synchronous and induction

generators were unstable for a fault in distribution network.
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6.5.1.1 Voltage Sag Compensation

Figure 6.5(a) and (d) show the operating waveforms and rms voltage in per unit,
respectively of the grid voltage when a three-phase voltage sag by 60% voltage drop
occurred due to an electrically remote three-phase fault on distribution network (bus
339). As shown in Figure 6.5(b) during the voltage sag the series converter injects
three-phase sinusoidal voltage across the line between the grid and SSEG networks

which compensates the voltage drop. As a result, the SSEG networks voltage is

compensated as shown in Figure 6.5 (c) and (d).
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Figure 6.5: Operating waveforms and rms during three-phase voltage sag by 60%
voltage drop at the main grid side: (a) Grid voltage in kV (b) Injected voltage in kV
(c) SSEG networks voltage in kV (d) RMS value of grid& SSEG networks voltage in

pu.
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6.5.1.2 Voltage interruption Compensation

Figure 6.6 illustrates the use of the USSC in compensating voltage interruption due
to the three-phase fault on bus 318 of distribution network. As shown in Figure 6.6
(a) and (d) during the fault duration, the collapse of the grid voltage can be observed.
The grid voltage drops from 0.9987 to 0.025 pu. Figure 6.6 (b) and (c) show the
voltage injected by the series converter and the corresponding SSEG networks
voltage (at the shunt converter connection) with compensation. As a result of using
the USSC, the voltage at the connection point of the SSEG networks to the subsea
cable (bus 321) is kept at 1pu during the steady state and the disturbance.

(d) . . Time l(aecj

Figure 6.6: Simulation result of voltage interruption during three-phase fault study:
(a) Grid voltage in kV (b) Injected voltage in kV (c) SSEG networks voltage in kV
(d) RMS value of grid& SSEG networks voltage in pu.
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6.5.1.3 Power Flow Control during Steady-State and Transient Conditions

The aim of the study is to evaluate the performance of the USSC for power flow
control during steady-state and network disturbance. The flow of instantaneous
active and reactive powers into or out of the USSC is shown in Figure 6.7(a and b),
which illustrate the active and reactive power flow into the system at the SSEG
networks and main grid sides of the USSC (before and after the USSC) during the
steady state. The active and reactive power flows from the SSEG networks are
constant, 0.126MW and 0.15MVAr. When a fault occurs at time 5 sec for a duration
of 400s, the active and reactive power flows into the system dropped to zero. Figure
6.7 (c) shows that during the steady state the active powers from or into the series
and shunt converters are zero and during the fault period, active power is absorbed
by the shunt converter and also injected into the system from the series converter, the
summation of these powers are approximately zero which satisfies equation (6.5) as
shown in Figure 6.7 (e). The simulation result in Figure 6.7 (d) indicates that during
the fault period, the reactive power of the shunt converter increases to 2.7MVAr to
maintain the voltage of the SSEG networks at 1pu. Figure 6.7 (e) shows the active
power flow mismatch in the system for the shunt and series converters and the SSEG
networks and the grid. This result demonstrates the equation (6.10). Thus, by using
the USSC the active and reactive power flows from the SSEG networks are
controlled and maintained at constant levels during steady state and also under fault
conditions. As a result the frequency of the system is maintained at SOHz as shown in

Figure 6.7 (f).

6.5.1.4 Fault Ride Through for Converters-Connected based SSEG Networks

When the fault occurs in the grid, high fault currents will flow through the converter;
this must be constrained within the capability of the semiconductor devices. The
converters are designed to supply a fault current that is typically only twice the
nominal load value for microseconds [133]. But in this case study the USSC ensures
the fault ride-through of the SSEG networks based on converters—connected (SSEG
networks 1, 2 and 3). As shown in Figure 6.8(a) during the fault in the distribution

network for period (5sec-5.4 sec) the SSEG networks do not experience the voltage
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sag. Thus as shown in Figure 6.8 (b, ¢ and d) the current output from the SSEG
networks based on converters—connected (SSEG networks 1, 2 and 3 respectively)
remain the same as the pre-fault values. Therefore the semiconductor devices of the
converter connected to SSEG networks have been protected from over current. As a
result the USSC works as fault current limiter which limits the current outputs of the

converters at values equal to pre fault values.
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Figure 6.7: Simulation results with grid side three-phase fault: (a) and (b) Active and
reactive power flow between SSEG networks and main grid, (c) and (d) Active and
reactive power output to or from the system by the series and shunt converters, (e)

Active power flow mismatch (p, +p,)-(p,, -P,)=0 (f) Grid and SSEG networks

frequency.
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Figure 6.8: Simulation results of the SSEG networks currents and RMS terminal
voltages with grid side ac fault with USSC: (a) RMS terminal voltages and (b, ¢ &d)
output currents of the SSEG networks (1,2&3) respectively.

6.5.1.5 Fault Ride-Through of SSEG Network Based on Induction Generator

Due to voltage sag under fault conditions, the induction generators tend to
significantly increase their reactive power demand and the capability of an induction
generator to deliver active power during the fault will reduce. The reduced delivery
of active power during the fault causes acceleration of the rotor which reaches a high
steady-state speed. This speed exceeds that corresponding to the frequency of the
system and leads to instability. But by using the USSC the ensuring fault ride-through
of the generator can be seen in Figure 6.9, for a three-phase fault in the distribution
network at 5 sec lasting 400msec. As shown in Figure 6.9 (a), the reactive power
demand of the generator remains the same as the pre-fault value. Thus, the generator
does not experience the voltage sag (Figure 6.9(b)) and the over-speeding of the
generator is avoided (Figure 6.9 (c)). Also as shown in Figure 6.9 (a) the ability of the

generator to produce active power is not affected.
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Figure 6.9: Dynamic performance of induction generator-based SSEG with USSC:
(a) Active power output and reactive power, (b) RMS terminal voltage and (c) rotor
speed

6.5.1.6 Fault Ride-Through of Synchronous Generator-based SSEG Network

During the fault, the mismatch between the mechanical power input and electrical
power output causes rotor acceleration or deceleration with a corresponding variation
of rotor angle. Therefore the synchronous generator will pole-slip and become
unstable. However by using a USSC as shown in Figure 6.10 there would be no
effect on the angle and the output active and reactive powers of the machine. As seen
in Figure 6.10(a) during the fault in the distribution network at 5 sec lasts 400msec the
terminal voltage of the generator is maintained at almost constant value. Thus, as

shown in Figure 6.10(b) the active power generated by the generator remains the same
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as the pre-fault value. As a result the fault ride-through of the generator is ensured

because the generator does not experience pole slipping as shown in Figure 6.10(c).
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Figure 6.10: Dynamic performance of synchronous generator-based SSEG with
USSC: (a) Active power output and reactive power, (b) RMS terminal voltage and
(c) load angle.

6.5.2 An Asymmetrical Fault Study for Voltage Unbalance Mitigation

The aim of this study is to investigate whether the USSC can mitigate a voltage
unbalance. An unbalanced voltage condition is created by applying a single phase to
ground fault on phase A on the subsea cable connection to the main grid (bus 318) at

time Ss for a duration of 400ms. Figure 6.11 (a, d and e) show the simulation results
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of the three-phase unbalanced voltages for the grid system and the positive (Vp),

negative (Vn) and zero (V0) sequence components.

Figure 6.11: Three-phase voltages for unbalance mitigation study: (a) Grid voltage in
kV (b) Injected voltage in kV (c) SSEG networks voltage in kV (d) RMS values of
Phase (a, b and c) of grid voltage in kV (e) The positive (Vp), negative (Vn) and zero
(V0) sequence components in kV for the voltage on the main grid side.

It can be seen that during fault conditions, the maximum RMS phase voltages are Va
= 1.03kV, Vb = 16.639kV and Vc = 18.05kV and the Vp = 14.984kV, Vn = 4.1kV
and VO = OkV. The value of zero sequence is cancelled by the delta-delta transformer

on the subsea cable between the measuring point and the fault.
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The percentage of voltage unbalance is calculated according to the (2.1) and found to

be 27.36%.

Negative phase se quence component x 100%

Voltage unbalance (%) = —
Positive phase sequence component

(14.984+4.1+0) x 100%
14.984

Voltage unbalance (%) = = 27.36%

This value indicates that the voltage unbalance is severe during the fault as the limit
of the voltage unbalance as mentioned in chapter 2 (section 2.8) is 2%. Also Figure
6.11 (b and d) show the voltage injected by the series converter and the
corresponding SSEG networks voltage (at the connection of the shunt converter)
with compensation. Therefore the USSC can reduce the voltage unbalance to value

less than 2% as in the result the voltage unbalance is zero.

6.6 Justification of Choosing the USSC among other Compensation
Devices

A fair comparison between using the USSC instead of other reactive power

compensation devices used in the distribution system must include their cost and

their impact on power system steady-state and dynamic issues.

6.6.1 Comparison between Custom Power Devices and Conventional
Reactive Power Compensation Devices

The comparison between the costs along with the characteristics of some well known
distribution system reactive power compensation devices are shown in Table 6.2
[132,134-138]. These are conventional devices (capacitors and SVCs) and custom
power devices (DVR, STATCOM and USSC). It can be seen that the costs of
producing reactive power by using fixed shunt and series capacitors are much lower
than those of producing dynamic reactive power by using other types of equipment.

If the cost is the only concern, fixed shunt and series capacitors would be the
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preferred choice for obtaining reactive power. Although the capacitors are cheaper
than others, they suffer from a few drawbacks: They are far less efficient due to their
response time; they cannot adapt to rapid changes during power system disturbances;
their reactive power production drops with the square of the voltage [135,137]; the
mechanical switching reduces the life span of the load and distribution equipment

especially rotating machines [137,138].

Table 6.2: Cost comparison and characteristics of main reactive power compensation
devices [132,134-138].

Capital
Equipment Ability to | Effect on Reliability of
C Speed of
Type ost OperatingCost Response Support distribution system
($/kVAr) Voltage | Equipments and loads
Shunt Capacitor 8 low Slow Reduced the life
. . Poor, span of the
Series Capacitor 20 low Slow d .
rops | equipment
SsvC 40 Moderate Fast with v Limited
DVR 50 Moderate Fast
D-STATCOM 50 Moderate Fast :a“’ Maximizing system
- rops o
USSC Series 50 Moderate . reha!)llht.y.and
Part Fast with V availability.
USSC Shunt 50 Moderate
Part

The cost of SVCs that produce capacitive and inductive reactive power within
timescales in the order of milliseconds is lower than the cost of custom power
devices. The main disadvantage of SVCs is that they are similar to capacitors; their
reactive power output varies according to the square of the voltage they are
connected to [135,137]. Thus their impact on the distribution system reliability is
limited during voltage sags. The more expensive reactive power sources (custom
power devices) sometimes must be purchased even if the low-priced sources
(capacitor banks and SVC) are available because of their relative advantages. Their
response time (in the order of microseconds) and their reactive power output does not
vary with the square of the voltage they are connected to [135,137]. Therefore they
help the distribution system to provide highly reliable, high-quality power [77,132].
As the improved quality of power in the distribution network reduces the stress on

installed equipment, their lifespan increase, thus lowering their maintenance and
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replacement costs [138]. Moreover the reliability of high sensitivity equipment such
as high-speed motors, computers, microprocessors and medical instruments would be
maximized as they are less affected by power quality issues occurring in the system

[132].

6.6.2 Comparison between USSC and other Custom Power Devices

From the comparison between the power electronics and conventional types of
compensation devices, the compensation devices based on the application of power
electronic controllers (custom power devices) are preferred over the conventional
types. As the application of custom power provides high quality power, the reliability
of the distribution network is improved [139]. However, in this work the required
solution has to satisfy two goals, to aid SSEGs to provide high quality power and to
enable them to have enhanced fault ride-through capability. Table 6.2 compares
between the application of DVR, DSTATCOM, USSC and fault current limiter
(FCL) for addressing some steady state and dynamic power system issues [76,134,
140-147]. In this compression the FCL is included which is used for limiting the
short circuit current for aiding the fault ride-through capability [148]. According to
the assessment presented in Table 6.3 the USSC has a better capability to mitigate
various power quality problems and to enhance the stability of the distribution
system compared to others. The referenced literature [76] concludes that the USSC
show a better voltage sag compensation capability as compared to the DVR and the
D-STATCOM in terms of the voltage magnitudes. For task related to voltage
unbalance mitigation the USSC making the three phase voltages more balanced
while for cases with the DVR and D-STATCOM connected the voltage unbalance
can be reduced [76,119] but to value outside the limit of the percentages of voltage
unbalance (2%). The unbalance can be reduced by DVR and D-STATCOM to value
5.02% and 2.2%, respectively [76,119]. For harmonics mitigation tasks the USSC
can perform the current and voltage based harmonics mitigation [144]. However the
DVR can mitigate apart from voltage harmonics [146] and the DSTATCOM can
mitigates the current harmonics only [132,134,135]. For the voltage flicker
mitigation task the only both the USSC and the D-STATCOM can be used for
reducing voltage flicker [76,119,141]. The DVR and the DSTATCOM fail to
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perform task related to power flow control [119]. In paper [137] the performance of
the USSC is compared with that of a DSTATCOM to aid fault ride-through of the
conventional fixed-speed induction generator (FSIG). The rating requirement of the
STATCOM (1.72 pu) was found higher than the rating requirement of a USSC (1.47
pw) to aid fault ride-through of the FSIG. If the STATCOM rating is reduced further,
the generator fails to ride through the fault. Thus the USSC proves to be a potential
solution to the grid integration problems faced by the wind-driven FSIG. The task for
limiting the fault current can be only performed by the USSC [147], the DVR [145]
and the FCL [148]. In contrast to other devices, it is clearly seen that the USSC is a
comprehensive solution for the mitigation all power quality problems, fault current
limiting and enhancing voltage stability of the distribution network as well as aiding

the fault ride through capability of the SSEGs.

Table 6.3: Power quality mitigation, fault ride through and voltage stability of USSC,
D-STATCOM, DVR and FCL [76,134, 140-147].

Tasks DVR D-STATCOM FCL USSC
Sag compensation yes limited limited yes
Swell compensation yes limited No yes
Voltage unbalance mitigation I\i}?;iliﬁilie NO_(;lil:Ifilie the No yes
Voltage flicker reduction No yes No yes
Current harmonics mitigation No yes No yes
Voltage harmonics mitigation yes No No yes
Power factor correction yes yes No yes
Reactive power compensation yes yes No yes
Power flow control No No No yes
Limiting the fault current yes No yes yes
Fault ride through yes Req;l;ier?ghlgh yes yes
Voltage Stability yes yes No yes

6.6.3 USSC Cost and Benefits

Based on the reactive power required by the system during the network disturbance
in the case studies considered in this chapter, the size of the USSC series part is

0.25MVAr and the size of the USSC shunt part is 2.7MV Ar. However, active power
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flows on the DC side through the shunt converter is about 0.5 MW. Thus the size of
the shunt converter is 2.746MVA. As a result, the size of the USSC series part is
small compared to the size of the USSC shunt part. Therefore, based on the
calculated size of the USSC in these case studies, the capital cost of the USSC would
be about $149,000 ($137,000 for USSC shunt part and $12,000 for USSC series
part). These costs will have to be considered within the context of the benefits that
would be gained from the USSC. Table 6.4 summarises the technical benefits that
can be gained from employing a USSC compared to the DVR and DSTATCOM
[139,149,150]. As shown in Table 6.4, in contrast to the USSC neither DVR nor
DSTATCOM has a strong impact on load flow control, stability or voltage quality.
Therefore the USSC has more impact on the reliability of the distribution system
equipment. DSTATCOM is current-based problems compensation [144] and DVR is
voltage-based problems compensation [144] whereas the USSC is a combination of
voltage- and current-based problems compensation. Moreover the cost of USSC is
less than the cost of DSTATCOM for fault ride through application due to the rating
of the DSTACOM is higher than rating of the USSC to achieve the same target
[137]. Thus the USSC (combination of active series with active shunt filters) [144]
[147,118,119] is an ideal choice for such mixed compensation due to the benefits that

can be derived from it.

Table 6.4: Technical benefits of the USSC compared with other custom power
devices [139,149,150].

. Impact on System Performance Reliability of the
Devices Load Flow Stability Volta'ge system with
control Quality
DVR No Medium Medium Reliable
. St
DSTATCOM No Medium rong Reliable
USSC Strong Strong Strong More Reliable
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6.7 Summary

The fault ride-through capability is an important issue when integrating large scale
SSEGs. In this study, PSCAD is used to simulate the model of a USSC connected
between SSEG networks and a 33kV distribution network. The simulation results
show that the proposed technique (based on the USSC) can ensure the fault ride-
through capability of SSEG networks and improve voltage quality at the SSEG
networks bus during steady state and transients. During steady state, the USSC
controls the power delivered to the grid and improves the voltage of the SSEG
networks. During a disturbance, the controllers maintain the voltage and frequency of
the SSEG networks at pre fault values. Therefore the speed of an induction generator
and the load angle of a synchronous generator during and after fault conditions are
kept constant. This is due to the balanced electrical and mechanical torque of the
machines. Moreover, the results show that there is no effect on the output current for
the SSEG networks based on converter—connected SSEGs. Thus the current levels
remain within the capability of the semiconductor devices. Furthermore, the
proposed technique can mitigate voltage unbalance due to asymmetrical grid faults.
In addition this technique can reduce the increase in fault current levels in the

electricity grid caused by the high penetration of SSEGs.
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CHAPTER 7

Small-Scale Embedded Generation Contribution to Power

System Frequency Regulation

7.1 Introduction

This chapter describes the design and implementation of a proposed control
technique for load-frequency control (LFC) for systems with high penetration of
SSEG. The control includes a facility for discrimination between normal operation
and system disturbances. The controller can respond to disturbances such as load
increase or load losses. During initialisation the controller does not operate. After the
system reaches steady state, the controller starts to monitor the balance between the
load and the generation in the system. This task can be performed by monitoring the
system frequency as this indicates a balance or unbalance between the power
generated and the load. Under normal operating conditions, this difference is zero, in
this case the system frequency will be at nominal value 50 Hz. On other hand when
the load is more than the active power generated the system frequency will be under
50 Hz, if the system frequency reaches a value below 50 Hz, the under frequency
protection will operate to trip the generators. Also when the active power generated
exceeds the load for values more than 50 Hz, the over frequency protection will
operate to trip the generators. According to the G59/1 recommendation, the
protection settings for under frequency is 49.5 Hz and for over frequency is 50.5Hz
to trip the generator [151] . The system frequency has to be prevented from reaching
the threshold values. Therefore frequency control is essential for secure and stable
operation of a power system. This target has been achieved using the control

technique proposed in this chapter.

7.2 Proposed Control Technique Design

A block diagram of the proposed controller is shown in Figure 7.1. The controller is

mainly a set of mathematical instructions used to control and check system operating
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conditions and it differentiates from conventional automatic generation by including

control logic instructions. The controller consists of the following five subsystems:

e Measurement subsystem

e Actual power generation subsystem

e Control logic subsystem

¢ Change in active power calculation subsystem

e Power distributed controller subsystem

In this work the rate of change of frequency (ROCOF) has been used to calculate the
change in the active power demand in the system. Also the frequency error has been
used to check the system operating condition and made the decision to increase or

decrease the output power from SSEGs, if a system frequency deviation occurs.

Control logic
subsystem Power reference
Voltage and T signals For SSEGs
frequency from L . A A P
the network Measurement Change in actlye Power Distributed —» I’
——— subsystem » power calculation controller —» P,
subsystem subsystem —® p
Measured Frequency T 1
Actual power
Information aboutthe ————— generation
operating conditions of subsystem
SSEGs

Figure 7.1: A block diagram of the load-frequency control system

7.2.1 Measurement Subsystem

Figure 7.2 shows the schematic diagram of the measurement subsystem. The
measurement subsystem consists of two modules one for measuring the voltage and
one module for measuring frequency. A module for measuring the voltage measures

the three—phase voltage at bus 100 (main bus 132 kV bus in Figure 3.15). This
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voltage is converted to three single-phase voltages measurements which become the
input to the frequency measurement module. A module for measuring frequency
measures the system frequency using a three-phase PI-controlled Phase Locked Loop
(PLL) (the description of PLL is provided in Appendix G). The measured frequency
is passed through a low pass filter to mitigate the harmonics from the measured
frequency to be used by the control logic subsystem and required power calculation

subsystem (the description of the low pass filter and its transfer function is provided

in Appendix H).
Three-phase voltage Low pass filter
. Vay
measured at bus 100 ~
> ®--1------ > 0 >
PLL theta = Frequency
3 Vc

System frequency measured
by PLL.

Figure 7.2: The schematic diagram of measurement subsystem

7.2.2 Actual Power Generation Subsystem

Figure 7.3 shows the schematic diagram of the actual power generation subsystem.
The function of this subsystem is to calculate the total actual SSEG networks
generation, actual output power for every SSEG network and the power of the SSEG
network which can be provided in an emergency. These calculated values will be

used in other subsystems of the controller.
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Figure 7.3: Actual power generation subsystem

The following steps explain how the actual power generation subsystem works:

The controller starts to calculate the actual power of the SSEG network (i) P in

[MW] which can be described by the following equation:

P

l—ac:Pi—rat' Pi—pu (MW] (7.1)

Where i=1, 2...n, n=number of SSEG networks.
P; 4, = rated power of SSEG network (i) in [MW].
Pip, = rated power of SSEG network (i) in [pu] based on the rating of the SSEG

network.

Then the controller calculates the participation of the SSEG network (i) at rated

power based on the total rated power generation of all SSEG networks R r—par -

=% [pu] (7.2)

e Bre

Where Br= P MW (1.3)
i=l

PTEc = total rated power of all SSEG networks in [MW].
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Also the penetration level can be calculated as a function of the total SSEG

networks power generation over the total load demand as given by:

. z Preg
Penetration level (%) = x100 (7.4)

LA

. After that the controller calculates the actual participation (Pi.,,) of the SSEG

network (i) based on the total rated power of all SSEG networks.

_ B

P =
I=par PTEG [pu] (7- 5 )

Thus the average value of total actual generation of SSEG networks P,, can be

calculated by the following equation:

Pav :ZPi—par [pu] (76)
=1

. From the above equations the controller calculates the per unit power (Pgy) that

can be provided by the SSEG networks in case of an under frequency event. Also

it calculates the power ( P ovr ) that can be reduced from the SSEG networks when

over frequency occurs as described in the following equations.

Pigr=1-P,, [pu] (7.7)
Py = [1 - Pav]XPTEG (MW] (7.8)
P, =[05-P,Ix Py [MW] (7.9)

7.2.3 Control Logic Subsystem

Figure 7.4 shows the schematic diagram of the control logic subsystem. The function

of the control logic subsystem is to check the system operating condition and made

the decision to increase or decrease the output power from the SSEG networks if a

system frequency deviation occurs. First the controller subtracts the filtered
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measured frequency from the reference value of SOHz. The difference will be the

frequency error f.,,, which is given by the equation below:

ferror = fset - fmeas . [Hz] (7.10)

Where f ;o= 50 Hz, f 1,.0s = measured frequency.

During the initialization period of the simulation the frequency error is multiplied by
zero. Once the system reaches steady state the actual value of the frequency error
will be the input of the range comparator. Then the range comparator determines
which of three ranges the input signal is within, and then outputs a value
corresponding to that region. The regions are defined by a lower input limit f ., <
zero and an upper input limit f .., > zero. The first region is composed of values
below the lower limit (Over frequency); the second region is f .. = zero which
between the two limits (normal operation); and the third region is composed of

values above the upper limit (under frequency).

Range comparator

F ref ﬂ APref
50.0 Hz ferror * e
C Time > —«':
F_meas

No frequency change during first
2s of simulation.

Figure 7.4: Schematic diagram of control logic subsystem.

7.2.4 Change in Active Power Calculation Subsystem

Figure 7.5 shows the schematic diagram of the subsystem to calculate the change in

active power. The function of the change in active power calculation subsystem is to
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calculate the change in active power in the system and to determine the change in the
reference power setting for all SSEG networks, 4P,r according to the total full load
capacity of all SSEG networks. The change in active power 4P,,r can be positive or
negative; positive meaning that the load is greater than generation (under frequency)
or negative meaning that generation greater than the load (over frequency). In case of
under frequency the 4P,,; must be no more than the power (Pgy) that can be provided
by the SSEG networks in an emergency (0 <4P,,s < Pgy). This can be achieved by
the lower limiter in this control block. Also in case of over frequency the change in
active power 4P, must be between the powers (Poyr ) that can be reduced from the
SSEG networks when over frequency occurs in MW and zero (Povr <AP s < 0). This
can be achieved by the upper limiter in this control subsystem. The output of this

subsystem, AP, will be the input value for the distributed power controller

subsystem.
Over Frequency
o N
AT >
F-meas e—sT / % Ly
T K ~ AP,

F-meas AT Low pass filter %

Under Frequency

Figure 7.5: Schematic diagram of the change in active power calculation subsystem

During the initialization the 4P, is set to be zero. After the system reaches steady
state the calculated change in active power in the system AP, is passed through a
low-pass filter (4Hz) to smooth any unwanted oscillation, Figure 7.6 shows that the
calculated AP,.s is smooth using the low pass filter. The transfer function of the low

pass filter is provided in Appendix F.
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Figure 7.6:The effect of filtering on the calculated 4Pref

Calculation of (APrr) will be described in the following equations:

df fo

= — X AP

dt 2‘E€ystem \] HZ/S [62] (7 . 1 1)

daf o

—=|———XAP

dt 2' Hvystem Smax J (7 1 2)
df _2 H&‘ Sstem Smax

M y (7.13)
dt fo

Where

df

E is the rate of change of frequency (ROCOF) [Hz/s].

Jo. 1s the steady state system frequency [Hz].

Esysem encompasses the total stored energy of all generators and loads connected to
the system at the nominal system frequency in [MW.s].

AP 1is the change in active power in the system during a disturbance [MW].

Smax Tepresents the total generation rating of the system [MVA].

Hjyiem, 1s the inertia constant of all generators and loads in the system referred to the

base S, [S].
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From the equations (7.12) and (7.13) the 4P,,; can be calculated as function of a

A
rate-of-change of frequency (ROCOF) N multiplied by gain (K) as described in the

following equation:
N

AP, =—K =
==K o (7.14)

Where K is a constant obtained from equation (7.13) and equal to

K=[2 Hvy;i‘em Smaxj (7 15)
0

AP, 1s the change in the reference power setting for all SSEG networks
[MW].Calculation of g has been performed in this block by using the time delay
t

and the difference junction components, the controller takes samples of the

frequency measurements every 7 (the sampling time) which has been set at 0.5sec to

give stable operation of the controller. Each sample f,, is subtracted from the
previous sampled frequency f;, 1, the result will be:

Af = fina = fin (7.16)
fina is the measured frequency at time 7, and f;, is the measured frequency at time

t

n-

The controller then calculates the rate-of-change of the frequency.

i{ = fm‘AlT_s L (7.17)
Where

AT, =t,~t,, (7.18)
AT, =0.5 sec

The calculated rate-of-change of frequency (ROCOF) % will be multiplied by gain

(K) to calculate the AP;¢ the gain (K) has been determined by simulation.
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Figure 7.7 shows the calculated rate-of-change of frequency. When the system is
operating at steady state the ROCOF is zero. But when there is a disturbance in the
system the value of ROCOF changes, as an example in this case the type of

disturbance is under frequency.
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Figure 7.7: Calculated rate of change of frequency (ROCOF).

7.2.5 Power Distributed Controller Subsystem

This subsystem identifies how much should be produced by each SSEG network
based on its capacity and sends appropriate signals for every SSEG network to
increase or decrease its output. Figure 7.8 shows a schematic diagram of the power
distributed controller subsystem. In steady state the outputs of this subsystem are
predefined power set points values determined by the local controller fitted in each
SSEG network. When a disturbance is detected this reference will be changed by the
controller according to the type of disturbance (e.g. over frequency or under

frequency) and based on the capacity of the unit.

During the disturbance (increasing or decreasing in the load) the function of this
subsystem 1is to distribute this required power between the SSEG networks in the
system according to the capacity of every unit. This will be described by the

following equations:

The change in the reference power setting for all SSEG networks (4P,.) is converted

to per unit value based on total rated of SSEG networks.
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(Aeef)MW
A&f{m [pu] (7.19)

if) pu

Then the new set point for one SSEG network i can be calculated as follows:
First calculate 4P; share for unit i

AE = lAPrefX(B B—par)] [pu] (720)

r—par”

B=[aPi+p,,| [pu] (7.21)

From equations (7.20, 7.21) the new set point P; for unit i is determined as:

Pi ZIABQ Er—par_P

i—par)+P

?parlXFeG (7.22)

This signal will be the reference power for unit i.

‘I i
(AP pu AP; 4 Power set
AP, share for unit point for SSEG
(APrer) mw . network i
Pir-par P P
ir-par TEG
Pait
Pi- ar
_D) For unit 1
l:’TMg

3 Forunit2
5 Forunit3

Figure 7.8: Schematic diagram of the distributed power controller subsystem.

7.3 Algorithm of the Load-Frequency Controller

Figure 7.9 shows the flowchart of the load-frequency controller. The function of the

control logic is to detect whether there is a disturbance or not and if there is a

disturbance, the type of disturbance that has to be defined; under frequency or over

frequency, and then finally send appropriate control signals to the SSEG networks to

increase or decrease their outputs according to the type of disturbance.
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Figure 7.9: The flowchart of the load-frequency controller.
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The algorithm of the controller starts with:

Start after system initialization completes.

Measure the system frequency.

3. Measure the power generation in the system.

AR

o

10.

11.

12.

13.

14.
15.

16.

17.
18.

Calculate the frequency error, ferror = fser = Jomeas -

Record the actual set points for every SSEG networks from the local
controllers.

Calculate the total rated power of all SSEG networks ( Przg) in MW.
Calculate the average value of total actual generation of SSEG networks P,,.
Calculate the power Py, that can be provided by SSEG networks when
under frequency occurs in MW (P = Py - Pay).

Calculate the power Poyr, that can be reduced from the SSEG networks

when over frequency occurs in MW, P~ = [0.5 -P, ]>< P .

Calculate the% (ROCOF).

Calculate the change in the reference power setting for all SSEG networks

A
AP, =—K =
APref( ref A )

If the frequency error is equal to zero (f ..., =Zero) go to next step, otherwise
go to step 15.

The system in actual operating condition and A4P,,=zero (the SSEG networks
power set points are equal to the actual set points).

Go to step 20.

If the frequency error more than zero (f ¢;ror >zero) go to next step, otherwise
go to step 18.

The system suffers from under frequency problem then AP,., will be in this
range (0 <AP,.r < Pyy).

Go to step 20.

If the frequency error is more than zero (f ..., <zero) go to next step,

otherwise go to step 2.
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19. The system suffers from over frequency problem then the value of AP in
this range Poyr=<AP,,; < 0.

20. Go to the distribution power controller block to distribute the power between
SSEG networks.

21. Send signals to SSEG networks.

22. Go to the step 2.

7.4 Results and Discussions for the Load-Frequency Controller

The load-frequency controller has been successfully implemented and tested using
PSCAD/EMTDC. The participation of the SSEG networks in the primary frequency
control during different types of system disturbances, over frequency or under

frequency using the proposed controller has been tested using different case studies.

7.4.1 Case Study Network
Figure 7.10 shows the EHV1 33kV rural network model (described in chapter 3)

which has been used to evaluate the performance of the general control approach
proposed in this work. It includes three synchronous generators (G1, G2 and G3)
with similar ratings (impedances and time constants are listed in Appendix A and the
descriptions of the governor and exciters are available in Appendices G and H)
representing the main system (providing 34.2MW connected to the 132kV bus (bus
100). An additional interconnected generator is functioning as a PV bus (providing
4MW connected to the 33kV bus 336). The total load is 38.16MW and 7.74 MVAr.
Five SSEG networks with different technologies were connected to this network at
busses 1101, 1106, 1108, 1114 and 1115 (the models and parameters are available in
Appendix B). Table 7.1describes the technology type, rating and actual output power
of every SSEG networks. The penetration of these SSEG networks in the generated
power of the network is 26.2% (10 MW) for 9090 customers (1.1 kW per customer),

the rated active power of every unit is 2MW (1818 customers).
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Figure 7.10: Network with mixed SSEG units used in the study.

7.4.2 SSEG Contribution to the Frequency Control Investigation

Regarding the participation of SSEG networks in frequency control, two types of
system disturbances, load increase and loss of load have been considered. The
assumption is the SSEG networks contribute only to the primary frequency control,

so they have to increase or decrease their production when the generation unbalance
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is detected, and they have to recover their previous state when the governors of the
main generators take action in order to restore the frequency of the system to a new

stable frequency.

Table 7.1: Small scale distribution networks data

SSEG Bus no | Technology Rating in | Actual output power
network (MW)
1 1101 Synchronous generator | 2 in (MW) In (%)
Reci . .
(Reciprocating engine) 6 0%
2 1106 Stirling engine (SE) 2 1.46 3%
driven induction
generator (IG)
3 1108 Squirrel cage induction | 2 1.5 75%
generator (small scale
wind turbine)
4 1114 Converter connected 2 1.34 67%
(PV)
5 1115 Reciprocating engine 2 1.4 70%
unit driven permanent
magnet synchronous
generator

The scenarios for testing the performance of the proposed controller for contribution

of SSEG to primary frequency control are:

» System with no participation of SSEG networks (base case).

» Simulation at 22.6% penetration for SSEG networks without Load-—
Frequency controller, in this case there is no participation on primary
frequency control.

» Simulation at 22.6% penetration for SSEG networks with Load—Frequency

controller.
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» Each SSEG network was considered as a single bus with an equivalent
generator (sum of all SSEGs ) and equivalent load (sum of all loads) .
» Appendix I provides additional test results which have not been presented in

this chapter.

7.4.2.1 Scenariol: System with no Participation of SSEG networks

In order to investigate the system frequency behaviour with no participation of SSEG
networks, system disturbances have such as increase and decrease in load. These

types of test are applied on the EHV1 33kV rural network as shown in Figure 7.10.

A Under Frequency Test (load increase)

During the test, at the beginning the balance between consumption and generation is
ensured and maintained, then suddenly “load 1102” is increased by 3.816MW. The
duration of the simulation is 70s. At t= 10s, the total load in the system is increased
by 10% by adding 3.816MW to load 1102. Due to the sudden increase in load, the
main generators (G1, G2 and G3) have to supply more power to the system. This
results in deceleration of the generator speed at the beginning before the governor
takes action. As illustrated in Figure 7.11 at the instant of load increasing at t= 10sec,
the output power from the main system increased to supply the change in the load.
This increasing of output power means an increase in the electrical torque of the
main generators that leads to an unbalance between electrical and mechanical torque
of the main generators, as illustrated in Figure 7.12 (G1 as an example), where the
electrical torque is higher than the mechanical torque. Figure 7.13 shows the system
frequency response due to the unbalance between electrical and mechanical torque,
as observed the system frequency falls to 48.8 Hz. In this case the under frequency
protection will operate to trip the main generators because the system frequency is
48.8 Hz which is out of the normal operation limits. If the protection of the system is
assumed to not operate thus the speed of the main generators drops at the beginning
due to the sudden increase in the load. Then the governor takes action in order to
prevent the frequency of the system from dropping further. The system reacts fast

and then slowly turns to a new stable frequency.
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Figure 7.11: Active power generation in the system with no SSEG (load increase).
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Figure 7.12: Torque for main synchronous generators with no SSEG (load increase)
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Figure 7.13: System frequency behaviour without participation of SSEG (load
increase)

B Over Frequency Test (load decrease)

The test aims to show the effect of the disconnection of a part of the load on the
system frequency. As shown in Figure 7.14 for this test the load " load 1105" is
disconnected at t= 10 sec. Due to the loss of a part of the load, a part of power is

temporarily not supplied to the system. Thus the mechanical torque of the main
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generators is more than the electrical torque as illustrated in Figure 7.15 (G1 as an
example). This unbalance between electrical and mechanical torques leads to an
acceleration in the generator speed. As a result the system frequency rises to 50.9 Hz
as shown in Figure 7.16. This frequency value is out of normal operation limits.
Thus the over frequency protection will operate to trip the generators. However in
this study the protection of the system is assumed to not operate. Thus the speed of
the main generators rises at the beginning due to a sudden loss of part of the load.
Then the governor takes action to balance the mechanical torque with electrical
torque by reducing the mechanical torque. Once the balance is achieved the system

frequency returns to the normal operating condition as before the disturbance.

S N S SO SO S S SO SO SO N SO S
%‘* %g L ............ ............. .............. ‘- .............. .............. ............. ............. I ............. ............. ........... :
= oo

E . . . . : : . .

ol L L L S S L Total generation I
= ol Pawer from 132K Grid

= : : : : : : Power from SSEG

= é 1 | R | . | . == Cyear from intercinnector

5 10 1% 20 25 30 S5 40 45 50 A5 BO BS YO
Time (sec)
Figure 7.14: Active power generation in the system with no SSEG (load decrease)
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Figure 7.15: Torque for main synchronous generators with no SSEG (load decrease)
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7.4.2.2 Scenario2: System with SSEG networks with no Load-Frequency Control

This scenario investigates the system frequency behaviour of system with SSEG
networks but with no load-frequency controller (LFC). The two types of system
disturbance previously considered in scenario 1 have also been considered in this
senario. As shown in Figure 7.17 and Figure 7.18 before the disturbance (0-10s
period) the total generation in the system was 38.7 MW, the penetration of the SSEG
networks was 22.6% (7.3 MW), the power from the main generators was 27.3 MW
and 4MW from the interconnector. The total power generated by the system and the
power supplied by the main grid are less than the power generated when there are no
SSEG networks connected. This difference of active power generation in the system
is due to the power generated by the SSEG networks being consumed locally without
any transmission losses. Although as shown in Figure 7.17 and Figure 7.18 (10-70s
period) there is no contribution of the SSEG networks during the change in the load,
generally the results show that the system behaviour in these case studies is the same
as for those presented for scenario 1 except for some small improvements on the
system frequency response compared with the base case. As observed in Figure 7.19
the system frequency response in the under frequency test is 48.95 Hz (in the base
case 48.8 Hz) and in Figure 7.20 the system frequency response in over frequency

test is 50.84 Hz ( in the base case 50.9 Hz).
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Figure 7.17: Active power generation in the system with no LFC (load increase)
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Figure 7.20: System frequency behaviour with of SSEG networks with no LFC (load
decrease)

7.4.2.3 Scenario3: System with SSEG networks with Load-Frequency Control

In this scenario the participation of the SSEG networks with the proposed controller
in a system frequency control has been tested for the same system disturbances

considered in scenario 1 and 2. These types of testing are applied on the EHV1 33kV
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rural network with different SSEG technologies; these units receive the reference
active power set point from the central controller to change their outputs according to
the type of disturbance to restore the system frequency to the normal operating

limits.

A Under Frequency Test (load increase)

This type of test is same as the under frequency test in scenario 1 and 2. As shown in
Figure 7.21 at t=10sec the load is increased by 10% from the total load (3.816MW).
Once the disturbance is detected by the central controller, it sends signals to the
SSEG networks to increase their output power. Then as shown in Figure 7.21 the
total output power from the SSEG networks is increased to the maximum value
during the first 3s after the disturbance to supply the change in the load which leads
to the balance between electrical and mechanical torque of the main generators as
observed in Figure 7.22. As a result the system frequency is controlled to value equal
to 49.54 Hz which is in the limits of normal operation. However at t=15s, the main
generators start increasing their output power and the SSEG networks start to reduce

their output power until reach the actual operating condition before the disturbance at

t= 20s.
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Figure 7.21: Active power generation in the system with LFC (load increase)
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Figure 7.23: System frequency behaviour with SSEG networks with LFC (load
increase)

a) Contribution of reciprocating engine driven synchronous generator in under
Jfrequency control

As illustrated from Figure 7.24(a), the reciprocating engine driven synchronous
generator receives the reference power set point from the central controller to
increase its output power. This increase is achieved by the unit local control system:;
the controller changes the input mechanical torque to the generator to change the
output electrical power of the generator to the maximum value during the first 3s
after the disturbance. However the increasing of electrical power output from the
generator is combined by increasing in the load angle of synchronous generator as
seen in Figure 7.24 (b). As shown in Figure 7.24 (c) the change in the system
frequency has an impact on the speed of the synchronous generator (SG) due to the
relationship between the system frequency (ws= 2z f ) and the speed of the generator.
This results in a deceleration of the generator speed before the system settles in a

new stable operating condition. In addition to using the synchronous generator, as
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shown in Figure 7.24 (d) the reactive power and power factor can also be controlled.

As the results show, the generator is working at 0.95 leading power factor.
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Figure 7.24: Response of reciprocating engine driven SG to load increase: (a) Active
power output, (b) Load angle, (c) Rotor speed and (d) Reactive power output.

b) Contribution of small scale wind turbine driven induction generator in under
Jfrequency control

From the simulation results with a small-scale wind turbine unit shown in Figure
7.25 (a), the unit receives the reference power set point from the central controller to
increase its output power. This increase of output power from the wind turbine is
achieved by the pitch controller which decreases the pitch angle of the wind turbine
to change the generator output power as illustrated in Figure 7.25(b). Also as shown
in Figure 7.25 (c) the results show that the change in the system frequency has an
impact on the speed of the generator due to the relationship between the system
frequency ( wg= 2m f ) and rotor speed of induction generator (®; )[w= s = (1+s)].

The induction generator injects power to the system only when the speed of the rotor
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exceeds the synchronous speed of the electrical field of stator winding. However the
result shows that the generator speed decelerates at the beginning and settles in a new

stable operating condition following the system frequency.
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Figure 7.25: Response of small scale wind turbine driven IG to load increase: (a)
Active power output, (b) pitch angle and (c) Rotor speed.

¢) Contribution of stirling engine driven induction generator in under frequency
control

Figure 7.26 (a), (b) and (c) show how the microCHP unit (Stirling engine SE)
connected to an induction generator can contribute to under frequency control. As
shown Figure 7.26 (a) the mechanical torque of the crank shaft of the striling engine
increased according to reference value of the electrical power received by the local
unit control system from the central controller as shown in Figure 7.26(b). This
increase of the mechanical torque leads to increase the electrical power from the
induction generator connected to the shaft of the stirling engine as shown in Figure

7.26 (b). Also Figure 7.26 (c) show that the change in the system frequency results in
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a deceleration of the generator speed at the beginning before the system reaches a

new stable operating condition.

. g Actual
2 = — — —Reference
o = . ; - T
= [
= = =3 N T S
= -:u 1. e
[ =
05 i : ; ; : T 12 : ; : : : :
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time (sec) Tirme (sec)
(a) (b)
1.02 ——————————
2 1007
T 0.998
=
7]
0.9s ; ; . ; ;
5 10 15 20 25 30 35 40
Time (sec)
(c)

Figure 7.26: Response of stirling engine driven IG to load increase: (a) Active power
output, (b) Mechanical torque and (c) Rotor speed.

d) Contribution of microCHP connected to permanent magnet synchronous
generator in under frequency control

Figure 7.27(a), (b) and (c) show the performance of the microCHP connected to a
permanent magnet synchronous generator (PMSG) for the contribution in the system
frequency control. The results shown in Figure 7.27 (a) and (b) show that the
response of the prim over is (mechanical torque and the electrical power reference
value) same as the response of the prim over in case of the microCHP connected to
induction generator (case b). Also, the change in the system frequency has an impact
on the PMSG speed similar to that on a conventional synchronous generator (case a)

as observed in Figure 7.27(c). However as illustrated in Figure 7.27(d) the
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performance of PMSG differs from the performance of the conventional synchronous

generator because, in the case of PMSG, the power factor cannot be controlled.
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Figure 7.27: Response of reciprocating engine driven PMSG to load increase: (a)
Active power output, (b) Mechanical torque, (c) Rotor speed and (d Reactive power
absorbed).

e) Contribution of photovoltaic (PV) in under frequency control

Figure 7.28(a) illustrates the contribution of the PV unit in the power generated by
the SSEG networks. The controller that controls the converter-connected PV
increases the power angle of the converter as shown in Figure 7.28(b) in order to
increase the output power from the PV unit, according to the reference power signal

from the central controller as shown in Figure 7.28 (a).
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Figure 7.28: Response of PV unit to load increase: (a) Active power output and (b)
load angle.

B Over Frequency Test (load decrease)

As shown in Figure 7.29, similar to the over frequency test in scenario 1 and 2, 10%
of the total load in the system (load 1105 is disconnected) is disconnected at t = 10s.
Thus, as shown in Figure 7.30 this unbalance between consumption and generation
leads to an unbalance between electrical and mechanical torque of the main
generators. Therefore as shown in Figure 7.31 the system frequency increases as the
mechanical torque is more than the electrical torque. However in this case the SSEG
networks are combined with a load and frequency controller which detects the
disturbance and sends signals to the SSEG networks to compensate the difference
between the load and generation by decreasing their output power. As shown in
Figure 7.29 the total output power from the SSEG units is reduced to half the total
rated value within 3s of the disturbance. As a result, as shown in Figure 7.31 the
frequency of the system is 50.395 Hz which is within the limits of normal operation.
In addition, at t=15s the main generators start decreasing their output power and the
SSEG units start to return to the actual operating condition as before the disturbance

by t = 18s.
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Figure 7.29: Active power generation in the system with LFC (load decrease).
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Figure 7.31: System frequency behaviour with SSEG networks with LFC (load

decrease).

a) Contribution of reciprocating engine driven synchronous generator in over
Jfrequency control

Figure 7.32 (a), (b) and (c) illustrates the response of the reciprocating engine driven
synchronous generator for the increasing of the system frequency. As shown in the
Figure 7.32(a) once the unit receives signal from the central controller to change its
output power after the disturbance detection, the unit control system starts

decreasing the electrical output power of the generator by decreasing the input
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mechanical torque input to the generator. As a result, the generator output power
decreases during first 4s after disturbance. As shown in the Figure 7.32(b) the
decrease in the electrical power output from the generator is combined with a
decrease in the load angle of synchronous generator. As clearly observed in Figure
7.32 (c), the change in the system frequency has an impact on the speed of the
synchronous generator that accelerates at the beginning before settling in a new

stable operating condition.
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Figure 7.32: Response of reciprocating engine driven SG to load decrease: (a) Active
power output, (b) Load angle and (c) Rotor speed.

b) Contribution of small-scale wind turbine driven induction generator in over
Jrequency control

These simulation results show the contribution of the small-scale wind turbine unit

(SSWT) in over frequency control. The over frequency control requires decreasing in
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the output power of wind turbine. As shown in Figure 7.33(a) the small-scale wind
turbine unit (SSWT) receives the reference power set point from the central
controller to decrease its output power. This decreasing in the output power of the
wind turbine is achieved by the pitch control system of the units, as shown Figure
7.33(b) in the results the pitch control increases the pitch angle of the wind turbine to

change the generator output power.
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(a) (b)
Figure 7.33: Response of small scale wind turbine driven IG to load decrease: (a)
Active power output and (b) Pitch angle.

c¢) Contribution of stirling engine driven induction generator in over frequency
control

This part of the simulation results aims to show how the SSEG networks with
microCHP (SE) technology driven induction generator can contribute in the
regulation of the system frequency when the part of the load in the system is
disconnected. The response of the SE to this event is illustrated in Figure 7.34(a) the
unit control system decreases the unit electrical output power according to the signal
received from the central controller. As shown in Figure 7.34(b), this decrease in
electrical power is achieved by decreasing the input mechanical torque to the

generator.
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Figure 7.34: Response of stirling engine driven IG to load decrease: (a) Active power
output and (b) Mechanical torque.

d) Contribution of microCHP connected to permanent magnet synchronous in
over frequency control

From the results shown in Figure 7.35(a) the microCHP connected to PMSG
contributes to the frequency control by decreasing its output power, the output power
from this unit decreased during first 3sec after disturbance according to the signal
received from the central controller. This decreasing in the output power is achieved
by the local microCHP unit control system; as shown in Figure 7.35(b) the controller
reduces the mechanical torque of the generator to reduce the electrical output power.
However when the system frequency returns to the normal operation condition the
unit returns to the operation condition before the disturbance. Also as shown in
Figure 7.35(c) the generator speed performs similar to the conventional synchronous
generator which accelerates at the beginning before the system turns to new stable

operating condition.

e) Contribution of photovoltaic (PV) in over frequency control

The contribution of the PV unit to prevent the system frequency to reach value above
the standard operating limit is shown in Figure 7.36 (a). The output power from the
PV unit is decreased by the unit control system depending on the reference value
received from the central controller. As shown in Figure 7.36 (b) the control system

decreases the power angle of the converter to change the output power from PV unit.
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As a result the PV unit can participate in reducing the increase in the system

frequency caused by the load increase.
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Figure 7.35: Response of reciprocating engine driven PMSG to load decrease: (a)
Active power output, (b) Mechanical torque and(c) Rotor speed.
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7.4.3 Comparison of System Frequency Response during Different
Operating Conditions

In order to compare the system frequency behaviour with no participation of SSEG,

with SSEG without load-frequency control and with SSEG with load-frequency

control, the system frequency response of three cases are plotted together. Both

under frequency and over frequency tests have been considered and are described in

the following subsections.

7.4.3.1  Under Frequency Test (load increase)

Figure 7.37 illustrates the system frequency with participation of SSEGs both with
and without load-frequency control. The results are also compared with the base case
where there is no SSEGs connection in the system. These results illustrate that when
a new load is connected (10% from the total load) to a system with no SSEGs, the
frequency of the system decreases to value 48.8Hz which is below the threshold
value (49.5Hz), potentially energizing under frequency protection and creating a
blackout in the system. Using SSEGs without load and frequency control, the
decrease in frequency is less (minimum value reached is 48.95Hz) than the base case,
but this would also lead to under-frequency tripping. However, the study showed that
by the connecting the SSEGs to the system with load and frequency controllers, an
excellent response during steady state and disturbance were demonstrated. As shown
in Figure 7.37, the frequency of the system is 49.54Hz which, is within in the limits
of normal operation. Moreover using the proposed controller there are no oscillations

in the system frequency before restoration to its initial condition.
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Figure 7.37: Comparison of system frequency response (load increase)
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7.4.3.2 Over Frequency Test (load decrease)

The impact of using the SEEG networks with the proposed load-frequency control
system on preventing the system frequency to reach value of over frequency (50.5
Hz) is compared with cases, the base case where there is no SSEG networks
connection in the system and the SSEG networks connected but without load-
frequency control. Figure 7.38 illustrates that the system frequency in both cases the
base case and SSEG networks connected but without load-frequency control
increases to values 50.9 Hz and 50.84 Hz, respectively. These values are above the
threshold value (50.5Hz) which lead to over-frequency tripping. However, the study
showed that by the connecting the SEEG networks to the system with load and
frequency controllers, an excellent response during steady state and disturbance were
demonstrated. As shown in Figure 7.38 the frequency of the system is 50.395Hz
which, is within in the limits of normal operation. As a result connecting the SEEG
networks with the proposed load-frequency control can restore the system frequency

when a part of the load is disconnected.
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Figure 7.38: Comparison of system frequency response (load decrease)

7.5 Summary
The load-frequency controller has been successfully implemented and tested using

PSCAD/EMTDC. The simulation results of primary frequency control studies are

presented in this work. The impact of SSEGs with load and frequency control on
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frequency stability is studied with the following different SSEG technologies:
photovoltaic, reciprocating engine driven synchronous generator, stirling engine
driven induction generator, small wind turbine driven induction generator, microCHP
connected to permanent magnet synchronous generator. A real distribution system
with a load scenario is used in the test. This study shows that large penetration of
SSEG has a significant impact on the system frequency regulation when companied
with central load and frequency control system. In both studies, with an assumed
load increased and load loss, the results show that the SSEG units connected near
the load area with load and frequency control cases strongly impact on the frequency
stability of the system compared to the base case and the SSEG units without load
and frequency control. The impact depends on the SSEG technology used. In most
cases, the SSEG connected to the network through power electronic converter has a
larger influence compared to the SSEG with rotating machines (induction generator
or synchronous generator). Moreover using the proposed controller there are no
oscillations in the system frequency before restoration to its initial condition. In
addition the results show that it is necessary to coordinate between the central
controller and the local controllers of SSEG units in order to maintain the system

frequency within limits.
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CHAPTER 8

Conclusions and Future Recommendation

8.1 General Conclusions

It is widely anticipated that the capacity of SSEG connected to distribution networks
will greatly increase over the coming decade through newly built properties and the
large-scale refurbishment of municipal or housing association properties. SSEG
offers environmental, economic and social benefits. However, before introducing
SSEG in large quantities a number of issues should be resolved in terms of
connection to the distribution network: power quality problems, stability, voltage and

frequency control, protection, reliability and safety.

Firstly this thesis has investigated the transient behaviour of a range of technologies
in response to realistic network faults. From this investigation it has been found that
the stability of the network may be endangered due to the small inertia of the SSEG.
More care is required to ensure that the generator does not trip for remote network

faults; otherwise, the heat energy from the building may be lost for short periods.

Secondly in this thesis the modelling, analysis and design of a PWM voltage source
inverter (VSI) connected between a DC source and the AC grid was presented.
Different control schemes were applied to the inverter in different operating
conditions: when the SSEG worked with no connection to the grid and also when the
SSEG was connected to the grid. The objective of this was to show that with
appropriate control the converter can transfer the DC energy from SSEG improving

the power factor and the voltage regulation of the electrical system.

Thirdly, the central controller that coordinates between multi SSEG networks
connected to a 33 kV distribution network has been successfully implemented. The
control system controls power flow in the grid-connected mode of operation and

maintains the voltage and frequency of the SSEG networks within acceptable
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operating limits when they island. When reconnecting them, the central controller
resynchronizes SSEG networks with the MV distribution network demonstrating a

smooth transition between the grid connection and islanded mode.

Fourthly, this thesis introduced techniques to control unified series-shunt
compensators (USSC) connected between SSEG networks and a 33kV distribution
network. Simulation results showed that the proposed control techniques for USSC
ensure the fault ride-through capability of the SSEG networks and improve, even
during steady state and transients, the voltage quality at the SSEG bus. During steady
state, the power delivered to the grid is controlled improving the voltage of the
SSEG. During a disturbance, the controllers maintain the voltage and frequency of
SSEG networks at pre fault values. Moreover the technique can mitigate the voltage
unbalance due to the asymmetrical grid faults and can reduce increasing in fault

current levels in the electricity grid due to adding SSEGs.

Finally, a load-frequency control technique for a system with a high penetration of
SSEGs was successfully implemented and tested using PSCAD/EMTDC. In this
study, the impact of SSEGs on the frequency stability of the system was studied in
detail implementing different SSEG technologies connected to a permanent magnet
synchronous generator: photovoltaic, reciprocating engine driven synchronous
generator, Stirling engine driven induction generator, small wind turbines driven
induction generator, microCHP. The penetration of these SSEGs in the power of the
network is 26.2% (10 MW). This study shows that a network with a large penetration
of SSEG, with load and frequency controller, has a significant impact on the

networks stability and security.

8.2  Future Research

Various aspects of networks with a high penetration of SSEGs need further
investigation, these are:

e Further research on the impact of SSEGs on the stability of the

transmission network.
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As the level of the SSEGs will be high in the coming years there may be a
scenario when surplus power in a part of the distribution network is
transmitted through the transmission system. In this case the effect of the

SSEGs on the transmission system has to be investigated.

Research on the protection systems of the distribution network.
Majority of the protection equipment in the LV distribution network are
fuses or miniature circuit breakers. The installation of these small generators

may requires a protection scheme to meet protection requirements.

Further research on the integration of energy storage devices.

As most of the energy sources are uncontrollable then to permit stable
operation of SSEGs, the energy storage devices are required to be included
within the devices themselves or as one central storage device within the

network.

Further research on adding the optimiser on the proposed load-
frequency controller.

Define the set point for every SSEG according to the speed response of the
unit, the cost and availability of energy source.
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Appendix A

Main Distribution Network (11kVand 132kV) Supply and Load Models.

Appendix-A.1 Main Distribution supply model
In this work two representations of a main distribution network have been used. The

first is where an infinite bus has been modeled and the second is where synchronous

generator model has been used.

A. 1.1: Description Of infinite bus model

This appendix describes the infinite bus model which has been used to represent the

main distribution network (11kVand 132kV).

The infinite bus is modelled by a 3-phase AC voltage source, where the source
impedance may be specified as ideal. This source can be controlled through either
fixed internal parameters or variable external parameters. The external parameters

are:

¢ V: Line-to-Ground, Peak Voltage Magnitude [kV]
o f: Frequency [Hz] [11]

A. 1.2: The main 3-Phase synchronous Generators
Three main synchronous generators (G1, G2 and G3) have similar ratings and which

represent the main system providing 38.2MW connected to 132kV bus (bus 100).
The Prime Mover is controlled by a V2 Compatible Hydro Governor (HGOV18) and
a V2 Compatible Solid State Exciter (SCRX19). Fuller descriptions of the governor
and exciters (SCRX19) are available in Appendices D and E. The synchronous
generator, governor and exciter models have been used in the frequency control

study. The parameters for the models where obtained from [152]:
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Table A.1: The main 3-Phase synchronous machines parameters (28MVA) [152].

Rating (MVA) | 28 X4 (pu) | 0.280
ViL (KV) 11 X4 (pu) | 0.280
I (KA) 2.36 Tao’(s) 6.55

N (RPM) 3000 Tao”’(s) | 0.039
Ta (s) 0.278 X4 (pu) 0.770
H (s) 3.117 Xg (pu) | 0.375
X4 (pu) 1.014 Tg’’(s) |0.071
X4 (pu) 0.314 X1 (pu) |0.054

Appendix-A.2: Load Model

The loads used are represented by a fixed PQ load component model. This
component models the load characteristics as a function of voltage magnitude and
frequency. The loads real and reactive powers are considered separately defined by

equations (C.1) and (C.2)

P= PO(VKJ (1+ K, .dF) (C.1)
v )"
0= Q{V—J (1+ K dF) (C2)

Where: P= Equivalent load real power and PO=Rated real power per phase
V=Load voltage and VO0=Rated load voltage (RMS, L-G)

NP=dP/dV Voltage index for real power

Kpr=dP/dF Frequency index for real power

Q=Load reactive power and Qy=Rated reactive power (+inductive) per phase.
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NQ=dQ/dV Voltage index for reactive power
Kor=dQ/dF Frequency index for reactive power

The values of dQ, dP, dV and dF are in all per-unit quantities.
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Appendix B

Modelling of Small Scale Embedded Generators

In this appendix the transient models of the rotating AC machines, static DC sources

and prime mover technologies are described.

Appendix B.1: Three -Phase Asynchronous Generator

A complete electromagnetic transient model of a three-phase induction machine has
been used which was based on a synchronously rotating reference frame. The type of
induction machine that used in this work is the squirrel cage induction machine. The
squirrel cage induction machine can be operated in either 'speed control' or 'torque
control' modes.. Normally, the machine is started in speed control mode with the
input speed(W) set to a rated per-unit speed (say 1.01 pu) and then switched over to
torque control after the initial transients of the machine die out (i.e. the machine
reaches steady-state). All stator and rotor parameters for the induction generator

used in this work are listed in Table B.2 this data was obtained from [11, 48].

Table B.2:3-Phase asynchronous machine parameters [11,48].

Rating | VN R, (pu) X; (pu) R.(pu) X:(pw) | Xp(puw) | H(s) | p
(kW) W)
11 250 0. 05824 0.05824 | 0.0363 0.078 2 02 |4

For the machine rated 2MW (1492 HP) the generic values for machine parameters,
have been used. Using this method the machine parameters are determined

automatically.
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Appendix B.2: Three-Phase Synchronous Generator

The full dynamic model of the synchronous generator includes an option to model

two damper windings in the g-axis; it can therefore be used as either a round rotor

machine or a salient pole machine. The speed of the machine may be controlled

directly by inputting a positive value into the W (speed) input of the machine, or a

mechanical torque may be applied to the Tm (torque) input. The electrically excited

generator is controlled through an automatic voltage regulator (AVR) to control the

reactive power with limited excitation current and a governor to control the active

power. The impedance and time constants for the synchronous generators used in this

work are listed in Table B.3. The data was obtained from Newage Stamford

industrial generators data sheets [153].

Table B.3: 3-Phase synchronous machine parameters [153]

Rating (kVA) 28 Rating (kVA) 11 Rating (MVA) |2
Vr (V) 230 Vx (V) 240 Vi (KV) |11
In(A) 24.65 In(A) 14.66 INn(KA) 0.105
N (RPM) 3000 N (RPM) 3000 N (RPM) 3000
Ta (s) 0.0049 Ta (s) 0.0049 Ta (s) 0.0049
H (s) 1&15 H (s) 1&15 H (s) 15
X4 (pu) 2.637 X4 (pu) 1.651 X4 (pu) 2.637
X4 (pu) 0.269 X4 (pu) 0.168 X¢ (pu) |03
X4 (pu) 0.172 X4 (pu) 0.105 X (pu) | 0.172
Ta0’(s) 0.338 Ta0’(s) 0.25 Ta0’(s) 0.338
Ta0”’(s) 0.0307 Ta0”’(s) 0.00562 Ta0”’(s) 0.0307
Xy (pu) 1.335 X, (pu) 0.82 X (puw) | 1.335
Xy (pu) 0.301 Xy (pu) 0.189 X (pu) | 0.301
Ty (5) 0.041 Ty (5) 0.041 T (s) | 0.041
X1 (pu) 0.054 X1 (pu) 0.066 XI (pu) | 0.054

226




Appendix-B.3: Three-Phase Permanent Magnet Synchronous Machine

The permanent magnet synchronous machine model contains, in addition to the three
stator windings, two additional short-circuited windings which are included to model
the effects of electromagnetic damping. The speed of the machine may be controlled
directly by inputting a positive value into the W input of the machine. Figure B.1

shows the machine control system. The machine parameters are listed in TableB. 4.

14H=2 pu

This block models the rotational

TIME— —1 Ctl=

dynamics of the rotor

| Sty = Ctrl
The speed is held constant at

1pu until 1s of the run is
completed. The mechanical

1 Mechanical Load
1

1

1

: dynamics are then initialized.

1

1

TIME —- (pu)

Figure B.1: Permanent magnet synchronous machine control system [11].

TableB. 4: 3-Phase Permanent Magnet Synchronous Machine Parameters [11].

Rated MVA 2
Rated Voltage (L-L) [kV] 11
Rated Frequency[Hz] 50.0
Stator Winding Resistance[pu] 0.017
Stator Leakage Reactance[pu] 0.064
D: Unsaturated Reactance [Xd] [pu] 0.55
Q: Unsaturated Reactance [Xq] [pu] 1.11
D: Damper Winding Resistance [Rkd] [pu] 0.055
D: Damper Winding Reactance [Xkd] [pu] 0.62
Q: Damper Winding Resistance [Rkq] [pu] 0.183
Q: Damper Winding Reactance [Xkq] [pu] 1.175
Magnetic Strength[pu]. 1.0
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Appendix-B.4: Small Scale Wind Energy Generator Model

The block diagram of the complete wind energy generator model is given in Figure

B.2. The model consists of wind governor, wind turbine and induction generator.

£
Vw | Wind Turbine . g
o 0
w ) Z. ‘é’
Power to Network 3
Beta
Wind Turbine
Pref——»  Governor
MOD 2 Type

Figure B.2: Wind turbine driven induction generator block diagram [11]

Appendix-B.4.IWind Governor Transfer Function

The block diagram of the Wind Governor is shown in Figure B.3. The function of the
governor is to control the wind turbine by determining an appropriate pitch angle,
Beta, depending on the power demand (P,s), this signal is received from the central

controller.

Appendix-B.4.2 Wind Turbine

As shown in Figure B.2, the function of wind turbine is to generate output torque;
this is dependent on the pitch angle Beta. This output torque, in turn, will be an input
of the induction generator. The wind turbine model inputs consist of wind speed,
Vw, (which must be a positive value) [m/s] and the mechanical speed of the machine
connected to the turbine, w [rad/s]. Beta is the pitch angle of the turbine blades and
is measured in degrees [°]. Tm is the output torque in per-unit [pu], and is based on
the machines rating. The output torque from wind turbine rotates the induction
generator to produce electrical power which is then injected into a low voltage

distribution network.

228



Weet
Speed regulator
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Filter Actuator
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jﬁ

Beta

Active power regulator Limiter

Figure B.3: The block diagram of the wind governor [11].

Where,

W, =Mechanical speed of the machine [rad/s]

W=Reference speed [rad/s]

P..i= Power Demand [MW]

P, = Power output of the machine based on the machine rating [pu]
K=Gain [pu]

K,=Proportional gain [pu]

Ki=Integral gain [pu]

Gp=Gain multiplier [pu]

K, =Blade actuator integral gain [s].

Appendix-B.5: MicroCHP (Stirling Engine (SE)) Model
Figure.B.4 shows the simplified model of the microCHP with the induction machine

which is used in this study. The power output is compared with a reference value the
difference is passed into a PI controller and the output of the PI controller adjusts the

mechanical torque of the induction machine.

POUt

B Tm ¢

OB

P_ref T } i
P_meas Network

connection

Figure.B.4: Simplified CHP model

229



Appendix-B.5.1: MicroCHP (Reciprocating Engine) Model

A complete electromagnetic transient model of a three-phase induction machine has
been used based on a synchronously rotating reference frame. The block diagram of
the complete diesel generator is given in Figure.B.5 and shows the real power loop

that controls the output of the induction machine.

< Induction |g .
Engine
PL <— Wattmeter | Generator Tm 9
Wm Woodward
Rout Wref Governor
Pref + PI R
L4

+

Figure.B.5: Diesel engine driven 3-phase induction generator block diagram

A reciprocating engine has been used for the prime mover and is shown
schematically in Figure B.6 .The widely applied Woodward governor model is used
to control a diesel engine approximated by a delay, expressed as an s-domain

exponential function [143]. Parameters for the model are given in [11,154,155].

o Nes) . 1+ sT1
1.D6) 1 47 TGy eTe
Speed_ref Order = 2

Actuator
Speed_meas

G L -sT —Pp
1+sT sT 7% e

Eneine Tourge

Figure B.6: Reciprocating engine Woodward governor model [11]
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Appendix-B.6: 3-Phase Synchronous Generator with Reciprocating
Engine Prime Mover

A complete electromagnetic transient model of a three-phase synchronous machine
has been used based on a synchronously rotating reference frame. The block diagram
of the complete diesel generator is given in Figure B.7; it shows the real and reactive
power outer loops that control the output of the machine, these allow operation with
a power factor of 0.95 lagging.

A Static Excitation System model of the solid state exciter (SCRX19) is used to

provide field control to the generator and is described in Appendix G.

Qref » Pl
+
VVref
Qout vt
g Exciter
SCRX19
A
Ef Ef0
P&Q
PLQL €«— | cter € Synchronous < Engine
Generator Tm
Wm Woodward
- y Pout v Governor
|
Pretf 4 SERUICS Q > Mmode

Figure B.7: Diesel engine driven 3-phase synchronous generator block diagram

Appendix-B.7: Single-Phase Inverter Interfaced Photovoltaic (PV) Model
In the transient studies the PV module, the maximum power point tracker and the

link capacitor were represented as an ideal voltage sources. A block diagram is
given in Figure B.8 and includes the controller, an IGBT bridge, an output filter ("

order LC) and an isolation transformer.
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The control strategy, for the PV module, is shown in Figure B.9 and is intended to
allow for operation at a constant power factor. The control system is based on an
active power controller and a power factor controller. The function of the active
controller is to generate the proper value for power angle of the sinusoidal voltage of
the PWM bridge which depends on the active power reference value. The active
power reference is set as a constant value based on the aforementioned DC side
simplification (in practice this would be derived from the maximum power point
tracking unit). To ensure a constant power factor the power factor controller is used
to generate the desired value for the output voltage magnitude of the PWM bridge,

this is dependent on the power factor reference value.

P measurment
Controller
le
Q mesurment
To the
grid
. Isolation LC Filter
DC Source —— > IGBT Bridge —— Transformer | ¢ é>

Figure B.8: PV module block diagram [35]

reference

& 2 Tan * m %
Phase angle Ay N > j W
T PWM L% IGBT

J: Logic | —3 Gate circuit

B'meas
Figure B.9: PV module inverter control
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Appendix-B.8: Fuel Cell

In the case of a SSEG is fuel cell there is a portion of the requested power that is
provided instantaneously. This portion of power that the unit can instantaneously
provide depends on the design of the fuel cell. It takes a longer period of time to
reach its thermal equilibrium, which may be about 10 seconds, after this time it is
then possible to obtain an increase in power. The fuel cell model is be represented by

the model shown in Figure B.10[14].

* Pout
Pin 1 — —

Figure B.10: Fuel cell model without Storage

When a new load comes on-line the fuel cell can maintain the instantaneous power
balance without voltage reduction. Storage can take place in different forms, but the
most practical is when the DC battery placed in parallel to the existing DC bus

terminals of the sources [14].
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Appendix C

Power Electronic Converter Model

This appendix mainly presents the main components of SPWM inverter and the
operation principle of single-phase and three-phase SPWM inverter, some simulation
results have been done to satisfy is the inverter switching model working properly.

Also the description of PSCAD ideal voltage source inverter model has been shown.

C.1 Operation Principles of Single Phase Voltage Source Inverter

As an example to explain the operation of voltage source inverter the full-bridge
single-phase inverter shown in Figure C.1a was used. Figure.1b shows the complete
block diagram of single-phase inverter which was implemented in PSCAD. It
consists of SPWM control unit, full-bridge single-phase inverter, and the load. As
shown in Fig.1a single phase full-bridge inverter consists of four-power switches
device (IGBT) with anti-parallel diodes and a DC source. The principle of the
operation of the inverter is to convert DC to AC by turning the power switches ON
and OFF at a certain time. Each two transistors should be on at the same time for a
half cycle, which can be done by the use of PWM technique. IGBT power transistors
have been selected in this work due to its high capabilities of high frequency

switching and less loss compared to the thyristor [103].

C.1.1 SPWM Control Unit

The purpose of using PWM (Pulse Width Modulation) controller is to control the
switching action of the power switches, therefore the magnitude and phase of the
output of the inverter may be controlled. There are several types of PWM such as
multiple PWM and sinusoidal PWM. SPWM was implemented in this work due to
its ability to reduce the distortion factor and lower the order of harmonic. Referring

to the theory of full-bridge single-phase inverter only two switches must be ON at
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the same time therefore, generated PWM applied to inverting operation amplifier
with gain one. As shown in Figure C.1 transistors 1, 2 conduct together and 3, 4

conduct together.

T
r{ 1 |_{ 3 b
o
|§
= ol 04 =
2 £
gz’ I g
El
e
= |
E
e ! ;
z - -
S . 02

carrier wave

93,04
Compar- ; o
ator 1,92

g

(b)

Figure C.11: (a) Full-bridge single-phase SPWM inverter and the load. (b)PWM

control unit

C.1.1.1 Operation of SPWM

The operation begins from SPWM control unit that provides pulses to perform the
switching sequence of the full-bridge inverter. In this operation compare two signals
triangle wave and sine wave, the output of the comparator goes to the transistors gate
terminal to turn ON and OFF the transistors. Control the output of the inverter by

changing the modulation index of the control. The amplitude modulation index, M

235



is the ratio of the amplitude of the fundamental sine wave, V| to the amplitude of the
carrier triangle wave, V.

W
Ve

M

a

ey

The frequency modulation index, M , is the ratio of the frequency of the carrier

triangle wave, f. to the frequency of the fundamental sine wave,

M, :% 2)

The modulation index, M ,  usually is less than or equal to one, which means that the

amplitude of the carrier wave is greater than or equal to the amplitude of the sine
wave. As illustrated in Figure.F.2 the modulation is achieved by comparing a

sinusoidal reference signal of frequency f and amplitude A, with a triangular carrier
wave of frequency f, and amplitude A . The frequency of the reference signal
determines the inverter output frequency, f,, and its peak amplitude A, ,controls the

modulation index, M , ,and then in turn the RMS output voltage V, [103].
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Figure C.12: Sinusoidal pulse-width modulation for single phase inverter

C.2 Operation Principles of Three-Phase Voltage Source Inverter

A three—phase inverter may be considered as three single—phase inverters and the
output of each single-phase inverter is shifted by 120°[103]. As shown Figure.C.3
there are three sinusoidal reference waves each shifted by 120°. A carrier wave is
compared with the reference signal corresponding to a phase to generate the gating
signals for that phase, also the output voltage between phase A and B is shown in

Figure C.4.
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Figure C.13: (a) Three-phase inverter and the load& (b) Three-phase inverter PWM

control units
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Figure C.14: Sinusoidal pulse-width modulation for three-phase inverter

C.3 Ideal Voltage Source Inverter Model

An ideal model is used to represent the inverter by means of three controlled

sinusoidal voltage sources defined as:

v, =2V -sin(@r + 6,) 3)
v, =\/5-V-sin(a7t+5v —27/) “4)
v, =2V sin(@r + 8, +27%) (5)

Where the control variables are V and 9. A full representation of the inverter using a
switching model was considered not required to observe the performance of the
controllers. Also, if a switching model is used the result would be just slower

computer simulation.
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C.3.1 Description of PSCAD Voltage Source Model

This component models a 3-phase AC voltage source. This source may be controlled
through either fixed, internal parameters or variable external signals. The external

inputs are described as follows [11]:

e V: Line-to-Line, RMS Voltage Magnitude [kV]
e F: Frequency [Hz]
¢ Ph: Phase angle [°] or [rad]

Table C.5:3-Phase Inverter parameters

KVA 11
Power factor(leading) 0.95
Switching frequency 2KHz

Table C.6:1-Phase Inverter parameters

KVA 3.3
ower factor(leading) 0.95
Switching frequency 2KHz
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Appendix D

Description of the Small 33kV Rural Network with A sub-Sea Cable

The basic power system model of the small rural network with a sub-sea cable is
shown in Figure D15 [93], has been used in this work. The EHV1 model is a 33kV
rural network fed from a 132kV supply point. The network has long lines, including
a sub-sea cable between buses 318 and 304, leading to voltage problems at the
extremities of the network. The network includes generator (G1) which represents
the main 132kV system (system slack bus) connected to 132kV bus (bus 100) and
one interconnected generator works as PV bus 4MW connected to the network at bus
336. The following tables describe the buses, the loads, the generators, the branches
and the transformers for all system. The system MVA base is the base value for all

per unit impedances except for generator impedances.

Table D.7 System Description

Buses 132 kV 1
33 kV 42
11 kV 18
Total 61
Loads Number of loads 18
Total P 38.16
Total Q 7.74
Average P 2.12
Average Q 0.43
Generators Number of generators 2
Branches Number of branches 43
Total length 244.62
Average length 5.688837
Average CR1 0.192512
Average CX1 0.185512
Average Rating CM1 18.72093
Transformers Number of transformers 23
Average TR1 0.769596
Average TX1 6.030139
Average Rating 7.391304
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Grid supply
100 132 KV
302 33 KV
303 327 331
) — 1 332
305 328 329 | 333
306 330 337 334
T103 | 330 1102 335
307 340 341 1116 336
308 309 1117 1118
©
311
Interconnector
338
1104 | 1105 318
310 319 304 ——
312 313
Sub-sea cable
1106
1110
J71 107 @
321
314 320
! 322
—315
| 316 326 323
—301 ——317 3 324 nn
1108
1115 1114

1101

1109

1113 J71112

Figure D15: 33kV Network Model [93]
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Table D.8 Buses description

Parameter | bus Base Bus Target Minimum | Maximum
Number | Voltage | Type Voltage Voltage Voltage
Magnitude
Values 100 132 | Slack 1 0.97 1.03
301 33 | PQ 1 0.97 1.03
302 33 | PQ 1 1.01 1.03
303 33 | PQ 1 0.97 1.03
304 33 | PQ 1 0.97 1.03
305 33 | PQ 1 0.97 1.03
306 33 | PQ 1 0.97 1.03
307 33 | PQ 1 0.97 1.03
308 33 | PQ 1 0.97 1.03
309 33 | PQ 1 0.97 1.03
310 33 | PQ 1 0.97 1.03
311 33 | PQ 1 0.97 1.08
312 33 | PQ 1 0.97 1.08
313 33 | PQ 1 0.97 1.03
314 33 | PQ 1 0.97 1.08
315 33 | PQ 1 0.97 1.03
316 33 | PQ 1 0.97 1.03
317 33 | PQ 1 0.97 1.03
318 33 | PQ 1 0.97 1.03
319 33 | PQ 1 0.97 1.03
320 33 | PQ 1 0.97 1.03
321 33 | PQ 1 0.97 1.03
322 33 | PQ 1 0.97 1.08
323 33 | PQ 1 0.97 1.03
324 33 | PQ 1 0.97 1.08
325 33 | PQ 1 0.97 1.03
326 33 | PQ 1 0.97 1.03
327 33 | PQ 1 0.97 1.03
328 33 | PQ 1 0.97 1.03
329 33 | PQ 1 0.97 1.03
330 33 | PQ 1 0.97 1.03
331 33 | PQ 1 0.97 1.03
332 33 | PQ 1 0.97 1.03
333 33 | PQ 1 0.97 1.03
334 33 | PQ 1 0.97 1.03
335 33 | PQ 1 0.97 1.03
336 33 | PV 1 0.97 1.03
337 33 | PQ 1 0.97 1.03
338 33 | PQ 1 0.97 1.03
339 33 | PQ 1 0.97 1.03
340 33 | PQ 1 0.97 1.03
341 33 | PQ 1 0.97 1.038
342 33 | PQ 1 0.97 1.038
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1101 11 [ PQ 1 0.97 1.03
1102 11 | PQ 1 0.97 1.03
1103 11 | PQ 1 0.97 1.03
1104 11 | PQ 1 0.97 1.03
1105 11 [ PQ 1 0.97 1.03
1106 11 | PQ 1 0.97 1.03
1107 11 [ PQ 1 0.97 1.03
1108 11 | PQ 1 0.97 1.03
1109 11| PQ 1 0.97 1.03
1110 11 | PQ 1 0.97 1.03
1111 11 | PQ 1 0.97 1.03
1112 11 | PQ 1 0.97 1.03
1113 11 | PQ 1 0.97 1.03
1114 11 | PQ 1 0.97 1.03
1115 11 [ PQ 1 0.97 1.03
1116 11 [ PQ 1 0.97 1.03
1117 11| PQ 1 0.97 1.03
1118 11 [ PQ 1 0.97 1.03
Table D.9 load data
Parameter Load Bus Real Reactive
Number Power Power MVAr.
MW
Values 1101 1.9 0.39
1102 1.5 0.3
1103 0.28 0.06
1104 0.32 0.06
1105 3.31 0.67
1106 1.93 0.39
1107 18.4 3.74
1108 1.9 0.39
1109 0.06 0.01
1110 0.06 0.01
1111 0.55 0.11
1112 0.04 0.01
1113 0.77 0.15
1114 2.7 0.55
1115 2.85 0.58
1116 0.8 0.16
1117 0.21 0.04
1118 0.58 0.12
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Table D.10 Generators data

Parameter | Bus .NO | GPO | GPX | GPN | GQA
Values 100 30 60 -60 10
336 0 15 -15 0
Parameter | Bus .NO | GQX | GQN | GMB | GR1
Values 100 60 -60 100 0
336 15 -15 100 0
Table D.11 branches parameters
Symbol From ToBus | CR1 | CX1 | CB1 | CRO CXo0 CBO CLE
Bus
Values 302 303 0 | 0.00 0 000 | 0001 0.08
1 0
302 327 | 021 ] 028 0 0.64 8.69
3 4 0.852 0
302 331 | 009 | 0.12 0| 0273 ] 0364 371
1 1 0
302 340 | 022 ] 030 0| 0681 | 0907 9.24
7 2 0
302 341 | 0.10 | 0.19 0 03Il 6.3
4 9 0.596 0
303 305 | 0.12 | 0.09 0| 0379 0.28 275
8 4 0
303 339 o1 ] 022 0 0299 6.1
5 0.674 0
305 306 0] 000 0 0.0 1.03
1 0.001 0
305 307 | 005 | 0.04 0| 0168 0.124 1.14
6 1 0
307 308 | 0.00 | 0.00 0| 0006 | 0.004 0.04
2 1 0
307 309 | 050 | 037 0 152 10.34
7 4 1.123 0
310 311 | 021 | 028 0 0648 8.79
6 7 0.862 0
311 312 | 003 | 0.02] 000 0047 2.14
6 2 0.049 | 0.002
311 313 | 003 | 003 ] 000] 0.064 1.97
1 2 1 0.075 | 0.001
311 314 | 051 | 037 0 155 | 1.126 10.53
7 6 0
311 338 | 007 | 0.10 0| 0238 0317 323
9 6 0
314 315 | 0.00 | 0.00 0 0027 0.18
9 7 0.02 0
314 316 | 0.16 | 0.12 0| 0499 | 0363 3.39
6 1 0
316 301 | 022 ] 022 0| 068 | 0682 6.76
8 7 0
316 317 0] 000 0 o000 0.92
1 0.001 0
318 304 | 033 ] 027 | 000 | 0572 | 0.584 12.32
6 6 0.006
318 319 0] 0.00 0 o000 0.93
1 0.001 0
320 321 0] 0.00 0| 0001 091
1 0.001 0
320 322 | 053] 073 0| 1613 ] 2198 2228
8 3 0
322 323 | 112 | 087 | 000 333 2333
6 3 1 2477 | 0.001
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322 326 [ 094 | 0.65 0 2.833 19.05
4 7 1.971 0

323 324 | 0.04 | 0.02 0 0.134 0.059 0.46
5 0

323 342 ( 023 | 0.17 0 0.715 0.519 4.86
8 3 0

327 328 | 0.05 | 0.02 0 0.158 0.54
3 3 0.069 0

327 329 | 0.09 | 0.11 0.00 0.247 0.31 0.001 3.69
4 1

329 330 { 0.03 | 0.03 0 0.117 0.117 1.16
9 9 0

329 337 | 0.08 | 0.08 0 0.249 2.46
3 3 0.248 0

331 332 | 0.11 0.1 0.00 0.234 422
3 2 0.261 0.002

332 333 | 0.15 | 0.20 0 0.457 0.609 6.21
3 3 0

334 333 | 0.14 | 0.10 0 0.446 0.325 3.04
9 8 0

335 334 04 | 029 0 1.2 0.872 0 8.16

1

335 336 | 040 | 0.29 0 1.204 0.875 8.19
1 2 0

337 335 0.08 | 0.08 0 0.264 2.61
8 8 0.263 0

338 318 | 0.02 | 0.01 0.00 0.033 0.025 0.9
6 6 1 0.001

339 310 | 0.09 | 0.22 0 0.294 5.95
8 1 0.663 0

340 311 0.21 0.28 0 0.648 0.862 8.79
6 7 0

341 311 0.20 | 0.39 0 0.624 12.63
8 8 1.195 0

342 325 | 022 | 0.16 0 0.677 4.6
6 4 0.492 0

GPO= Real Power (MW.)

GPX= Maximum Real Power
GPN= Minimum Real Power

GQA= Reactive Power (MVAr)

CX1 =Positive and Negative Sequence
Reactance
CB1= Positive and Negative Sequence

Susceptance

GQX= Maximum Reactive Power | CRO =Zero Sequence Resistance

GQN= Minimum Reactive Power

GMB= Generator MV A Base

CR1=Positive and Negative

Sequence Resistance

CXO0= Zero Sequence Reactance
CBO0 =Zero Sequence Susceptance
GXO0 =Zero Sequence Reactance

CLE = The length of the branch in kilometres.
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Table D.12 Transformers data

Parameter | TFB [TTB | TID | TR1 TX1 TRO | TX0 TRE TXE

Values 100 | 302 1 0 0.2s i 025 a0 0
o0 | 302 2 0 0.2a ] 0.25 a 0
a0t [1m 1103813 | 29777 0f 19838 0 0
aoa 1102 1108172 | 40186 0| 28835 0 0
04 | 3N 1100728 | 01039 a a a 0
a0e  |1103 1 1879 | 121204 0101004 0 0
ang 1104 1 1879 (121204 0{ 101004 il I
09 |1103 11015314 | 1.6144 O 16144 | 200261 0
a0 |1106 1100917 | 1.0883 0 1.0883 | 200261 0
a2 |1o7 1100343 | 08925 0 08928 [ 197758 i
EIENILE 1100343 | 08925 O 08925197758 0
a1e |1108 103837 | 2.9969 0| 19986 1] ]
17 [1109 127139 |20.7808 0173173 il I
e (1110 127159 | 20,7808 0173173 0 0
321 1n 1107967 | 6.1783 0f 51461 0 0
322 1114 103857 | 2.99659 0 19984 0 0
322 (1114 2003837 | 29969 o 1.9936 a 0
324 (1112 127139 |20.7808 0173173 0 0
a2a 1113 107431 | 575496 0f 47997 il I
26 (1113 1100944 | 1.0869 0 1.0869 | 397037 0
aza 1116 1107431 | 57596 0 47997 0 0
a30 (1117 11048795 | 44919 0 ag70a a I
334 (1118 1110101 | FeN 0| 64926 0 0

Parameter | From | To TIL | TWH | TV TM3 | TST TTR TTX
Bus Bus

Yalues 100 ] 502 30 33 15 1 1] 1.08
100 | 502 30 33 15 1 1] 1.08
a0t | 1101 1] 25 278 125 1 1 1.08
a0z | 1102 a 2 22 1 1 1 1.08
aod [ 321 a 15 165 | 7.8 1 11 1.08
306 | 1103 a (1§} 0g5 | 025 1 1 1.08
aog | 1104 0 0a 0aa | 025 1 1 1.08
a0 | 1108 0 g aal| 248 1 1 1.08
310 | 1106 il 10 11 ] 1 1| 1.08
312 | 1107 0 25 2781248 1 1 1.08
a1a | 1107 0 25 2781248 1 1 1.08
318 | 1108 1] 25 278 125 1 1 1.08
317 | 1109 il 05 0a85 | 0.25 1 1] 1.08
39| 1110 a ns 0a85 | 023 1 1 1.08
321 [ 1111 i 1 1.1 ns 1 1 1.058
322 1 1114 a 25 275 1.25 1 11 1.08
322 | 1114 il 25 275125 1 1] 1.08
324 | 1112 0 0a 0a5 | 025 1 1 1.08
326 | 1113 0 1 1.1 08 1 1 1.08
326 | 1118 il 10 11 ] 1 1| 1.08
328 | 1116 0 1 1.1 0.8 1 1] 1.08
330 1117 0 158 165 | 078 1 1 1.08
334 | 1118 0 1 1.1 (1] 1 1 1.08

247




Parameter | From | To Bus | TTN TTF TWC [TPS | TCB
Bus
Walles 100 30z 053 21| O -30 302
100 302 055 21| O -30 302
301 1101 0.83 21 0 =300 1101
403 1102 0.83 21 0 -30( 1oz
304 3 085 21 | DD 0 321
306 1103 055 21 | O -30 | 1103
308 1104 083 21| D -30| 1104
309 1105 083 21| D -30 | 1105
410 1106 0.85 211 0% -30 | 1106
412 1107 0.85 210 -30 | 1107
413 1107 0.83 21 0 =30 107
315 1108 083 2| Dy -30| 1108
317 1109 055 21| O -30 | 1109
319 1110 083 21| D -30 1110
321 1111 053 21| O =30 1111
422 1114 0.83 21 0 =300 1114
422 1114 0.582 21 O -a0 ] 1114
324 1112 055 21 | O -30 1 1112
325 1113 083 21| D -30) 1113
326 1115 055 21| O -30 | 1115
323 1118 053 21 0 -30 | 1118
330 117 0.83 21 0 =300 117
334 1118 0.83 21 0 =300 1118
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Appendix E

Three-Phase PI-Controlled Phase Locked Loop (PLL)

Three-Phase PI-Controlled Phase Locked Loop (PLL) measures the system
frequency .The input of the Three-Phase PI-Controlled Phase Locked Loop is three
phase voltage. This three phase voltage measurement is converted to three single
phase voltages measurements using data signal array tap which extracts a specified
range of elements from the data signal array it is connected to. Then Three-Phase PI-
Controlled Phase Locked Loop (PLL) generates a ramp signal theta that varies
between 0 and 360°, synchronized or locked in phase, to the input voltage Va. The
ramp is generated by the phase vector technique. This technique exploits
trigonometric multiplication identities to form an error signal that speeds up and
slows down the phase-locked oscillator, to match the phase of the input. The phase
error is passed as an output variable after conversion to degrees. The frequency of the
input is computed and returned as an internal output parameter called name for

tracked frequency.

Three-phase voltage™;

Va
2 Vb PLL thetg
3 Vc

Figure E.16: Three-Phase PI-Controlled Phase Locked Loop (PLL)
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Appendix F

Low Pass Filter

The transfer function of the low pass filter is 2nd order as described below:

G.X(1) [11] (3)

1+2-§A[a‘)ij+((;)iju

Y@)=L"

Where,
G=Gain

o = Characteristic frequency
{=Damping Ratio
s=Laplace operator

L'=Inverse Laplace transform

Frequencies below the characteristic frequency are referred to as low frequencies.
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Appendix G
IEEE Excitation System Model

This exciter is based on an IEEE type SCRX solid state exciter (SCRX19). The
output field voltage is varied by a control system to maintain the system voltage at

Vref.

Exciter (SCRX)
%-‘Vrelléf ‘ﬁrahc"r

T

Figure G.17: SCRX solid state exciter

Inputs:

e Vref: The reference voltage in per-unit, which the exciter acts to control.
e If: The field current received from the machine in per-unit.

e Vabc: Receives input from the Node Loop component.

Outputs:

o Ef: This output is the computed field voltage applied directly to synchronous

machine.

The schematic diagram of the transfer function of3-phase IEEE type SCRX solid

state exciter is given in Figure G.18
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Figure G.18: 3-phase IEEE type SCRX solid state exciter [11,156].

T =Rectifier Smoothing Time Constant([s]

T A =Controller Lead Time Constant[s]

Tp =Controller Lag Time Constant[s]

Tg =Exciter Time Constant [s]

K= Exciter Gain [pu]

EMAX= Maximum Field Voltage [pu]

EMIN =Minimum Field Voltage [pu]
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Appendix H
V2 Compatible Hydro Governor (HGOV18)

This component models an IEEE type 2 hydro governor and turbine has been used in

this work is shown in

L |

Tmo v Tm

] Hydro
El:.anﬁ:fernnr

Figure H.19: Hydro Governor (HGOV18)

The schematic diagram of the transfer function of Hydraulic governor is given in

Figure H.1.

Speed  Maximum
Limit. Gate
. Gate
OFEM O ] 1
paning = Semvamotor

Pilol Walva
SENCMmotor
Time Constant

S e O S
(spead Refarenca) 1+5Tp S 1+5Tg [Gate Positicn)
[

w Spaed  Minimurm
Limit Gate
(Spead) CLOSE  Opening =1

Fip [
Parmangant Droop
Compansation

g

1 Transkant Drocp
Compensation

STy

Figure H.20: Transfer function of Hydraulic governor [11]

Inputs :
SP: The reference speed [pu].
Tm0: Mechanical torque from the machine [pu].

w: Machine rotor speed [rad/s].
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Outputs:

Tm: Mechanical torque output [pu].

Where

Q= Servo gain [pu]

R, = Permanent Droop [pu]

R=Temporary Droop [pu]

Te=Main Servo Time Constant [s]

T, = Pilot valve and servo motor time constant [s]

Tr = Reset or Dashpot Time Constant [s]
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Appendix I

Additional Test Results for SSEG Contribution to the
Frequency Control

The appendix provides additional test results which have not been presented in

chapter 7.

I.1 Results for System with no Participation of SSEG

This section of the appendix provides additional test results for system with no

participation of SSEG (base case) which have not been presented in chapter 7.

Targue {pu)
[}
(a7

Electrical Torgue 52
- Mechamcal anque =2

0s : ; ; i !
S 10 15 20 25 30 35 40

Time (sec)

07 F ' — ' '
Electrical Torgue &3
S 0BS5S =—==Mechanical anque 53
— U : :
L OBE-ieee- 7 :...\..: ...................... .
= f: W -~ e
— O0s55b-..---. g ?J ....................
5_7J. : : : :
A 10 15 20 25 30 3B 40

Time (sec)

Figure I-21: Torque for main synchronous generator with no SSEG (load increase)

Electrical Torgue G2
— ——Mechanical Torgque 52 {

5 10 15 20 25 30 3% 40
Tirme (sec)

0.6 I -
058} Electrical Torque 53
= 05571 — — —Mechanical Targque 53
v D52 [=="N SRR e
Z 49k - ymmfm ...... e
- : lqh 4 H"Hf“h—-
Q4 t----- Tm;j: .........................
0.43 : : :
10 20 30 40
Time (sec)

Figure [-22: Torque for main synchronous generator with no SEGG (load decrease)
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1.2 System with SSEG with no Load-Frequency Control

This section of the appendix provides additional test results which have not been

presented in chapter 7.

0.6 - . I I . :
Electrical Torque G2
= 055} =—==Mechanical Torgque 52
— . ~ : . : .
g |:|5 ...... ..‘;\ RN, ................
g f \.--f:'—“"""_-—
— g4a5t0- Foi e
—_— : : :
04 ; : L i ; ;
5 10 15 20 25 30 35 40

Time (sec)

0.6

. Electrical Torgue 53

2085 ———=mechanical Tn:urque =3

D B

% a5t f\\ ..... ..... SRR .

= FooN AT N

|_|:|_|-_1_5 ........ f ..... ..... ...... ......
-t oo

04 ; X : : :
5 10 15 20 25 30 35 40
Tirme (sec)

Figure 1-23: Torque for main synchronous generators with no LFC (load increase)
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Figure 1-24: Active power output from SSEGs with no LFC (load increase).
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Figure I-25: Torque for main synchronous
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Figure [-26: Active power output from SSEGs with no LFC (load decrease).



1.3 Mixed SSEG Technologies Contribution to the Frequency Control

This appendix provides additional test results which have not been presented in

chapter 7.

0& 0&
—_ Electrical torque 562 — Electrical torque 553
£ 055] = = = hechanical torque 562 || 2 .55 = = = ldechanical torque S3G3
@« a5t et [ i L O EEEEEE TR EEREE EEEE EEEEEETEERRE
] - . o I L N [ . S
SR R ST R

04 ; ; | ; ; ; 04 i i H i i i

e 0 15 20 25 30 3540 5 10 15 20 25 30 35 40
Time (sec) Time (sec)

Figure 1-27: Torque of main synchronous generators with mixed SSEGs (load

increase)
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Figure 1-28: Torque of main synchronous generators with mixed SSEGs (load
decrease)
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