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Abstract

The micro-grid is a low rated, cost-effective, and multi-form micro-generation
based modern power system. This system has many advantages such as the large
scale integration of renewable power generation, the ability to provide power to
rural and/or isolated communities and to maximize the usage of renewable power
sources. This is because a micro-grid system can provide reliable power, improve
the overall system efficiency, reduce system cost and increase the penetration level
of renewable power in next generation power systems. The diverse combination of
micro-generation in a micro-grid system makes the reliable operation and control
of the system a remarkable challenge in stand-alone applications. A micro-grid
system comprised of renewable micro-generation is presented in this thesis. Key
issues such as the system’s dynamic behaviour, continuous power adjustment in an
isolated micro-grid system with and without wind power generation, micro-grid
test set up and reliability assessment are investigated as part of this work.

An integrated dynamic model of a micro-grid system consisting of wind and
hydro based micro-generation is first developed. This model is utilized to inves-
tigate the system behaviour under various modes of operations with the objective
of revealing the nature of technical issues related to stable and reliable operation
of the micro-grid system. The micro-grid control concepts are introduced to es-
tablish fast and accurate balance between micro-grid power generation and loads.
An active power controller based on AC voltage control technique is developed to
maintain real power equilibrium between generations and loads during the oper-
ating mode of an isolated micro-grid system with wind power generation.

A governor controlled pumped hydro storage system is also investigated for

regulating system frequency during the operating mode of an isolated micro-grid
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system without wind power generation. An alternative inverter interfaced storage

control scheme for micro-grids in stand-alone and utility grid-connected modes
of operation is introduced to achieve fast and accurate power balance between
generation and loads. In addition, a micro-grid test set up is developed to verify
and validate the controllers” performances obtained through simulation study.
Reliability assessment of the proposed micro-grid system is investigated. As
part of this study, the reliability model of various sub-systems in a micro-
generation unit is developed and used to formulate a model for the micro-grid sys-
tem reliability study. It is found that the proposed micro-grid system is sufficiently

reliable to generate and supply power during its various operational modes.
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Chapter 1

Introduction

1.1 Micro-Grid System

The environmental impact of fossil fuel based power generation has turned
the attention of researchers, governments and commercial sectors from conven-
tional power generation technology to renewable or alternative power generation
technology. The demand for more power combined with interest in clean tech-
nologies have driven researchers to develop distributed power generation units
using renewable energy sources [1-3]. However, the integration of a large number
of distributed generations into distribution networks is restricted due to the ca-
pacity limitation of the distribution networks and their unidirectional power flow
behaviour [2,4,5]. These barriers have motivated researchers to find alternative
conceptual solutions to enhance distributed generation integration into the distri-
bution network.

An alternative approach called “"Micro-Grid” was proposed as a means of inte-
grating distributed generation into distribution networks [5]. The micro-grid is a

low power rated network that consists of a group of loads, micro-generation units,



central or individual storage systems, and associated power conditioning units op-
erating as a single controllable system. The micro-grid system generally provides
power or both power and heat to loads within the system [5-7]. A generic archi-

tecture of a micro-grid system is shown in Figure 1.1.

Pr P(Uw)
DG2l | - a3l | . IDG1
PV WT

= P(vw): Wind turbine power

Pr: Hydro unit power
P(R): Photovoltaic power

wuuy Grid Pa: Power from fossil fuel system
PreD--- T oad power

Power exchange between the
utility grid and the micro-grid

Figure 1.1: A typical micro-grid system.

The combination of micro-generation units in a micro-grid system can consist
of either or both renewable and non-renewable energy sources [8]. Thus the use of
diverse power sources in a small and low inertia micro-grid power system makes
the operation, control and power management of the system more challenging.
However, the employment of distributed generation in micro-grid systems can of-
fer the following benefits to utility operators, distributed generation owners and

consumers:

e Reliable Power Supply: Distributed generation units provide power to loads

by means of grid connection near the load points. Any unexpected events,
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such as grid faults occurring in the upstream power lines, result in a discon-
nection of the distributed generation unit from the grid, causing black-outs.
However, if the utility grid is not available, the autonomous operation of
a group of distributed generation units in a micro-grid system can provide
power to local loads and this depends upon the generation capacity of the

micro-grid.

Power Loss Compensator: Many rural communities in Canada are generally
connected to the central power stations through long transmission lines or
obtain their power supply through diesel generators. Delivering power to
such rural communities from a central power station produces a significant
amount of loss. In Newfoundland, the power loss in the transmission sys-
tem is about 9% [9]. Therefore, the formation of micro-grid systems near
these rural areas can help to reduce a significant amount of power loss due to

transmission, and also will help to reduce the cost of maintenance.

Reduction in Transmission System Expansion: According to the Newfound-
land and Labrador Hydro’s (NLH) 2010 long term planning load forecast,
power demand on this island is predicted to grow at 1.3 percent per year
through 2029. As illustrated in Figure 1.2, the energy demand scenario in
Canada also shows an increasing trend (Energy Handbook, Canada, 2011).
The gradual increase in power demand requires more power transmission
infrastructure, which may not be economically feasible because of the higher
cost involved in new transmission lines installation and maintenance for ru-
ral areas. Therefore, the installation of a micro-grid system near the user load
center can eliminate the requirement of re-designing or erecting new long

transmission lines, thus resulting in cost savings.
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Figure 1.2: Energy demand in Canada.

e Enhancement of Renewable Power Penetration: In distributed networks con-
taining wind generation, faults occurring in the upstream power line of the
utility grid cause the disconnection of wind power generation from the grid,
while wind power generation has the ability to deliver power. However,
wind power generation in an isolated automated micro-grid operation can
provide power to the loads when the grid is not available. Therefore, deliver-
ing power by wind power generation to the loads during grid unavailability

implies the enhancement of renewable power penetration.

1.2 Thesis Motivations

When two or more micro-generation units are combined to create a micro-grid
system, the overall system behaviour changes. In general, the characteristics of
a micro-grid system depend on the size and nature of the micro-generation units
in the micro-grid, as well as the site, and the availability of the primary energy
resources. Such characteristics can be more unpredictable, especially if the micro-
grid system with renewable power sources is included. The variation in micro-grid

characteristics increases the complexity of the underlying challenges to the opera-
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tion and control of micro-grid systems. Thus there is a need to investigate a micro-
grid system that can be constructed with potentially available energy sources for
particular sites.

A technological literature review conducted on micro-grid systems reveals that
there exists a need to study a micro-grid system powered by renewable energy
sources. Existing representations of micro-grid systems do not provide complete
scenarios for several aspects of the system. These aspects include selection of the
micro-grid system, the nature of micro-generation in the micro-grid, the type of
storage systems and the capacity of renewable power generation units. These
aspects also include micro-grid system modeling, operation and control, as well
as protection strategies. On the other hand, the application of renewable power
sources in a micro-grid can maximize the utilization of clean power for the power
industry. An existing real system is considered to investigate the issues for micro-
grid operation rather than working with a hypothetical system. The system in-
vestigated in this thesis is chosen based on potentially available renewable en-
ergy sources in Newfoundland Labrador, Canada. The system components and
the available resources are found for the selected system based on a case study in

Newfoundland, the island portion of the province.

1.3 Scope of Research

As an emerging alternative power system for integrating a large number of renew-
able energy technologies, the challenges to the micro-grid system are vast. The
technical and non-technical issues related to micro-grid research may differ from
one micro-grid architecture to another. This is because of the integration of a high

number of micro-generations with diverse nature and size into a micro-grid sys-
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tem. In this section, some of the challenges for the micro-grid system based on

renewable energy sources are briefly outlined.

Resource Assessment

The first and foremost inquiry for micro-grid systems is to assess the available
resources for specific sites where the micro-grid needs to be installed. Resource
assessment is very important especially if the interest is to integrate renewable en-
ergy technologies into the micro-grid domain. A resourceful site can be identified
based on annual energy yield by primary energy sources, and the availability of
those sources over a large time duration. Such an assessment can help to choose
renewable energy sources for a micro-grid system at a specific site. Although a site
can be used for micro-grid system installation, however, the global databases are
not sufficient to provide data for that particular site. Therefore, improvements in

present global databases are required.

Economics

Cost of energy is another dominant factor, which may affect the success of any
energy system. This factor may depend on capital cost, operations and mainte-
nance cost, design simplicity, diversity of applications, modularity, material and
labour engagement, and availability of the primary energy resources. Moreover,
system operations under normal and abnormal conditions, visual impact, controls

and system efficiency may also have a secondary influence on the cost of energy.



System Design and Components Selection

A simple cost effective design is desirable for a successful power system. How-
ever, the intermittent nature of renewable sources in a micro-grid system may re-
quire effective design and components selection for reliable power supply within
the micro-grid domain. A generic view of a micro-grid system shown in Figure
1.1 consists of multiform energy sources in terms of availability, behaviour and en-
ergy harnessing techniques. Resource assessment at a site can easily inform the
selection of energy sources for a particular micro-grid system; however, selecting,
sizing and operating a storage system for a micro-grid system incorporates design
challenges. This is because the storage system plays a vital role for efficient and
reliable operation of a micro-grid system by storing excess power from the system

or delivering deficit power into the system.

Operation, Control and Protection

Effective control and operation of a micro-grid system requires special attention in
order to achieve stable and reliable operation along with optimal system perfor-
mance. Selection of control strategies for control problems of any micro-grid may
vary as the system is comprised of different sizes and a diverse group of micro-
generations. Hence, operational and control problems for a micro-grid system with

intermittent renewable generation can be formulated as follows:

e Identification of the operational modes of a micro-grid system:
Operation of a micro-grid system depends on size, type, and operating con-
ditions of micro-generation units, as well as the location where the micro-grid
will operate. Also, the status of the utility grid or the distribution network can

dictate the micro-grid operation. Thus preliminary investigation is required
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to identify possible operational modes for the micro-grid system in order to

study the system dynamic behaviour under various operating conditions.

Balance between generation (real and reactive powers) and consumption
(real and reactive powers):

This is one of the most critical challenging issues for a micro-grid system
powered by renewable energy sources for stable and reliable operation dur-
ing stand-alone conditions. Two possible events are to be considered for
power balance during islanded operation of the studied micro-grid system;
namely, the isolated micro-grid system with wind power generation and
the isolated micro-grid system without wind power generation. In the first
event, the nature dependent wind power generation in the micro-grid system
can deliver power to the micro-grid, which may be in excess of the micro-
grid load and thus result in increasing the micro-grid frequency. The sur-
plus power from the wind power generation (WPGS) needs to be managed
economically and efficiently to maintain the micro-grid frequency within an
acceptable range. At the same time, the micro-grid requires more reactive
power due to the real power variation introduced by the WPGS. The ten-
dency of the doubly fed induction generator in the WPGS to consume reac-
tive power, coupled with the load reactive power variations, result in voltage
deficiency. In the second event, the micro-grid load may demand real power,
while the wind power generator is not able to deliver power to the micro-grid
due to lack of sufficient wind, resulting in a decrease in micro-grid frequency.
In addition, the micro-grid may also demand reactive power depending on

the load requirement, resulting in a change in micro-grid voltage profile.

On the contrary, high demand of reactive power by the WPGS and load is



delivered by the grid, while the micro-grid is in grid connected mode. How-
ever, the micro-grid can have the ability to provide high demand reactive
power locally using a storage system. Therefore, attention is required to de-
velop power control techniques for the proposed micro-grid system, which
is able to maintain balance between generation and consumption, while the

micro-grid is operational in isolated mode.

Control Coordinator and Monitoring System:

Continuous system monitoring and activating/deactivating, requiring con-
trol actions with minimal time are also challenges to achieving reliable and
stable operation of a micro-grid system. Tasks of the control coordinator and
monitoring system include detection of grid islanding and recovery, switch-
ing on and off controllers at different operational modes, and also grid syn-

chronization.

Micro-grid Test Setup:

A scaled version micro-grid test setup is also vital to implement and test
micro-grid controllers and the monitoring system. However, developing a
complete micro-grid test setup has significant challenges because of the re-
quirement to develop individual micro-generation in a micro-grid domain in
the laboratory environment and then to integrate all the micro-generation to

form a micro-grid in order to verify system performances in real time.

Micro-grid Protection:
The operation of micro-grid systems includes numerous critical factors, such
as a considerable number of power electronic devices and components, na-

ture dependent micro-generations, operating modes of a micro-grid, and



power exchange between the micro-grid and the utility grid. These factors

introduce challenges to conventional protection systems, which are primar-
ily designed for unidirectional power flow and a conventional utility grid.
Thus there is a need of a protection system for reliable and stable operation

of the micro-grid systems.

Micro-grid Reliability Assessment

The key primary energy sources of micro-generation in a micro-grid system com-
prised of renewable sources are nature dependent, as in wind, solar, hydro and
ocean current energy conversion systems. Because of the stochastic nature of such
energy sources, wind and solar always have uncertainty in wind speed and in so-
lar insolation, respectively, which causes unpredictable power output of a wind
turbine system or of a photovoltaic panel. Such variation in wind speed or in
solar insolation also propagates through the other sub-systems in a wind energy
conversion system (WECS) or in a photovoltaic (PV) system which eventually af-
fects the power generation of such systems. Reliability of power generation with
a renewable power generation system can be evaluated considering the effect of
uncertainty in the primary energy sources such as wind or solar insolation. This
assessment is required to ensure the ability to generate and supply power using
the micro-grid system at an adequate reliability level.

The above discussion indicates both technical and non-technical challenges re-
lated to micro-grid systems. However, the scope of this work is limited to the

technical challenges only.
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The total average load demand close to both wind and hydro generation sys-

tems is 6.76 MW, while the peak load is 14.8 MW. The load demand close to the
hydro generation unit is referred to as Load-1 (P7,), and the load demand close to
the wind power generation system is referred to as Load-II (Pr;). The yearly char-
acteristics of the load demands for Load-I and Load-II are shown in Figures 1.6 and

1.7, respectively.
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Figure 1.6: Load demand (Py;) close to the hydro generation unit
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Figure 1.7: Load demand (P,) close to the wind power generation system

The system schematic shown in Figure 1.8 basically consists of a hydro gener-
ation unit (HGU) and a wind power generation system (WPGS), associated loads,
a medium voltage transmission line, power transformers and the utility grid. The

generated power by HGU and WPGS is delivered to the local loads and the utility
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Figure 1.8: Selected system for micro-grid operation in Fermeuse, Newfoundland,
Canada.

grid. The unavailability of the utility grid due to any faults in the upstream power
line or regular maintenance first requires disconnecting WPGS from the grid. The
operation of the HGU in isolated mode is not the current practice of the utility
owner. In the event that the grid power is lost due to faults or scheduled mainte-
nance, a black-out would result until the HGU comes into operation. Even with
the HGU in operation, some load shedding is necessary since the HGU would not
be able to meet the total average load demand. If the selected system can operate
as an autonomous micro-grid system, then it will not only overcome the black-out
problem for the site but will also create the motivation for constructing and operat-
ing micro-grids with only renewable sources for the utility owner. The motivation

for this research arises from the need to develop controllers for stable and reliable
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operation of a micro-grid system that is powered by renewable energy sources and
is capable of delivering reliable power to the loads.

The system selected in this research is specific because the renewable sources
considered and the proposed controllers are site specific. However, the concepts
developed in this thesis can be applied to other micro-grid systems consisting of re-

newable sources such as solar, tidal and marine current micro-generation systems.

1.5 Thesis Objectives

Several micro-grid configurations with different types of micro-generations have
been investigated. However, none of these micro-grid systems has the combina-
tion of popular and economically viable micro-generation such as a variable speed
doubly-fed induction generator and a small hydro generator. On the other hand,
the model of micro-generation in most of the micro-grid system is assumed to be a
DC source, which utilizes an inverter to produce AC power for the grid. This mod-
eling approach might be less effective when the model of the micro-generation has
limited dynamical effects. Special attention needs to be paid to the power balance
issue of the proposed micro-grid system under various operating conditions. Al-
though considerable research has been devoted to studying the micro-grid system,
rather less attention has been paid to the practical implementation and realization
of the studied systems. In addition, since power supply by a micro-grid system
consisting of stochastic renewable sources might be sensitive, the reliability assess-
ment of the proposed micro-grid system is also an essential part of this research.
The first objective of this work is to develop a dynamic model of a micro-
grid system based on renewable power generation units such as a variable speed

doubly-fed induction generator and a small hydro generator. Development of such
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a model is important to identify the operational modes and technical challenges,
and also to utilize this model for further investigations.

The second objective of this work is to design and develop micro-grid con-
trollers to maintain real and reactive power balance between generation and load
during various operational modes of the proposed micro-grid system, and also to
investigate the performances of the developed controller through simulation under
different operating conditions.

The third objective of this work is to develop a micro-grid test set up. This ob-
jective also includes the implementation and experimental testing of the developed
micro-grid controllers to verify the performances of the simulation study.

The final objective of this work is to develop a micro-grid system reliability
model to assess the reliability level of generating and supplying power by the pro-
posed micro-grid system. Also, this objective includes the modeling and reliability

assessment of each subsystem of variable speed wind generators.

1.6 Thesis Outline

Chapter 1 introduces a broad overview of micro-grid systems, their significance
and the possible candidates for selecting a system for micro-grid operation. Finally,
the research areas for a micro-grid system based on renewable power generation
units are discussed, and proposed research objectives are laid out.

A review of distributed generation units, micro-grid configurations and their
control techniques is presented and discussed in chapter 2. The power sharing
strategy of the micro-grid system using an inverter interfaced system is reviewed.
In addition, a survey of the micro-grid test set up in a laboratory environment

for testing the designed controller is also provided. Finally, the reliability analysis
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for a micro-grid system based on renewable power generation is reviewed and
presented.

Chapter 3 provides a dynamic model of the proposed micro-grid system. Also,
the simulation of the developed model and the analysis of the results obtained
through simulation are presented. In addition, an outline of the additional neces-
sities for stable and reliable operation of the proposed micro-grid system is dis-
cussed. This model will be utilized to design and test the controller for the pro-
posed micro-grid system.

An overview of the micro-grid control concept is presented in chapter 4. The
frequency regulation scheme for an isolated micro-grid system with wind power
generation is called the active power controller. The design and development of
the active power controller based on AC voltage control concept along with a heat-
ing load/dump load is also presented in this chapter. Frequency regulation of the
isolated micro-grid system without wind power generation using a pumped hy-
dro storage system is also presented. The performances of the designed controllers
are investigated through simulation study, and the results are presented and dis-
cussed. Finally, the formulation of the micro-grid power controller using power
flow analysis is described. The simulation of the developed controller employing
power flow analysis with the Matlab/Simulink tool is also presented in this chap-
ter.

In chapter 5, a real-time implementation of the micro-grid test set up for exper-
imental testing is developed. This chapter also presents the implementation of the
active power controller and micro-grid controller for various modes of operation.
The control algorithms are realized using Matlab coding in the Matalab /Simulink

environment for the dSPACE ds1104 controller board. Experimental tests are car-
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ried out on various operating conditions of a micro-grid system based on renew-
able energy sources.

The reliability assessment of generating and supplying power using a micro-
grid system that consists of renewable energy sources is provided in chapter 6.
The reliability model of various sub-systems in a distributed generation unit such
as a wind energy conversion system is also presented. The sub-systems include
wind turbine rotor, gear box, generator and interfacing power electronics system,
and the impact of stochastically varying wind speed is considered in developing
the sub-systems reliability model. Chapter 6 also presents a micro-grid system reli-
ability (MSR) model by integrating the reliability models of individual distributed
generation units using the system reliability concept. The implementation of the
developed MSR model through numerical simulation using Matlab coding in the
Matlab/Simulink package is also presented and discussed.

The final chapter, chapter 7, summarizes and concludes the research work.
Also, it provides a description of the main contributions and future scope of this

work in various aspects.
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Chapter 2

Literature Review

The literature review for the current study is discussed in three sections of this
chapter. The first section covers the issues related to the integration of conventional
distributed generation into distribution networks. The second section discusses ex-
isting micro-grid configurations and their technical challenges and methods pro-
posed in the past to address them. This section also reviews the reliability assess-
ment of a micro-grid system comprised of renewable micro-generation. Finally, a
summary of further important research considerations relevant to the micro-grid

system based on renewable micro-generations is discussed.

2.1 Distributed Generation

Distributed generation (DG) is defined as a small electric power generation unit
connected to the distribution network or a user site of the network [10,11]. The

benefits of utilizing DG units are as follows:

e Support deregulation policy of the power industry.
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e Introduce emission free, smaller size and environmentally friendly energy

sources.

¢ Provide local electricity production for remote areas, where there is no grid

connection.

DG technology is comprised of solar, wind, small or micro or mini hydro, geother-
mal, ocean, bio-mass, internal combustion engine, combined cycle, reciprocating
engine, combustion turbines, micro-turbines and fuel cells etc. [8]. DG technolo-
gies can be in different forms such as dispatchable and non-dispatchable systems.
Dispatchable systems generate power according to the power demand whereas the
non-dispatchable systems generate power based on the availability of the primary

energy source.

2.1.1 Integration of distributed generation into distribution net-

works
While DG technology provides benefits and opportunities, a large integration
of distributed generation into distribution networks introduces several technical

issues in the operation of the distribution network. Some of the issues are [3, 12—

14]:

e A change in the system voltage profile occurs due to the variation in the

amount and/or direction of power flow throughout the system;

e Transient voltage variation may occur due to the connection/disconnection

of generators or even as a result of their operations;
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e Due to the presence of DG units, angle and voltage stability of the system will

be affected in the event of loss of a large central power generation;

e Power quality may be affected due to the large number of converter inter-
faced DG units, if the harmonic injection by the DG units is not within an

acceptable range;

e Re-designing the protection system may be required due to the increase in

short circuit possibility;

e Control co-ordination will be required between the DG units for proper op-

erational planning which increases the degree of system complexity.

Voltage profile in the system refers to the voltage dip and voltage rise. Volt-
age dip occurs due to motor starting, transformer energizing and short circuits in
the transmission system [12,15,16], and voltage rise occurs due to the integration
of distributed generation and the rising variation occuring along the distributed
line with respect to the distance of a consumer from the primary substation [17].
The voltage dip issue has been addressed by several researchers. Some methods
have utilized DGs to inject reactive power into the system to minimize the volt-
age dip [18,19]. A dynamic voltage restorer technique has also been proposed to
mitigate the voltage dip [16]. The approaches found in the literature to address
the voltage rise issue include reducing the primary substation voltage; allowing
the distributed generation system to import reactive power; resetting the voltage
along the line using more auto transformers; increasing the conductor size, and
imposing a constraint for distributed generation production during low demand

to minimize this voltage variation [17,20, 21].
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The voltage fluctuation issue, either short term or long term, is raised when

wind turbine based DG systems are connected to low voltage distribution feed-
ers [22]. A fixed speed induction generator utilizing a 5-step, no-load compensa-
tion capacitor bank is used to manage the flicker induced in the system during
the wind turbine’s continuous operation [22]. Soft-starters are used to connect the
fixed speed wind turbines with the grid to reduce short term fluctuations [23, 24].

Loss of a large central power generation means a severe disturbance in the util-
ity grid. In that case, IEEE Standard 1547-2003 [24] and IEEE Standard 929-2000
[25] suggest disconnecting the DGs from the AC line. DG operation in islanding
mode can improve the system reliability and reduce the outage cost from loss of
supply [27]. The impact of islanding operation of distributed generation connected
to a radial sub transmission system has been studied and it has been shown that
appropriately planned protection and operation schemes are required for an inten-
tional islanding operation [28].

Integration of DGs introduces harmonics into the system by means of electronic
interfaces. The capacitances at the interface of small generation units cause a shift
in resonance frequencies. The additional capacitance moves the resonance closer
to the lower order harmonics [29,30]. Harmonic compensation techniques using
shunt active filters have been proposed in [31, 32].

A coordinated voltage controller has been proposed to increase the share of DG
in the distribution network [33]. The author also commented that the coordinated
voltage control technique presents a complex structure where different devices
(e.g. DG units, OLTC transformers, etc.) are operated according to the network
situation. To develop such a complex structure, a relatively high investment cost is

expected.
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In summary, a continuous effort with respect to control, power quality, and sta-

bility and protection issues for DG integration is found in the literature. However,
re-designing the protection system, and the unidirectional power flow nature of
the existing distribution network, may limit the integration of a large number of

DGs (3, 14].

2.2 Micro-Grid Concepts

The limitations of the host distribution network and the interest in utilizing
diverse DG units near each other electrically have brought about the idea of the
micro-grid [13,34]. A micro-grid is a smaller power network at the distribution
level, comprising multiple DG units which are adequately capable of supplying

power to the loads in that network.

2.2.1 Micro-Grid Architectures

A review of the existing literature reveals that the first micro-grid architec-
ture was proposed by R. H. Lasseter [5], and was called the Consortium for Elec-
tric Reliability Technology Solutions or CERTS micro-grid. The CERTS micro-grid
generally assumes power electronic interfaced distributed generation units that are
based on both renewable and non-renewable power sources. Each distributed gen-
eration unit has its own battery based storage system connected to the DC link of
an inverter. An autonomous control system for each converter-interfaced micro-
generation is developed, and the proposed system is tested in a laboratory proto-
type. The capacity of each distributed generation is 60kW and is driven by natural
gas [123].
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Barnes et al [35,36] also proposed a micro-grid system under the frame of the
European project “Micro-grids”. The European micro-grid architecture consists of
two photovoltaic generators, one wind turbine, battery storage, controllable loads
and a controlled interconnection to the local low voltage grid. The crucial compo-
nent of this micro-grid system is the battery inverter which is controlled to main-
tain the desired voltage and frequency during isolated operation. Such a storage
system may not be feasible for a micro-grid system where the power requirement
is very high for a short period. Moreover, the selection of micro-grid storage is also
dependent on the type of micro-generation units within the micro-grid system as
well as on economic factors.

The New Energy and Industrial Technology Development Organization
(NEDO) in Japan proposed three micro-grid projects in 2003 [37,38]. The first
NEDO micro-grid (1.7MW) system is comprised of different kinds of fuel cells such
as MCFC, PAFC, SOFC, and a PV system and battery storage. In the first NEDO
micro-grid, only 18 percent of the power is generated by renewable energy sources.
The second NEDO micro-grid (610kW) configuration consists of PV, WT, biomass,
battery storage and a biomass boiler. The main feature of this configuration is
the combination of different kinds of renewable energy sources. The third NEDO
micro-grid ( 750kW) system consists of PV, WT, MCFEC, biogas gen-sets and battery
bank, and has a low percentage (66 percent) of renewable energy generation.

Micro-grid research in Canada started in universities with the cooperation of
the CANMET energy technology center at Varennes [37]. This research group has
identified industry cases, such as the isolated Ramea wind-diesel micro-grid sys-
tem, and the Fortis Alberta grid-tied micro-grid system, for investigation. Ramea’s

wind-diesel micro-grid system consists of six 65 kW fixed speed WTs and diesel
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generators. An additional three 100 kW rated WTs are currently being installed for
integration with the existing system. The Fortis-Alberta grid-tied system consists
of 3 MW run-of-river based hydro and 3.78 MW fixed speed wind turbine gen-
eration units [3]. Canada’s micro-grid research and development also evolved to
develop a test bed for industrial-grade prototype testing and performance evalua-
tion [37].

A study of micro-grid dynamic behaviour and the control of the micro-
generation units is performed by F. Kateraie [39]. This micro-grid system is based
on the benchmark system of the [EEE Standard 399-1997 [40], which consists of
three generation units comprising a diesel generator or a gas turbine generator,
an electronically interfaced distributed generation and a fixed speed wind power
generator. Research on micro-grid systems is also found in the literature, where
hypothetical generation units and loads are assumed [41-43].

The dynamic model of a micro-grid system comprised of photovoltaic cell,
wind turbines and hydro turbines is developed using the electromagnetic tran-
sient program (EMTP) [44]. A wind-hydro-pumped storage hybrid power station
is proposed to integrate with Greece’s Ikaria Island system in order to increase
renewable power penetration. An operating strategy is proposed for the overall
generation system of Ikaria Island to assess the expected benefits from the opera-
tion of the system [45]. A micro-grid system comprised of a fuel cell and an inverter
interfaced induction generator is developed in the laboratory environment [123].
However, the requirement of energy storage in this micro-grid system has not dis-

cussed.
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2.2.2 Control of Micro-Grid System

Distributed generation unit control in a grid-connected system is straightfor-
ward; however, significant difficulties appear in the micro-grid mode of operation.
A reliable and robust operation of a micro-grid system strongly depends on an
efficient control and power sharing scheme of micro-grid components. The con-
trol objective in a micro-grid is to achieve proper power sharing while maintaining
close regulation of the micro-grid voltage magnitude and frequency. Voltage and
frequency regulation for different micro-grid architectures found in a literature sur-
vey are as follows,

An energy management system, which receives the terminal information of
each inverter and loads to dispatch the inverter units in different load conditions,
is proposed in [46]. The frequency deviation in each inverter unit is controlled by
controlling the power angle between the inverter terminal voltage and the micro-
grid voltage. The voltage regulation is performed by controlling the reactive power
component of each inverter unit. The local voltage and frequency controller of
each inverter unit receives the reference reactive and real power for a new operat-
ing point from the energy management system. The successful laboratory test of
a micro-grid system is presented in reference [46] and is performed and reported
in [53]. The application of non-inverter interfaced DG units and storage systems
in these micro-grid systems is also studied [53]. This centralized management ap-
proach may require high bandwidth communication infrastructure to share the
dynamic sharing information from each inverter and load terminal. In addition, it

" o required to send new set points to each storage system controller associated
with each micro-generation unit. This may not be a cost effective solution in the

micro-grid case, because a large number of inverter-interfaced micro-generation
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units requires long connection distances between them and the energy manage-
ment system.

A DC/AC pulse width modulated inverter interfaced battery storage system
that is used to maintain the micro-grid frequency is presented in [47]. The battery-
inverter arrangement is controlled to regulate the magnitude and frequency of its
voltage output during the isolated operation of the micro-grid system, according
to the power-frequency droop curve [35,47]. The battery unit power electronics
interface consists of a Cuk DC/DC converter and a voltage source PWM inverter,
both bi-directional, permitting charging and discharging of the batteries. However,
this control approach is for a single phase low power micro-grid system.

The voltage and frequency regulation scheme for NEDO micro-grids is also
based on regulating the active and reactive power component of the inverter-
interfaced battery storage system [48,49]. In the first NEDO micro-grid, MCFC
and SOFC power generation sources operate to meet the system base load while
PAFC power generation sources operate as the load following unit. In the second
NEDO micro-grid, three 170kW controllable gensets burning sewage digester gas
are used as a biomass generation system. In the third NEDO micro-grid system,
a gas engine with 400kW and an MCFC with 250kW capacity are used with other
small capacity PV (50kW) and WT (50kW) generation systems. Due to the nature
of generation units in the NEDO micro-grid, frequency and voltage regulation are
not solely dependent on battery storage system control. In addition, the control
duration of the battery inverter is only a few seconds, and is used as backup until
the gas engine system responds to operate in controlling voltage and frequency of
the system. However, these cases may not be applicable to the micro-grid system

under investigation in this research.
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Frequency and voltage control in a micro-grid system is studied in [50]. A dis-
tributed generation unit represented by an equivalent DC source model with no
dynamics related to the input source is interfaced using a PWM voltage source in-
verter to the micro-grid. The active and reactive power component of the inverter
is controlled using droop methods to manage frequency and voltage of the micro-
grid system. The assumptions considered for distributed generation modeling are
not very accurate for the nature dependent renewable source based distributed
generation unit such as the DFIG, unless a storage system is considered at the DC
link. In addition, as the wind generator is not allowed to deliver reactive power to
the system, which is the case in the proposed micro-grid system, the voltage control
idea in [50] may not be applicable if the distributed generation unit is DFIG.

A control approach to provide both voltage and frequency regulation capa-
bilities for a variable-speed DFIG in micro-grid application is proposed in [41].
The frequency control is integrated into the rotor-side speed control loop using
the power-frequency droop method. The droop coefficient is used to determine a
change in the active power injected by the DFIG when a system frequency variation
occurs. This generated active power requires a new operating point of the DFIG.
The new operating point is implemented by converting the required active power
to equivalent reference electromechanical torque for the rotor side converter. Simi-
larly, the reactive power-voltage droop is used to determine the reference reactive
power for the grid side converter. This reactive power is directly dependent on
the rotor current component, while stator resistance is neglected, and the current
component is used to regulate the reactive power in the micro-grid system [41].
The control approach is applicable as long as sufficient wind is available to deliver

load demand. However, if there is no wind, the micro-grid voltage and frequency
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will not be regulated by the proposed control approach along with the DFIG. In
addition, controlling DFIG in this approach basically forces the wind generator
to extract as much power from the wind as the micro-grid needs. This technique
limits the extraction of maximum power from the wind, which is not desired for
power extraction from renewable energy sources.

A central automatic control system based on an estimated load curve is pro-
posed for the diesel-photovoltaic-battery storage micro-grid system [49]. The bat-
tery is charged by photovoltaic during daytime while the PV generation exceeds
the micro-grid load demand. Each generation has its local control unit, which con-
trols the generation units either by turning ‘on” or ‘off” depending on the micro-
grid frequency state. Turning ‘on” and ‘off” a generation unit puts the micro-grid
frequency in a preset range. If the micro-grid frequency is above the preset value,
the diesel governor system is used to maintain the constant frequency of the micro-
grid system.

A control strategy based on the droop method is proposed for load sharing
between parallel converters connected in a micro-grid and supplied by distributed
generators [51]. The control of the distributed generation units is emphasized to
compensate for the effect of imbalance and non-linearity of the local loads. The
distributed generation control compensator shows better system response in terms
of total harmonic distortion of the micro-grid voltages. To account for nonlinear
load sharing, the harmonic droop controller is also presented in [52]. However, the
distributed generation unit represented by an equivalent DC source model with no
dynamics related to the input source is considered in these investigations.

A dynamic fuzzy PI frequency controller is proposed for a micro-grid system

[54]. The proposed dynamic control is used for the fuel cell and electrolyzer hy-
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brid system to ensure real power balance between generation and consumption.

An objective function for frequency control in the micro-grid system is formulated

using the difference between power generation and consumption in the micro-grid

system. However, the efficiency of the electrolyzer system is not satisfactory com-

pared to other types of storage systems. An aggregate load-frequency controller

is presented [55], that regulates the frequency of a micro-grid system consisting

of a hydro unit and a fixed speed wind generator unit. Such a controller has fea-

tures of frequency control as well as of imbalance compensation between the three

micro-grid phases.

A power sharing strategy using the droop characteristic is proposed for an

inverter-interfaced micro-turbine, PV and FC power generation based micro-grid

system [56]. The flywheels and batteries are modeled as a DC source for storage

systems, which are interfaced to the micro-grid using a voltage source inverter

(VSI). The inverter of the power generation units is controlled to supply a given

active and reactive power set-point. On the contrary, the VSI of the storage sys-

tem is controlled to maintain real and reactive power with pre-defined values for

frequency and voltage. However, the proposed control strategy shows a slow re-

sponse to regulate micro-grid frequency which has been claimed to be due to the

slow response of micro-turbines and FC. A dynamic model of a hybrid system

along with an optimal control issue for real time operation is discussed and pre-

sented in [57].

Power sharing technique among multiple DGs in a micro-grid system is also

presented and discussed, where DGs are assumed to be inverter interfaced with

dispatchable energy sources [58]. In [58], one of the limitations of feeder flow con-

trol introduced in [46] is addressed to achieve improved power sharing among DGs




which are connected to a common feeder in series during the transition between

the grid-connected and island system. This limitation is solved by employing a
method of determining the new droop coefficients during the transition period.
The droop based parallel inverter control concept is also adopted to achieve fre-
quency regulation in a wind-solar power source based micro-grid system [59].

A potential function based secondary control of inverter interfaced DG units for
the operation of a micro-grid is proposed in [60]. However, the potential function
based approach is not applicable for primary control because of its high compu-
tational burden and signal transmission delays. In [61], a parallel inverter control
concept using droop methods is proposed for micro-grid application where the
issues of circulating current flow between the inverters is taken into account. A
control scheme for an isolated photovoltaic-diesel micro-grid system is proposed
in [62]. The objective of this controller is to track maximum power from the photo-
voltaic panel, regulate the load voltage, compensate the load imbalances and con-
trol the diesel-engine speed. An alternative control strategy that employs micro-
grid voltage versus dc-link voltage and real power versus the micro-grid voltage
droop characteristic for power sharing among the multiple inverters in a micro-
grid is presented in [63]. A voltage sensitivity analysis-based control scheme is
presented to regulate micro-grid voltage of a target bus. This scheme provides
adjustment in reactive power based on active power generation by the wind gen-
erator [64].

Control and operation of a DC micro-grid for both the grid connected and iso-
lated mode are presented in [65]. The power balance in this micro-grid is achieved
by controlling the battery energy storage and the grid inverter in grid-connected

mode. During the stand-alone operating condition, the power balance is obtained
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through a coordinated control strategy for the battery system, wind turbine and
load managment system.

The preceeding literature review indicates that the parallel inverter control tech-
nique based on droop methods has been extensively used to regulate frequency
and voltage in the micro-grid system. However, it has been reported in [66] that be-
cause of the droop characteristics, the system frequency may drop to a value where
all micro-generation units will be operating at a newer operating frequency, which
may differ from the nominal frequency of the micro-grid system. Thus, a power
sharing strategy using static droop characteristics and an adaptive transient droop
function is investigated in [66]. In addition, a comprehensive survey of micro-grids
suggests careful application of frequency versus real power and voltage versus re-
active power droop methods in control because of the fact that the impedance of
the line in isolated micro-grid is predominantly resistive [67]. Furthermore, the
impact of frequency and voltage droop on micro-grid stability has been reported

recently in [68].

2.2.3 Reliability Assessment of Micro-Grid System

Reliability assessment of a micro-grid system is a concern when the micro-grid
contains renewable sources. Because the ability to generate and deliver power by
the renewable sources highly depends on the primary energy sources. Reliability
evaluation is a quantitative measure of the ability to generate and supply power by
the renewable sources in a micro-grid. It also indicates the viability of constructing
a renewable source based micro-grid at a specific site.

A reliability study of a micro-grid system is presented in [69], where the con-

centration is given for the power quality aspect based on the assumption that the
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micro-grid system is a large virtual generator which has the ability to generate
sufficient power for loads in various operating conditions. Reliability based co-
ordination between the wind and hydro system is investigated, which shows ade-
quacy benefits due to the coordination between them when an appropriate number
of hydro units are engaged to follow the wind speed changes based on the wind
power penetration [70]. A wind speed modeling approach is considered to evalu-
ate the reliability of a wind integrated electric power system with the emphasis on
various wind speed modeling techniques [71]. However, the effect of wind speed
variation on various sub-systems of a wind energy conversion system is not con-
sidered for reliability assessment. It is found from literature that while micro-grid
architectures, control and power sharing issues are investigated a fair amount, re-
liability evaluation of micro-grid systems has not been explored yet.

Reliability assessment of the wind turbine generator in the power system ap-
plication has been studied by several researchers [72-79]. The application of two-
state and multi-state models for wind turbine systems are investigated in [72-74].
However, in [72-74], the stochastic variation and interactions of wind speed and
thus time dependent wind power effects are avoided [80]. A Monte Carlo simula-
tion based method is then used to evaluate wind generation system reliability in
[70,75-78]. All these past studies evaluate reliability of the wind turbine system
by determining the available power output using (2.1), while the effects of other

sub-systems such as gear box, generator, and interfacing power electronics have
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not been considered.
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where, F, and P, are rotor output power and rated power of the WT, respectively.
Veiws Vpe, @aNd e, are cut-in, rated and cut-out wind speed, respectively, and the
parameters A, B, and (" are the functions of cut-in, rated and cut-out wind speed.
Moreover, such an approach of determining available power only provides
power at the output of the WT rotor. A reliability evaluation, carried out only
for an interfacing power electronics sub-system to compare performances of small
(1.5 kW) wind energy conversion systems is presented in [81], while the consid-
eration of all sub-systems is considered in reference [79] with an assumption that
the wind generator is 100 percent reliable. Furthermore, the reliability assessment
of the interfacing power electronics sub-system is carried out for a single operat-
ing condition, the rated wind speed condition. However, operating conditions of
a WECS can vary between cut-in to cut-out wind speed due to the stochastic be-
haviour of wind speed. Hence, a reliability evaluation of generating power by the
wind energy conversion system is important to carry out, considering both the op-
erating conditions due to stochastic wind variation as well as the impact of stochas-
tic wind behaviour on different sub-systems in a wind energy conversion system.
This consideration is important to achieve a better reliability estimation regarding

the ability of the micro-grid system to generate and supply reliable power.
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2.3 Summary

Based on the literature survey, the following issues relevant to the micro-grid sys-

tem have been identified.

¢ The micro-grid system with a combination of a hydro generation unit and a
wind farm consisting of variable speed doubly-fed induction generator based
wind turbines has not been investigated yet. In past study, the combination
of DG units in a micro-grid system was found as (DC source interfaced by
an inverter) [5,50,51], (PV, WT and battery storage) [35,36], (MCFC, PAFC,
SOFC, WT and a PV) [37, 38], (wind-diesel) [37], (run-of-river hydro and fixed
speed WT) [3], (a diesel generator, DC source interfaced inverter and a fixed
speed WT) [40], (PV, fixed speed WT and hydro) [44], (Diesel, PV and battery)
[49].

The previous research on micro-grid systems has been carried out based on
hypothetical systems or on bench mark systems, where loads, type of micro-
generations and their capacities are assumed arbitrarily [5,35,40-43,50,51].
This type of selection may not be applicable for a particular site, because the
capacity of micro-generations depends on availability of renewable sources
which varies from one site to another. Also, the effective operation of re-
newable micro-generations depends on the frequency and amplitude of the
available renewable sources at a particular site. Thus this study has consid-
ered micro-generations available at Fermeuse, Newfoundland, Canada, and
investigations are carried out on the issues while the micro-generations oper-

ate in a micro-grid system.

e The components model of the micro-grid system is required to study the sys-
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tem dynamic behaviour during transient and steady state operation. How-

ever, the detail components model of the micro-grid system is not presented
in past research [3,5,35,38,40,50,52]. This study has developed an inte-
grated model of the micro-grid system that is comprised of all components
model of the micro-grid system. This model technically provides better sys-
tem dynamic behaviour than the model that does not contain the dynamics

of the components in that model.

Real and reactive power control of micro-generation units is designed with-
out considering the dynamics and uncertainties of the input energy sources
[50,52,58]. Droop based real and reactive power control are proposed for
inverter interfaced micro-generation units in a micro-grid system [35, 41, 46—
48,50-52,56,59,61,68]. If a number of inverter interfaced micro-generation
units operate in parallel and are primary candidates for frequency and volt-
age regulation, because of the droop characteristics, the system frequency
and voltage might drop to such a value that all micro-generation units will
be operating at a new lower frequency and voltages that are different from
the nominal values [66]. Thus an alternative power control scheme without
the employment of droop characteristics is an important research considera-

tion.

The micro-grid test set up development is required to test and verify conclu-
sions obtained through simulation study. Most of the past research on the
micro-grid system has been carried out based on simulation study [41, 46—
48,50-52, 56,59, 61, 66, 68]. Thus the micro-grid test bench development is an

important consideration of this research.
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e The proposed micro-grid system has stochastically varying, nature depen-
dent energy sources. Thus technically, the evaluation of adequate power
generation capacity by such sources in micro-grid operational modes cannot
be avoided. However, the literature survey indicates very little research has
been conducted to assess the reliabilty of the micro-grid system containing
renewable micro-generations [69, 70]. Therefore, reliability evaluation of the
proposed micro-grid system in order to provide reliable power to micro-grid

loads is essentially considered a good candidate for further investigation.

37



Chapter 3

Micro-Grid Behaviour Analysis

A renewable source based micro-grid is defined as a pliable combination of a
group of loads, which only consists of renewable micro-generations with central or
distributed storage units operating as a single controllable system. The objective of
this chapter is to investigate operational modes and system dynamic behaviour of
a micro-grid system comprised of renewable source based power generation units.
In order to carry out this investigation, the micro-grid system dynamic model is de-
veloped, which is the integration of the dynamic model of various sub-systems and
components in the selected system. The developed model is then verified through
simulation study using the Matlab/Simulink software tool. The analysis of the
simulation results are presented and discussed. Finally, technical issues revealed
through simulation study and concepts for addressing these issues in the proposed
micro-grid system are briefly outlined for further investigation in the subsequent

chapters.
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between each wind turbine generator is represented by a transmission line, TL,.
Each wind turbine generator is connected to the line, TL, through a transformer,
Ty and a transmission line, TLyy;. The transmission line (TL2) of the WPGS is
connected to a common bus (bus 7), which is eventually connected to bus 2 using
a power transformer, T4. Load bus 6 (P,) is connected to bus 5 and the power is
delivered to the load using a power transformer, T3. Load bus 4 () is connected
to the bus 1 and the power is delivered to the load using a power transformer, T2.
The two load areas are connected through a transmission line, TL1. The HGU is
connected to bus 1 using a power transformer, T1. A conventional synchronous
generator, equipped with an IEEE standard excitation and governor system, is
used for the HGU. The two generating systems (WPGS and HGU) are connected
through the transmission lines, TL1 and TL2. Also, the proposed system includes
a link for utility-connection. It is important to note that the distributed generation
(DG) units in the micro-grid system employ renewable energy sources (wind and
hydro). Data for the buses of the proposed system are provided in Table 3.1. Also,
the data for transmission lines and transformers are also provided in Appendix

Al

Table 3.1: Fermeuse Micro-Grid System: Buses

Bus | P [MW] | Q [MVAR] | V [kV]
1 73 6.8 6.9
2 APy AQr 66
3 APy AQr 66
4 394 0.95 125
5 0 0 66
6 2.82 0.6 125
7 27 12 125

40



The active and reactive powers balance in the proposed micro-grid system can

be stated as:

AP = P(v,)+ Py — Py — Pry 3.1

AQr=0Q (v,)+Qn—Qr — Qi (3.2)

where v, is the wind speed, P, and (), are active and reactive power outputs of the
hydro unit, I (v,) and () (v,,) are active and reactive power outputs of the WT, and
Pri, Qri, Proand (Qp, are active and reactive powers of loads L1 and L2 respec-
tively. In order to achieve reliable and stable operation of the proposed system, the
excess active power, AP’ and the excess reactive power, AQr must be managed
technically and effectively. At any time, ¢ the excess powers, AP > 0 and A > 0
can be managed by supplying them to the utility grid, while AP < 0 and AQ < 0
can be managed by delivering from the utility grid, if the system is connected to
the utility grid. However, if the utility grid is not available, and when AP > () and
AQ > 0, the excess power needs to be accommodated continuously to maintain
balance between generation and load, and when AP < 0 due to low wind speed
availability, more than one wind turbine is required to be used to supply power
demand along with load. Moreover, if the utility grid is not available and there
is no power generation by the WT because of insufficient wind speed, and when
AP < 0and AQ < 0, additional power is required to be supplied to the micro-
grid system using HGU and SU. The various scenarios derived from (3.1) and (3.2)

define the following operational modes of the proposed micro-grid system.
1. Grid connected system (Mode-I), and conceptually shown in Figure 3.2.
2. Isolated system with wind power generation (Mode-II), and conceptually
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shown in Figure 3.3.

3. Isolated system without wind power generation (Mode-III), and conceptually

shown in Figure 3.4.

Load

Figure 3.2: Simplified model of the grid-connected micro-grid system (Mode-I)

Load

!

Figure 3.3: Isolated system with wind power generation (Mode-II)
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Load

Figure 3.4: Isolated system without wind power generation (Mode-III)
3.2 Component Model of the Micro-Grid System

In order to study the dynamic behaviour of the proposed micro-grid system in
various operational modes (Figs. 3.2, 3.3, 3.4), the development of the mathemat-
ical model of the proposed system is essential. This section describes the various
component models of the proposed system, and finally, all the component models

are integrated to produce the model of the proposed micro-grid system.

3.2.1 Wind Power Generation System Model

The WPGS model consists of 9 dynamic models of variable-speed, doubly-fed in-
duction generator based wind energy conversion systems (WECS). Each variable-
speed, doubly-fed induction generator contains the model of a variable pitch wind
turbine rotor and a wound rotor asynchronous generator. The rotor winding is
connected to the grid using a back-to-back pulse width modulated (PWM) voltage

source converter (GEC and SEC), where the stator is directly connected to the grid.
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The Vestas-90 WECS is utilized in the proposed micro-grid system. The topology
utilized in the Vestas-90 wind power converter in order to extract energy from the
wind is shown in Figure 3.5. The decouple control technique is incorporated to
control the converters in the rotor side [82]. Thus the model of the WECS includ-
ing the converter control is developed according to the topology shown in Figure

3.5, and is presented sequentially in the following subsections.

WT
Stator Transformer
Gear DFIG Tiwt
rao 5 .
A -
Rotar by
el " al [\ Y
AREL
L T
Rotor
Vie
speed ) de \
16 ¥ 16
SNTN N .
Prtch control Converter control Tabe
(__

Figure 3.5: Schematic of a variable speed doubly-fed induction generator based
wind energy conversion system

Wind Turbine Rotor

The aerodynamic power output at the wind turbine rotor is expressed as

Py = 0.5pA54C, (A, 3) 03 (3.3)
1

where Ay, is the swept area covered by the turbine rotor, C), is the power coefficient

and is a function of the tip speed ratio (1) and the pitch angle of the rotor blades
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(.7), and ¢, is the wind velocity. Tip speed ratio, A is the quotient of linear speed of

the tip of the blades to the rotational speed of the WT and it is expressed as [83]

Win Rl

7
t w

A:

(3.4)

The effects of the different C), — A curves for various types of wind turbines are very
small and negligible, while the electrical behaviour of a system is of interest [83].
Therefore, the analytical approximation of the C,, — X characteristics is considered
for rotor modeling as [84]

116 —21 i
Cy (A B) = 0.5176 (/\— — 047 - 0.5> XD (—/\—> + 0.0068A (3.5)

1

and
1 1 0.035
A A+0083 B+l (3.6)

Wind Generator

The dynamic equivalent (d — ¢) circuit of a doubly-fed induction machine in a syn-
chronously rotating reference frame is represented in Figure 3.6. Using d — ¢-axis
transformation in the synchronously rotating reference frame, the output voltages

for the doubly-fed induction generator are written as [85]

dpgs
‘/r[.s' = V.S‘ids - wc,\pqs + (’Qd (37)
dt
dys
Vs = Tulgs + Wepas + L] (3.8)
dt
o',
‘/(1/7 = "):‘I:ilr - (w(’ - wf') 3‘9:/7' + - (39)
ar
, Aoy
Vi =i, + (We — wp) @y + Tf] (3.10)
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Figure 3.6: Equivalent circuit representation of an induction machine in syn-

chronously rotating referenced frame: (a) d-axis, (b) ¢-axis.

After rearranging (3.7), (3.8), (3.9) and (3.10), the flux linkages developed in the

generator are expressed as

Pds = / [V;l.s‘ - "'.s‘l‘ds + w(ﬁ‘fgqs] dt

s — T 7(/5 5199(/.9] di

qs

-
‘?’(/r / dl r rh (wl’ - w") 79:17] dt

(17 - (w(’ - wT) (1911]] dt

H"’(]I
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Flux linkages developed in the induction machine are also expressed in terms of

self and mutual inductances, and the d — g-axis current components as

. . Y]
s = Lls]/(is + Lm (7‘(18 + Z([,»)

!

WYas = LZHL;S + Lm (lqs + 1'(1‘,-)

’ ro . o/
Poar = Llr’[‘dr + L'” Udﬁ + Ldr)

@l = Lyil 4 Ly (igs + 10,)
The d — ¢ components, ¢,,q and ,,, of the mutual flux are written as

. ./
Pmd = Lm <'l(1-ﬁ' + [(1r>

. N
Pmg = L"" (Z‘]S + Z'GT)

(3.15)
(3.16)
(3.17)

(3.18)

(3.19)

(3.20)

Further manipulations of (3.15), (3.16), (3.17) and (3.18) produce the d — ¢-axis cur-

rent relations as

) 1
Lis = ﬁ (SQ(IH - Qm({)

, 1
7(1.9 - E (Qqs - qu)
1
. f
begp ™ e (S:{[r - Lpnul)
Llr
1

-/

/
bop = (89 T de)
qr ’ qr
L,
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The mutual flux components in d — ¢ axis can also be expressed in terms of flux

linkages developed in the machine as

~ A~
ma = Lea | 22+ —””"") 3.25
— ( sy (3.25)
/
‘10(15 3‘9(]7‘
mq — Lff( + — (326)
99 ! ' (LIH L;r )
where
1
LF([ = L(’( = (327)
7

The flux linkages developed in the induction generator can be obtained by substi-

tuting (3.21-3.24) into (3.7-3.10) as follows

. r,

Pds = / I:‘/ds - ﬁ (“pds - \Pmd) + W("rquJ (H (328)
\ I
. r,

Pgs = / I:‘/qﬂ - L_ (‘rqu - Samq) - W(J@dﬁ} dt (329)
. 5
" ‘I‘,,.

Lr:{{r = / |: 11’7‘ - L_/ ((Tjilr - med) + (wl‘ - w"‘) 95511‘:| dt (330)
. lr

/ ‘ ’ I'r ’ ’

kl:’tlr = / li gr —L/— (ijqr' - Lrj"“ﬁ) - (wf’ - w") er:| dt (331)

{r
The electromagnetic torque is defined as
3 . .
(T‘mn)m, = '2“[) (S‘;‘dsz'qs - qustds) (332)

The equation of motion of the rotor is given by

([ (wrm)

e

ot - ng ((ﬂ”’l)un - (ﬂVT)zAvt - F (w””')im) (333)
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The power generated by the doubly-fed induction generator can be expressed as

follows:

Poric = = (Vastas + Vastos + Vi, + Vil (3.34)

qryr

o] ool W

Quric = 5 (Vostas = Vastys + V) iy — Viin,) (3.35)

Wind Generator Converter Control

The rotor side of the doubly-fed induction generator based wind generator system
is connected to the grid through a back-to-back PWM voltage source converter. The
converter connected to the generator rotor winding is referred to as the generator
end converter (GEC) and the inverter connected between the DC link and the grid
is referred to as the supply end converter (SEC). The purpose of the GEC is to
maintain the variable speed operation of the generator while that of the SEC is to
regulate the DC bus voltage. The models of the converter controls are derived in

the following subsections.

Generator End Converter (GEC)

The generator end converter is utilized to control rotor speed for achieving variable
speed operation with maximum power extraction by the wind turbine system. A
tip speed ratio is kept at a value that leads to the optimal power coefficient, while
keeping the rotor speed within limits of the turbine. From the actual value of the
rotor speed, the wind speed that would correspond to the optimum value of the

power coefficient is calculated. Then, the power that would be generated at this
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wind speed is calculated by substituting the wind speed in (3.3), together with the

optimum value of the power coefficient. This amount of power is then drawn from
the generator by controlling the rotor current accordingly. The resulting power
versus rotor speed characteristic is called the tracking characteristics and is shown

in Figure 3.7.

R e et e
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Turbine rotor speed (pu)

Figure 3.7: Maximum power tracking characteristic employed in the generator side
converter

The tracking characteristics is defined by four points: A4, B, C'and D. From zero
speed to the speed of point, A, the reference power is zero. Between point A and
point 3 the tracking characteristics is a straight line. Between point 3 and point
(" the tracking characteristics is the locus of the maximum power of the turbine.
The tracking characteristics is a straight line from point C to point D. The power
at point D is one per unit. Beyond point D the reference power is a constant equal
to one per unit. The actual speed of the rotor is measured and the correspond-
ing power is determined using a predefined tracking characteristics. The electrical
(stator and rotor resistance loss) and mechanical (frictional loss) power losses are
subtracted from the power determined from the tracking characteristics to obtain
the reference power which is used to determine the torque of the generator. The
generator torque and the estimated flux are used according to equations (3.36)-

(3.40) to generate reference rotor current in ¢-axis. The actual ¢-axis component
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of rotor current is compared with the reference rotor current component and the
error is reduced by a current regulator. The reactive power can be controlled by
controlling the d-component of the rotor current.

Due to the stator flux-orientation vector along the d-axis of the rotating refer-
ence frame, the ¢-axis component of stator flux and the d-axis component of stator

voltage are zero [86]. Hence,

. Lru -t

Iqs = —mlw, (336)
3 LUI -1
(o) = —3/ (m) Ydslyr (3.37)
The stator flux can be calculated as [86]

Fds = / (‘/;I\ - ".s.'"'(ls) dt (338)
Cas = / (Vs = 1rige) dt (3.39)
|\r7rfs| = |~r7~| = ‘r:;_;s + ‘r:gs (340)

Assuming that the stator flux is practically constant, its derivative can be neglected

[86]. The governing equations for the generator side converter are as follows:

=V = (e = ) (Ll 4 L) i+ (w00 — @) Lo (3.41)

where V= i 4 (L), + L,,) S
Vo = Vieor — (We = wi) (Liy 4 L) gy 4 (e = wi) Lind s (3.42)

where V7). =i + (L), + L) i('ﬁ
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In (3.37), the torque is related to the current, i/

ar

and hence the torque is con-

!
qr*

trolled by regulating the current, i/ . Similarly, the rotor excitation current is also
controlled using d-axis current component, /,. However, it is assumed that all
reactive power to the machine is provided through the stator. The errors in two
current regulators are processed by PI controllers to obtain V;. . and V, .. To
achieve better tracking of these currents, compensation terms are added to obtain
the reference voltages V;* and V. The analysis above results in the control loop

for the GEC shown in Figure 3.8.
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Figure 3.8: Schematic of the generator end converter control

Supply End Converter (SEC)

The supply end converter is used to regulate the voltage of the DC bus capacitor.

The SEC interface arrangement is shown in Figure 3.9.
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Figure 3.10: Supply end converter control
introducing intermediate variables V;; and V; as defined by
Vi = Vag = Vi + wyLyigge (3.48)
"/(;i = Vig = Vii — wyLstage (3.49)

The decoupling current components are modeled by putting, Vj; and V; into (3.46-

3.47), resulting in

didge ry Vi

L o
digge _ 1y, Ve (3.51)
T Lf’qm' L; '

Figure 3.10 shows the conceptual diagram of the decoupled current controller for
the supply end converter. In Figure 3.10, an outer control loop consisting of a
DC voltage regulator sets the reference current iy,..; for the inner control loop.
The current component iy, controls the active power flow into the grid using an

inner PI controller. The other PI controller is used to control i.,. to regulate the
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desired voltage at the grid bus. As the WPGS connected to the grid is not allowed

to regulate the grid voltage, the current component .../ is set to zero.

3.2.2 Hydro Generation Unit Model

The hydro generation unit consists of the model of a synchronous generator, a hy-
dro turbine, and turbine governor and excitation system. The synchronous ma-
chine is modeled with the dynamics of stator, rotor and damper windings [85].
A hydro turbine is modeled according to [87]. The synchronous generator is
equipped with an [EEE standard governor and excitation system and is obtained

from [87, 88].

Hydro Generator

The synchronous machine electrical system is represented by the dynamic equiv-
alent, (d — ¢) circuit in Figure 3.11. Voltage equations in d — ¢ axis rotor reference

frame are expressed as [85]

1o,
‘/(l = Tss[‘d - wr(roq + % (352)
dy,
"/(l - ']".s-s':q + Wy + (Zl (353)
d’,
Vf/'d = ’].’f'd[",fd + L (354)
o dt
T/ -/ {[(10/'(
‘/l\:d = ’]‘2:([‘1’1\',([ + d;\l (355)
l o’ d(/);\ 1
Vi = Thgrikg + == (3.56)
’ / -t (1992'(2
qu‘z = "'A‘([‘Z’Lk,qQ + (ltl (357)
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Figure 3.11: Equivalent circuit representation of a synchronous machine in rotor
reference frame: (a) d-axis, (b) ¢-axis.

After rearranging (3.52), (3.53), (3.54), (3.55), (3.56), and (3.57), the flux linkages

developed in the generator are expressed as

Od = / ["/;I — 7'331',([ =+ (,L)T(,Qq] ({2‘

Yy = / D’:] - szi’q - wr@d] dt

/
Pra —

[Vfld - "l;"r[[.'/fd] dt
[‘//:(1 - ”.;\‘d’[‘;\‘d] dt

' gt
[V;\'ql - 7/\‘(]1[/\'(11] dt

/ [Vl\/qz - "'/l\qul.;wz] dt
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Flux linkages developed in the synchronous machine are also expressed in terms

of machine inductances as

@i = Lyta + Lia (14 + 1) (3.64)
Py = Loig + Lig ('i/L-(,l + [";\'qg) (3.65)
Gra = Londia + Lnatyg + (Ligg + Lma) U4 (3.66)
Pkd = Lmata + Linaiq + (Ligg + L) Ty (3.67)
gt = Lingly + Lungirgs + (Lirgt + Lmd) Ty (3.68)
Orgz = Linglq + Linglyy + ( g2 T Lona) Uy (3.69)

Where L(l' - Lmr[ + L/ss/ and Lq - Lmq + L]s.s"
The mutual flux components for the d axis, ¢,,4; and the ¢ axis, ¢, are expressed

as

Pmds = Lmd ([‘d + jlj‘,[ + ’-;\'d) (370)

Qfgnzqs = Lmq (Z:q + 1.;«]1 + "'/A-(]Q) (371)

The current equations are derived as

. 1

{4 = L— (99(/ - med\s') (372)
lsa

. 1

ly = L (89{] - Wm.q.c) (373)
lss

. 1

'['/f([ = L,_ ((rj_/fd - 9977:1115) (374)
ijd

57



1

Y-;«d = L/— (SQIAd - 99771![5) (375)
Lhd
) 1
[;\'ql = L/— (‘192‘(11 - ’qus) (376)
lkql
. 1
I;\'q‘l = L/— ((#Q,IL-(]'} - Spmqs) (377)
lkq2
Now, the mutual flux components ¢,,q4s and ¢, are expressed as
s = Lo ¥d N Lplfd 4 “P;;d (3.78)
‘ Ll"‘” L;]'{l LEA’{[
©q | Pea | Pk
q el g2
Omas = Le L+ =+ (3.79)
q a (L[.ss L;/’.‘ql L;‘,qg

_ (1 1 1 1 _ (1 1 1 1
where L., = (,‘M -t T’m) ,and L., = (—L,,,,, +too+ 0. + L,W) .

Ard
The flux linkages developed in the synchronous generator can be obtained by sub-

stituting (3.72-3.77) into (3.58-3.63) as follows

' Iss
Pd = / l:‘/(l - L— (\Pd - »’:’m(l.s') + W;"»qul di (380)
. lss
Tss
’\fj(l = / l:‘/q - L (59(/ - qus) - wy-\,j(]:| dt (381)
1Y ]'9 [
klj/fd = / jl'zl - L/ - (/SVA/]‘([ - /\rjmrl.s') (lt (382)
[ {fd
! Tt 7."( !
Phd = / l:vkd - L/L (pkd - ‘19171,d‘~;):| dt (383)
. thd
' That
Y;\:rjl = / ‘/A{ql - z/_] (99;\-(,1 - @mqs) dt (384)
. lhql
. Vg2
‘1‘9;.'(/‘.. - / ‘/I\{r[‘z - —L/—]— ((7‘9;.'(]2 - p"“l-*) dt (385)
. lhqy2
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The electromagnetic torque produced by the synchronous machine is

(]1‘"’” )sm

2})5’71 (kro(ﬂ"q - @qi([)
The equation of motion of the rotor is

(3.86)
d (Wrm) 1
(Wrm) (T) s = (Tem) oy = F (@) ) (3.87)
dt J.s'm
The synchronous machine operates as a generator when (7,,)
Hydro Turbine

«m 18 positive.

The mathematical representation of a single penstock is as follows [87]:

dq gAp(’u
& (Hy - H - Hy) Lo
7 (H, L) 7
and

(3.88)

¢=GVH

(3.89)
Assuming that the base flow and base head for rated power output are ¢,s. and

His, respectively, the per unit representation of (3.88) and (3.89) are

(= G-'\/E
i _
dt

(1= H — fy) Pt

(3.90)
L(lbuh‘s} (391)
dg _ (1= H - H:)) (3.92)
dt T, )
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3.3 Simulation of the Micro-Grid System

Simulation is the basic and fundamental methodology to observe the dynamic
behaviour of any system that is represented by system dynamic equations. The
proposed micro-grid system dynamic model is realized by integrating all compo-
nent models presented in section 3.2. In order to study the behaviour of the pro-
posed micro-grid system in various operational modes, a simulation study is per-
formed and the simulation results are presented in the subsequent sections. The
measurements presented in the simulation results are in per unit, while using a
base power of 27 MVA. The simulation was performed for a 60 second interval.
The results are presented without initial transients and indicate the steady state
operation of the system in the grid connected operating condition.

The WPGS operates with one, nine or without any wind turbines during the
operation of an isolated micro-grid with wind power generation, grid connected
micro-grid or isolated micro-grid without wind power generation system, respec-
tively. The wind speed profile shown in Figure 3.12 is utilized by the wind turbine
rotor and is generated using the wind field model in [90]. WPGS with no output
power represents insufficient wind velocity to generate electric power. The number
of wind turbines in operation in the WPGS in isolated mode depends on the micro-
grid load demand and the wind availability, and to be determined by the control
coordinator. The Vestas-90 wind turbine parameters are used to develop the wind
turbine rotor model [91], and the generator parameters are given in Appendices
A2 and A.3[91,92].

The HGU model is the combination of the model of synchronous generator, hy-
dro turbine and turbine governor system and excitation system. The synchronous

machine parameters are obtained from Newfoundland Power, Canada and are
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Figure 3.12: Wind speed profile used in simulation.

given in Appendix A.4 [93,94]. The parameters for the hydro turbine and penstock
are obtained from Newfoundland Power, Canada. The initial parameter settings
for the governor and excitation system are obtained from [95, 96] and are modified
for the system requirements in this research. The utility grid is represented by an
equivalent model of 66 kV three phase voltage source with short-circuit capacity
of 1000 MVA and reactance to resistance ratio of 22.2 [88]. The parameter infor-
mation about the line, transformer and load are obtained from the utility company
Newfoundland Power, Canada and is given in Appendix A.1. In the simulation, it
is assumed that the grid is isolated from the system because of a fault in the grid
transmission system (unintentional islanding) or regular maintenance (intentional
islanding). The fault is simulated using a three phase circuit breaker with the fault

time set at ¢ = 5 seconds.

3.4 System Simulation Results and Discussions

The micro-grid system shown in Figure 3.13 is simulated using Matlab/simulink
software. The complete Matlab/Simulink model of the micro-grid system is given
in Appendix B. The overall model of the micro-grid system is comprised of detailed

models of the HGU and WPGS. For example, the modeling of a WT generator is
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developed by integrating the models of WT, induction generator and back-to-back
PWM voltage source inverter. The developed model of the WT generator opposes
the model of the WT generator that is represented by an equivalent DC source with

no dynamics of the input primary sources.
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2 5 Tw
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Utility Grid 1000 MVA
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Figure 3.13: The single-line diagram of the micro-grid system that is simulated
using Matlab/Simulink.

3.4.1 Mode-I: Grid connected system

The simulation results for Mode-I are represented in Figures 3.14(a-k). During this
mode the WPGS and HGU are connected to the grid system (Figure 3.2). It can be
seen from Figure 3.14(a) that the system frequency is at the rated value. Figures
3.14(b) and 3.4.1(c) show the real power generated and reactive power consumed

by the WPGS, while nine WTs are in operation. The output of the WPGS varies
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Figure 3.14: Grid connected system: (a) System frequency, (b-c) WPGS real and
reactive power (d-e) HGU real and reactive power, (f-i) Load-I and Load-II real
and reactive power demand, (j) Voltage at bus-2

due to wind speed variation. The reactive power consumed by the WPGS is high
because all nine wind turbines in the WPGS are operating. The real and reactive
power generated by the HGU is shown in Figures 3.14(d) and 3.14(e). Load-I real
and reactive power demand supplied by the grid is shown in Figures 3.14(f) and
3.14(g). Figures 3.14(h)-3.14(i) represent the load-II real and reactive power de-
mand. The voltage at bus 2 is shown in Figure 3.14(j). The voltage at bus 2 of the
system is at its rated value. These results indicate that the operation of the HGU
and WPGS in grid connected mode is dictated by the grid with the expected sys-
tem voltage and frequency. In other words, the system variables such as voltage

and frequency are not affected due to the variation in WPGS real power output.
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3.4.2 Mode-II: Isolated system with wind power generation

The system operation follows Mode-I until £ = 5 seconds. Att =5 seconds, the grid
is isolated from the system. Figure 3.15(a) shows the micro-grid frequency varia-
tion, which indicates that the power generation and consumption is not balanced
during this mode of operation. It is to be noted that the frequency deviation is
such that the generator will trip because of the system protection. However, such
deviation is presented to show extreme conditions and check the exact frequency
deviation during the transition from Mode-I to Mode-II. Figures 3.15(b) and 3.15(c)
show the real power contribution and reactive power consumption by the WPGS
during this mode when only one wind turbine is in operation in the WPGS. The
variation in WPGS real and reactive power affects the total power generation in
the micro-grid system, which can be seen from Figures 3.15(d) and 3.15(e). The
real and reactive power consumed by Load-I is shown in Figures 3.15(f-g), while
the real and reactive power consumed by Load-II is shown in Figures 3.15(h-i). It
indicates that the load power is reduced by a small amount after grid isolation be-
cause of the reduction in system voltages caused by the lack of sufficient reactive
power in the isolated micro-grid system. The lack of sufficient reactive power in
the micro-grid system results in reduced voltage levels at the micro-grid system
bus 2 (Figure 3.15(j)). Since the system variables such as frequency and voltage
are impacted significantly, this would lead the system to an unstable operation
during this operating mode. Figure 3.14(k) shows the current response which con-
firms the grid disconnection at =5 seconds. More than one wind turbine operating
in the WPGS will deliver more active power in the micro-grid system than the
load demand. The reactive power demand will also increase in the micro-grid sys-

tem which may result in further reduction in voltage level at different buses in the
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micro-grid system.
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Figure 3.15: Isolated system with wind power generation: (a) System frequency,
(b-c) WPGS real and reactive power (d-e) HGU real and reactive power, (f-i) Load-
I and Load-II real and reactive power demand, (j) Voltage at bus 2, (k) Current flow
at the Point of Common Coupling (PCC).
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3.4.3 Mode-III: Isolated system without wind power generation

The system operation follows Mode-I until t = 5 seconds. However, at t = 5 seconds,
the grid is isolated from the system. Concurrently, the WPGS has no output power
as there is insufficient wind resource to produce electricity. This mode of operation
is simulated, and the results are shown in Figures 3.16(a-1). Figure 3.16(a) shows the
micro-grid frequency deviation after grid isolation, which is not in a tolerable range
for micro-grid operation. This variation in system frequency occurs due to the fact
that there is a shortage of real power generation in the micro-grid system. This
is observed from the power out responses of the WPGS and HGU. Figures 3.16(b)
and 3.16(c) represent the real power generation and reactive power consumption
by the WPGS, which shows zero output power after isolation. The real and reactive
powers generated by the HGU are shown in Figures 3.16(d) and 3.16(e). The HGU
generates rated value real power because this is the only real power generation unit
in the micro-grid, and also the reactive power demand is lower than for Mode-II.
The load power shown in Figures 3.16(f-i) is lower than that of the Mode-II, as
the power supplied by the micro-grid system is less than the load demand. This
implies the requirement of additional power from a reliable storage system. The
effect of insufficient reactive power in the micro-grid system is also observed from
the voltage level at the system buses. The reduced level of voltage at different
buses shown in Figures 3.16(j) and 3.16(k) indicates the requirement for reactive
power in the micro-grid system. Thus it is found that the system variables such
as frequency and voltage are affected while the system is disconnected from the
utility grid and in subsequent operation. The current flow at the Point of Common
Coupling (PCC) is shown in Figure 3.16(1), which shows zero current and confirms

the grid isolation.
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Figure 3.16: Isolated system without wind power generation: (a) Micro-grid fre-
quency, (b-c) WPGS real and reactive power, (d-e) HGU real and reactive power,
(f-i) Load-I and Load-IT real and reactive power demand, (j-k) Voltage at bus-2 and
Load bus-1, (1) Current flow at the PCC.
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clearing time set by the utility grid will result in system isolation. For reliable oper-

ation of the proposed micro-grid system during isolated mode, additional compo-

nents such as a storage system, STATCOM, dump load as well as control strategies

will be required. The isolated micro-grid system with additional components is

represented conceptually in Figure 3.17.

Storage

Load Storage Load

T Dm*mud T
(10— )

T 1

STATCOM STATCOM

() (h)

Figure 3.17: Functional block diagram of the proposed micro-grid operating
modes: (a) Isolated micro-grid system with wind generator, (b) Isolated micro-grid
system without wind generator.

Moreover, a voltage and frequency controller, control coordinator and monitor-
ing system would be required to ensure reliable operation of the micro-grid system.
During the isolated mode, the number of wind turbines in operation depends on
the load demand and wind availability, which is determined by the control coor-
dinator. Functions of the control co-ordinator and monitoring system can be per-
formed based on the state diagram shown in Figure 3.18. This diagram shows the
possible conditions for which the control co-ordinator and monitoring system may
enable the system controllers to put the micro-grid system in different operating
modes. The possible conditions include the availability of the grid power, P,,4;
HGU power, I,; cut-in wind speed of the wind turbine, t,; and cut-out wind

speed of the wind turbine, v.,,,. In order to ensure reliable operation of the micro-
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grid system over the entire range of operation, a control concept is proposed. Fig-
ure 3.19 shows the block diagram representation of the proposed control concepts

for reliable and stable operation of the proposed wind-hydro micro-grid system.

» Mode-I
4
_ Pgrid = 0
Peria = 0 Vw > Vi
’ Pgrid = 0
. Py =0
Pgia=0 Mode-II |
Vw < Veiw
Ph = 0
Ph = 0 Vw < Ueiw
Dw > Veiw

»

Mode-I11

Figure 3.18: State diagram for operational modes of the micro-grid system.

e Control coordinator and system monitoring: The main functions of this sub-
system are to: (i) detect the system islanding, (ii) activate the operating modes
of the micro-grid system with the proper frequency and voltage controller,
(iii) manage the wind turbine operation in the WPGS, (iv) monitor grid re-
covery and, (v) synchronize the grid. A load flow based micro-grid monitor-
ing and control coordinator scheme is chosen to determine the power status

at the buses of the proposed micro-grid system. Load flow problems for a
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Figure 3.19: Proposed control and micro-grid system management concepts.

micro-grid system with few buses can be solved with fewer computational

complexities.

Active power controller: The objective of this control subsystem is to main-
tain the micro-grid frequency between 59.5-60.3Hz, while the HGU and
WPGS deliver power to the micro-grid. The controller will maintain fre-
quency by balancing the active power between the generation and load either
by dumping power into the dump load or releasing power from it, and/or
by storing energy using motor-pump units for pumping water into the upper

reservoir.

Storage system control: The objective of this control subsystem is to maintain
the micro-grid frequency between 59.5-60.3Hz, while the micro-grid gener-
ated power, without wind power generation, is less than the load demand.
The controller will maintain frequency by balancing the active power be-
tween the generation and load using a pumped hydro storage system or an-

other fast response power electronic interface storage system.
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e Voltage controller: The objective of this control subsystem is to maintain the
micro-grid voltage at a desired level. The controller will maintain voltage
level by balancing the reactive power in the micro-grid system. The control
subsystem will ensure that during isolated mode with wind power genera-
tion the STATCOM will provide reactive power balance in the system. Simi-
larly, during isolated mode without wind power generation the storage unit

or STATCOM will provide reactive power balance in the micro-grid system.

3.6 Summary

The system behaviour analysis of a micro-grid consisting of renewable micro-
generations and the observations derived from the investigations are presented
and discussed in this chapter. Firstly, a micro-grid system based on available re-
newable energy sources is proposed. The key operational modes of the proposed
micro-grid system are identified through analytical analysis. Secondly, an inte-
grated dynamic model of the proposed micro-grid system is developed, which
includes the dynamic models of various systems and sub-systems of the micro-
grid system. Thirdly, the developed micro-grid system model is simulated in the
Matlab/Simulink environment that reveals numerous issues regarding the oper-
ation and control of the proposed micro-grid system. Some of the key issues for
operation of the isolated micro-grid system with wind power generation and the
isolated micro-grid system without wind power generation are explained in this
chapter in detail. Finally, an outline of solutions for some of the issues indicated
in this chapter are also briefly proposed and will be examined in the subsequent

chapters.
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Chapter 4

Design and Development of

Micro-Grid System Controllers

The aim of this chapter is to present the design and development of controllers
for the stable and reliable operation of a micro-grid operating with renewable
micro-generation. This chapter starts with an overview of the proposed control
strategies of the micro-grid system under study. The purpose of the proposed
control is to regulate the frequency and the voltage during micro-grid operation
in a continuous fashion. The conceptual demonstrations of frequency and volt-
age regulation schemes in various operational modes are provided. The frequency
regulation scheme used during the operating mode of an isolated micro-grid sys-
tem with wind power generation is called the active power controller. The active
power controller is designed based on AC voltage control concepts along with a
heating load/dump load. The system frequency regulation using a pumped hydro
storage unit during the operating mode of an isolated micro-grid system without
wind power generation is also presented. The design, model and simulation of

the frequency regulation schemes for both operational modes are presented and
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discussed. Then the limitations of the pumped hydro storage in controlling the fre-
quency for an isolated micro-grid system without wind power generation are also
outlined. The limitations of the hydro storage system lead to the idea of utilizing
inverter interfaced storage for the proposed micro-grid system. Therefore, a con-
trol scheme for an inverter interfaced storage system called the micro-grid power
controller is presented. Finally, the formulation of the micro-grid power controller
using power flow analysis is described. This controller is simulated using the Mat-

lab/Simulink tool, and the simulation results are presented in this chapter.

4.1 Micro-Grid Control Concepts

The analysis of the micro-grid system behaviour presented in chapter 3 reveals
the necessities and arrangements for controlling the operation of the micro-grid
system. The outcome of the study shows that there is a need to develop controllers
for two operational modes of the proposed micro-grid system. These operating
modes are the isolated micro-grid with wind power generation and the isolated
micro-grid without wind power generation. The overview of the control concepts
for such operational modes is demonstrated in the following subsections. The basic
schematic of the micro-grid control concepts for two operational modes are shown

in Figures 4.1(a) and 4.1(b), respectively.

4.1.1 Isolated Micro-Grid with Wind Power Generation

The isolated micro-grid system with wind power generation is one of the modes
of operation of the proposed micro-grid system where the system is isolated from

the utility grid and consists of a hydro generation unit as well as a wind power
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Figure 4.1: Conceptual diagram of the control concepts for the proposed micro-grid
system.

generation system. The control for this mode of operation is referred to here as the
Power Controller (PC). The basic layout of the PC during this operating mode is
shown in Figure 4.2. The PC is comprised of two controllers, in order to regulate
frequency and voltage of the micro-grid system. The frequency regulation scheme
in the PC is called the active power controller, and the voltage regulation scheme
in the PC is referred to here as the reactive power controller. Thus the objectives

of the PC shown in Figure 4.2 are to control frequency and voltage of an isolated

82



micro-grid system while wind power generation is connected to the system.

Isolated Micro-grid System
with Wind Power Generation

Micro-grid

trol dinatort— Active Power Controller
control co-ordinator

Reactive Power Controller

Power Controller

Figure 4.2: Power controller along with isolated micro-grid system while wind
power generation is connected to the system

During this operating mode, the control principle of the active power controller
has two purposes. One is to store energy in the upper reservoir and the other is to
shape excess energy using a dump load such as a heating load. Due to the avail-
ability and opportunity to use an existing reservoir at the selected site (Fermeuse,
NL, Canada), a pumped hydro storage system is proposed for the micro-grid oper-
ation. A motor equivalent load is used in the system to represent a motor-pump set
during this operational mode. However, as the wind power varies stochastically
and a motor-pump set consumes a finite amount of power, the isolated micro-grid
system will still have excess active power which is required to be shaped contin-
uously to maintain the system frequency in an acceptable range (59.5-60.3 Hz).
In this work the focus is on the design, development and experimental testing of
an active power controller for the micro-grid system based on renewable energy
sources.

The reactive power controller in the PC is also required during the operating
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Micro-grid Hydro Storage Control ‘I

Storage System Control

Figure 4.3: Basic schematic of the isolated micro-grid system without wind power
generation along with storage controller.

as a hydro storage system. The performance results of such a controller show that
the frequency regulation capability of the governor control scheme is acceptable;
however, the response time is higher. Such a response characteristic may not be ef-
fective for an isolated micro-grid operation. Therefore, an inverter interfaced con-
trol scheme is designed and developed for the storage unit. The power electronic
interfaced storage unit for the isolated micro-grid system without wind power gen-

eration is represented in Figure 4.4.

| |
@E ac-dc B dc-ac Micro-grid
Conversion Conversion bus 1

|

Command i
signals ——> nverter
control

Figure 4.4: Schematic of the inverter interfaced storage unit for the isolated micro-
grid system without wind power generation.
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The output of the storage is assumed to be converted to DC using a rectifier/-

converter which is then fed to the micro-grid using a controlled inverter. The de-
mand of real and reactive power in the micro-grid system is utilized as the com-
mand values for the inverter controller. The inverter controller is required to main-
tain the command power flow from the storage unit to the micro-grid system. It
is assumed that the storage unit is capable of providing sufficient power to meet
the command power of the inverter controller. In this control scheme, the focus is
given to the inverter control to manage real and reactive power of the micro-grid
system based on a power flow analysis technique. Therefore, the storage unit and
storage side converter are assumed to be a DC source, which is interfaced with the

micro-grid bus 1 using a controlled inverter.

4.2 Power Controller

Power balance between generation and consumer loads is a critical issue for the
stable and reliable operation of micro-grid systems. This issue becomes more criti-
cal when a micro-grid system contains distributed generation of a stochastic nature
such as wind and solar because their output power changes non-uniformly. In or-
der to achieve accurate and fast power balance in such a micro-grid system, power
in the system has to be regulated continuously. Therefore, the aim is to design
and develop a power controller scheme comprised of an active power controller
and a reactive power controller for the operating mode of an isolated micro-grid
system with wind power generation. The design, development and performance
testing of the active power controller through simulation study are presented in

the following subsections.
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4,2.1 Active Power Controller

The main objective of the proposed active power control scheme is to maintain
a continuous and smooth active power balance between generation and micro-
grid load. It is worth mentioning that during the operating mode of an isolated
micro-grid with wind power generation system, the active power generation in
the system varies due to the stochastic variation in wind speeds. Moreover, the
power balance in such a micro-grid system has to be achieved by allowing the
wind generator to operate with optimal power extraction criteria rather than forc-
ing the wind generator to produce power with a limited capacity of generation.
Forcing wind turbines to generate power less than their available power will re-
duce turbine efficiency, as well as requiring additional time to get payback, which
may not be an attractive option for investors. Therefore, an active power con-
troller is required to be designed in a micro-grid system that contains renewable
energy sources such as wind turbines by allowing them to operate in their maxi-
mum power extraction characteristic so that wind generators can produce power
at their optimal efficiency.

Figure 4.5 shows the active power control strategy for the operating mode of an
isolated micro-grid system with WPGS. The micro-grid control co-ordinator mon-
itors the grid status by observing the current flowing between the micro-grid and
the utility grid. The absence of the utility grid identified by the micro-grid con-
trol co-ordinator sends a signal to activate the active power controlter. The active
power controller always senses the system 3¢ voltages to carry out the controller
functions. The controller generates pulses for switching devices to maintain the
power balance in the micro-grid. The micro-grid control co-ordinator also moni-

tors the power, AP consumed by the dump load. Depending upon the value of
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Figure 4.5: Conceptual diagram of the active power controller along with the
micro-grid system.

AP, the control co-ordinator starts the motor-pump set to pump water. On the
other hand, when the power AP is not sufficient to operate the motor-pump set,
the control co-ordinator takes action to disconnect the motor-pump set from the
system.

The functional block diagram of the developed controller is shown in Figure 4.6.
The controller is comprised of a phase locked loop, droop calculator, proportional-
integral regulator, firing angle calculator, firing pulse generator, switching devices,
and resistive dump load. Two thyristor switches are connected in anti-parallel and
used in one phase to achieve bi-directional operation. The thyristor switches are

selected because of their capability to operate in high power applications [97].
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Figure 4.6: Functional block diagram of active power controller

Phase locked loop

The 3¢ system voltages V; . are utilized in a phase locked loop to measure the
micro-grid frequency. The measured frequency is compared with the micro-grid
base frequency and it is utilized in the frequency-active power droop characteris-

tics.

Real power and frequency droop characteristic

The frequency control of a system dynamically controls the power angle that ba-
sically leads to the regulation of the active power in the system. Thus the adjust-
ment of real power is the key to maintain the micro-grid frequency at its rated
value. Such an adjustment is performed using the droop characteristic between
active power and frequency along with the alternating current control technique.
The droop characteristic between active power and the system frequency is shown

in Figure 4.7, and is defined as

1
Poase — [);r”sp =AP = —'H (fbuse - fb‘;sp) (41)
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using (4.2) must be absorbed or released by the dump load to maintain constant

frequency in the micro-grid system. The deviated power, AP is passed through a
proportional-integral regulator, which derives the control signal for silicon control

rectifier switches. The control signal is expressed as

Ups = AP <A:,, —+ E) (4.3)
s

where £, and k; are the proportional and integral gain of the PI regulator. The
controller is designed by looking at responses at the output of the firing angle es-
timator. The designed controller parameters (A,=0.075, £;=0.65) are chosen so that
the response starts with a lower value of the firing angle and reaches the steady

state value with a minimum rise time and settling time.

Firing angle estimation for switching devices

The control signal derived from the PI regulator is used to estimate the firing angle
of the silicon controlled rectifier (SCR) switches for controlling the current flow into
the dump load. The variation in the control signal creates the variation in the firing
angles for the switches, which results in a change in the conduction angle of the
SCR switches. The change in conduction angle of the SCR switches causes a change
in the RMS value of the current flowing into the dump load, and thus results in a
change in the amount of the real power going into the dump load. The firing angle
estimator is represented by a linear equation using the fact that the higher value
of the control signal, and hence more power going into the dump load, requires
a lower value of firing angle and vice versa. Conceptually, higher value control
signals represent larger error or larger power deviation in the micro-grid system,

which require absorbing more power from the micro-grid system and vice versa.
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As illustrated in Figure 4.8, the relation between firing angle and control signal is
expressed as follows according to the principle of the SCR based three phase full
wave AC voltage controller [97].

=69 X u. + 87" for 1>u.> 0
o= (4.4)

69 X s + 370 for 0> u.> —1

100 1 P 1 : T — v r |
data 1
RO Firing angle = — 69*Control signal + 87 linear |

60

)

gree

{De

40

Firing angle

4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 |
Control signal

Figure 4.8: Relationship between the firing angle and the control signal

Firing pulse generation

A model of a pulse generation unit in Simulink is used to generate firing pulses
for the silicon control rectifier switches. The firing angles determined by the fir-
ing angle estimator, and three phase voltages to be applied to the dump load, are
taken as inputs to the pulse generation unit. The pulse generation unit generates
synchronized firing pulses with these three phase voltages, which are sent to the

gate of the SCR switches.
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4.2.2 Modeling and Simulation

The designed active power control scheme described in the preceding section is
modeled and simulated in the Matlab/Simulink environment in order to observe
its performance. The available model of a phase locked loop and a firing pulse
generation unit in the Simpower system library are used in this simulation. The
models of power variation coefficient, control signal and firing angle estimator are
developed using the available components in Simulink. The simulation is per-
formed for a 20 second interval. The results are presented in pu at base power of
27 MVA. The HGU was operating at its rated power of 5.3 MW, and the WPGS was
running with one wind power generator turbine while wind speed variation oc-
curred according to Figure 3.12. In this case, the total maximum power generation
possible in the micro-grid system is 8.3 MW. As the total load demand in the micro-
grid system is 6.78 MW, a 2 MW dump load is used to absorb the surplus power
from the micro-grid system. The designed control scheme is also simulated for this
case, while a step load is applied to or released from the micro-grid system. The
amount of load for a step change is equivalent to a load of a motor-pump set. Since
it is necessary to run motor-pump sets to pump water into the upper reservoir for
generating power using the stored water, a load equivalent to a motor-pump set
is used for step change in the simulation. The simulation for a step load change is
also a 20 second interval. The grid disconnection occurs at ¢ = 5 seconds due to a

fault or regular maintenance.

4.2.3 Simulation Results and Discussions

A simulation study is carried out on a system consisting of the active power con-

troller along with the micro-grid system based on renewable power generation
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the utility grid is disconnected from the micro-grid system and the designed active

power controller is activated for the operating mode of an isolated micro-grid sys-
tem with wind power generation. The frequency of the isolated micro-grid system
during utility grid disconnection and in subsequent operation while wind power
generation system is connected is shown in Figure 4.9. Due to the control action
of the active power controller, the micro-grid frequency settles to its nominal value
after a smooth dynamic change during the time of transistion from grid-connected
to isolated micro-grid operation. On the other hand, the frequency of the isolated
micro-grid system with wind power generation and without an active power con-
troller, shown in Figure 4.10, starts with a large overshoot at the time of grid discon-
nection. This overshoot occurs as no control action is applied to the system. Thus
the system frequency response indicates a significant ability of the developed con-
troller to maintain an active power balance between the generation and the loads
in the isolated micro-grid system with wind power generation.

During the operation of the isolated micro-grid system with wind power gen-
eration mode, the power consumed by Load-I and Load-II is shown in Figures 4.11
and 4.12. After isolating the utility grid, the load powers are reduced because of
the reduction in voltage level (4.13) at the load buses in the system. The firing angle
for the thyristor switches that is derived from control signals at the proportional-
integral regulator output, and the average value of the current flowing into the
dump load, are shown in Figures 4.14 and 4.15, respectively. Figure 4.14 illustrates
that there is a fast, smooth and wide range of change in the firing angles at the be-
ginning of the grid disconnection. These changes allow the controller to be able to
accommodate the initial power mismatches during the transition from the utility

connection to the isolated mode of operation. The rest of the time, t=10-20 seconds,
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the firing angle varies dynamically to adjust the power in the micro-grid system

that is supplied by the wind power generation system, since the power generation
by the wind generator varies according to the change of the wind speed. Further-
more, Figure 4.15 demonstrates the change in the current flow into the dump load
with the variation in firing angles. The variation in the average value of the current
flow dictates the variation in power delivered to the dump load, which results in
an active power balance in an isolated micro-grid system with wind power gener-

ation.
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Figure 4.11: Power consumed by Load-I
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Figure 4.12: Power consumed by Load-II
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Figure 4.15: Current flowing into dump load
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The active power controller performances are also verified using step changes

in the loading condition, and the simulation results are presented in Figures 4.16-
4.19 and 4.20-4.21. During the utility grid disconnection at ¢=5 seconds, the system
frequency varies and then settles down to its rated value smoothly. An increase
step change in load is applied to the system at ¢ = 10 seconds in an amount of 7.4
percent of the total load demand of the micro-grid system. Similarly, a decrease
step change in load is also created in the system at ¢ = 15 seconds in the same
quantity of the load. These step changes in load are applied at the same bus where
load-II is connected and are shown in Figure 4.17. The selection of step change in
load is chosen according to the load variation characteristics in the system, which
are shown in Figure 4.18. The vertical axis of Figure 4.18 shows the amount of load
change in percentage in every hour over a year. The actual change in load in each
hour is more than 7.4 percent; however, in simulation 7.4 percent load change is
chosen for every 5 seconds, which may be the worst case load change scenario in

the proposed micro-grid system.
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Figure 4.16: Micro-grid frequency using active power controller with step changes
in load

The frequency of the isolated micro-grid system with wind power generation
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along with the active power controller is recorded during step changes in load and
is shown in Figure 4.16. The figure illustrates that a dip in system frequency occurs
due to the change in load demand every time; however, after a short while the
frequency settles back to its rated value. Frequency regulation in these operating
conditions by adjusting the active power in the system also indicates a significant
ability of the designed controller in the isolated micro-grid operation. Furthermore,
the firing angles for thyristor switches derived from control signals and the current
flowing into the dump load during step changes in the load are also shown in

Figures 4.20 and 4.21, respectively.
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Figure 4.20: Variation in firing angle for thyristor switches during step changes in
load

Figure 4.20 illustrates that the firing angle increases at ¢ = 10 seconds because
the micro-grid load demand increases. This condition indicates that there is a re-
quirement to send less power into the dump load. This requirement is achieved
by the action of the designed controller and is shown in Figure 4.21 because less
power is supplied to the dump load starting at ¢ = 15 seconds . Figure 4.20 also
illustrates that the firing angle decreases at ¢ = 15 seconds because micro-grid load

demand decreases. This case indicates that there is a need to deliver more power
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Figure 4.21: Change in current flow into the dump load during step changes in
load

into the dump load. This goal is reached by applying the developed controller ac-
tion and is shown in Figure 4.21, because more power is delivered into the dump

load starting at f = 15 seconds.

4.3 Storage Controller

In chapter 3, it was observed that the power balance issues for the isolated micro-
grid system without wind power generation are technically different from those
of the isolated micro-grid system with wind power generation. The technical dif-
ferences include the additional needs of reliable power generation sources and the
control scheme to maintain the balance between generation and consumer loads.
A storage unit, pumped hydro storage, is considered a reliable power generation
source during the operation of the isolated micro-grid system without wind power
generation. In addition, to maintain the balance between generation and loads, it
is also desirable to design and develop a control scheme for the storage unit. The
following section describes the primary design of the pumped hydro storage sys-

tem, a controller for frequency regulation and a summary of the outcome obtained
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by utilizing such a storage unit.

4.3.1 Pumped Hydro Storage

One of the major challenges of installing pumped hydro storage is the availability
of a suitable land site to create a water reservoir because such an arrangement re-
quires a significant amount of investment of the utility company. The opportunity
to use the existing water reservoir in the selected site, and to utilize wind power to
pump water into the water reservoir are the key reasons to choose pumped hydro
storage for the operation of the proposed micro-grid in isolated conditions. The
pumped hydro storage system basically consists of motor-pump sets to pump wa-
ter into the upper reservoir and a hydro turbine generator to generate electricity
using water’s potential energy from the upper reservoir. The motor-pump sets are
utilized in order to pump water into the upper reservoir using the excess power
generated by the wind generator during the operating mode of an isolated micro-
grid system with wind power generation. However, during the time when the
wind generators are not available due to the lack of sufficient wind speed, the hy-
dro turbine generator in the hydro storage system is employed to deliver power to
the micro-grid. The hydro turbine generator (generator and turbine) is referred to
here as a hydro storage unit (HSU). The isolated micro-grid system with the HSU
is represented in Figure 4.22, where a motor-pump set is shown by an equivalent

motor load, M.

Design of Pumped Hydro Storage System

The pumped hydro storage system is designed based on the power requirement of

the isolated micro-grid system. The total average load demand in the micro-grid
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Figure 4.22: Isolated micro-grid system with hydro storage unit

system is 6.78 MW. The HGU is a firm generation system and has the ability to
produce 5.3 MW. The shortage of power demand in the isolated micro-grid system
while WPG is not available is 1.48 MW. Therefore, it is necessary to make up for the
shortage of power using the HSU. The power requirement for motor-pump sets to
store water in the upper reservoir, and power generation capacity supplied by the

HSU using reserved water are calculated as follows.

Power Required for Motor-pump Sets:

It is assumed that a 1 11 diameter steel pipe is used to pump water at a 54.8 m

height with a 4 1% /s flow rate. The water velocity is determined as

A0)
U= =51 m/s (4.5)

=
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grid system while the micro-grid has surplus power. A motor-pump set is required
to turn on, depending on how much surplus power is available in the isolated
micro-grid system with wind power generation. The amount of surplus power
in the isolated micro-grid system depends on wind speed availability and will
vary over a time period. An arrangement that consists of at least seven parallel
motor-pump sets, each rated at 460 kW, is preferred, rather than choosing a bigger
motor-pump set which requires more power to turn on. If the isolated micro-grid
system has surplus power of about 500 kW, one motor-pump set is required to turn
on. Similarly, other motor-pump sets have to be turned on individually depending
upon the available power. Such an arrangement keeps open an opportunity to add
more motor-pump sets in future to store an extra amount of water to produce a
higher amount of electricity. Switching on and off a 460 kW motor-pump set also
implies a step change in load which is equivalent to 6.8 percent of the total load. It
is to be noted that the active power controller described in section 4.2 is simulated
with a 7.4 percent step change in load, and the performance results indicate the

stable operation of the micro-grid system under such operating conditions.

Generation Capacity

The power generation capacity of the hydro turbine generator in the hydro storage
system is determined using a flow rate of 4 m*/s and a head of 54.8 . Considering
the efficiency of the generator-turbine as 72 percent, the power generation capacity

of the hydro turbine generator is

P =98 x 1y x Q x H =155 MV, (4.11)
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Reservoir Availability and Back up Duration

The area of the water reservoir that is currently available to store water is approx-
imately 3.1 A1n?. It is decided that the water level of the reservoir can be raised by
0.5 m with the extra amount of water pumped by the motor-pump set. The total
volume of water that can be stored in the reservoir is 1,550,000 3. Since the dis-
charge rate of water for generating power is 4 m*/s, the designed storage system

can generate power for 107 hours at its rated value of 1.55 MW.

4.3.2 Control System for the Hydro Storage Unit

The concept of energy conversion of a hydro storage unit (HSU) is similar to a con-
ventional hydro generation unit (HGU). The combination of a synchronous gener-
ator coupled to a hydro turbine is utilized as the HSU in this thesis. The topological
similarities between the HSU and HGU are the main motivation to choose the con-
ventional governor and excitation control for the HSU. However, the differences
between the HGU and the HSU are in their generation capacities, as well as the
operation of the HSU being only on a demand basis and in discrete time. The
difference in generation capacities is a result of the differences between the wa-
ter flow rates and the penstock dimension in the HSU and HGU. The on-demand
and discrete time factors demonstrate that the HSU needs to operate when wind
power generation is not available, which can happen at any point of time. Such
differences in the operation of the hydro storage system create a challenge to de-
sign a control system for storage. However, the similarities between the HGU and
HSU allow the conventional governor and excitation control to be applied to the
HSU. The function of the governor system in the HSU is to control the frequency

of the isolated micro-grid system using the speed and power variation informa-
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tion acquired from the system, while the excitation system is used to control the

generator terminal voltage by controlling the excitation voltage in the field of the
synchronous generator. The governor and the excitation system for the HSU are
adopted according to [87,88]. The parameter for the generator unit is obtained
from [6]. In addition, the initial parameter settings for the governor and excitation
system are obtained from [89, 98] and are modified according to the requirements

of the system utilized in this thesis.

4.3.3 System Modeling and Simulation

Simulation of the isolated micro-grid system with the HSU (Fig. 4.22) is performed
and the simulation results are presented in the subsequent section. The simulation
results are presented in per unit on a base power of 27 MVA. The simulation is
performed for a 100 second interval. It is assumed that the HSU starts up before
grid isolation. The grid is isolated from the system at t = 5 seconds because of a
fault or regular maintenance in the upstream power line. As the WPGS is not in
operation during this operational mode, at { = 5 seconds, the HSU is connected to
the system to meet the power demand of the micro-grid load. During this opera-
tional mode, the frequency of the micro-grid system is managed by the governor
control of either the HGU or HSU. As both generation units use the same reservoir
to generate power, the power shortage in the micro-grid during this mode can be
met by either generation unit. The control scheme is also simulated for a case while
a step load is applied or released from the micro-grid system. The amount of load
used for a step change is about 2-7.5 percent. The simulation for step load change
is performed for a 150 seconds interval. The grid disconnection occurs at t = 5 sec-

onds, and load rejection and addition occurs at t = 50 seconds and ¢ = 100 seconds,
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Figure 4.34: A step (7.5 percent) decrease in load at t = 50, and a step (7.5 percent)
increase in load at ¢ = 100 seconds

4.4 Power Flow Based Micro-Grid Controller

The frequency regulation performance in an isolated micro-grid system using the
developed active power controller is encouraging because of its ability to achieve
fast, reliable and accurate power balance in the system. On the other hand, the
performance in regulating the system frequency using conventional governor con-
trol may be acceptable but may not be very promising because fast and accurate
responses are required by the micro-grid system. Thus this section aims to de-
velop an alternative control scheme for micro-grid systems. The developed control
scheme is realized by employing the d — ¢-axis power flow analysis. Utilizing the
d — g-axis power flow in such a controller provides instantaneous values for the
command active and reactive power delivered from generator(s), renewable en-
ergy source(s), storage system(s) and/or the utility grid. Also, results obtained
from the d — g-axis power flow analysis are used for monitoring the power ex-
change between the micro-grid system and the utility, as well as the status of stor-
age system(s). The developed controller can be operated both in utility-connected

or stand-alone modes of operation.
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for the inverter controller. The inverter is controlled so that the command powers

are delivered by the DG/storage unit to the micro-grid system.

4.4.2 d — q-Axis Power Flow

Power flow (PF) analysis is among the widely used numerical tools for determining
values for voltages (both magnitude and phase), active power and reactive power
of all buses in a power system. There are several methods to formulate and solve
PF problems, among which are Gauss-Seidel (GS), Newton—-Raphson (NR), decou-
pled, fast decoupled and DC methods. In general, a PF formulation assumes that
at each load bus (PQ bus), the active power P, and reactive power (), are known.
Also, a PF formulation assumes that for each generator bus (PV bus) the real power
generated /’; and the voltage magnitude |V | are known, except for the swing bus,
where the voltage magnitude |V| and phase ¢ are known. Furthermore, the afore-
mentioned assumptions describe three phase (3¢) quantities of load powers, gen-
erator powers and bus voltages. In order to validate the common approach of the
single-line system-based PF, analyzed power systems are assumed to be perfectly
balanced 3¢ systems in steady state [50,66,99-102]. Although power flow formu-
lation and solution methods are well developed in defining states of stable power
system operation, assumptions about their validity may not be accurate for buses
with DG units in various modes of operation. The reason for such an inaccuracy is
that power produced by the DG units may change based on wind speed, available
sunlight, etc. [100, 103]. Therefore, the balance between system power generation
and load demand may not be secured at all modes of operation. In addition, the
stochastic natures of the primary energy sources for DG units can also lead to bus

type conversion (PV to PQ and vice versa). Furthermore, the active and reactive
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power for buses with DG units can be determined based on the d — ¢-axis voltage

and current components on the output side of the utilized grid-connected convert-
ers. This correlation between active and reactive power delivered from buses with
DG units and the d — ¢-axis voltage components suggests the formulation of power
flow employing d — ¢-axis voltage components.

A mathematical transformation called the abc-to-dq0 transform converts the
three AC quantities into three quantities, namely the direct or the d-axis compo-
nent, quadrature or the ¢-axis component, and the zero or the 0-axis component.

The abe-to-dq0 transform is stated mathematically as [104].

Ud I"a(t)
g | =T | ot (4.12)
gy .L(-(ll)

where v, (t), ,(t) and x.(t) are 3¢ quantities (voltages and currents), and T is the

abe-to-dq0 transform matrix that is given by:

cos(wt) cos(wt —21/3) cos(wt + 27/3)

T=1/51 sin(wt) sin(wt—27/3) sin(wt + 27/3) (4.13)

1

V2

l

V2

Sl
[V

where w is the system nominal angular frequency.

Formulation of ¢ — ¢-Axis Power Flow

The power flow formulation in the d — ¢-axis is initiated using the simple 2-bus
system shown in Figure 4.36, where all voltages and currents are phasor quantities.

The mesh equations for the three phase quantities of this 2-bus system are stated
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Figure 4.36: The circuit diagram of a simple 2-bus power system.

where [Z] is defined as

R,\ + ju)_qLA 0 O
Z] = 0 Ry + jwsLp 0 (4.15)

0 0 RC + st LC

where w, is the angular frequency of the system in rad./sec.. After rearranging

(4.14):

Vil — VA‘Z [,1]2
Vi — Vi | = 2] I (4.16)

Ver — Ves Icny



Applying the abc-to-dq0 transformation on both sides of (4.16) as [105] generates

Var = Vi Lo
Voo =V | = (2] Iq12 (4.17)
Vor — Voo lo12

The d — ¢-axis current components in (4.17) can be expressed as

I Var = Ve
Lz | =210 | Vi = Vi (4.18)
]()1'2 ‘/I)l - V[JQ
Since [Z] ' = [Y], (4.18) is expressed as
Lira Vin — Va
](]1'2 = [Y] ‘/(]1 - ‘/(12 (419)
o1z Vor — Vo

The impedance matrix, [Z] is a diagonal matrix, thus [Z] can be generalized for a

multi-bus system as

[(Z4 0 0
Zl=| 0 [Z5] 0 (4.20)
0 0 [Z]
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The significance of representing a 3¢ system in its d¢0 components as in (4.24),
(4.25) and (4.26) is the ability to accommodate unbalanced 3¢ systems. This ability
originates from the fact that using the d — ¢-axis components, three independent
circuits are created, each of which has its own voltage source, impedance (or ad-
mittance) and current.

The instantaneous 3¢ apparent power, S for bus k can be stated using the d — ¢-

axis components of voltage and current as [101, 106],

Vid
Sk =Vidi = ke | { I Tig T } (4.27)

I/’w'()

Substituting (4.24), (4.25) and (4.26) into (4.27), and taking the real and imaginary

parts, provide the active and reactive power for bus k as

( ( , 3L
- Af Z Lnul A o) j‘] Z Lmq Gq (k.m) 0 Z Vm(l C()) ko) (4 28)

m=1 mi=1 m=1

N
3Vie 3V, 3V,
2 = % Z ‘/m{/ (B‘/)(L‘ m) - A[ Z Lmq (] (korme) - M] Z Lm() B()) (k) (4 29)

m=1 m=1 m=1

Equations (4.28) and (4.29) are non-linear, and obtaining their solution requires the
use of numerical techniques. The Newton-Raphson (NR) method for solving a
system of non-linear equations is utilized to solve the power equations and obtain
values of V; and V;, for each bus. The formulation of the  — ¢-axis power flow can
be stated as

My, = J([(]A/\ (430)
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where the vector mgyq is the power mismatches as

m,, = [AP,AQ]" (4.31)
The matrix J,, is the Jacobian matrix, which is determined as
£
Vg IV,
3
qu 5 (432)
[ [
IVa Vg
Also, the vector A is the voltage vector defined as
A=V, V)" (4.33)
The elements of the Jacobian matrix J4, are evaluated as
¢ For the elements with 111 # k:
OP,.
0‘/711([ B de (Gd)(l"-’”) (434)
P
0‘/:71(1 - Vk(l (Gq)(""ﬂ”) (435)
IQx ,
OV = Viy (Bd)(l.-,m) T Vig (Bq)(k,m) (4.36)
Q.
(’)‘/mr[ = Vi (Bd)(kv’”) = Vha (Bq)(kJ”) (437)
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e For the elements with m = A:

aP, ~
QVA({ Gd 1\ k) + Z vmd Gd }\m) (438)
0‘/}”/ m=1 m;ék
AP,
oV = 2‘/ Kq q (k&) + Z ‘/mq k m) (439)
A(] m=1m#k
2Q o
k
ov. = qu (B(I)(A-_k) - Z qu (Bq)(k,m) (440)
kd m=1 m;ék
Jon
: 2}‘ - vl\d Z va([ d (k.n) (441)
8‘/}"(1 m=1,m#k

Elements of the developed Jacobian matrix derived in equations (4.34) through
(4.41) show a high degree of symmetry, which can reduce the numerical computa-
tions required by the proposed d — ¢-axis power flow, as well as simplify its imple-

mentation.

Implemention of the d — ¢-axis Power Flow in Micro-Grid Controller

The d — ¢-axis PF method described above can be implemented to generate active
and reactive power command values - and ()¢ for each generator bus (PV bus).
Figure 4.37 shows a schematic diagram of a grid connected inverter, where the P
and ()¢ are fed as inputs to the inverter controller.

In order to implement the d — g-axis power flow method, the following step-by-

step procedure can be used to structure the required computations.

STEP 1: Set the value for the tolerance ¢, initialize the iteration counter as n = 0,

and initialize the bus voltage vector A% as

A0 — v ot (4.42)

d q
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o If (Q;f”) > (Qk),,,0., then convert the PV bus A into PQ bus 4 and set
<(21(f”)>( = (Q’f)vnin'

STEP 5: Calculate the mismatches in buses” active and reactive power myq in iter-

ation n as
n n n L
mi’ ) = [AP( ), AQ( )]

q

(4.43)

AP" =P, - P

C

AQ" = Q, - Q"

STEP 6: e If ¢ > max <\mg2|), then the solution is reached.

Stop iterations.

o If ¢ ¥ max (|mg'2|), then evaluate the Jacobian Matrix J4, (A™)
using equations (4.34) through (4.41), and determine its inverse

[qu (/\(n))] ~1.
STEP 7: Solve equation (4.30), and evaluate the vector AX!"Y.

STEP 8: Update the voltage vector A for the next iteration (1 4 1) as:
AL = Al AN (4.46)

Increase the iteration counter n = n + 1, and Go to STEP 3.

The generated command power values /% and ()¢ in STEP 3 are used as inputs

for current-controlled inverters, which are used to interface with the DG units.
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Moreover, P and ()¢ can also be used as inputs for governor and excitation con-

trollers in synchronous generator units.

4.4.3 Inverter Controller

Distributed generation units are interfaced with the utility grid using an AC-DC-
AC link for the purpose of energy conversion. The AC-DC-AC link may consist
of a diode rectifier and/or voltage source converter, DC link capacitor and a volt-
age source inverter with filter. The interface of any generation units through the
AC-DC-AC link may require control either in generator or grid side converters,
or both generator and grid side converters. The control of the generation side of
the storage unit has not been a focus in this research. The power generation and

conversion from the storage unit to an input of the micro-grid side inverter is ap-

proximated by a DC source [56] and is shown in Figure 4.37. This is because the

focus in this research is to control the micro-grid side inverter according to the com-
mand power coming from power flow calculation. The inverter controller senses

the micro-grid voltage, and current going from storage to the micro-grid. Real and

reactive power commands are sent to the inverter controller from the power flow
solution. The modified control structure is shown in Figure 4.38, which is imple-
mented as an inverter-interfaced storage control scheme to provide commanded

real and reactive power to the micro-grid system.
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Figure 4.38: Schematic of the current controller for the inverter
The micro-grid three phase voltages are expressed as:
V;ng = V[\[rosq‘) (447)
27
‘/bmg = Vircos (d) - ? (448)
27
‘/bmg = 1/}\[(,‘()8 <d) + ? (449)

The three phase micro-grid voltages can be expressed in « — [ reference frame as

follows [107, 108]:

where

Vaﬁ = 711,‘/(1})("7719 (450)
Vo

1/(vﬂ - (451)
Vs
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V;zmg

V;lbr:mg = %mg (452)
‘/;'m,g
and
211 =05 —-0.5
T = (4.53)
3 _Y3 B
0 2 2

The a3 voltage components in (4.50) are converted to the d — ¢-axis components as

[108],
Vg = 1,(0)Vas (4.54)
where
Vig = = (4.55)
Vo
and

2 | cosd —sinf
T,.(0) = = (4.56)

sinf  cost

The d — ¢-axis components of 3¢ current going from the storage unit to the micro-

grid system are also obtained using (4.50) and (4.54).

P(: = VD(‘]Dr' -+ 1/YQ(:IQ(: (457)

(‘?r' = VD(']Q(' - VQ(']D(: (458)

The reference current for the current control loop for the inverter is determined
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using (4.57) and (4.58) as

_ P—=Volg.

Ipe 4.59

=" (4.59)
QVn + PV

I, =SB T ¢’ 4.60

« VE+ V3 (4.60)

The adjustment in current flow due to the change in command power is regulated
by the proportional-integral current control loop. The coupling effect of the output
filter is resolved using cross-coupling of the d — ¢-axis current components [107,
109]. The output obtained from the current regulator, with the addition of the
filter effect, is the d — ¢-axis components of command voltages corresponding to
the command powers. These voltage components are further converted to o —
3 components, which are the voltage reference for space vector modulation that
generates pulses for the switches of the micro-grid side inverter.

The phase-locked loop technique is utilized for synchronization between the
inverter voltage and the micro-grid voltage. The conceptual diagram of the micro-
grid synchronizer is shown in Figure 4.38. The micro-grid voltage angle, ¢ is ob-
tained using the o — 3 voltage components of the micro-grid voltage and is ex-

pressed as [107, 108]

, Va
Cosp = W (4.61)

o Vis
SINY = W (462)

The concept of the phase-locked loop based synchronizer is that sin(¢—#), where ¢
is the micro-grid voltage angle and ¢ is the inverter voltage angle, can be reduced to

a value that allows synchronization. The phase difference between the voltages, A
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that allows the synchronization is obtained using a proportional-integral controller

based on the fact that

sin(¢ - 0) 2 (¢ — ) = A (4.63)

4.4.4 Modeling and Simulation of the Developed Controller

The performances of the developed inverter-interfaced storage controller are in-

vestigated through simulation using the Matlab/Simulink software tool. The step-

by-step procedure for implementing the ¢ — ¢-axis power flow is realized using a

Matlab code, while the inverter control is accomplished using the Simulink model

created using the available components of the simulation tool. Two tests, namely

the open loop and closed loop test, are performed in this investigation. The open

loop study is conducted only with the employment of the d — g-axis power flow.

On the other hand, the closed loop study is carried out by employing the d — ¢-axis

power flow and the control of the inverter. Two modes of operation of the pro-

posed micro-grid system are investigated through the open loop and closed loop

simulation tests. The open loop study reveals micro-grid system information such

as bus voltages, real and reactive power and load angle for various buses under

the equilibrium condition. On the other hand, the closed loop study is performed

to represent the dynamic condition of the micro-grid system along with power ad-

justments in the system in order to maintain the system voltage and frequency at

their rated value under various operating conditions.




4.4.5 Simulation Results and Discussion: Open-loop Conditions

The simulation results for the utility-connected and the isolated micro-grid system

in open loop condition are presented and discussed in the following subsections.

Stand-alone mode of operation:

During this mode of operation, the test micro-grid is disconnected from the utility
grid, where P,;,;, 0, and the developed d — ¢-axis power flow sets bus 1 as the
swing bus since the storage unit (SU) is connected to Bus 1. Table 4.1 summarizes
open loop performance results of the developed control method for the stand-alone

mode of operation.

Table 4.1: Power Flow Calculation Results for Fermeuse Micro-Grid: Stand-Alone

Bus P[MW] | Q[MVAR] | V[Pu] | ¢°

1 (Swing Bus) 4.28 3.87 1.0 0

2 (PQ Bus) 0 0 1.0 | -01
| 5 rQ Bus) 0 0 1.0 -0.1

4 (PQ Bus) 3.94 1.3 1.0029 | -0.2

5 (PQ Bus) 0 0 1.0197 [ -0.01

6 (PQ Bus) 2.82 0.62 1.0111 | -0.01

7 (PV Bus) 3.00 -1.65 0.9865 | -0.86

The data presented in Table 4.1 show that the SU connected to Bus 1 is storing
energy. The energy stored in the SU is the result of high power generation at bus 7,
where the wind turbines are connected. It is to be noted that the swing bus stores
active power (in the storage unit) and generates reactive power using the HGU
connected to the same bus. The operating conditions provided in this research
indicate that a combination of a storage unit and a hydro unit can act like a swing

bus.
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Grid-connected mode of operation:

During this open loop performance test, the micro-grid is connected to the utility
grid (/%4 # 0) and the grid bus (Bus 3) is set as the swing bus. Table 4.2 summa-
rizes the open loop results of the d — g-axis PF during the utility-connected mode of

operation. The data in Table 4.2 indicate that the micro-grid is able to deliver power

Table 4.2: Power Flow Calculation Results for Fermeuse Micro-Grid: Utility-Connected

Bus P[MW] | Q[MVAR] | V[Pu] | ¢°

1 (PV Bus) 4 3.26 1.0 -0.05
2 (PQ Bus) 0 0 1.0 -0.05
3 (Swing Bus) | -0.78 0.22 1.0 0

4 (PQ Bus) 3.94 1.3 1.006 | -0.32
5 (PQ Bus) 0 0 1.003 | -0.09
6 (PQ Bus) 2.82 0.6 1.00 |-0.03
7 (PV Bus) 2.92 -1.43 0.9946 | -0.65

to the utility grid during this mode of operation due to high power generation at

bus 7, where the wind turbines are connected.

4.4.6 Simulation Results and Discussion: Closed-loop Condi-
tions

The performance of the developed power flow based control scheme is tested for
the proposed micro-grid system presented in this thesis. Although the proposed
system has 7 buses, the system can be conceptually represented as a 4 bus sys-
tem and is shown in Figure 4.39. Performance tests are carried out using Mat-
lab/Simulink software for different operating conditions. The considered operat-
ing conditions include varying the power generation and load demand for stand-

alone and utility grid-connected modes. The variation of power generation is re-
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Utility Grid

Figure 4.39: Micro-grid system with a reduced number of buses

alized through operating the wind farm, which is connected at bus 3, for variable
wind speed. In addition, the variations of the load power demand are made possi-
ble through timed connection of an additional load at bus 2. The tested operating

conditions are presented in the following subsections.

Isolated Micro-Grid with Wind Power Generation

This test is performed for the operating mode of an isolated micro-grid system,
while the WPGS is operated in variable wind speed conditions. Figures 4.40 and
4.41 show the results of this test, where both simulated and calculated per-unit
active and reactive powers are plotted on the same axis. Simulated per-unit d — ¢-
axis components of bus voltages are also provided in Figure 4.41 for this mode of
operation.

The test results of Figures 4.40 and 4.41 show close matches between simulated
and calculated active and reactive powers for all buses of the test micro-grid sys-
tem. Such close matches provide support to the features of the proposed control

approach in which accurate adjustments in the generated power of the slack bus
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Figure 4.40: Simulation (—) and calculation (— — —) results for real and reactive
power in stand-alone with variable wind speed operation for the wind farm at bus
3.
éo sk Vq v .
éo.sr 4
Gosy .
m
50-5F 2
60.2} 4
6
2
597| 1 1 1 1 J
0 1 3 4 5

Time [scc.]

Figure 4.41: Simulation and calculation results for d — g-axis voltage components at
micro-grid buses in stand-alone with variable wind speed operation for the wind
farm at bus 3.
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are achieved. Moreover, as the wind farm at bus 3 is operated in variable wind
speed condition, changes in the generated power are accommodated by the con-
troller so that stable active and reactive power generation and delivery are main-
tained at all buses of the micro-grid system. In addition, the stability of the active
and reactive power generation and delivery can be observed through bus ¢ — ¢-axis
voltage components shown in Figure 4.41, where close-to-unity V; and close-to-
zero V, values are observed at all buses. Also, the frequency during this operating
mode, as shown in Figure 4.41, confirms the balance between the power genera-
tion and demand within the micro-grid domain, as it does not show any significant

variations.

Utility Grid Connection-Disconnection and Variable Wind Speed

The performance of the proposed power flow based control for the proposed
micro-grid system is investigated as the utility grid is connected at time #=2 sec-
onds and disconnected at time ¢t=4 seconds. During this test, the wind power gen-
eration is operated at variable wind speed. Performance results of this test are
shown in Figures 4.42 and 4.43, where simulated and calculated per-unit active
and reactive powers, along with  — ¢-axis voltage components for all buses, are
presented.

Test results in Figure 4.42 for active and reactive powers show a decrease in
the active power supplied by the storage unit, while the power generated at bus
1 remains unchanged after connecting with the utility grid (bus 1) at time #=2 sec-
onds. These changes are initiated due to the fact that power demands within the
micro-grid are met by the utility grid, hydro generator and WPGS. Also, the stor-

age unit stores power as a result of the excess power in the micro-grid during grid-
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Figure 4.42: Simulation (—) and calculation (— — —) results for real and reactive

power at micro-grid buses before and after grid connection (at time ¢=2 seconds)
and disconnection (at time ¢=4 seconds) with variable wind speed operation for the
wind power generation system at bus 3.
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Figure 4.43: Simulation and calculation results for d — g-axis voltage components
at micro-grid buses before and after grid connection (at time =2 seconds) and dis-
connection (at time t=4 seconds) with variable wind speed operation for the wind
farm at bus 3.
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connection operation. The fast settling of buses 1 and 3 active and reactive power
after the grid connection at time ¢t=2 seconds, as well as after the grid disconnection
at time t=4 seconds, is achieved by the control actions of the developed power flow
based controller. Furthermore, the voltages at all buses are maintained at close-to-
unity V; and close-to-zero V; values. The system frequency is also maintained at its

rated value after a dynamic change during the grid connection and disconnection.

Isolated Micro-Grid with Wind Power Generation Disconnection

The ability of the d — ¢g-axis PF based control scheme to function, as the micro-
grid has limited power generation, is investigated as the micro-grid is operated in
a stand-alone mode with WPGS disconnected at time t=2.5 seconds. Figures 4.44
and 4.45 show the results of this test including simulated and calculated per-unit
active and reactive powers and d — ¢-axis components of bus voltages.
Performance results in Figure 4.44 show that the generated active power of the
hydro unit increases, while the generated reactive power of the hydro is decreased
in response to the disconnection of the wind farm (bus 3) at t=2.5 seconds. The
simulated and calculated bus active and reactive power show an almost identical
match. The active power delivered from the storage unit is increased as the WPGS
is disconnected. The changes in active and reactive power generated at bus 1 (slack
bus) are initiated to ensure that load power demands within the micro-grid are met
by the hydro and storage units. The changes in active and reactive power at bus 1
after the disconnection of the wind farm at t=2.5 seconds are performed with minor
overshoots and without steady-state errors as shown in Figure 4.44. Finally, these
changes in reactive powers at bus 1 are initiated in order to maintain bus voltages

in their close-to-unity per-unit values. The effects of changing the reactive power
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Figure 4.44: Simulation (—) and calculation (— — —) results for real and reactive

powers at micro-grid buses before and after wind generator disconnection (at time
t=2.5 seconds) as the micro-grid is operated in a stand-alone mode.
are clear in the bus voltages, where close-to-unity V; and close-to-zero V, values

are maintained at all buses and are shown in Figure 4.45.

Isolated Micro-Grid with Step Increase in Load Power Demand

The performances of the d — g-axis power flow based control are investigated for
an isolated micro-grid, variable wind speed conditions, and, at time ¢=3 seconds,
when the load active power at bus 4 P, is increased from 2.82 to 3.82 MW. The per-
unit simulated and calculated per-unit active and reactive power and the d — g-axis
components of bus voltages for all buses in the test micro-grid power system are
presented in Figures 4.46 and 4.47, respectively.

Test results for the step increase in the load active power demand at bus 4 are

provided in Figure 4.46, where an increase in the power generated at bus 1 (slack
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Figure 4.45: Simulation and calculation results of the d — g-axis voltage components
at micro-grid buses before and after wind power generation disconnection (at time
t=2.5 seconds) as the micro-grid is operated in a stand-alone mode.

bus) is observed at t=3 seconds to meet the increase in bus 4 active power de-
mand. Also, the power stored in the SU decreases as the load demand increases at
bus 4. The rest of the micro-grid buses maintain their active and reactive powers
unchanged as an indication of the stability of the micro-grid under step increase
in its power demand in an isolated mode of operation. An additional indication
for the stability of the test micro-grid is observed from the close-to-unity V,; and
close-to-zero V;, values before and after the step increase in P;. Finally, the micro-
grid system frequency response shown in Figure 4.47 is not affected by the step
increase in P, which indicates a stable power generation to meet changing load
demands. These indications are ingredients for stable power generation and de-
livery, as well as showing significant capability of the proposed power flow based

control to initiate adjustments in response to increases in power demands.

138



Figure 4.46: Simulation (—) and calculation (— — —) results for real and reactive
power for micro-grid buses in stand-alone with step increase in bus 4 power.
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Figure 4.47: Simulation and calculation results of the d — g-axis voltage components
for micro-grid buses in stand-alone with step increase in bus 4 power.
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Utility Grid-Connected with Unbalanced Load at Bus 2

In this test, the d—g-axis power flow based controller is tested for the micro-grid op-
erated in utility grid connection, with variable wind speed, and with a step change
in the load active and reactive power supplied through phase B (i.e. an unbalanced
power change). The changes in phase B active P,3 and reactive(),p are increased
from 3.94 to 4.94 MW and 1.3 to 1.75 MVAR respectively for the time 2 > ¢ > 4.
Figures 4.48 and 4.49 provide the results of this test including both simulated and
calculated per-unit active and reactive power, as well as d — g-axis voltage compo-

nents for all buses in the test micro-grid.

Bus 2 Bus 1
< <o fo]

Bus 3

Time [scc.]

Figure 4.48: Simulation (—) and calculation (— — —) results for real and reactive
power for micro-grid buses in utility grid-connected and unbalanced load changes
at bus 2 for the time 2 > ¢ > 4.

In this test, the proposed d — g-axis power flow based controller demonstrates

significant abilities for adjusting active and reactive power generated at bus 1 in

response to the step change in phase B active and reactive power at bus 2 for
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Figure 4.49: Simulation and calculation results for d — g-axis voltage components
for micro-grid buses in utility grid-connected and unbalanced load changes at bus
2 for the time 2 > ¢ > 4.

the time 2 > t > 4. The loading conditions before and after the change at bus 2
are capable of delivering active power to the utility grid, while importing reactive
power from the utility grid. It is to be noted that possible variations in the active
and reactive powers at bus 3 (due to the variable wind speed conditions) are han-
dled by the controller of each wind turbine in the WPGS. The performance results
show high agreement between the simulation results and the power calculated re-
sults, where such an agreement indicates that accurate control actions are initiated
to maintain the stability of the micro-grid under the aforementioned conditions.
Moreover, these results demonstrate that the proposed d — g-axis power flow based
controller is able to function without sensitivity to the unbalanced change in the
power demand of bus 2. Finally, Figure 4.49 shows that d — g-axis components of

all bus voltages are maintained with close-to-unity V;; and close-to-zero V, values
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as a good indication of stable power generation and delivery under changes in bus

power that could be of an unbalanced nature.

4.5 Summary

In this chapter, the design, development and performance analysis of the micro-
grid controllers are presented in detail. Firstly, the design of an active power con-
troller during the operation of an isolated micro-grid system with wind power
generation is presented. The performances of the controller are analyzed and dis-
cussed based on simulation results. It is found that the developed active power
controller is capable of maintaining a power balance between generation and load
during utility grid disconnection and in subsequent operation of the micro-grid
system comprised of renewable energy sources. Secondly, the operation of an iso-
lated micro-grid system with a storage unit using a conventional governor control
is studied and simulated. While the governor control of the hydro storage unit
shows satisfactory performances, an alternative control scheme is also developed
in order to achieve an effective and fast power adjustment. Finally, the develop-
ment of a power flow based control scheme for micro-grids in stand-alone and util-
ity grid-connected modes of operation is presented. The developed control scheme
is realized using a power flow analysis, which simplifies the required calculations
to determine command values of active and reactive power for both generation
and delivery under various changes in operating conditions. In addition, an in-
verter controller is also employed in this control scheme to maintain the flow of
the command powers between the micro-generations and the micro-grid buses.
Performance results of the proposed power flow based control for micro-grid sys-

tems demonstrate good abilities to initiate control actions to quickly and effectively
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maintain stable and reliable operation of the micro-grid for various modes of oper-
ation, and for changes in its operating conditions. Through all performance tests,
the d — ¢-axis power flow based control scheme successfully initiates accurate and
fast actions to adjust the power generation and delivery in response to changes in
either power generation or demand. Moreover, the accuracy of such control ac-
tions is observed from the micro-grid system frequency response and bus voltages
through all tested operating conditions, where close-to-unity V; and close-to-zero

V,, values have been maintained.
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relevant outcomes are presented and discussed.

5.1 Micro-Grid Test Setup

The literature review reveals that the majority of investigations of micro-grid is-
sues was based on simulations. It is obvious that simulation yields introductory
analysis and foresight of any system behaviours. However, laboratory testing is
required in order to verify the outcome obtained by the simulation. In this the-
sis, an attempt has been made to validate the simulation results by developing the
Micro-grid Test Setup (MTS) for the system presented in Figure 3.1. It is also worth
mentioning that the development of the test setup is accomplished within the lab
facilities using the equipment available in the lab. The basic organizations of the
MTS are shown in Figure 5.1. The following sections describe each major compo-

nent of the developed MTS.

Smotor-pump F—" 3

—IWTS

HGS |—

Utility Grid

Figure 5.1: Conceptual layout of a micro-grid test setup
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5.2 Wind Turbine Emulator

One of the major components in the proposed micro-grid system is the wind
power generator. In order to incorporate a wind turbine system into the developed
MTS, a wind turbine emulator (WTE) is developed in this thesis. The generic con-
figuration of a WTE, as shown in Figure 5.2, consists of a programming platform
to implement the model and characteristics of the wind turbine, an electrical drive
to represent the rotor of the wind turbine, signal sensors and conditioning system,

data acquisition, and power electronic devices to control the electrical drives.

Power

supply
. . D Power ACor DO JAC or DC
K/{V”:jd ]Turbms A A electronics ElectricalHoenerator

odeling an C devi drives
Control Platform / e -
(Personal Computer, A
DSP Board) D Signal co- | . JAcquired|
= C <:nditioning o signal

Figure 5.2: Typical conceptual diagram of a wind turbine emulator

While the basic structure of the WTE remains the same, different components
may be used to implement the structure. For example, an AC or DC drive can be
used to represent the wind turbine rotor. In the past, DC drives had significant
advantages over AC drives for adjustable speed drive applications. Currently, AC
drives are attractive due to the benefits of low cost and little or no maintenance,
in contrast to a DC drive [110]. Moreover, the DC drive may be bulky and costly.
However, the following are the main reasons to select a DC drive as the represen-

tation of the wind turbine rotor in this research [111].
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model equations. This calculated torque is considered as the reference torque of
the WTE. Based on the reference torque and the torque produced by the motor, a
control signal is generated by the controller implemented in the DSP board. The
control signal coming out from the DSP board is then applied to the phase control
relay/analog input power controller in order to control the voltage applied to the

armature of the DC motor. The basic outline of the developed WTE is shown in

Figure 5.3.
Power
suppl
dSpace ds1104 DSP i
Control
R i signal S Power' Elegéical_ Induction
[ electrpmcs _ | generator
DSP Based C devices drives
Personal /
Computer g ] Signal co- Torque meas.
c | nditioning] "Sneed meas.

Figure 5.3: Basic outline of the developed wind turbine emulator

Wind Turbine Model

In general, the wind turbine model defines the output characteristics of the wind
turbine as well as its failure and repair processes [112]. The output of a wind tur-
bine can be characterized by the non-dimensional curves of the performance coef-
ficient such as (a) torque coefficient C, or (b) power coefficient C,, as a function of
tip speed ratio A. The desired output from the wind turbine model utilized for the
developed WTE is the torque. Thus, the aerodynamic model of the wind turbine

rotor in this research is based on the C, versus A curve. Such a curve is very useful
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in the modeling of a small wind turbine, because the wind turbine torque is not
zero even if the rotor is at standstill condition [113].
The actual mechanical power at the output of the wind turbine rotor can be ex-

pressed as

1 .
Pm(‘('lz = 5/)14[);10‘"(/\) (51)

where p is the air density in kg/m?, A is the area swept out by the turbine blades in
m?, v, is the wind velocity in m/sce, C,(\) is the dimensionless power coefficient
that is a function of tip speed ratio A.

Tip speed ratio A is the ratio of the linear speed of the tip of the blades to the

rotational speed of the wind turbine, and it can be expressed as

WinT't

A= (5.2)

!
U ur

where w,, 1s the angular velocity of the turbine rotor in rad/sec, 1 is the radius of
the rotating turbine in 1.

The average torque produced by the wind turbine is given by

])”lt’(‘ (3
T, = = (53)
w”l
After manipulation, the average torque in (5.3) becomes
o SPACLC, (M (5.4)
ar T A .
The average torque in (5.4) can be further simplified as
1 2
Tyo = 5/)/4(,7“,0,,(/\)7', (5.5)
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where the torque coefficient, C, can be expressed as the ratio of the power coeffi-

CpA)

cient, (', and the tip speed ratio, A, i.e ¢,(\) = 3

The relationship between the torque coefficient and the tip speed ratio can be char-

acterized as follows [111]:

¢, = —0.02812 + 0.0385761 — 0.0045912A% + 0.0001489A° (5.6)

Expected Rotor Torque for the Emulator

The reference torque for the developed WTS is determined by the wind turbine
model in (5.5). The gear ratio is used to calculate the wind turbine rotor speed
using the speed information measured from the DC motor shaft. The estimated
wind turbine rotor speed is then fed to the wind turbine model to calculate the

theoretical reference torque of the wind turbine rotor using (5.5).

Torque Control Algorithm Design

The proportional-integral-derivative (PID) is an extensively used controller for
many applications because of the ease of implementation, cost effectiveness and
the requirement of less computing power. In order to implement such a controller
in developing the WTE, the discrete form of the controller is required. Thus the
time domain PID controller is converted to a discrete form with a sample time
T,. The digitized form of the discrete controller in Appendix D is called a non-
recursive controller that is not suitable for computer implementation, because such
a controller calculates the actual desired output at every calculation period. On the
contrary, recursive type algorithms are more suitable for programming on com-

puters because they calculate a change in the output for each calculation period. It
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extracted from the WT rotor can be expressed as

1.
Fopr = 5/’14‘“;?(77).07”‘ (A) o8

A PItype tip speed ratio controller is designed to operate the wind tubine rotor at

its optimal rotor speed. The value of the optimum tip speed ratio for the modeled
WT is used as the reference tip speed ratio of the controller. The actual tip speed
ratio is then calculated based on the wind speed input to the WT model and the
rotor speed acquired from the system. The error between the values of these two
tip speed ratios is corrected by the designed PI controller. The output of the con-

troller is utilized to generate the switching pulses for controlling the final element

conceptual block diagram of the tip speed ratio controller is shown in Figure 5.5.

Pl Limiter
Reference, dopt
T > _/1 | Pulse Driver | Switch
. »| Driver |~ J
generation circuit
Equati- M
on (5.2) Measured,0n  Carrier

in the system that makes sure the WT operates at the reference tip speed ratio. The

Figure 5.5: Conceptual diagram of the optimum power controller employed in the
developed wind turbine simulator

5.2.2 Implementation of the Developed Wind Turbine Emulator

The characteristics and the various features of the developed WTE are im-
plemented in the laboratory environment. The overall experimental layout of the

developed WTE is shown in Figure 5.6. A combination of both hardware and soft-
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ware is utilized for the implementation of the developed simulator. The imple-

mentation procedure is sequentially discussed in this section. A separately-excited
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Figure 5.6: Laboratory arrangement for the wind turbine emulator

DC motor is utilized to represent the wind turbine rotor. The field of the DC mo-
tor is excited by a single phase AC supply using a full wave bridge rectifier along
with power resistors in series with the field coil. The field circuit of the DC mo-
tor is supplied with a constant voltage, while the armature voltage is controlled
in order to operate the DC motor at a variable speed to simulate the wind turbine
characteristics. The nameplate data of the DC motor is given in the Appendix C.
As part of the implementation procedure, two system parameters, speed and

torque, are measured using speed and torque sensors built into the system. The
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output of the speed sensor is an AC signal which passes through the root mean
square (RMS) to a DC converter integrated circuit. The DC output from the in-
tegrated circuit is then passed through a differential amplifier to achieve better
resolution of the measured signal. Torque sensor output is fed through a high gain
instrumentation amplifier because of the low output of the sensor. The amplified
output voltages from the instrumentation amplifier and the differential amplifier
are acquired by the dSPACE ds1104 DSP board. Calibration equations for speed
and torque of the DC motor are given by (5.9) and (5.10) respectively, where N,
is the speed of the DC motor, v, is the voltage output of the speed sensor, s,y
is the torque of the DC motor, and Vrg is the output voltage of the torque sen-
sor. These equations are set in the DSP memory to acquire the original speed and
torque information measured from the system. RC filters are used in conjunction
with the current and voltage sensors to reduce the noise level introduced by the

system measuring instruments.

Naage = 15417 x v, 4 13583 (5.9)

Tq/m/'i = (VTS — 028) x 1.4546 (510)

The acquired speed information of the DC motor shaft as well as the wind ve-
locity stored in a file are plugged into the wind turbine model, (5.2), (5.6), and (5.4),
to generate reference torque for the DC motor. The generated reference torque is
compared with the torque information acquired from the system. The error be-
tween the target and the measured torque is passed through a recursive discrete

PI controller that is also called the torque controller. This controller generates a
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control signal that is sent to the input of the analog input power controller/phase
control relay through a digital to analog converter of the DSP board. The output of
the phase control relay is passed through a bridge rectifier and applied across the
armature of the DC motor. The armature control voltage is passed through a fuse
to avoid unexpected situations.The control signal at the input of the analog input
power controller essentially controls the voltage applied to the armature of the DC
motor. The control action generated by the torque controller ensures that the DC
motor shaft follows the wind turbine reference torque derived from the wind tur-
bine model. A Ziegler-Nichol’s (ZN) closed loop tuning method is used to obtain
the primary guess about the value of controller parameters. A change in the wind
velocity causes the change in the reference torque produced by the wind turbine.
The torque controller shows its ability to track and maintain the reference torque
that is changed due to the wind velocity. The implementation of the wind turbine
model and the recursive torque controller are accomplished using Matlab coding
on a dSPACE ds1104 DSP board in a PC. The following step-by-step procedure for

laboratory implementation of the developed WTE can be stated as:

STEP 1: Variable declaration, and initialize the value of the controller gains, K,

(0.396), T; (1.843) and T, (0.031).
STEP 2: Calculate parameters, p,, p; and p, of the recursive discrete PI controller.
STEP 3: WT constant and gear ratio initialization.

STEP4: e Read DC motor speed information from the system through DSP ana-
log to digital (ADC) port.

¢ Read wind speed data from the file stored in the DSP memory.
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Calculate the tip speed ratio, the torque coefficient and the reference

torque from the WT model

Read the actual torque information of the motor from the system through

DSP analog to digital (ADC) port.

Calculate the error between the reference torque and the actual torque.

The error passes through the designed controller, and the controller gen-

erates control action.

STEP 9: Write the control value to the DSP digital to analog (DAC) port.

Moreover, the developed WTE is featured with an optimum power controller
that is implemented through rotor side control. The DC motor simulated as the
WT rotor is coupled with an induction generator as shown in Figure 5.6. The sta-
tor of the induction generator is directly connected with the grid, while the rotor
of the generator is connected with a variable resistor through a 3¢ uncontrolled
bridge rectifier and a switching device. In order to maintain the topological simi-
larity of the wind generator utilized in the simulation, the generator rotor must be
connected back to the grid through a back to back PWM voltage source converter.
However, the topology (Fig. 5.6) utilized for the sake of lab implementation is for

the following reasons.
e The capacity of the available machine in the lab is low, for example 3.75 kW.

e The power output at the rotor side of this machine at low wind speed is also
low. This low power conversion through a back to back PWM converter is

not technically and economically beneficial.

157



e Moreover, it is to be noted that the topological change made for the lab im-
plementation does not compromise the effect of the wind generator in the

micro-grid system.

Thus the rotor side arrangement of the generator shown in Figure 5.6 is utilized
to implement the optimum power controller for the developed WTS. An optimum
tip speed ratio controller is designed and implemented as an optimum power con-
troller in order to extract maximum power available in the wind. This control
objective is achieved based on continuous adjustment of the power-speed char-
acteristics of the generator. The external resistor connected to the rotor side of the
induction generator is utilized in order to make these changes to the power-speed
characteristcs of the generator. The 3¢ AC voltage coming out from the rotor side is
converted to a DC value using a 3¢ diode bridge rectifier. The DC voltage at the rec-
tifier output is applied across the external resistor followed by a switching device.
The variation in the rotor resistance is made through the changes of the duty cycle
of the switch utilized between the bridge rectifier and the external resistor. The
adjustment in the duty cycle due to the wind speed variation is achieved by imple-
menting the designed controller shown in Figure 5.5. This variation in the duty cy-
cle occurs under varying wind speed conditions, causing the continous changes in
rotor resistance so that the wind turbine operates at the maximum tip speed ratio.
WT operation at optimum tip speed ratio ensures the maximum power extraction
through the stator of the wind generator. The implementation of the optimum tip
speed ratio controller is accomplished in the Matlab/Simulink environment using
a dSPACE ds1104 DSP board. The photograph of the developed WTE based WECS

for micro-grid research in the energy lab is shown in Figure 5.7.
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This fact basically leads to the decision to maintain the constant field voltage of the

synchronous generator. The laboratory layout of the HGU is shown in Figure 5.8.
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Figure 5.8: Laboratory arrangement for hydro generation unit

A 3¢, 208 V, 60 Hz supply available in the lab is used as the utility grid. The
connection link between the MTS and the utility grid is done through a 3¢ circuit
breaker. The proposed micro-grid system has a short transmission line between
the HGU and the WPGS. The line, TL1 is utilized in the MTS between the HGU
and WTS. Moreover, two other lines 7.2 and 7'L3 are used to represent the line

between bus 1 and load L2, and bus 3 and PL4. The parameters of the lines
employed in the MTS are as follows:

e TL1=6m and Z1=(0.00341+j0.00413) Q
e TL2=2m and Z2=(0.00143+j0.00212)
e TL3=2.5m and Z3=(0.00161+j00271) Q2

Three different loads are employed in the micro-grid test setup. Load PL2 = (750+
Jj251) W is connected to load bus 2, and load PL4 = 1.24 kW is connected to load

bus 4. Loads PL2 and PL4 represent the regular consumer loads in the micro-grid
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system. The other load, S,,,,t0r—pump = 0.5 kVA is utilized as the load equivalent to

a motor-pump set in the MTS.

5.4 Implementation of the Micro-Grid Active Power
Controller

The experimental arrangement of the active power controller along with the lab-

oratory micro-grid test setup are shown in Figure 5.9. The overall controller ar-
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Figure 5.9: Schematic of the active power controller with the micro-grid test setup
in the energy lab

rangement is comprised of a digital signal processing (DSP) board installed in a
PC, thyristor firing unit, thyristor switching module, driver circuit, and resistive

dump load connected with the micro-grid test setup. The control variables and
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measured system variables are the input to the dSPACE ds1104 DSP board where
the designed controller algorithm is implemented. The controller generates the
control action based on the design criteria and the signal is sent out to the thyris-
tor firing unit. The firing pulses generated by the thyristor firing unit trigger the
thyristor switches in the power thyristor module. This control allows the dynamic
change in the current flow through the dump load.

The detailed hardware implementation of the developed active power con-

troller is presented in Figure 5.10. The input to the active power controller from
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Figure 5.10: Implementation detail of the developed active power controller in the
laboratory environment

the MTS is the 3¢ voltage. This voltage can be obtained from any of the buses in
the MTS. Since bus 3 is closer to the location of the power controller, the 3¢ voltage
of bus 3 is utilized as the input to the power controller. The micro-grid 3¢ voltages
at bus 3 are acquired using voltage isolator sensors which take input £300V AC or
DC and provide £10V AC or DC as the output. The output of the sensor is taken
to the DSP board through the dSPACE built-in analog-to-digital converter. This
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signal is utilized as the input to the phase locked loop (PLL) in the active power

controller algorithm that is shown in Figure 5.11. The Simulink model of the PLL is

fl;ase PI To
+_: f K»P “|Controller| | _/_ |~ DAC
T fmes

PLL |- Vs,abc

Figure 5.11: Active power control algorithm implemented in the DSP memory

utilized in the designed controller. The output of the PLL is the system frequency
that is called system measured frequency, f,.,. The micro-grid system nominal
frequency, fu.. is then subtracted from the system measured frequency, f.e., in
order to calculate the frequency deviation in the system. This frequency deviation
is utilized to determine the power deviation in the system using the pre-defined
droop coefficient. The power deviation in the system is then passed through the
PI controller that generates the control signal, w... The signal, u.s, is limited by the
limiter to maintain the control signal in the range (£10V') of input to the thyristor
firing unit. This signal is sent to the thyristor firing unit through the dSPACE built-
in digital-to-analog converter. The thyristor firing unit converts the input voltage
+10V to £180 degrees. At any time, ¢, the angle corresponding to the input volt-
age of the firing unit, is the firing angle for the thyristor switches. In addition, the
thryristor firing unit also requires input reference voltage from the system which is
shown in Figure 5.10. The thyristor firing angle corresponding to the control signal
and the reference voltage are utilized by the firing unit to generate synchronizing

firing pulses. These firing pulses are sent to the thyristors’ switching module. The
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5.5 Implementation of the Power Flow Based Micro-

Grid Controller

The experimental arrangement of the power flow based micro-grid controller along
with the laboratory micro-grid test setup are shown in Figure 5.13. The micro-grid
system variables are measured and used as input to the power flow algorithm. The
power flow calculates the power at various buses for the equilibrium condition be-
tween power generation and load. The calculated powers can be utilized as the
command power for the micro-generation in the micro-grid test setup in order to
control power generation by the DGs. However, it is important to mention that
only the command power for the inverter interfaced storage (IIS) unit is generated
to calculate the current reference for the inverter controller in this thesis. This is
because of the purpose of using the storage unit to deliver power to the micro-grid
during the operating mode of an isolated micro-grid without wind power genera-
tion. The reference current is then regulated by the current controlled inverter to
maintain the power balance between the micro-grid generation and load during
the operation of an isolated micro-grid when the wind power generation system is

not available.

165



Six
Control
pulses

11§
N 1
TL1
HGS ] I
]
Utility Grid
TL2
SL2
| Bus voltage and current intormauon |

Commund power |

Command powers generation using PF

U

I[ Current controller for inverter

WTS

| Cortmuand power

Figure 5.13: Schematic of the active power controller with the micro-grid test setup.
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The detailed hardware implementation of the developed inverter interfaced

micro-grid controller is shown in Figure 5.14. The hardware setup in the labo-
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Figure 5.14: Hardware detail of inverter interfaced micro-grid controller for exper-
imental testing.

ratory is comprised of a DSP board installed in a PC, voltage and current isolators,
isolation and pulse amplifier circuit, an inverter, filter, a DC source, capacitors and
synchronizing modules. The two phase voltages and currents for each bus are mea-
sured and then the third phase voltages and currents are calculated. The micro-grid
voltages are acquired using voltage isolator sensors which take input +300V AC
or DC and provide £10V AC or DC as the output. Similarly, the current isola-
tor sensors are used to measure current that takes 10 ampere AC or DC current
and provides £10V AC or DC. The output of the sensor is sent to the DSP board
through the dSPACE built-in analog-to-digital converter port. After determining
the third phase of the voltages and currents, the 3¢ AC voltages and currents are
converted to d — ¢-axis components using (4.12). The d —¢-axis voltages and current

components are utilized to determine the measured real and reactive power using
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(4.57) and (4.58), respectively. The d — g-axis voltage components and the measured

power are used as input to the power flow algorithm. The power flow algorithm
is implemented in the DSP board according to the step-by-step procedure decribed
in chapter 4, sub-section 4.4.2. The solution of the power flow equation determines
the power required for each bus in order to maintain the rated system voltage at
each bus of the system. The calculated power obtained from the power flow solu-
tion (present state) is compared with the measured power (previous state) in order
to determine the value of command powers for the inverter controller.

The command powers derived from the power flow are used to calculate the
reference signals for the inverter current controller using (4.59) and (4.60). The
3¢ voltage and current at bus 1 are also acquired for the controller. This voltage
and current are converted to « — J and then d — ¢-axis components. The current
components are used as feedback information for the current controller, while the
voltage components are used to generate the reference voltage signal for the space
vector modulation. After comparing the reference and feedback current signal,
the error is passed through the proportional-integral controller to minimize the er-
ror between the reference and the feedback current. The current controller is also
employed in the cross coupling of the filter components in order to minimize the
coupling effects of the filter at the inverter output. The signals from the controller
are converted to «« — # in order to use them as input to the space vector modulation
block. This block also takes the angle ¢ to generate the reference signal for the space
vector modulation. The space vector modulation block available in the Simulink
library is utilized in order to generate the control pulses for the inverter switches.
The generated pulses are then sent out through the digital output port of the DSP

board. The control pulses are passed through a pulse amplifier before driving the
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suddenly at any point of time. Therefore, a developed WTS should be able to fol-
low the theoretical torque of the rotor for a specific wind speed or a sudden change
in the wind speed at any point of time. To examine this performance, a wind pat-
tern (Figure 5.16) following a series of step variations with equal duration was fed
to the wind turbine model. Although the flow of the wind in practice does not fol-
low the pattern utilized in this test, this pattern is a standard signal for laboratory

testing that obviously explores the system behaviour.
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Figure 5.16: Wind speed variation fed into the wind turbine model

Figures 5.17 and 5.18 show the developed WTS test results which are obtained
using a four channel Tektronix TDS 3014B digital phosphor oscilloscope. The ac-
tual and the corresponding reference torque produced by the turbine shaft due
to the variation in the wind speed are shown in Figure 5.17. It can be seen from
Figure 5.17 that the reference torque (the upper trace) of the wind turbine rotor is
followed by the actual torque (the lower trace) of the system. Also, the step change
in the reference torque reflects the change of the wind speed, and the actual torque
also follows the reference torque during the step change and subsequently until
the next change in wind speed. The almost exact fit of the DC motor actual torque

and the reference torque produced by the wind turbine model shows accuracy and
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Figure 5.17: The experimental performances of the wind turbine emulator without
optimum power controller

speed at every change in wind velocity. It is obvious from the result that the de-
signed discrete torque controller has the significant ability to control the DC motor
in such a way that its shaft behaves as a wind turbine rotor and provides a control-
lable torque. However, the developed WTE in conjuction with the generator is not
featured with a maximum power extraction feature. This is because the error in tip
speed ratio shown in Figure 5.17 is not zero yet.

Figure 5.18 shows experimental performances of the WTE when an optimal
power extraction feature is included in the simulator. The tip speed ratio control
technique desc " 2d in section 5.2.1 is incorporated to maintain the operation of
the simulator at the optimal tip speed ratio. It can be seen from Figure 5.17 that

the WTE is operated at different tip speed ratios at different wind speeds which
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Figure 5.18: The experimental performances of the wind turbine simulator along
with optimum tip speed ratio controller

causes an error in tip speed ratio. On the contrary, Figure 5.18 shows the close-to-
zero error in the tip-speed ratio while the WTE is operated along with its optimal
tip speed ratio controller. Note that there is a dip or shoot in the tip speed ratio
error because of the step change in wind velocity. It also shows the good tracking

between the reference torque and the actual torque of the WTS .

5.6.2 Testing of Micro-Grid Active Power Controller

The developed active power controller is tested to verify the performances of the
controller in the micro-grid operation. It is worth mentioning here that this con-
troller is enabled to engage during the operation of the isolated micro-grid with

WPGS (Figure 3.2). Thus the performances of the developed controller are tested
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(Figure 2(a)) operation. Furthermore, the frequency and the voltage of the micro-

grid system are at their nominal value. However, the utility grid is disconnected
and the performance results of the isolated micro-grid system with wind power
generator are shown in Figures 5.19(c) and 5.19(d). It can be seen from Figures
5.19(c) and 5.19(d) that the power controller is not activated yet because of the zero
value of the firing angle and also the zero current flow into the dump load. Since
the controller is not activated yet, the micro-grid frequency starts to deviate from
the nominal value. This is because of the excess power in the micro-grid system
generated by the wind power generator. In addition, the excess power in the sys-
tem causes the micro-grid voltage to change to a higher value than the nominal
value. It can also be noticed from the WTS response that fast and accurate track-
ing between the reference torque of the wind turbine and the actual torque are
obtained from the system.

The experimental results of the isolated micro-grid system with the employ-
ment of the active power controller are shown in Figure 5.20. Micro-grid system
frequency, firing angle, WTE response, micro-grid voltage, and current flowing
into the dump load are presented in Figures 5.20(a) and 5.20(b). At the time of
utility grid disconnection, the micro-grid frequency and voltage start to deviate.
However, due to the involvement of the active power controller, the micro-grid
frequency and voltage become their nominal values. The non-zero value of the
firing angle and the current flowing into the dump load indicate the engagement
of the controller in the system operation. Also, the WTE response indicates the
variable speed operation of the WT generator in the micro-grid system.

Figures 5.20(c) and 5.20(d) present the performance results of the micro-grid

system during a step increase in the micro-grid power demand. Since the power
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Figures 5.20(e) and 5.20(f), while a step decrease in micro-grid load demand is ap-

plied. Figure 5.20(e) shows the micro-grid frequency, firing angle for the power
semiconductor switches, and WTE response. Due to the decrease in load demand,
the controller provides necessary actions to harmonize the firing angle in order to
maintain the power balance between power generation and consumption in the
micro-grid domain. This can be noticed from the firing angle response and the
current flowing into the dump load. This is because the firing angle is decreased
to allow more current to flow into the dump load, which leads to fast and accu-
rate balance in power generation and load demand. The fast and accurate balance
between generation and load demand can be observed from the frequency and
voltage responses shown in Figures 5.20(e) and 5.20(f).

..1e power quality performances of the isolated micro-grid system are also in-
vestigated and presented in Figure 5.21. The results are presented for a short du-
ration to observe the changes closely. Figure 5.21(a) shows the voltage and cur-
rent flowing into the dump load, while the frequency spectrum for the voltage
harmonics is shown in Figure 5.21(b).The frequency spectrum only shows the fun-
damental component of the micro-grid voltage. Figure 5.21(c) shows micro-grid
voltage and current flowing into the dump load while micro-grid load demand is
increased. Due to the increase in micro-grid load demand, the current flowing into
the dump load is also reduced. Moreover, the frequency spectrum during this op-
erational condition also shows only the presence of the fundamental component
of the micro-grid voltage. A similar frequency spectrum is also noticed, while the
micro-grid load demand is decreased. The presence of only one fundamental fre-
quency component in the micro-grid voltages ensures high quality power in the

isolated micro-grid system.
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Figure 5.21: Power quality performances of the isolated micro-grid system with
the application of the active power controller: (a) Voltage and current flowing into
dump load, (b) Voltage and frequency spectrum of the voltage, (c) Voltage and cur-
rent flowing into the dump load with a step increase in load demand, (d) Voltage
and frequency spectrum of the voltage with a step increase in load demand, (e)
Voltage and current flowing into the dump load with a step decrease in load de-
mand, (f) Voltage and frequency spectrum of the voltage with a step decrease in
load demand

5.6.3 Testing of Power Flow Based Micro-Grid Controller

The developed power flow based micro-grid controller is tested with a labo-
ratory prototype to verify the performances of the controller in the micro-grid op-
eration. It is worthwhile to mention here that this controller is enabled to engage
during the operating mode of an isolated micro-grid without WPGS (Figure 3.3),
where the inverter interfaced storage unit is considered. Thus the performances

of the developed controller are tested under various conditions during the opera-
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tion of an isolated micro-grid without WPGS. The considered operating conditions

include varying the storage power generation and load demand for stand-alone
modes. The variation of power generation is realized by changing the command
values for the storage, which is connected at bus 1, and the variations of the load
power demand is realized through timed connection of an additional load at bus
4. The experimental test results with the application of the developed controller
during the operation of an isolated micro-grid are presented to evaluate the per-
formances of the controller.

The experimental performance results are presented in Figure 5.22, when the
micro-grid is operating in isolated mode and the WPGS is not in operation. Dur-
ing this operating condition, the micro-grid load demand is supplied by the HGS
and the inverter interface storage unit connected to bus 1. The calculated power of
various buses for the voltage equilibrium condition is utilized to generate the com-
mand power values for the converter controller. This command power is adjusted
by the inverter controller and it can be seen from the measured and power flow
calculated power at bus 1 in Figure 5.22(a). The close matches between the mea-
sured and calculated active and reactive powers indicate the effective and accurate
adjustments in the generated power of bus 1 (the slack bus). Such an adjustment of
command power values by the inverter controller also ensures the power balance
in all other buses including the load buses in the system which can be seen from
Figures 5.22(b), 5.22(c) and 5.22(d).

In addition, the stability of the active and reactive power generation and deliv-
ery can be observed through bus d — ¢-axis voltage components shown in Figures
5.23(a) and 5.23(b), where close-to-unity V; and close-to-zero 1/, values can be seen

at all buses of the micro-grid test setup.
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Figure 5.23: The experimental performances of the isolated micro-grid system with
power flow based micro-grid controller: d — g-axis voltage components at various
buses in the micro-grid test setup.

that the measured and power flow calculated power is the same in the isolated
micro-grid because of the fact that the power flow calculates the bus powers un-
der voltage equilibrium condition and sends the command values to the inverter
controller. The current controlled inverter adjusts power from storage which re-
sults in the power balance in all buses in the micro-grid test setup. Afterwards, at
time ¢t = 18.0sec ., the power demands of bus 2 increase in a stepwise manner that
can be seen from Figure 5.24(b). Due to the change in micro-grid power demand,
the power flow solution recalculates the bus powers and generates new command
power values for the inverter controller. This change causes the change in reference
value of the inverter current controller. The inverter controller adjusts this change
to ensure the command power flow from storage to the micro-grid. The impact of
this adjustment can be observed from Figure 5.24(a), where the generated power at
bus 1 is changed according to the variation in load demand. It can also be seen that

the measured and power flow calculated power is the same even after the change
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Figure 5.25: The experimental performances of the isolated micro-grid system with
the application of power flow based micro-grid controller: d — g-axis voltage com-
ponents at various buses in the micro-grid test setup with a step increase in load
demand

in load demand. Moreover, measured and calculated active and reactive powers
for all other buses in the micro-grid test setup are also the same before and after
the load change and can be seen from Figures 5.24(c) and 5.24(d).

In addition, an indication of the stability of the micro-grid can be observed from
the close-to-unity V; and close-to-zero V; values before and after the step increase
in load demand from Figures 5.25(a) and 5.25(b). These indications are ingredients
for stable power generation and delivery, as well as showing significant capability
of the proposed power flow based control to initiate adjustments in response to an

increase in power demands.

5.7 Summary

In this chapter, the performances of micro-grid control schemes along with a

micro-grid test setup are investigated and presented. The micro-grid test setup
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is comprised of renewable energy sources such as wind and hydro based micro-
generation. The developed micro-grid test setup is represented as a scaled version
laboratory prototype of the micro-grid system presented in chapter 3. The detailed
hardware arrangement of the MTS is described and presented. A WTS is devel-
oped and incorporated in the MTS in order to reflect the impact of variable speed
operation of a wind energy conversion system in micro-grid operation. The WTS
simulator is also featured with an optimum power controller in order to extract
maximum power from the wind. The experimental testing and results presented
in this chapter reflect the satisfactory operation of the developed WTS in the labo-
ratory. The implementation procedure of the developed micro-grid controller uti-
lizing this MTS is also presented and discussed in this chapter. An active power
controller based on the AC voltage control concept is tested for the operating mode
of an isolated micro-grid with wind power generation. It is found that the active
power controller is able to maintain the power balance between generation and
load in isolated micro-grid operation under various operating conditions. An in-
verter interfaced storage control scheme that combines the power flow solution
and current reference control of the inverter during the operating mode of an iso-
lated micro-grid without wind power generation is tested. It is also found from the
test results that this controller has the significant capability to maintain fast and
accurate power balance in the system while the micro-grid needs to be supplied
by the storage unit. The experimental development and performance testing of the
micro-grid controllers presented in this chapter provide the technical viability to
maintain power balance for stable and reliable operation of a micro-grid system

that is comprised of renewable micro-generation.
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Chapter 6

Micro-Grid Reliability Assessment

The aim of this chapter is to investigate the reliability of generating and supply-
ing power using a micro-grid system consisting of renewable energy sources. This
chapter concentrates on 1) development of the mathematical model for the relia-
bility of the wind power generation system; 2) development of the mathematical
model for the reliability of the various operational modes of the micro-grid system;
3) calculation of the reliability of the systems. A comparative study is also carried
out in order to evaluate the reliability of generating and supplying power with

such a micro-grid system at various locations in Newfoundland and Labrador.

6.1 Micro-Grid System Reliability

The one-line diagram of the proposed micro-grid system shown in Figure 6.1 con-
sists of an HGU, a WPGS (Wind Farm), and two load areas represented as Load-1
and Load-II. Also it has a connection link with the utility grid. The WPGS is con-
nected to bus 7 through a TL2 (0.8 km) transmission line and a 12.5/66kV, 45 MVA
power transformer. Each WT in WPGS is separated by a TLd (0.36 km) length line.
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Figure 6.1: The single-line diagram of a micro-grid system at Fermeuse, New-
foundland, Canada.

Each WT is connected to the WPGS transmission line by a transformer, Twt (1/12.5
kV, 4MVA), and a line of length, TLwt (0.03 km). HGU and WPGS are separated
from each other by a TL1 (20.12) km transmission line.

Micro-grid System Reliability (MSR) is a measurement of the system’s overall
ability to produce and supply electrical power. This measurement indicates the
adequacy of power generation and supply of a micro-grid system for a given com-
bination of DG units in the system as well as the sub-systems contained in a DG
unit. In order to do a reliability study of the system shown in Figure 6.1, the com-
bination of DG units and the sub-systems contained in a DG unit are represented
by the concept of the reliability block diagram (RBD). Figure 6.2 shows the RBD
of the case study micro-grid system. It is worth mentioning that the focus of this
study is to evaluate the reliability of generating and supplying power using the
micro-grid system; hence the other subsystems, except for DG units, are not con-

sidered. The simplified RBD of the micro-grid system can be represented as in
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Figure 6.3, where all DG units are connected in parallel. However, according to the

operational modes of the micro-grid system, the RBD of the micro-grid system at

different operational modes can be shown in Figure 6.4.
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Figure 6.2: Detail reliability block diagram of the micro-grid system.
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Figure 6.3: Simplified reliability block diagram of the micro-grid system.

Moreover, in order to estimate reliability of a DG unit, the various sub-systems
in a DG unit can also be represented by the RBD. The RBD of a wind generator sys-

tem is shown in Figure 6.5, which consists of a WT or WT rotor, gear box, generator
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Figure 6.4: Reliability block diagram: (a) Grid connected mode, (b) Isolated micro-
grid with wind power generation system, (¢) Isolated micro-grid without wind
power generation system.

and power electronics interfacing circuitry. In this study, the HGU and utility grid
are assumed to be highly reliable generation sources. The reliability assessment of
a storage unit (SU) is beyond the scope of this project; however, it is assumed for

the sake of reliability calculation of an isolated micro-grid system without WPGS

(Figure 5(c)).
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Figure 6.5: Reliability block diagram of a wind turbine system.
6.2 Reliability Modeling

Two types of modeling approaches, deterministic and probabilistic approaches,
can be considered to calculate the reliability of a system [114]. However, the de-
terministic approach in reliability analysis does not account for system uncertain-
ties because the analysis is limited to a fixed set of values or a specific operating
condition. Hence the probabilistic approach is a preferred method for evaluating
reliability of any systems including power system networks. There are two main
methodologies that can be used in the probabilistic reliability modeling approach
namely, (1) Analytical method, and (2) Monte Carlo simulation method. The an-
alytical method estimates system reliability based on analytical solutions of the
system model that are derived mathematically. In order to derive such a model,
the knowledge of the failure mechanisms and the root causes of failures are im-
portant and hence the developed models become very system specific [115]. An
example is the analytical model developed to estimate the reliability for a light
bulb. If the filament of the bulb is changed, the analysis will change. In this ap-
proach, failure is not considered as a stochastic event. Rather it is treated as the
time to failure which is assumed to be deterministic [115]. On the contrary, Monte
Carlo simulation treats the occurence of failures as a random event which mimics
the wind speed distribution [116]. For example, in a time series of wind data, some

of the wind data is not sufficient to produce power which can be considered as a
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failure event and those events occur randomly. In addition, this study focuses on
the estimation of the reliability of generating and supplying power of the micro-
grid system with the wind speed considered as the main uncertainty in the system.
Thus Monte Carlo simulation based reliability estimation for the micro-grid system

is considered in this work.

6.2.1 Wind Speed Data Modeling

The relation between wind speed and a WT rotor power output is expressed as [83]

Pro = 0.5pA5.C, (A 3) 08 (6.1)

wn

where Ay, is the swept area covered by the turbine rotor, C, is the power coeffi-
cient, v, is the wind velocity, /7 is the pitch angle of rotor blades, A is the tip speed
ratio and p is air density. For a given WT, g4, (', 3, A, p are constant. The relation
in (6.1) can be expressed as:

Py ox (6.2)

ur

Since wind speed is the main factor that creates uncertainty in the power output
of a WECS system, wind speed is considered here as the key factor to estimate
the MSR. In order to relate wind speed effects in reliability estimation, wind speed
field data modeling is essential because the data itself varies not only from site to
site but also varies according to the wind turbine hub heights. Wind speed data

modeling for a typical wind turbine includes:
e Identifying best-fit distribution for one year wind field data

e LEvaluating the goodness-of-fit test
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e Estimating the distribution parameters

Identification of Best-Fit Distribution

Rather than believing that a time series wind data follows a specific distribution, it
is better to identify the best-fit distribution of the available wind data for a given
site and for a given wind turbine hub height. The probability plots method is used
to evaluate the fit of one year wind speed field data to a distribution [115]. The fol-

lowing steps are taken to accomplish the fitting of the wind data to a distribution:

1. Obtain one year wind speed data from the site measurement.

(6.3)
h. I
Uz = Uyl X <;IL—‘:> (63)

where /1, and /i, are the height of the anemometer and hub, respectively, v,
and v, are the wind velocity at the anemometer height and at the hub height,

respectively, and « is the shear exponent that is expressed as:

2. Scale the wind data according to the hub height of the wind turbine using
|
i

a, = (0.096 x log(Zy) + 0.016 x log(Zy) + 0.24) (6.4) '

where Z; is the surface roughness.

3. Use Matlab Distribution Fitting Tool to obtain probability plot of the scaled

4. Fit the probability plot of the scaled wind data for different distributions such

as normal, log-normal, exponential and Weibull.

|
|
wind data.
5. Identify the distribution corresponding to the best fit of the probability plots.
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Goodness-of-Fit Test

After identifying the best-fit distribution, the goodness-of-fit test is performed to
select the distribution for the reliability calculation. The identified distribution of
wind speed data is Weibull. Hence, a specific test method called MANN'S test
is selected for goodness-of-fit test of the Weibull distribution. The hypotheses for
such a test are:

Hy: Wind speed data are Weibull

H,: Wind speed data are not Weibull

The statistic for MANN'S test is expressed as [115]

_h S (v, = vy, ) /M]

M= 6.5
1172 Zf‘:ll [(hl ‘U‘w,_H —In Um,) /Afl] ( )

where by = L, ky = 54, M, = Ziyy — Z;,and Z; = In [—In (1 — 75325)]. If the test

+0.25
statistic N/ < F.,.;; for n number of wind data, then H, is accepted.
Distribution Parameters Estimation

In order to determine Weibull distribution parameters, the least-squares technique
is used because of its accuracy to fit a straight line in a given data point [115]. In
this approach, the wind speed field data are transformed to Weibull distribution to

fit a linear regression line as in (6.6)

y; = a+ br; (6.6)

191




;= Inw,, (6.7)

yi = Z; (6.8)
a= —{3.sInd (6.9)
b= B (6.10)

The values of « and b are determined from the least-squares fit using (6.7) and (6.8).

By knowing the values a and b, the Weibull parameters are determined as

Ous = CXP (—(1—1) (6.11)

)
Bus = b (6.12)

where 0., and /3,,; are defined as the scale and shape parameters for wind speed

field data.

6.2.2 Wind Power Generation System

According to the micro-grid configuration, all nine WTs in WPGS are connected
in parallel, which are also shown in the simplified RBD in Figure 6.3. In order
to estimate the reliability of power generation by the WPGS, a single WT system
is considered because they are all identical both in terms of topology and sub-
systems context. A WT system comprised of different sub-systems is shown in
Figure 6.5. The different sub-systems are connected in series because failure of
power generation by any sub-system has to be considered as the WT system failure

to generate power. The modeling of reliability estimation of different sub-systems
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in a WT system is described in the following sub-sections.

Wind Turbine Rotor

The wind speed field data model provides information about the shape parameter
and scale factor for Weibull distribution. Such parameters are used to generate
a series of random wind speed data that follows Weibull distribution. Randomly
generated data are then used to determine power generation by the WT using (6.1),
which represents Weibull distribution of power generation. Weibull parameters
for power distribution are determined using the parameter estimation technique
described in the preceding section. The Weibull parameters for power distribution
are defined as 6y, and /7,. So, the reliability of generating power using the WT

rotor, 17, can be expressed as

PCill’ ;/i“} 1)(‘0117 ‘j”‘
Ry, =cexp | — <—> —exp | — <—> (6.13)
611, gtp

where 6;, and [}, are defined as shape parameter and scale factor for power distri-

bution. 7, and P, are the power at cut-in and cut-out wind speed, respectively.

Sth

The reliability of generating " wind speed power, I2p, can be expressed as

( PL‘ > Bep
gtp
th

where [ is the power for i'" wind speed in between the cut-in and cut-out region.

(6.14)

Rp = exp

Gear Box

Weibull parameters obtained from field data modeling are utilized to produce a

set of random wind data. Such data are used to determine the wind turbine speed
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using the following equation:

A

Wt = R
1

(6.15)

where w,, is the wind turbine speed and I?, is the turbine radius, respectively. The
wind turbine speed is also the speed ascertained by the gear box low speed shaft.
Speed ascertained by the gear box can be represented as Weibull distribution of
speed. This distribution is utilized to estimate shape parameter and scale factor
for the reliability model of the gear box. The reliability of the gear box, R, can be

expressed as

Fqb ) By
Wt s ' Wwt,m
Ry =cxp |— : —exp | — < : > (6.16
o ! { ( b ) j| { Ot )

where w,, . is the starting speed of the wind turbine, 0, and /3, are the shape
parameter and scale factor for the speed ascertained by the gearbox, and w18
the maximum operating speed of the wind turbine.

The reliability of the gear box for i speed recognized by the gear box, Ry, can

wt .

N g
Rypp, = exp {— (w—“’t"> ] (6.17)
c 95/0

where w,; is the i'" speed of the WT seen by the gear box.

be estimated as

Generator

In order to consider the effect of wind speed in estimating the reliability of gener-
ating power using the wind generator, the estimation of Weibull parameters using
field data are used. Such parameters are utilized to generate a set of random wind
speed data. Power generated by the WT is then determined using (6.1). However,

the power at the generator output depends on the gearbox efficiency and various
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losses in the generator. Efficiency of the gear box and generator are considered as
90 percent, which is observed from system modeling and simulation. The power
at the generator output can be determined as 90 percent of the power at the turbine
output. Thus a power distribution at the generator output can be obtained, which
also follows Weibull. This power distribution at the generator output is used to
estimate Weibull distribution parameters using the least-squares parameter esti-
mation technique. After identifying the generator output power distribution pa-

rameters, the reliability of generating power by the generator, 17, can be evaluated

R/ clw > Pov < Rj cour > Fon
- == —exp |- | = (6.18)
< 9.‘/1’ eyp

where 0,, and 4, are considered as the shape parameter and scale factor for the

as

R, = cxp

generator power distribution. P, ., and P, .. are the generator power at the cut-
in and cut-out wind speed, respectively.

The reliability of generating power P,; of the generator, I1p,, can be expressed as

Bgp
Rp,, oxp|— (&> (6.19)
' Oyp

where P, ; is the generator power for i'" wind speed in between the cut-in and

cut-out speeds.

Power Electronics Interfacing System

The Interfacing Power Electronics (IPE) system in a doubly-fed induction generator
based WT consists of a back-to-back pulse width modulated (PWM) converter as
shown in Figure 6.6. The components in the IPE system are diodes, IGBT switches

and a DC bus capacitor. The reliability model of such a system can be developed

195



based on the relationship between the lifetime and failure rate of the components

in the system. The lifetime of the components is determined considering junction
temperature as a covariate [81]. The junction temperature, T of a semiconductor

device can be calculated as [117].

grf B E | BEE «

SR E | B EE

Figure 6.6: Interfacing power electronics system of a doubly-fed induction genera-
tor based wind turbine system.

T, =T, + PRy, (6.20) |

where P is the power loss of a component, T, is the ambient temperature and
R, is the junction resistance. The power loss at a rated wind speed operating
condition is considered in developing the reliability model in [81]. However, it is to
be noted that power losses in the semiconductor components vary according to the
wind speed variation at the wind turbine input. Thus power loss variation in the
semiconductor components is important to consider as a stress factor to calculate

|
|
\
the lifetime of the components instead of using power loss quantity for a single ‘
operating condition. Thus equation (6.20) can be expressed as ‘\

|

T, =T, + PRy, (6.21)
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be expressed as [119,121]

1 m . 1 m
P('[,[GBT = <_ + l Ccos Qb) R(‘t’[,ig + (4 + 181 Cos é) ‘/C'E()Imu (6'25)

8  3r 2T

Vdc[1710

‘/r('f,IGBT['ref.IGBT

(6.26)

1
Paaor = ;.f.a- (Eon + Eogyr)

Total power losses of switches, P r¢pr in the IPE system can be expressed as the
sum of the conduction loss, P, ;cpr for total number of diodes and the switching

loss, Py st for the total number of switches in the system, and can be exressed as

1 n . 1 m .
Pf/,](;’BT =12 |:<_ + E : cos d)) R(‘t’]lzm) + <() + g Ccos Qb> VCEO]mo:|
2T

8 3r
‘/(l(' [mo :|

Viepranrlres1anT

(6.27)

I
—+ 12 |i'7'r‘fs (E()ll + E()f./)

where Ve go and R, are the IGBT threshold voltage and on-state resistance, re-
spectively. Reference commutation voltage and current are V..; ;¢pr and L,.r 181,
while V. is the actual commutation voltage. E,, and E,;; are the turn-on and
turn-off energies of IGBT.

The lifetime, L (7},) of a component for i"* wind speed can be expressed as

L(T;) = Lyoxp (- BAT;,) (6.28)
where L, is the quantitative normal life measurement (assumed to be 10%), B = %,
where [\’ is the Boltzmann constant (= 8.6 x 10° eV /K), £, is the activation energy
(= 0.2 eV) for typical semiconductor components [118]. ATj, is the variation in

junction temperature for /" wind speed and can be expressed as

1
AT, = = —

1
e 6.29
71(1 7}, ( )
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The failure rate of a component for i'" wind speed can be defined as

(6.30)

Using (6.30), a distribution of failure rates for a set of wind speed data for a semi-
conductor component can be generated. Similarly, the failure rate for other com-
ponents in the IPE system can be modeled using (6.30). The components in the
IPE system are considered in series connection from the reliability point of view,
because the IPE system fails if any one of the components fail in the IPE system.
Thus the failure rates for different components are added to determine the failure
rate of the IPE system for /" wind speed. Hence a distribution of failure rates for
the IPE system can be generated for a series of wind speed data. A least-squares
technique is then used to determine the distribution parameters. By knowing the

distribution parameters, the reliability of the IPE system, /7> can be modeled as

, RIS RIS
Ripp =oxp | — <»T‘L> —oxp | — ( Teou ) (6.31)
Orer Brpr

where ¢, and 3, are defined as shape parameter and scale factor for failure

rate distribution. 7.;,. and 7., are failure rates of the IPE system at cut-in and cut-
out wind speed, respectively.

The reliability of a component in the IPE system, 2, £.. can be expressed as

Sive,. RITO

Tein ¢ Teoow <
Ripp, =oxp |— cre —oexp |- [ < 6.32
IS eI CXp { <9”)E(‘> 1 CXp l <()IPE(~> } ( )

where ¢; ;.. and ) pp.,. are defined as a shape parameter and scale factor for failure

rate distribution of a component. 7., and 7.,.,. are failure rates at the cut-in and
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cut-out wind speed for a component, respectively.

The reliability of a WT system, R, can now be expressed as
Rurl,;; - Rtp X Rgb X R_{/ X R[PE (633)

In WPGS, all nine WTs are connected in parallel with identical configuration.

Hence the reliability of the WPGS, R\ p¢s can be expressed as
Rwpes=|1—(1— Rw[s)N] (6.34)

where N is the number of WT systems in a WPGS.

6.2.3 Micro-Grid Reliability Model

Figure 6.3 shows the simplified RBD of the micro-grid system, where all DG units
are connected in parallel. Assuming the reliability of the HGU as Ryqy and the
utility grid as I/, the overall micro-grid system reliability, 1735z can be modeled
as

Rysr = [1 — (1 = Ruo)™ (1 = Ryeo)(1 — Ruc) (6.35)

However, the micro-grid system operates in three different modes which are
shown in Figure 6.4. The MSR can also be modeled according to their operating
modes. Figure 6.4(a) shows the grid connected mode of operation where all DG/-
generation units are connected with the utility grid. Thus the MSR for the grid

connected mode of operation, R,ssr,, can be expressed by the similar equation
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presented in (6.35). Therefore,
Rysig, = [1— (1= R (1 = Ruce)(1 = Ruy) (6.36)

Figure 6.4(b) represents the operating mode of an isolated micro-grid with WPGS,
where the storage unit is not operating as a power generation unit. Thus the MSR

during isolated operation with WPGS, R 45,,, can be defined as
Rysiy, = [1= (1= Rud)™ (1= Ryce) (6.37)

Furthermore, Figure 6.4(c) shows the operating mode of an isolated micro-grid
without WPGS. During this operating mode, the SU generates and delivers power
to the micro-grid load. Therefore, the SU is to be considered in the reliability model
as a generating unit during this operating mode. Assume that the reliability of the

SU is Ry-. Hence the MSR during this mode, ?1;5r,,, can be written as

Rarsny, = 1= (1 = Ryce)(1 = Rse)) (6.38)

6.3 Implementation of the Micro-Grid Reliability

Model

In order to implement the developed MSR model to evaluate the reliability of gen-
erating power by the micro-grid system, numerical simulation is conducted using
the Matlab/Simulink simulation package. The flow diagram for implementing the
MSR model is shown in Figure 6.7. The steps taken to execute the flow diagram

are described as follows:
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Figure 6.7: Flow diagram for calculation of micro-grid system reliability

STEP 1: Wind speed field data model |

¢ identify the probability distribution using wind speed field data and
probability plots

o select the distribution of the wind speed using goodness-of-fit test

e calculate distribution parameter using (6.11) and (6.12)
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e generate a series of random data as the input for the next steps of the

reliability flow diagram
STEP 2: Reliability of power generation by the WT rotor

e generate distribution of the WT rotor output power
e estimate parameters of the WT rotor output power distribution

e calculate reliability using (6.13)
STEP 3: Reliability of the gear box

e determine speed distribution ascertained by the gear box
¢ calculate speed distribution parameter using least-squares technique

¢ calculate reliability using (6.16)
STEP 4: Reliability of the generator

e generate the output power distribution of the generator

e determine the distribution parameter using the least-squares tech-
nique

e evaluate reliability of the generator output power using (6.18)
STEP 5: Reliability of interfacing power electronics

e calculate power loss of diodes and IGBTs in IPE system using (6.24)
and (6.27)

e generate failure rate distributions for diodes and IGBT switches

e generate a failure rate distribution of IPE system by adding two dis-

tributions of the diode and IGBT
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e estimate parameter of failure rate distribution of IPE system

e calculate reliability using (6.31)
STEP 6: Reliability of DG units

e calculate reliability of a WT system using (6.33)
e determine reliability of WPGS using (6.34)

e assume reliability for HGU and SU
STEP 7: Reliability of the micro-grid system

e calculate MSR using (6.35), (6.36), (6.37)and (6.38) for various opera-

tional modes

6.4 Simulation Results

The reliability mode! and its implementation procedure described in the preceed-
ing sections are tested to determine probability distribution parameters, and con-
sequently the reliability of the various sub-systems in the WT system for a stochas-
tically varying wind speed condition. This reliability estimation is then utilized to
determine MSR in various operating modes. The power generation wind speed
region of the selected turbine is v.,,= 4 m/s and t,.= 25 m/s. The reliability of the
HGU and utility grid are assumed as 85 percent, since they are assumed as highly
reliable power generation sources. The reliability of the storage unit is assumed to
be the same as the IPE system (= 0.8144), because the storage units are commonly
interfaced through the power electronics inverter system. The IGBT module and

diode parameters for loss calculation are obtained from [81]. One year wind speed
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data is used for the field data modeling process. Assume that two WT systems can

be connected to the isolated micro-grid system due to the stability issue.
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Figure 6.8: Wind speed field data

Figure 6.8 shows the hourly wind speed field data collected over an one year
period. This data is utilized to identify the distribution using the probability plot
technique. The probability plots of wind speed field data are shown in Figure 6.9.
It can be seen from Figure 6.9 that the probability of wind speed follows Weibull
and Rayleigh distributions closely; however, the Weibull distribution follows the
probability of wind speed more closely than the Rayleigh distribution. Thus the
Weibull distribution is identified as the best fit distribution for wind speed data in
this study. In order to select Weibull distribution, a goodness-of-fit test is also car-
ried out, where M = 0.87 < F,.4, and hence H, is accepted. The probability density
function of Weibull distribution is shown in Figure 6.10. A least-squares method is
followed to estimate the Weibull distribution parameter, which is shown in Figure
6.11. The estimated Weibull parameters are as follows:

The shape parameter for wind speed, 3, = 1.92, and the scale parameter, 0,.,=13.1.
These parameters are used to generate random wind speed data for reliability eval-
uation of different sub-systems in a wind turbine system.

The results of reliability calculation for different sub-systems in a wind turbine

system are presented in Table 6.1. The results reveal that the reliability of gener-
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Table 6.2: Reliability results of distributed generation units

DG units | Reliability
WT system Ros
0.6232
WPGS Rywpas
0.9998
HGU Rucu
0.85
sU Ry
0.8144
Utility grld Rua
0.85

Table 6.3: Reliability results of micro-grid system

Micro-grid operational modes Reliability
Grid connected mode Rarsry,
9999
Isolated micro-grid with WPGS: Rarsiy s
number of WT systems in WPGS (1, 2, 3, 4) 1 0.94,0.97,0.99, 0.997
Isolated micro-grid without WPGS Rarshy,
0.97

of WT systems in the WPGS. The reliabilities of generating and supplying power
during the operating mode of an isolated micro-grid with WPGS are found to be
0.94 (1 WTs in WPGS)), 0.97 (2 WTs in WPGS), 0.99 (3 WTs in WPGS) and 0.997
(4 WTs in WPGS). This result indicates that a higher reliability of generating and
supplying power during this operating mode requires more WTs to be connected

to the system. The reliability of the micro-grid without WPGS is also calculated as

0.97.
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Table 6.5: Reliability results of the micro-grid system: St. Lawrence

Micro-grid operational modes Reliability
Grid connected mode Rursn,,,
.989
Isolated micro-grid with WPGS: Ryisryy,
number of WT systems in WPGS (1, 2, 3,4) | 0.928, 0.959, 0.988, 0.9998
[solated micro-grid without WPGS Ryispy,
0.97

Table 6.6: Reliability results of the micro-grid system: Bonavista

Micro-grid operational modes Reliability
Grid connected mode Rarsry,,
991
[solated micro-grid with WPGS: Rarsry,
number of WT systems in WPGS (1, 2, 3,4) | 0.94, 0.965, 0.992, 0.999
[solated micro-grid without WPGS Rarsry,
0.97

reliable in power generation and supply. The MSR during the operating mode of
an isolated micro-grid with WPGS varies for all three sites. This is because of the
variation and the level of uncertainty in wind speed data for a particular site. The
variation in MSR during the operating mode of an isolated micro-grid with wind
power generation is also observed considering different numbers of wind turbines
connected to the system. Such a variation in reliability is found for all three sites
selected in this study. However, the reliability of the micro-grid system without
WPGS is calculated as 0.97 for all three sites. This result comes from the fact that
the reliability of generating and supplying power using the HGU and the SU are
assumed to be the same at all three sites. The MSR reliability comparisons for these

three sites provide the confidence level of generating and supplying reliable power
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using a micro-grid system comprised of renewable micro-generation such as wind

and hydro along with an inverter interfaced storage unit.

6.6 Summary

The reliability of generating and supplying reliable power by a micro-grid system
comprised of variable-speed wind generator units is investigated and presented
in this chapter. This investigation is carried out on a proposed micro-grid system.
The mathematical model of micro-grid system reliability is derived and presented
based on the best-fit probability distribution function. In addition, the reliability
model of various sub-systems in a variable-speed wind generator unit is devel-
oped considering the impacts of stochastically varying wind speed. The developed
micro-grid system reliability model is implemented through Monte Carlo simula-
tion using the Matlab software tool. The reliability results obtained through simu-
lation are presented and discussed. The reliability performance of generating and
supplying reliable power with the proposed micro-grid system during its various

operational modes is found encouraging and acceptable.
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Chapter 7

Conclusions

Large scale integration and the diverse nature of micro-generation in a micro-
grid system make the reliable operation and control of the system a remarkable
challenge in isolated applications. A micro-grid system comprised of renewable
micro-generation, wind and hydro, has been investigated in this work covering
key aspects such as the system’s dynamic behaviour analysis, continuous power
balance between generation and load, micro-grid test setup and reliability assess-

ment.

7.1 Concluding Summary

A micro-grid system consisting of renewable power sources was selected for this
work based on a case study on the island of Newfoundland in the province of New-
foundland and Labrador, Canada. The major potential micro-generation in this
system was a small hydro generation unit and a wind farm based on doubly-fed
induction generator wind turbines. It was shown that in order to achieve stable and

reliable operation of the selected system in a micro-grid, a pumped hydro storage
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unit was a good candidate, along with fast and accurate power balance schemes.
Therefore, a combination of a small hydro generator, variable speed wind power
generator and a hydro based storage unit, which is a new system for a micro-grid
operation, was introduced in this work.

Various issues related to the operation and control of the proposed micro-grid
system were outlined and some of the issues were addressed throughout the the-
sis. An analytical approach was considered to identify the main operational modes
of a micro-grid system comprised of renewable micro-generation. An analysis of
the micro-grid system behaviour was carried out to observe the dynamic charac-
teristics of the micro-generation and the micro-grid system as a whole. For this
objective, an integrated dynamic model of the micro-grid system was developed.
This model also includes the dynamic models of various systems and sub-systems
of micro-generation within the system. A dynamic simulation of the developed
micro-grid system model was carried out with the Matlab/Simulink software tool.
It was found through simulation study that there were a number of key issues that
affect the operation and control of the selected system in isolated micro-grid appli-
cations. Thus the research focus was on addressing the issues in order to achieve
reliable and stable operation for the identified operating modes of the micro-grid
contains renewable energy sources.

The control schemes during the operating modes of an isolated micro-grid with
wind power generation and isolated micro-grid without wind power generation
were developed. An active power controller was developed for the operating
mode of an isolated micro-grid with wind power generation. The objective of this
controller was to maintain an active power balance between the micro-grid gener-

ation and load. This objective was met by storing and shaping the excess power
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of the micro-grid in a continuous fashion. The excess power was stored by pump-

ing water to the upper reservoir, and the shaping was accomplished by dumping
power to the dump or heating load. It was found that the developed active power
controller is capable of maintaining a power balance between generation and load
during the utility grid disconnection and in the subsequent operation of the micro-
grid system. In addition, a conventional governor control based hydro storage unit
was studied during the operating mode of an isolated micro-grid without wind
power generation system. Although this control approach showed satisfactory
performance, an effective and fast power adjustment by this control was limited.
Therefore, a power flow based inverter interfaced control scheme for micro-grids
in stand-alone and utility grid-connected modes of operation was developed. The
power flow analysis was utilized to determine command values of active and re-
active power for both generation and delivery under various changes in operating
conditions. These command values were employed to calculate the reference cur-
rent for the current controller of the inverter in this scheme. It was shown that
the performance results of this control scheme for micro-grid systems demonstrate
good abilities to initiate control actions, to quickly and effectively maintain stable
and reliable operation of the micro-grid for various modes of operation, and to deal
with changes in its operating conditions. The accuracy of this control scheme was
also observed from the micro-grid system frequency response and bus voltages
through all tested operating conditions, where close-to-unity V;; and close-to-zero
V,, values were maintained.

An experimental investigation was carried out in order to verify the conclu-
sions reached through simulation results. A scaled version micro-grid test setup

(MTS) comprised of renewable micro-generations was developed. In order to re-
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flect the variable speed operation of a wind turbine system, a wind turbine emu-
lator was developed and incorporated in the MTS. An optimum power controller
was also employed in the wind turbine emulator (WTE) to ensure the maximum
power extraction from the wind. The implementation procedure and the testing
of the developed micro-grid controllers utilizing this MTS was also described. The
active power controller based on the alternating voltage control concept was tested
for the operating mode of an isolated micro-grid with wind power generation. The
experimental performance showed that the active power controller is able to main-
tain the power balance between generation and load in an isolated micro-grid op-
eration in a continuous fashion. Experimental testing was also performed for an
inverter interfaced storage control scheme that combines the power flow solution
and current reference control of the inverter during the operating mode of an iso-
lated micro-grid without wind power generation. It was found from the test re-
sults that this controller has the significant capability to maintain fast and accurate
power balance in the system while the micro-grid needs to be supplied by the stor-
age unit.

The adequacy of generating and supplying power using a micro-grid system
comprised of renewable micro-generations was assessed through reliability analy-
sis. The reliability models of various sub-systems in a variable-speed doubly-fed
induction generator wind turbine were derived considering the effects of stochas-
tically varying wind speed. Variable operating conditions of the wind energy con-
version system (WECS) and the temperature were employed as the stress factors in
the developed reliablity model. Also, the micro-grid system reliability model was
developed based on the system reliability concept. A Monte Carlo simulation ap-

proach was taken to implement the developed models using the Matlab software
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tool. It was found that the reliability performance of generating and supplying re-

liable power using the proposed micro-grid system during its various operational
modes was encouraging (Tables 6.3, 6.4, 6.5 and 6.6). The developed model was
also utilized to verify the reliability performance of the micro-grid system in vari-
ous sites in Newfoundland and Labrador. It was shown that a micro-grid system
consisting of renewable power sources had the ability to provide reliable power, if

the system was installed in resourceful sites.

7.2 Contributions

Major contributions and achievements of this work toward developing and test-
ing a micro-grid system based on renewable micro-generation are summarized as

follows:

A. Micro-grid based on renewable micro-generation:

The combination of micro-generation in the existing micro-grid systems, their con-
trol strategies and the analysis of a case study in Newfoundland were investigated.
As a result of this assessment, a micro-grid system comprised of renewable micro-
generation, a variable speed wind turbine generator and a small hydro unit was
selected. The dynamic behaviour of this micro-grid system was analysed using
modeling and simulation with the Matlab /Simulink tool considering the variation
in voltage and frequency of the system under the identified operating conditions.
The major contributions of the work include: a micro-grid system comprised
of renewable micro-generation to maximize renewable power utilization, reduce

fossil fuel dependency and transmission losses; addressing the challenging issue
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of reliable and stable operation of the proposed system in isolated micro-grid ap-

plications. The publications resulting from these contributions are:

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Model-
ing and Analysis of a Micro-grid System Powered by Renewable Eenergy

Sources”, Accepted, The Open Renewable Energy Journal, 2012.

R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Micro-grid
System Based on Renewable Power Generation Units”, in Proc. IEEE Cana-
dian Conf. on Electrical and Computer Engineering, CCECE"2010, Calgary,
AB, Canada, 2010.

R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Simula-
tion of a 27 MW Wind Farm in Newfoundland”, in Proc. IEEE Newfound-
land Electrical and Computer Engineering Conf., NECEC'2010 St. John’s, NL,
Canada, 2010.

R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Wind,
Hydro and Pumped Hydro Storage Based Micro-grid for Newfoundland”,
in Proc. IEEE Newfoundland Electrical and Computer Engineering Conf.,

NECEC’2010 St. John'’s, NL, Canada, 2010.

B. Active Power Controller:

The system was controlled during the operating mode of an isolated micro-grid

with wind power generation to maintain the power balance between the genera-

tion and load. A combination of power storing and power shaping concepts was

employed in the developed active power control scheme. The stable micro-grid

system frequency during the grid disconnection and in subsequent operation is a
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result of the combined action of storing and constantly smoothing the excess power

available during this operating mode. Furthermore, the experimental testing was
carried out with an MTS in the laboratory to verify the performance of the devel-
oped active power controller.

The major contributions of the work include: the introduction of new control
concepts for the stable and reliable operation of the micro-grid system; design of an
active power controller based on an alternating voltage control technique; the per-
formance analysis of the controller for the operating mode of an isolated micro-grid
with wind power generation; and the verification of the controller performance on
the basis of experimentation. The following publications which arose from these

contributions are:

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Design
and Performance Testing of an Active Power Controller for the Operation of

a Micro-grid”, Under review with the Renewable Energy Journal, 2012.

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Frequency
Regulation for a Micro-grid System Based on Renewable Power Generation”,

accepted, The Open Renewable Energy Journal, 2011.

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Experimen-
tal Investigation of a Micro-grid Power Controller”, in Proc. IEEE Electrical
Power and Energy Conference, EPEC'2011, Winnipeg, MB, Canada, 2011.

C. Power Flow based Micro-Grid Controller:

A combination of power flow and current control inverter was investigated for the

operation of the proposed micro-grid system. The command power signals for the
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micro-generation/inverter were the result of the d — ¢-axis power flow calculation
of the micro-grid system. The reference current signal was derived from the com-
mand power calculated using power flow. The inverter current controller ensured
the reference current flow from micro-generation to the micro-grid. As a result,
power balance was maintained in the system during the operating modes of an
isolated micro-grid with wind power generation system and an isolated micro-grid
without wind power generation system. Moreover, experimental testing was car-
ried out with an MTS in the laboratory to verify the performance of the developed
power flow based controller during the operating mode of an isolated micro-grid
without wind power generator.

The major contributions of the work include: a novel power flow based micro-
grid controller for the stable and reliable operation of the micro-grid system; for-
mulation of the « — ¢-axis power flow; demonstration of command power control
through a current control inverter; the performance analysis of the controller for
the isolated micro-grid operation; and verification of the controller performance
on the basis of experimentation during isolated micro-grid operation without the

wind power generator. The publications resulting from these contributions are:

e R. Ahshan, S. Saleh, M. T. Igbal, and George K. I. Mann, “Development of
a Micro-grid Controller Employing a Load Flow Analysis”, in Proc. IEEE
Electrical Power and Energy Conference, EPEC’2011, Winnipeg, MB, Canada,
2011.

D. Micro-grid Reliability Assessment:

The reliability of generating and supplying power using a micro-grid system con-

sisting of renewable power sources was investigated. The effect of variable oper-
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ating conditions on various sub-systems in a wind based micro-generation was in-

corporated in the developed reliability model of a wind energy conversion system.
The reliability models of the micro-grid system under various operating modes
were derived based on the system reliability concept. The developed model was
applied to evaluate the reliability of generating and supplying power using the
proposed micro-grid for different locations in Newfoundland and Labrador.

The major contributions of the work include: a unique approach to model
micro-grid system reliability; variable operating conditions and sub-systems relia-
bility model employment in an overall reliability model of a wind energy conver-
sion system; and the quantification of the reliability of the micro-grid system under
various operational modes to observe the ability to generate and supply reliable
power to the micro-grid load. The publications resulting from these contributions

are:

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Reliabil-
ity Analysis of Micro-grid System Powered by Renewable Energy Sources”,
Under review with the IEEE Systems Journal, 2012.

e R. Ahshan, M. T. Igbal, George K. I. Mann, and John E. Quaicoe, “Reliabil-
ity Assessment of a Micro-grid System”, in Proc. IEEE Electrical Power and

Energy Conference, EPEC’2011, Winnipeg, MB, Canada, 2011.

7.3 Future Works

A micro-grid system based on renewable micro-generation is a novel way to max-
imize the utilization of renewable sources as well as to reduce the dependency on

fossil fuel generation. However, it is important to point out that this investigation
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is not one which has covered all aspects for the reliable, stable and robust oper-
ation of the proposed micro-grid, but rather is a starting point for further study.
Based on this work, the following can be considered for further investigation in

the micro-grid research area.

e Micro-grid system behaviour may be further investigated with the addition
of other renewable micro-generation such as ocean and solar power genera-
tion. This investigation may explore the additional requirements and the ap-
propriate storage for the selected micro-grid for a particular site. This effort
will be worthwhile as important information on a preferred storage system is

found.

e A voltage control scheme may be investigated for the operating mode of an
isolated micro-grid with wind power generation so that the performance of
the system can be analyzed while both the voltage and frequency controllers
perform control actions during this operating mode. One aim could be to use
the dynamic voltage restorer, and to evaluate the performance in controlling

the micro-grid voltage.

e The micro-grid test setup may be improved by developing the hydro gen-
eration emulator and employing a back-to-back PWM voltage source con-
verter in the rotor side of the induction generator. As a result the power flow
based micro-grid controller could be tested for both the operating mode of an
isolated micro-grid with wind power generation and an isolated micro-grid
without wind power generation. Moreover, the effectiveness of the power
flow based micro-grid controller may be further extended with the increased

number of inverter interfaced micro-generation.
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Appendix A

The Micro-Grid System Parameters

The major sub-systems’ parameters of a renewable sources based micro-grid sys-

tem are given below:

A.1 Dataof Micro-Grid Transmission Lines and Trans-

formers

Table A.1: Fermeuse Micro-Grid System: Transmission Lines and Transformers

Component | V [kV] Z [Q] S[MVA]
TL1 66 0.0416 + j0.0663 40
TL2 125 0.0374 + j0.3741 40
1 3 66 0.002 + j0.0032 50
Ly | 125 0.00072 + 50.0012 40
TLyyp 125 [ 0.00006 + j0.000096 5
T1 6.9/66 | 0.0854 + j0.8541 10
T2 66/12.5 | 0.0493 + ;0.493 5
T3 66/12.5 0.061 + 50.62 4
T4 66/12.5 0.05 + 50.5 40
Tu- 1/12.5 0.006 + j0.0625 5
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The single line diagram of the micro-grid system is shown in Figure 3.1. The

data for the transmission lines and transformers are listed in Table A.1.

A.2 Wind Turbine Data

The micro-grid system is comprised of nine identical WTs. The manufacturer pa-

rameters of a WT for the rating of 3 MW is presented in Table A.2.

Table A.2: Wind turbine specification

Rated power 3IMW
Rotor diameter 90m
Nominal speed 16.1 RPM
Rotor speed range 9.9-18.4 RPM
Number of blades 3
Blade length 44m
o Gear ratio 1:109
Cut-in wind speed 4m/s
Cut-out wind speed 25m/s
Rotational direction and orientation | Clockwise upwind

A.3 Doubly-Fed Induction Generator Data

Each WT in the micro-grid system is based on a doubly-fed induction generator.

The parameters for the induction generator are listed in Table A.3.

A.4 Synchronous Generator Data

A synchronous generator is used in the hydro generation unit. The parameters of

a synchronous machine for the ratings of 7 MVA are given in Table A 4.
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Table A.3: Induction generator paramters

Type I Aevnchronous with wound rotor
Nominal power MW
Voltage 1000V
Rated speed 1758 RPM
Number of poles 4
Total inertia constant 30%s
Friction coefficient vl

N !
A

2.35m¢}, 1.67m{}

L. L,

0.151H, 0.1379H

L?II

2.47H

Table A .4: Synchronous generator paramters

Nominal power 7 vivA 2MVA
Voltage 6.9 kV 6.9 kV
Rated speed 360 RPM | 360 RPM
Number of poles 20 20
Vs 0.02854 pu | 0.00175 pu
rq 1.305 pu 0.32 pu
£g 0.474 pu 0.148 pu
a 0.296 pu | 0.0355 pu
@) 0.252 pu 0.027 pu
Ty 0.243 pu 0.051 pu
ay, 0.18 pu 0.0268 pu
H 3.1s 1.035 s
T 3.34s 2.1s
T} 0.013s 0.017 s
T/ 0.052's 0.01s
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Appendix B

Schematic Diagrams of the

Matlab/Simulink Models

This appendix provides the schematic diagrams of the Matlab/Simulink models
presented in this work for different operating modes of a micro-grid system that is

comprised of renewable micro-generations.

B.1 The Micro-Grid System

The Matlab/Simulink model schematic of the renewable micro-generation based
micro-grid system is shown in Figure B.1. Each wind turbine block, W71 (where
1 1,2,...9) contains the model of wind turbine rotor, induction generator, and
their control. Hydro generation unit block, HGU, contains a hydro turbine, syn-

chronous generator and govornor and excitation control models.
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Figure B.1: The micro-grid system shown in Figure 3.1
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B.2 The Micro-Grid System With Active Power Con-

troller

Figure B.2 shows the Matlab/Simulink model schematic of the renewable micro-

grid system along with an active power controller model. The active power con-

troller block contains the model of a phase locked loop, a firing pulse generation

unit, power variation coefficient, control signal and firing angle estimator.
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Figure B.2: Active power controller in the study micro-grid system

B.3 The Micro-Grid System With Storage System Con-

troller

The Matlab /Simulink model schematic of a micro-grid system based on renewable

micro-generations along with the storage control is shown in Figures B.3 and B4.

A hydro storage unit that is operated using conventional governor-excitation con-

trol is used to maintain the micro-grid voltage and frequency, and is presented in

Figure B.3. The HSU block contains the model of the hydro turbine, synchronous

generator and control of governor and excitation system. Figure B.4 shows the

model] of the micro-grid system along with a load flow based micro-grid controller
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Figure B.3: Hydro Storage System in the study micro-grid system

for an inverter interfaced storage unit. The inverter interface storage unit block
contains the model of the current control inverter presented in Figure 4.38. The
power flow block contains the model of the d — ¢-axis power method formulated

in section 4.4.2.
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Appendix C

Micro-Grid Test Setup Parameters

This appendix provides the nameplate data for various sub-systems in the micro-

grid test setup.

C.1 Separately-Excited DC Motor for Wind Turbine
Emulator

The nameplate information for the separately-excited DC motor used for the wind

turbine emulator is given in Table C.1.

Table C.1: Separately-excited DC motor used for wind turbine emulator

Type DC Working Machine
Rated Power 3.75 kW
Maximum RPM 4000

Full Load Amps. 30

Volts 125

Field Volts 125
Company Mawdleys Limited
Country England
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C.2 Separately-Excited DC Motor for Hydro Genera-

tion Unit

The nameplate information of a separately-excited DC motor that is used to drive

the synchronous generator for hydro generator unit is listed in Table C.2.

Table C.2: Separately-excited DC motor used for hydro generation unit

Model No M253AS-DBZ
Serial No 370-117301
Type M-1670
Enclosure OPEN
Rated Power 22 kW
Full Load RPM 1750

Full Load Amps. 18

Volts 125
Field Amps. 0.85
Field Volts 125
Amopient °C 40

UC Rise 60
Company Canron Limited
Country Canada

C.3 Induction Generator Data

The nameplate information for the induction generator used for the wind turbine

generation is listed in the following Table C.3.
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Table C.3: Induction generator nameplate parameters

Type Wound rotor induction generator
Rated Power 20kW
Volt 125/208
RPM 1725
Number of poles 4
Phase 3
Full load current Amps. 8.2
Hertz 60
Rotor Volts 10
Rotor Amps. 8.2
Company Mawdleys Limited
Country England

C.4 Synchronous Generator Data

The nameplate information for the synchronous generator used for the hydro gen-

eration is listed in the following Table C 4.

Table C.4: Synchronous generator nameplate parameters

Type SG-1480
Serial No. 360-214-215
Rated Power 2.0kVA
Volt 125/208
RPM 1800
Phase 3
Amps. 5.5
Hortz 60
| Amoilent cu 40
YC Rise 60
Company | Canron Limited
Country Canada
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Appendix D

Recursive PID Algorithm

This appendix provides the recursive PID algorithm formulation that is desiged
and implemented for the wind turbine emulator.
The time domain PID controller equation can be expressed as [122]

de(t)
dt

u(t) =K {o(t)+% /[ e(T)dr + Tp (D.1)
1Jo

where u(t) is the output of the controller at any instant ¢, ¢(t) is the error between
expected and actual control variables, I{" is the gain which is equal to proportional
gain of the PID controller, 77 is the integral time of the controller and T} is the
derivative time of the controller.

For small sampling time T, the above time domain controller equation can be con-
verted to equivalent discrete form by approximating the integral and derivative

term. The digitized form of PID controller equation can be written as

T, © T
u(t) = K | o(k) 42 Deli—1)+ TD(()(A-) —e(k—1)) (D.2)
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where k is the discrete time step, and ¢(k — 1) is the error occuring in the previous
step.

This is a non-recursive control algorithm. However, recursive algorithms are more
suitable for programming on computers. Recursive algorithms are characterized
by the calculation of the current manipulated variable (k) based on the previous
manipulated variable «(k — 1) and correction terms. By considering the previous

manipulated variable from k™" step, equation (D.2) can written as

= T
Z (i—1) D((A)—()(A'—l))‘| (D.3)

ﬂ|ﬂ

u(/f—l)z[\|i (h—=1)

Combining equation (D.2) and (D.3)

u(hy—u(h=1) = K [P(A') —e(hk—1)+ %C(A? - 1)+ %( (k) (k—1)— ek — 2))}
! 0
(D.4)
or

w(k) — u(k = 1) = poe(k) + pre(k = 1) + poe(h — 2) (D.5)

where
po=K(1+ TTI:) (D.6)
Yo = [\TFI: (D.8)
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