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CHAPTER |

INTRODUCTION

1.1 Motivation

Current research topics relating to microgrid application have gained
increasing attention recently due to the continued advancement of distributed
generation (DG) technology and the environmental incentives of such a small-scaled
power system. This could significantly change the structure of electric power industry
to which power engineers are accustomed. Some large power plants could soon be
disconnected from the grid because of their deteriorating efficiency and adverse
impacts on the environment, whereas the total amount of power generated by modern
DG technologies is expected to increase significantly. Hence, it requires attention of
power system engineers and researchers to look into issues pertinent to system
performance of the micro-grid, including stability performance.

Most emerging technologies to be employed in the micro-grid such as wind
turbine, photovoltaic, micro-turbine, fuel cell, as well as high-performance energy
storage have their dynamical characteristics quite different from one another, and
from those of conventional technology. Hence, modeling dynamical performance of a
microgrid system is rather a complex task. In this thesis, it examines stability of a
microgrid which is primarily supplied by one of the most likely to be utilized sources,
that is wind power generation.

Wind power generation employing a doubly-fed induction generator (DFIG) is
one of the fastest growing sources of power generation worldwide because of the
following crucial features: ample and widespread resources, clean and suitable for
remote areas, and fast technology advancement [1]. The salient characteristics of
DFIG for this application are its capabilities to optimize the output electrical power
and to minimize impact of the fluctuation of wind velocity on the generated power,
simultaneously.

In Thailand, it is expected to see the increasing number of DGs within
distribution systems in response to the government policy on promoting the uses of
renewable energy and of high-efficiency combined heat and power (CHP) technology,
through the scheme of purchasing electric power from Very Small Power Producers
(VSPP). In Cambodia, with the country’s distributed structure of power systems
having already existed, it could see more prevalent uses of DGs, especially in the
types of wind power and small hydro power in the near future.

Although penetration of DGs currently has not yet reached the significant
level, that situation is changing quite rapidly and requires attention to issues related to
high penetration of DG within the distribution systems. Indiscriminant application of
individual DG could cause quite technical challenges, such as voltage regulation,
protection coordination, and distribution system reliability, for operating an entire
distribution system. To that end, a better way to realize the emerging potential of DG
is to take a system-based approach which views a group of DGs and the associated
loads as a subsystem, referred to as “Microgrid”.

Many researches are being undertaken relating Microgrid (MG). Some model
architectures have been proposed. Although the components of a MG are fairly well
understood, the system as a whole is not. When several sources are connected to form
a MG, the system behavior remains unpredictable. This being the case, modeling the



system and examining its dynamical behaviors in order to develop an appropriate
control system is crucial to the success of MG operation.

1.2 Objective of Research
The specific objectives of this thesis are devoted to

1.

2.

Modeling and analyzing dynamic performances of a microgrid with wind
power generation.

Investigating stability performances of the microgrid under small and large
disturbances, including islanding mode of operation in order to try to
address the control performance requirement for maintaining the MG
stability.

1.3 Scope of Research
The scope of this research is limited to

1.

Modeling of MG’s main components, of which it includes:

e Wind Power: wind speed, rotor turbine, squirrel cage induction
generator (SCIG), doubly-fed induction generator (DFIG) and its
control system that encompasses both mechanical control with
pitch control scheme and electrical control by using PWM with
current control scheme.

e Synchronous Generator: governor and excitation

e Load: constant power

e Network

2. Study the stability issues pertinent to small signal stability caused by

wind fluctuation and transient stability caused by temporary and permanent faults,
respectively.

1.4 Research Methodology

1.

SR

Literature reviews of background knowledge relevant to Micro-grid
system structure, generation components, control components, applications
and modes of operation.

Identify salient features of microgrid dynamic performance and technical
problems associated with system stability.

Develop a software program capable of simulating dynamic behavior of
the system modeled of microgrid of interest in order to get acquaintance
with microgrid dynamic performance.

Validate the constructed model using relevant data from reference articles.
Define the thesis problem statement and revise or fine-tune the specific
objective and scope of study as appropriate: What a microgrid system to
model is, how to analyze and evaluate microgrid stability, what the control
performance requirement(s) is to ensure the stability of the microgrid
operation.

Classify case studies according to various probable scenarios of
disturbances both inside and outside the microgrid.

Analyze simulated test results, make critical discussion, and revise
experimental design as necessary.

Make conclusion, and document for a thesis report and publication.



1.5 Expected Contribution

The contribution of this thesis study may include:

1. Get dynamic models of MG’s components consisting of wind power
generation equipped with squirrel cage induction generator (SCIG), wind
power generation equipped with doubly-fed induction generator (DFIG),
constant power load, and synchronous generation with governor and
constant excitation model.

2. Obtain a tool for MG stability investigation under both small and large
disturbances.

For the following of the thesis, chapter Il introduces briefly to the general
concept of the microgrid including definition, structure, modes of operation, and
application of the microgrid. Chapter Ill provides the background on wind power
generation that describes rotor characteristic of wind turbine, aerodynamic of the wind
and types of generator that are used for state-of-art wind turbine. Chapter IV describes
all the component models used in this thesis. In chapter V, the test results of various
case studies are illustrated followed by the discussion. Last is the conclusion of this
thesis presented in chapter VI.



CHAPTER Il

MICROGRID OPERATION

One class of dynamic effects of immediate concern is the possibility for
distributed generation (DG) to alter the local dynamics of a specific subsystem or
distribution feeder. This becomes a concern when there is a significant penetration of
DG relative to the total load on that feeder. Such localized concentrations are likely to
occur even before DG becomes more commonplace. Thus, there is some urgency for
the power industry to understand the possible effects of locally high concentrations of
DG. One concept that shows promise as a means of taking full advantage of DG is the
microgrid (MG). MG has currently receiving considerable interest from the power
community [2]. In this section, the general concept of the microgrid is emphasized
including its definition, operation and application.

2.1 Definition

Microgrid is a cluster of loads and micro-sources, operating as a single
controllable system that provides both power and heat to its local area enabling a
more efficient use of renewable resources, which boosts efficiency and lowers
emissions [3].

The main incentives of MG operation is that it can provide

Reduction in green-house gas emissions; hence, mitigating climate change
Increased energy efficiency

Deregulation or competition policy

Diversification of energy resources

2.2 Structure

Figure2. 1 shows the MG architecture. It consists of a group of feeders with a
single point of connection to the main distribution utility which is referred to as point
of common coupling (POCC), a separation device (SD) that can disconnect the MG
immediately when a fault occurs in the distribution grid. The sensitive loads are
located at the feeder 1, 2 and require the local generation. The traditional loads are
connected to the feeder 3 and have no requirement of any local generation. The local
controllers (LC) are equipped with each local generation similar to conventional
controllers such as AVR or governor. Additionally, in the MG system it has also the
communication network to exchange information among LCs and upper central
controller to achieve the advanced control [3].
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2.3 Modes of Operation
Concepts for micro-grids fall into two general categories [4]:
e Systems that are intended to always be operated isolating from a large
utility grid.
e Systems that are normally connected to a larger grid.

Conceptually, the isolated microgrid is like a scaled-down version of a large
scale utility grid. Many of the technical requirements are the same. In order to supply
reliability, and quality of power, the microgrid must have mechanisms to regulate
voltage and frequency in response to changes in customer loads and in response to
disturbances.

For the grid-connected microgrid, the distinction is more subtle. The basic
concept is that the microgrid is designed and operated such that it behaves like a
single, predictable and orderly load or generator to the main grid at the point of
interconnection. This arrangement provides several potential advantages for all of the
stakeholders, this includes

e DG owners may be able to size and operate their generation more

economically, by being able to export (or import) power to the micro-grid.

e The micro-grid takes advantage of load diversity to reduce the total

installed DG capacity required.

e The customers load may be able to have a continued service, possibly at a

reduced level, when connection to the host utility is lost.



e The host utility may be able to depend on the microgrid to serve customers
load in such a fashion that substation and bulk power infrastructure need
not be rated (or expanded) to meet the entire connected load, as in the case
if the DG were not present.

e The microgrid could be controlled in such a fashion as to be active asset to
bulk system reliability. For example, it can provide spinning reserve or
black start services to the main grid.

2.4 Applications

The microgrid concept is an advanced approach for enabling integration of, in
principle, an unlimited quantity of distributed energy resources (DER) into the
electricity grid. The micro-grid concept is driven by two fundamental principles:

1) A system perspective is necessary for customers, utilities, and society to
capture the full benefits of integrating distributed energy resources into an
energy system

2) The business development for accelerating adoption of these advanced
concepts will be driven, primarily, by lowering the cost and enhancing the
value of microgrid.

Each innovation embodied in the microgrid concept, e.g., intelligent power
electronic interfaces a single, smart switch for grid disconnect and resynchronization,
has been created specifically to lower the cost and improve the reliability of smaller-
scale distributed generation (DG) systems. The goal of this thesis is to accelerate
realization of the many benefits offered by smaller-scale DG, such as their ability to
supply waste heat at the point of need (avoiding extensive thermal distribution
networks) or to provide higher power quality to some but not all loads within a
facility. From a grid perspective, the micro-grid concept is attractive because it
recognizes the reality that the conventional distribution system is extensive, old, and
will change very slowly. The micro-grid concept enables high penetration of DER
without requiring re-design or re- engineering of the distribution system, itself.

During disturbances, the generation and load can autonomously separate from
the distribution system to isolate the micro-grid’s load from the disturbance (and
thereby maintaining high level of service) without harming the transmission grid’s
integrity. Intentional islanding of generation and loads has the potential to provide a
higher local reliability than that provided by the power system as a whole. The
smaller size of emerging generation technologies permits generators to be placed
optimally in relation to heat loads allowing for use of waste heat. Such applications
give more than double the overall efficiencies of the systems [5].

2.5 Practical Issues
From [6] the two barriers of the microgrid operation are highlighted as
follows:

Technical
e Limited availability of advanced DG options that can compete
economically.

e Need streamlined analysis tools for evaluating high penetration effects on
distribution system.

e Need verified and recognized safety/protective relaying methods for both:
grid connected and isolated operations of MG.



Economic & Regulatory

e Emerging DG technologies must achieve aggressive commercialization
and cost goals.

e Need interconnection standards that address microgrid systems.

e Utility policies create barriers to market. In fact, they should participate
and provide the ability to enhance and support the new form of such power
system generation such as microgrid.

e No comprehensive method in place to monetize combined benefits to
users, utilities, and society.

From the above, it can be seen that DG is one of the main components inside

the microgrid operation. Table2.1 provides the size classification of DG for further
clarify about the concept of distributed generation.

Table 2. 1 Relative sizes of distributed generation [7]

Micro distributed generation ~ 1 watt < 5 kW
Small distributed generation 5kW <5MW
Medium distributed generation 5MW <50 MW
Large distributed generation 50 MW < ~ 300 MW

From the power generation and control perspectives, DG units can be divided into two
main categories: dispatchable and non-dispatchable sources.

A dispatchable DG source is defined as a fast-response energy source which
has adequate capacity to meet the real and reactive power commands within specified
limits. Such a source may interface through a power converter and include storage
devices on its DC side, e.g. a variable-speed wind-turbine based power generation
unit connected through a back-to-back converter to utility systems, or a fuel-cell
powered converter.

A non-dispatchable source is either a slow-response source in terms of its
response time to variations in real and reactive power references during transients,
e.g. a gas-turbine generator with the response time in the order of 50 ms to a few
seconds, or acts as an uncontrollable source which is highly dependent on the power
provided by its prime source, e.g. photovoltaic source that relies only on solar
radiations or a fix-speed wind-turbine based power generation source that rely on
wind resources with unpredicted, time-varying nature, as the input energy [1].

2.6 Microgrid Stability

The growing concern about interaction of distributed energy resources (DER)
has been raised, especially the issue associated with system stability under the high
penetration of DER [8]. Extra burdens have been added to the microgrid operation
because of some requirement such as power electronic inverters and protection design
for maintaining the safety and stability of the microgrid during both grid-connected
mode and islanded mode. The stability of the microgrid is affected by some vital
factors such as the control strategies of micro-sources and energy storage system,
types of load in the MG, location of fault and inertia constant of rotating machine

[9].



CHAPTER I

WIND POWER GENERATION

As a result of increasing environmental concern, the impact of conventional
electricity generation on the environment is being minimized and efforts are made to
generate electricity from renewable sources. The main advantages of electricity
generation from renewable sources are the absence of harmful emissions and the
infinite availability of the prime mover that is converted into electricity. One way of
generating electricity from renewable sources is to use wind turbines to convert the
energy contained in flowing air into electricity.

Wind turbines often do not take part in voltage and frequency control. Hence
when a disturbance occurs, the wind turbines are disconnected, and reconnected when
normal operation has been resumed. Thus, notwithstanding the presence of wind
turbines, frequency and voltage are maintained by controlling the large power plants
as would have been the case without any wind turbines present. This is possible, as
long as wind power penetration is still low.

However, a tendency to increase the amount of electricity generated from
wind turbines can be observed. Therefore, the penetration of wind turbines in
electrical power systems will increase and they may begin to influence overall power
system behavior, making it impossible to run a power system by only controlling
large scale power plant. It is therefore important to study the behavior of wind
turbines in an electrical power system and their interaction with other generation
equipment and with loads.

The three typical types of machines to be used with wind turbine that are often used in
power generation are:

e Squirrel cage induction generator

e Direct drive synchronous generator, and

e Doubly-fed induction generator

3.1 Aerodynamic System [10]

Unlike different type modeling of generators, converters, mechanical shaft
systems and control systems, the aerodynamic system is the novel and unfamiliar
modeling system for the electromechanical engineers and will be represented and
outlined in this section.

Wind Turbine Rotor

From a physical point of view, the static characteristics of a wind turbine rotor
can be described by the relationships between the total power in the wind and the
mechanical power of the wind turbine. These relationships are readily described
starting with the incoming wind in the rotor swept area. It can be shown that the
kinetic energy of a cylinder of air of radius R travelling with wind speed V,,in4
corresponds to a total wind power P,,;,4 Within the rotor swept area of the wind
turbine. This power, P,,;,4, Can be expressed by:

1
Pyina = EpAIRT[RZVv?Jind (3 l)



Where p,;zis the air density (=1.225 kg/m®)
R is the rotor radius
Viwina 1S the wind speed

It is not possible to extract all the kinetic energy of the wind, since this would
mean that the air would standstill directly behind the wind turbine. This would not
allow the air to flow away from the wind turbine, and clearly this cannot represent a
physical steady-state condition. The wind speed is only reduced by the wind turbine,
which thus extracts a fraction of the power in the wind. This fraction is denoted as the
power efficiency coefficient, Cp, of the wind turbine. The mechanical power, Pp,qch,
of the wind turbine is therefore — by the definition of Cp — given by the total power in
the wind P,,;,,qaccording to the following equation:

Prech = Cppwind (3.2)

It can be shown that the theoretical, as being described by [14], static upper
limit of Cp is 16/27 (approximately 0.593). That is, it is theoretically possible to
extract approximately 59% of the kinetic energy of the wind. This is known as Betz’s
limit. For a comparison, modern three-bladed wind turbines have an optimal Cp value
in the range of 0.52-0.55 when measured at the hub of the turbine.

In some cases, Cp is specified with respect to the electrical power at the
generator terminals rather than regarding the mechanical power at the turbine hub;
that is, the losses in the gear and the generator are deducted from the Cp value. When
specified in this way, modern three-bladed wind turbines have an optimal Cp value in
the range of 0.46-0.48. It is therefore necessary to understand whether Cp values are
specified as a mechanical or as an electrical power efficiency coefficient.

If the torque T,,..n IS to be applied instead of the power P, ., it is
conveniently calculated from the power P,,.., by using the turbine rotational

speedWiyrp -

PmeC
Looim= —mnech (3- 3)

Weurb

It is clear that the power, P,,.., that is extracted from the wind will depend on
rotational turbine speed, wind speed and blade angle, 5. Therefore, P,,..,, and hence
Cp can be represented as functions of these quantities.

Prech = meech (@eurns Vwina, B) (3.4)

3.1.1 Tip Speed Ratio

From Figure 3.1, the possible energy extraction will depend on the angle of
incidence ¢ between the plane of moving rotor blade and relative wind speed Vg
seen from the moving blades. The angle of incidence ¢ is determined by the incoming
wind speed V,,;,q and the speed of blades. Another commonly used term in the
aerodynamics of wind turbines is the tip-speed ratio (TSR),A which is defined by:

] = LeuwrbR (3.5)

Vwind
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V'l." VIND

Vrer=Viip+ Vivino
Figure 3.1 Illustration of wind conditions around the moving blade [10]

Therefore, the angle of incidence can be calculated as:

- -1 l - -1 ( Vwind
@ = tan (/1) = tan (—wturbR) (3.6)
Note: Vyp = tip speed; wyyp = turbine rotational speed; R = rotor radius; Vie =
relative wind speed; V,,;,qa = wind speed; o = angle of attach; ¢ = angle of incidence
between the plane of the rotor and V,ej; B = blade angle.

3.1.2 Power Coefficient

The power coefficient C, can be expressed as a function of tip speed ratio 4
and pitch anglef. The highest value of Cp is typically obtained for A value in the
range of 8 to 9, i.e. when the tip of the blades moves 8 to 9 times faster than the
incoming wind. Manufacturer documentation shows that the power curves of
individual wind turbines are very similar, so a general approximation can be used for
computation of power coefficient Cp of both constant-speed and variable-speed wind
turbines [10]:

Cp(A,B) = cl (% — 3B — c4B°5 — c6) exp (_A—Cj) (3.7)

Where

A = [(/1+i8ﬁ) o (3531)]_1 (3.8)

The table 3.1 shows the value of parameters cl to c¢9 with the original
parameters used by [10].

Table 3. 1Approximation of power curves

cl c2 c3 c4 c5 c6 c7 c8 c9

Heier (1998) 05 116 04 O — 5 21 0.08 0.035
Constant-speed wind turbine 044 125 0 0 0 6.94 165 0 -0.002
Variable-speed wind turbine 073 151 058 0.002 214 132 184 -0.02 -0.003

Alternatively, the reference [11] provides different mathematical approach given by
(3.9) and (3.10), which will be used in this thesis. Nevertheless, both sets of equations
generate the curves with the same fundamental shape as those of the physical wind
turbine.



11

Cpr(A,B) =cl (% —c30 — c4) exp (_A—CLS) + c61 (3.9)

Where

Ay = [(/1+o%08ﬁ) N (Z-Sii)]_l (3.10)

With the coefficient c¢1 to c6 are: ¢1 = 0.5176, c2 = 116,¢c3=0.4,c4 =5, c5 =21 and
c6 = 0.0068.

3.2 Wind Turbine Technologies [10]
Wind turbines can operate either with a fixed speed or a variable speed.

3.2.1 Fixed-Speed Wind Turbines

The standard installed wind turbines, since early 1990s, operate at fix speed.
That means regardless of the wind speed, the wind turbine rotor speed is fixed and
determined by the frequency of the supply grid, the gear ratio and the generator
design. They are designed to achieve maximum efficiency at one particular wind
speed.

The fixed-speed wind turbine has advantage of being simple, robust and
reliable. In addition, cost of its electrical parts is low. Its disadvantages are an
uncontrolled reactive power consumption, mechanical stress and limited power
quality control.

Owing to its fixed-speed operation, all fluctuations in the wind speed are
transmitted as fluctuations in the mechanical torque and then as fluctuations in the
electrical power to the grid. So in the case of weak grid, the power fluctuations can
also lead to large voltage fluctuations.

3.2.2 Variable-Speed Wind Turbines

In the modern wind turbine application, the variable-speed wind turbines have
become dominant type among the installed wind turbines.

Variable-speed wind turbines are designed to achieve maximum aerodynamic
efficiency over a wide range of wind speeds. With a variable-speed operation it has
become possible continuously to adapt accelerating or decelerating the rotational
speed w,,, of the wind turbine to the wind speed v. In this way, the tip speed ratio 1 is
kept constant at a predefined value corresponding to the maximum power coefficient.
Contrary to a fixed-speed system, a variable-speed system keeps the generator torque
fairly constant and the variations in the wind speed are absorbed by change in the
generator speed.

The electrical system of a variable-speed wind turbine is more complicated
than that of fixed-speed wind turbine. It is typically equipped with an induction or
synchronous generator and connected to the grid through a power converter. The
power converter controls the generator speed, that is the power fluctuations caused by
wind variations are absorbed mainly by changes in the rotor generator speed and
consequently in the wind turbine rotor speed.
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3.3 Wind Turbine Configurations

There are various types of wind turbine configurations and they are classified
both by their ability to control speed and by the type of power control.

Applying speed control criterion, there are four different dominating types of
wind turbines. The sub-category classifications of wind turbines correspond to power
(blade) control: stall, pitch, active control. Table 3.2 indicates different types of wind
turbine configurations.

Table 3. 2Wind turbine types

Control Povv_er Control _
Stall Pitch Active Stall
Fixed Speed Type A Type AQ Type Al Type A2
Type B Type BO Type Bl Type B2
Variable Speed TypeC Type CO Type C1 Type C2
Type D Type DO Type D1 Type D2

Note: The gray zones are not used in the wind turbine today.

3.3.1 Type A: Fixed Speed

SCIG

Soft-starter — ——

z Gear @E} = o

Capacitor bank

Figure 3.2 Wind turbine type A [10]

This configuration denotes the fixed-speed wind turbine with an asynchronous
squirrel cage induction generator (SCIG) directly connected to the grid. Since the
SCIG always draws reactive power from the grid, this configuration uses a capacitor
bank for reactive power compensation. A smoother grid connection is achieved by
using a soft-starter.

Regardless of the power control principle in a fixed-speed wind turbine, the
wind fluctuations are converted into mechanical fluctuations and consequently into
electrical power fluctuations. In the case of a weak grid, these can yield voltage
fluctuations at the point of connection. Because of these voltage fluctuations, the
fixed-speed wind turbine draws varying amounts of reactive power from the utility
grid (unless there is a capacitor bank), which increases both the voltage fluctuations
and the line losses. Thus the main drawbacks of this concept are that it does not
support any speed control.
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3.3.2 Type B: Limited Variable Speed

Variable resistance

Gear __EL (1) Grid ;

WRIG Soft-starter i il

Capaciter bank

Figure 3.3 Wind turbine type B [10]

It uses a wound rotor induction generator (WRIG). Unlike wind turbine type
A, The unique feature of this concept is that it has a variable additional rotor
resistance, which can be changed by an optically controlled converter mounted on the
rotor shaft. Thus, the total rotor resistance is controllable. The rotor resistance can be
changed and thus controls the slip. This way, the power output in the system is
controlled. The range of the dynamic speed control depends on the size of the variable
rotor resistance. Typically, the speed range is 0—-10%above synchronous speed. The
energy coming from the external power conversion unit is dumped as heat loss.

3.3.3 Type C: Variable Speed With Partial Scale Frequency Converter

Partial scale
frequency converter

P

Gear —K_/}

WRIG

Figure 3.4 Wind turbine type C [10]

This configuration, known as the doubly fed induction generator (DFIG)
concept, corresponds to the limited variable speed wind turbine with a wound rotor
induction generator (WRIG) and partial scale frequency converter on the rotor circuit.
The partial scale frequency converter performs the reactive power compensation and
the smoother grid connection. It has a wider range of dynamic speed control
depending on the size of the frequency converter. Typically, the speed range
comprises synchronous speed -40% to +30 %. The smaller frequency converter makes
this concept attractive from an economical point of view.
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3.3.4 Type D: Variable Speed With Full-Scale Frequency Converter

Full-scale
frequency converer

F AR =
i ©)==Z4——C0=/L

PMSGWRSGWRIG

Figure 3.5 Wind turbine type D [10]

This configuration corresponds to the full variable speed wind turbine, with
the generator connected to the grid through a full-scale frequency converter. The
frequency converter performs the reactive power compensation and the smoother grid
connection. The generator can be excited electrically wound rotor synchronous
generator (WRSG) or (WRIG) or by a permanent magnet [permanent magnet
synchronous generator (PMSG)].

3.4 Voltage Control Capability of Wind Turbine
3.4.1 Current Wind Turbine Types

The most majority of wind turbines that are currently being installed use one
of the three main types of electromechanical conversion system.

The first type is known as Type A. In this type an (asynchronous) squirrel
cage induction generator is used to convert the mechanical energy into electricity.
Owing to the different operating speeds of the wind turbine rotor and the generator, a
gearbox is necessary to match these speeds. The generator slip slightly varies with the
amount of generated power and is therefore not entirely constant. However, because
these speed variations are in the order of 1 %, this wind turbine type is normally
referred to as constant-speed or fixed-speed.

The second type uses a doubly fed induction generator instead of a squirrel
cage induction generator, and was introduced as Type C. Similar to the previous type,
it needs a gearbox. The stator winding of the generator is coupled to the grid, and the
rotor winding to a power electronic converter, usually a back-to-back voltage source
converter with current control loops. In this way, the electrical and mechanical rotor
frequencies are decoupled, because the power electronic converter compensates the
difference between mechanical and electrical frequency by injecting a rotor current
with variable frequency. Variable-speed operation thus becomes possible. This means
that the mechanical rotor speed can be controlled according to a certain goal function,
such as energy yield maximization. The rotor speed is controlled by changing the
generator power in such a way that it equals the value derived from the goal function.
In this type of conversion system, the control of aerodynamic power is usually
performed by pitch control.

The third type is called the ‘direct-drive wind turbine’ because it does not need
a gearbox. It corresponds to Type D. A low-speed multipole synchronous ring
generator with the same rotational speed as the wind turbine rotor converts the
mechanical energy into electricity. The generator can have a wound rotor or a rotor
with permanent magnets. The stator is not coupled directly to the grid but to a power
electronic converter. This may consist of a back-to-back voltage source converter or a
diode rectifier with a single voltage source converter. The electronic converter makes
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it possible to operate the wind turbine at variable speed. Similar to Type C, pitch
control limits the mechanical power input. Figure 3.6 presents the three main wind
turbine types.

Rotor Suirrel Rator Doubly fed

cage (wound rotor)
induction induction
Gearbox

generator gensrator

ML ==__]_I\\_/ \

U
Compensating Converter
capacitars J
. A
(a) (b) K%
Rotor
™\ Direct-drive
synchronous

generator Converter

\%#—_ - U, o
|
|
'{ | 1|.N

(c)

Figure 3.6 Widely used wind turbine types: (a) constant-speed wind turbine (Type A); (b)
variable-speed wind turbine with doubly fed induction generator (Type C); and (c) direct-
drive variable-speed wind turbine with multipole synchronous generator (Type D) [10]

3.4.2 Wind Turbine Voltage Control Capabilities

Node voltages are dependent on branch characteristics and on branch currents.
In transmission networks and distribution grids, node voltage and reactive power are
correlated and therefore node voltages can be controlled by changing the reactive
power generation or consumption of generators. An analysis of the voltage control
capabilities of the wind turbine types described in Section 3.4.1 has thus to show what
extent they can vary their reactive power output. In the following, we will discuss the
voltage control capabilities of each of the wind turbine types described above.

Constant-speed wind turbines (Type A) have squirrel cage induction
generators that always consume reactive power. The amount of the reactive power
consumption depends on the terminal voltage, active power generation and rotor
speed. Figure 3.7 illustrates the relation between terminal voltage, rotor speed, active
power generation and reactive power consumption. This figure shows that a squirrel
cage induction generator cannot be used for voltage control, because it can only
consume and not generate reactive power and because the reactive power exchange
with the grid cannot be controlled but is governed by rotor speed, active power
generation and terminal voltage.

The fact that a squirrel cage induction generator consumes reactive power can
be a disadvantage, particularly in the case of large wind turbines or wind farms and/or
weak grids. In such cases, the reactive power consumption may cause severe node
voltage drops. Therefore, the reactive power consumption of the generator is in most
cases compensated by capacitors, as depicted in Figure 3.6(a). In this way, the



16

reactive power exchange between the combination of the generator and the capacitors,
on the one hand, and the grid, on the other, can be reduced thus improving the power
factor of the system as a whole.
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Figure 3.7 Dependence of (a) active and (b) reactive power of a squirrel cage induction
generator on the rotor speed, with the terminal voltage, U, as a parameter [10]

A conventional capacitor is an uncontrollable source of reactive power. By
adding compensating capacitors, the impact of the wind turbine on the node voltages
is reduced. But this is only a qualitative improvement. The voltage control capabilities
as such are not enhanced, because there is still a unique relation between rotor speed,
terminal voltage and active and reactive power generation. The voltage control
capabilities of a constant-speed wind turbine can be enhanced only with use of more
advanced solutions instead of conventional capacitors. Such advanced solutions
include controllable sources of reactive power, such as switched capacitors or
capacitor banks, a static condenser (Statcon) or a static VAR compensator (SVC).

The reactive power generation of a doubly fed induction generator (Type C
wind turbine) can be controlled by the rotor current. In this case, there is no unique
relation between reactive power and other quantities, such as rotor speed and active
power generation. Instead, at a particular rotor speed and the corresponding active
power generation a widely varying amount of reactive power can be generated or
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consumed. Both generator torque and reactive power generation depend directly on
the current that the power electronic converter feeds into the rotor.

In the case of a direct-drive variable-speed wind turbine (Type D), the reactive
power exchange with the grid is not determined by the properties of the generator but
by the characteristics of the grid side of the power electronic converter. The generator
is fully decoupled from the grid. Therefore, the reactive power exchange between the
generator itself and the generator side of the converter as well as between the grid side
of the converter and the grid are decoupled. This means that the power factor of the
generator and the power factor of the grid side of the converter can be controlled
independently. And the voltage control of this wind turbine type will not be discussed
more detail because it beyond of the scope of this thesis.

3.5 Induction Generator

Most of the electrical power in the industry is consumed by the induction
machine driving the mechanical load. For this reason, the induction machine
represents a well established technology. The primary advantage of the induction
machine is the rugged brushless construction and no need for separate DC field
power. The disadvantages of both the DC machine and the synchronous machine are
eliminated in the induction machine, resulting in low capital cost, low maintenance,
and better transient performance. For these reasons, the induction generator is
extensively used in small and large wind farms and small hydroelectric power plants.
The machine is available in numerous power ratings up to several megawatts
capacity, and even larger.

3.5.1 Principle of Operation [12]

The stator magnetic field is rotating at the synchronous speed ws. This field is
conceptually represented by the rotating magnets. The relative speed between the
rotating field and the rotor induces the voltage in each rotor turn linking the stator
flux ¢. The magnitude of the induced voltage is given by Faraday’s law of
electromagnetic induction, namely:

——d¢
. (3.11)
This voltage in turn sets up the circulating current in the rotor. The electromagnetic
interaction of the rotor current and the stator flux produces the torque. The amplitude
of this torque is given by the following:

T = k®I,cos0 (3.12)

Where k = constant of proportionality
@ = amplitude of the stator flux wave
I, = amplitude of induced current in the rotor bars
6 = phase angle by which the rotor current lags the rotor voltage.

The rotor will accelerate under this torque. If the rotor was on frictionless
bearings with no mechanical load attached, it is completely free to rotate with zero
resistance. Under this condition, the rotor will attain the same speed as the stator field,
namely, the synchronous speed ws. At this speed, the current induced in the rotor is
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zero, no torque is produced. The rotor finds equilibrium at this speed and will
continue to run at the synchronous speed.

If the rotor is now attached to a mechanical load such as a fan, it will slow
down with the speed w,. The stator flux, which always rotates at the constant,
synchronous speed, will have relative speed with respect to the rotor. As a result, the
electromagnetically induced voltage, current, and torque are produced in the rotor.
The torque produced must equal that needed to drive the load at that speed. The
machine works as the motor in this condition.

If we attach the rotor to a wind turbine and drive it with the speed w, faster
than the synchronous speed, the induced current and the torque in the rotor reverse the
direction. The machine now works as the generator, converting the mechanical power
of the turbine into electrical power delivered to the load connected to the stator
terminals. If the machine was connected to a grid, it would feed power into the grid.
Thus, the induction machine can work as the electrical generator only at speeds higher
than the synchronous speed. The generator operation, for that reason, is often called
the super-synchronous speed operation of the induction machine.

As described above, the induction machine needs no electrical connection
between the stator and the rotor. Its operation is entirely based on the electromagnetic
induction, hence, the name. The absence of rubbing electrical contacts and simplicity
of its construction make the induction generator very robust, reliable, and a low-cost
machine. For this reason, it is widely used in numerous applications in the industry.

The working principle of the induction machine can be seen as the
transformer. The high voltage coil on the stator is excited and the low voltage coil on
the rotor is shorted on itself. The power from one to the other can flow in either
direction. The theory of operation of the transformer, therefore, holds true when
modified to account for the relative motion between the stator and the rotor. This
motion is expressed in terms of the slip of the rotor relative to the synchronously
rotating magnetic field.

3.5.2 Induction Machine Equivalent [13]

The equivalent of the induction machine is very similar to that for a
transformer. Although the rotor currents are at slip frequency, the rotor is incorporated
into the circuit in simple way. Recognizing the fact that the stator and the rotor
winding have resistances and leakage inductances and that the mutual inductance for
modeling the mutual flux links the stator and rotor windings, Figure 3.8 give s the
elementary equivalent circuit. The parameters are

R, : Stator resistance per phase

L, : Stator leakage inductance

L, : Mutual inductance

T, : Stator turns per phase

E; : Induced emf in the stator per phase
k.1 : Effective stator turns per phase
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R, : Rotor resistance per phase
L, : Rotator leakage inductance

T, : Rotator turns per phase
E, : Induced emf in the rotor per phase
k., : Effective rotor turns per phase

o AN ~YY Y~

A R, T

Yax }‘{ | Rﬂ.§
| |

(e,

Tk + Takoz
Figure 3.8 Elementary equivalent circuit for induction machine [13]

The relationship between the induced emfs is

E ky-T: S
Z= g E = (3.13)
Eq kw1Ty a

Where a : turns ratio

The rotor current I, then is

o B - i (3. 14)

Ryyr+jwsiLiyr Ryyr+jSwgLiyy

Substituting for E, from equation (3.13) in to (3.14) the rotor current is

——— = (3. 15)

g — R .
+jws(aLyr) %‘*‘] WsLirr

S

Equation (3.15) is incorporated into the equivalent circuit as shown in Figure 3.9.
Note that both rotor and stator uniformly have the same frequency, which is that of
the stator in equation (3.15). The rotor current reflected into the stator is denoted as I,
and is given in terms of the rotor current [, as

I = (3. 16)

a
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Figure 3.9 Equivalent circuit for an induction machine [13]

Note that the slip does not enter in this; the ratio between the stator and rotor induced emfs
viewed at stator frequency does not contain it, and rotor impedance absorbs this slip.
Substitution of equation (3.16) into equation (3.15) yields

Ey Y Eq

la (3.17)

& . R,
@'ﬂws(az“ﬁ”) = Y T

Where R, = a?R,, : Stator-referred rotor resistance
L, = a®L,, : Stator-referred rotor inductance

As the fictitious rotor and stator at the air gap have the same induced emf, E;, the physical
isolation can be removed to get a connected circuit. The final equivalent circuit, referred to
the stator, is shown in Figure 3.10. Magnetization is accounted for by the magnetizing branch
of the equivalent circuit, consisting of the magnetizing inductance that is lossless and hence
cannot represent core losses. An equivalent resistance can represent the core losses. This core-
loss resistance is in parallel the magnetizing inductance, because the core losses are
dependent on the flux and hence proportional to the flux linkages and the resulting air gap
voltage E;.The self-inductances of the stator phase winding, L, and of the rotor phase
winding referred to the stator, L,., are obtained as the sum of the magnetizing inductance and
respeclive leakage inductances:

s (3. 18)
L,=L,+L (3. 19)

The corresponding reactances are obtained by multiplying the inductances by the stator
angular frequency.

—> 0
~
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Figure 3.10 Equivalent circuit with rotor at stator frequency [13]
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When the machine is energized with no load on the rotor, then the rotor circuit is open-
circuited, because the slip is zero. The stator current drawn during this condition known as the
no-load current, contributes to the magnetization of the machine and resulting core losses.
Then this no-load current is viewed as the sum of the magnetizing and core-loss components
of the current and accordingly is written as

I, =1, +1, (3. 20)

The magnetizing current in terms of the air gap voltage and the magnetizing reactance is
written as

I, =—L (3. 21)

 JXm
And the core-loss component of the stator current is written as

i=2 (3.22)

i
The rotor phase current is given by

[ il (3. 23)

%“'J‘XIT
The stator phase current is given by
s L, (3.24)

In terms of the induced emf, stator current, and stator parameters, the applied stator
phase voltage is expressed as

Vos = E1 + (Rs +les)Ias (3- 25)

3.5.3 Steady State Performance Equations of an Induction Machine

The key variables in the machine are the air gap power, mechanical and shaft
output power, and electromagnetic torque. These are derived from the equivalent
circuit of the induction machine as follows. The real power transmitted from the
stator, P; to the air gap, P, is the difference between total input power to the stator
windings and copper losses in the stator and is given as

P, = P, — 3I2R, (3. 26)
Neglecting the core losses, the air gap power is equal to the total power dissipated in

R,/s in the three phases of the machine, there is no other element to consume power
in the rotor equivalent circuit. It is given as

P = 3127 (3.27)

Which could be written alternatively as
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P,= 3R, + 312R, %2 (3. 28)

——
rotor copor

power converted
losses power

to mechanical form
The mechanical power, B,, is obtained as

P =8RR X A1 5).P, (3. 29)

S,

Alternately, in terms of the electromagnetic torque and rotor speed, the mechanical
power output is equal to their product:

P, =T, wm (3. 30)

Where T, is the internal or electromagnetic torque, derived from equations (3.29) and
(3.30) as

~ 3IZRp(1-s)

SWy

% (3. 31)

Substituting for the rotor speed in terms of the slip and stator frequency, given by

il -8 (3. 32)

w — —
T D P/2

into (3.29), the electromagnetic or air gap torque is obtained as

— (ﬁ)i (3.33)

2/ sws

Without taking into account of the windage and friction losses of the rotor, the shaft
power of the machine is equal to the mechanical of the machine and defined as

Pshaft = Py (3. 34)

3.5.4 Steady State Performance

A set or sample torque-vs.-slip characteristic for constant input voltage is
shown in Figures 3.11 and Figures 3.12.

The torgue-vs.-slip characteristics are shown for slip varying from 0 to 1. The
slip is chosen in place of rotor speed because it is nondimensional and so is applicable
to any motor frequency. Near the synchronous speed, i.e., at low slips, the torque is
linear and is proportional to slip; beyond the maximum torque (also known as
breakdown torque), the torque is approximately inversely proportional to slip, as is
seen from the Figure 3.11. At standstill, the slip equals unity, and, at this operating
point, the torque produced is known as standstill torque. To accelerate a load, this
standstill torque has to be greater than the load torque. It is preferable to operate near
low slips to have higher efficiency. This is due to the fact that the rotor copper losses
are directly proportional to slip and are equal to the slip power, and, hence, at low
slips, the rotor copper losses are small.
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The positive-slope region of the torque-slip characteristics provides stable
operation. Consider the machine operating at 1 p.u. with a low slip, and let the load
torque be increased to 1.5 p.u. The rotor slows down and thereby develops a larger
slip, which increases the electromagnetic torque capable of meeting the load torque.
The new steady state is reached at 1.5 p.u. torque after a transient period with
oscillations in torque. If the operating point at 1 p.u. torque at a slip of 0.85 is
considered. the load torque disturbance will lead to increasing slip, resulting in less
and less torque generation, thereby diverging more and more from the new load
torque leading to a final pullout of the machine and reaching standstill. As this
discussion is addressed to the steady-stale characteristics of the machine, the two
regions are named statically stable and unstable, as indicated in Figure 3.11.
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Figure 3.11 Induction machine speed-torque characteristic [13]
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Figure 3.12 Generation and braking characteristics of the induction machine [13]

Figure 3.12 shows the torque vs. slip for a wide range of slip, from -2 to 2,
with the stator supplied with rated voltages and frequency. Consider the motor as
spinning in the direction opposite to that of a phase sequence abc. Assume that a set
of stator voltages with a phase sequence abc is applied at supply frequency. This
creates a stator flux linkage counter to the direction of rotor speed, resulting in a
braking action. This also creates a slip greater than one: the rotor speed is negative
with respect to synchronous speed. This braking action brings rotor speed to standstill
in time.

Consider the rotor electrical speed to be greater than the synchronous speed,
resulting in a negative slip. A negative slip changes the generation of positive
(motoring) to negative (generating) torque as the induced emf phase is reversed.
Hence, for negative slip, the torque-vs.-slip characteristic is similar to the motoring
characteristic discussed earlier, except that the breakdown torque is much higher with
negative-slip operation, This is due to the fact that the mutual flux linkages are
strengthened by the generator action of the induction machine. The reversal of rotor
current reduces the motor impedance voltage drop, resulting in a boost of magnetizing
current and hence in an increase of mutual flux linkages and torque.



CHAPTER IV

SYSTEM MODELED

4.1 Microgrid System Model

Fig.4. 1 shows a single line diagram of a 13.8 kV microgrid system connected
to a 120 kV utility main grid, represented by an infinite-bus equivalent, through a
radial distribution line to be used as a test system here. The system includes a wind-
turbine unit with a variable speed doubly-fed induction generator, a synchronous
generator equipped with governor action, and combination of fixed-impedance and
constant-power load models connected to the microgrid at three different load points.
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Figure 4.1 Single line diagram of the studied microgrid system
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4.2 Wind Power System Model
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Figure 4.2 Wind power system

Figure 4.2 represents the block diagram of the wind power system model that
includes wind speed, wind turbine, induction generator (IG) whose stator winding
directly connected to the main grid, converter block integrated at rotor-side of IG and
controller block that encompasses both electrical and mechanical using pitch
controller.

4.2.1 Wind Speed Model

Wind turbine installation should be done within the suitable windy site. The
data on wind speeds and directions are needed in order to obtain a proper match
between the characteristics of the wind turbine and those of the site. Since the wind
speed and direction are varied continuously, estimation of power generation required
some statistic. In the case the total data of wind speeds against time is not available,
but the average wind speed may be known. In this case the wind speeds distribution
can be obtained approximately from the magnitude of average wind speed, by using a
standard statistical distribution function. The more general distribution function used
to obtain an approximation for wind speed distribution of the site knowing its average
wind speed is Weibull distribution, given by

o= @) (2) - (59 =

c c

Where c is a scale factor taken equal to mean wind speed,
k is a shape factor, ranging between 1.8 and 2.3.

Fig.4.3 is a simulation of wind speed with average wind speed c=6m/s and shape
factor k=1.8. And Figure 4.4 shows the Weilbull distribution of the wind at each wind
speed.
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Figure 4.4 Weibull distribution at each wind speed

4.2.2 Rotor Model

The model is base on the steady-state power characteristics of the turbine. The
stiffness of drive train is infinite and fraction factor and the inertia of the turbine must
be combined with those of generator couple to turbine. The mechanical power is
given by following equation.

A
Prech = Cp(, B) 5 Vi ina (4.2)
Equation (4.2) can be normalized so in the p.u. system we have

Pmech—pu . kpCP—pu(A: :B)Vviind—pu (4.3)

The numerical approximated curves of C, (4, 5) based on equations (3.9) and
(3.10), for different values of the pitch angle, are illustrated in Figure 4.5. The
mechanical power B, as a function of generator speed, for different wind speeds and
for blade pitch angle 8 = 0° is depicted in Figure 4.6. Here, the base wind speed is
equal to 6m/s, maximum power at base wind speed equal 0.73 p.u. (kp = 0.73), and
base rotational speed equal 1.2 p.u., respectively.
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The simulink block diagram of the turbine is illustrated in Figure 4.7. The three inputs
needed are
e Generator speed w, in p.u. of the nominal speed of generator
e Pitch angle S in degree and
e Wind speed in m/s
The tip speed ratio 4 in p.u. of 4,,,,, is obtained by division of rational speed in p.u. of
the base rotational speed and the wind speed in p.u. of base wind speed. The output is
e Mechanical torque T,, applied to the generator shaft in p.u. nominal
generator torque.
The table 4.1 is the nominal values to be used for the rotor model
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Figure 4.7 Block diagram of rotor model

Table 4. 1 Nominal values of wind turbine rotor

Name Value
Base mechanical power [Mw] 2
Base electrical power [MVA] 2.22
Base wind speed (wind_base) [m/s] 6
Base rotational speed or rotational speed at maximum power for the base wind 19
speed (speed_nom) [p.u.] '
Nominal tip speed ratio 4,,,m 8.1
Nominal power coefficient Cp,,,m 4.8

4.2.3 Doubly-Fed Induction Generator Model

The dynamic voltage equations of a three-phase symmetrical doubly fed
induction generator in terms of equivalent dg-base system, with respect to the
synchronously rotating reference frame, are given as follows:

3 drg
vs. = RyiSs + d?S — WsAgs (4. 4)
G R 5 E dlgs e 4 5
qu - slqs+ dt +ws ds ( ' )
¢ = Ryily + 28 _ (0 — )28 4.6
Var = Rylgy dt (ws wr) qr ( ' )
v, = Ryil+ 28 4 (0o — wp)5 4.7)
qr — rtqr dt S r)/tdr :

The flux linkages above can be calculated by using the following equations:

s = Lsigs + Linigy (4.8)
Ags = Lgigs + Linig, (4.9
ar = Lrigy + Linigs (4.10)

A8, = Lyi&y + Lynils (4. 11)




The electromagnetic torque is defined as:

T, = %g (Afisicels - /1351'35)
The active power is given by:

Py = 2 (vhsils + visics)
The reactive power is defined as:

Qs = > (vesigs — vEsics)
The mechanical system of the DFIG is given by:

dWrm
07 AT

e Per-Unit System
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(4. 12)

(4. 13)

(4. 14)

(4. 15)

A per-unit quantity Q is defined as the ratio of an actual quantity Q, to an

appropriately chosen base value Qp so that

(_? =Q4/0p

(4. 16)

If Q, and Q are the same order of magnitude, Q takes on a value close to unity. So
while Q4 and Qy vary widely in absolute values depending on the size or rating of the
device to which they relate and have dimensions such as Volt, Ampere, Ohm, Weber,
Newton-meter, Q is a dimensionless relative quantity that lies in a narrow numerical
range. In the context of electric machines, the following advantages to the use of per-

unit (p.u.) parameters and p.u. equations can be cited:

1. Per-unit parameters do not vary appreciably over a wide range of machine
ratings, thereby providing a better characterization and comparison of

differing designs.

2. A p.u. system simplifies the analysis of machine systems because it eliminates
the consideration of such cumbersome factors as numbers of poles and phases,
winding turns ratios; in effect, it allows to view the machine on the basis of an
equivalent two-phase, two-pole configuration with coupled windings having

1:1 turns ratios.

3. When dealing with an interconnected system of machines of different ratings,
a common overall system normalization provides an effective way to account

for the interconnections.

e Machine rating

The rating of an electric machine invariably serves as the basis for determining
the normalizing factors required to define the p.u. system. Typically, the rating (as it
normally appears on the nameplate) provides most of the following information:

 fofpoles=p
* number of phases = m (usually 3)
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* speed =ng (rpm)

» rated voltage = V. (usually on a line-to-line rms basis) (V)

* power factor = pfp

o efficiency =np

» electrical power output P, (Watts) for a generator; P = P,/ pfg (VA)
» mechanical power output P,, (hp) for amotor; P 5 = 746 X B, (W)

e Base Values

» Base frequency wg = 2nfz[rad/s]
* Base Power = Py

» Base voltage = peak phase voltage =V = \EVr [V]

2Pp

» Base peak current =1z = 5 [A]
« Base impedance = Zy = ‘I/—I’: [Q]
» Base flux linkage = A5 = Z—Z
« Base inductance = Ly = ’11—;* - Z—z
2wp

+ Base synchronous speed w,,z = E i

Pp _ pPp

* Base torque = =
WmB 2wp

Dividing (4.4)-(4.7) by the base values Vg = Zp15 = wAp We get the p.u. equations

e
T dA%s

T5i= Ryt e WsAls (4.17)
B, = RT% + winjj b (4. 18)
Ul = RiTgy + 58— @ — sy (4.19)
oy = Relgy + = 4 (@, - ), (4. 20)

Dividing (4.8)-(4.11) by base values Az = Lyl yield

_gs = Lylgs + LinTg, (4.21)
0 i Lo T Ap L 2. (4. 22)
Agr = LyTge + LT (4.23)

A8y = L Te, + LT (4. 24)
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Dividing (4.12) by Ty = wp—n‘; = g;% = 22/1313 = %LBIBIB we get
Te = (A4sTgs — AgsTas) (4.25)
Dividing (4.13) and (4.14) by Py = 2 V;1;5 we get
P, = (D3sT5: -+ TE:T8s) (4. 26)

The reactive power is defined as:

és — (1—755735 B 772525) (4- 27)
And divide (4.15) by T = w”B = ggv—j’—B = 2= 2plp =22 Lpl5l5 we get
mB B
m d rm T T
]wp_:(;—t =o, —W}

U 2 i(“’r)=7_—
PR, "B\ wimn AN &
Jp 2 4df wr = T
E L2 =T _

Pp 2 del’ ng & g

P e
i@ = =
2H= =T, - T, (4.28)
With H=>Lyz, [s]

4.2.4 Converter Model

Converters are model with dual PWM voltage-fed, current-regulated
converter, connected back to back as switching power electronic devices in the
purpose of providing the required voltage outputs for the generated or absorbed power
at rotor-side of doubly-fed induction generator [14].

In order to understand the concept of inverter PWM, first the discussion of
PWM with full-bride dc-dc converter is highlighted and the inverter circuits will be
clarified thereafter. In PWM of full-bride dc-dc converter, there exists the control
signal v,.one01 (CONnstant or slowly varying in time) was compared with a repetitive
switching-frequency triangular wave form in order to generate switching signals. And
the controlling the switch duty ratios allowed the average dc voltage output to be
controlled.

In the full-bride converter shown in Figure 4.7, the input is fixed-magnitude dc
voltageV,. The output of the converter is a dc voltageV,,, which can be controlled in
magnitude as well as polarity. In the bipolar voltage switching type, switches
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(T4+,Tg-) and (Tg+,T4-) are treated as switch pairs (two switches in a pare are
simultaneously turned on and off). The switching signals are generated by comparing
switching-frequency triangular waveforms wv.,; with control voltage v oneror-
When veoneror > Veriy T4+ and Tg- are turned on.

The switch duty ratios can be obtained from the waveforms in Figure 4.8 as
follows by arbitrary choosing a time origin as shown in the figure:
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Figure 4.8 Full-bridge dc-dc converter [6]
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t

1
T 0<t< ;T (4. 29)

Viri = Viri

Att =ty in Figure 4.8, and vy; = V¢oneror- From equation (4.29)

¢, = VeontotTs (4. 30)
1

Vieri - 4
From Figure 4.8, we also fine that the on duration of switch pair 1 (T 4+, T-) is
ton =,2t; += Ty (4.31)
Therefore, their duty ratio defined as:

Dy = o = 2 (1 4 Zeonerel) (4.32)

i 2 Veri
And the duty ratio D, of the switch pair 2 (Tg+, T4-) is
D,=1-D, (4.33)
By using these duty ratio, from Figure 4.8 we can obtain V,y, Vgy, and Vy:
Vo = Van = Vey = D1Vg — D3Vy = 2Dy — 1)V, (4.34)

Substituting D, from (4.32) into (4.34) yields

V
Vo= Wiivcontrol (4. 35)

The basic of switching-mode for dc-to-ac inverter is derived from the one-leg
inverter as seen in Figure 4.9 and it will assume that the midpoint ”0” of the dc input
voltage is available. Unlike PWM of full-bride dc-dc converter, in the case of inverter
circuit, the PWM is bit more complex, since we would like the invert output to be
sinusoidal with magnitude and frequency controllable. In order to produce a
sinusoidal output voltage waveform at a desired frequency, a sinusoidal control signal
at a desired frequency is compared with a triangle wave form as shown in Figure 4.10.

The output voltage v, fluctuates between two values(% V; and — %Vd).

- - l e
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Vi ) Doy
£ d
i Ta
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_2¢ T K DA_‘ 3
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Figure 4.10 One-leg switch-mode inverter [6]



35

L T

- Y, tundamental = (va0]1

F‘HHHZHH[ Hl

t

—
st fslis o

Byt eE

t=0

—ie]

_.;-—'—'_-

VemMig < ayy
{TA—: o Tae: ol _-| “Il:--_-_ Veotrsl > vy
Tl
b gl o0 Ta uﬂ'}
N i)
aah
VolZ
L}
12~

1.01
0.3 m, » 0.8 m; = I3
LHR -] o
04

02
oo : 'S T I 1 I I i
1 N‘IJr me 3.!I'Il|r
{mlf + 2} IZH'I; +1) {3ﬂ'll|r + 2}

Harmonics A gl f) —

fel
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Considering a constant v,,,:0; @ shown in Figure 4.11 and from the aforementioned
PWM in a full-bride dc-dc converter, the output voltage averaged over one switching
time period Ty = 1/f; is given as follows:

contro 4
Vo 1= #7‘1 (4. 36)

Assuming that v.,,..o; Varies very little during a switching time period, that is,

my =I§i is large, as shown in Figure 4.11b, therefore, assuming v ,nio1 10 be

constant over a switching time period, (4.36) indicate how the “instantaneous
average” value of v,,(averaged over one switching time period Ty) varies from one
switching time period to the next. This “instantaneous average” is the same as
fundamental-frequency component of v,,,.

The foregoing argument shows why v.,.:+0; IS Chosen to be sinusoidal to
provide a sinusoidal output voltage.
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And let the control voltage vary sinusoidally at the frequencyf; = w,/2m,
which is the desired (or fundamental) frequency of the inverter output:

A~

Veontrol = Vcontrol sSin wlt Vcontrol < Vtri (4- 37)

Using (4.36) and (4.37), the fundamental-frequency component (v,,),varies
sinusoidally and in phase with v, @s a function of time, result in

(V40)1 = —c22rolin ¢y ¢ 28 = m_ sin w,t 22 (4. 38)
Vs 2 2
Therefore,
% v
(VAo)l =m, 7‘1 (4. 39)

4.2.5 Rotor-Side PWM Controller Model

The control for rotor-side PWM provides the decoupled control of the active
and reactive power (or voltage) of the DFIG measured at the grid terminals. The
control approach is performed in a synchronously rotating d-q axis frame, with the d-
axis oriented along the stator-flux vector position. With such orientation of the d-axis,

Ags =0 (4. 40)
Applying this condition to equations (4.17)-(4.18) and (4.21)-(4.22) result in:

dAgs

v = Rsige + " (4. 41)
Vgs = Rsigs + w, s (4.42)
fls = Lsigs + Lmigr (4. 43)

0 = Lyils + L&, (4. 44)
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Since the stator is connected to the grid and the influence of stator resistant is small,
the stator flux can be considered to be constant, decided by the magnitude and
frequency of the grid voltage [14]. Thus, for stator field orientation and R, = 0,
as = As (4. 45)
Which is a constant. This makes (4.41) and (4.42) become:
Vel (4. 46)

ve

gs = Wels (4. 47)

From equation (4.26) and (4.45), the active power at the terminal of stator winding
becomes:

Py = weAsis (4. 48)

Using equation (4.44),
L |
P, == L—Swe/lslgr (4. 49)
Using equation (4.27) in (4.47), the reactive power at the stator terminals becomes:
Qs = we/lsigs (4.50)
Which using equation (4.43), becomes

els i
O “’L— (As = Lini&,) (4. 51)

Using (4.43) and (4.44), equation (4.23) and (4.24) become

L (4.52)
3, = oLyt (4. 53)
With
Ly
o=(1-1=) (4. 54)

Substituting (4.52) and (4.53) in (4.19) and (4.20) we get voltage of the rotor related
to currents as following:

digy
LT

Ugr = Rrigr + oL - (we - C‘)r)LriceIr - (we - C‘)r)LmiSs (4- 55)

dig,
dt

vgr = Rrigr + oL, + (we - wr)Lrigr + (we - wr)Lmigs (4- 56)
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4.2.5.1 Power Control

From equation (4.49), we see that the stator active power is proportional to the
rotor current component ig,. and can be regulated by using vg,..

The power is controlled in order to follow a pre-defined power-speed
characteristic, named tracking characteristic. Such a characteristic is illustrated in the
Figure 4.13 called turbine characteristics and tracking characteristic, by the ABCD
curve superimposed to the mechanical power characteristics of the turbine obtained at
different wind speeds. The actual speed of the turbine w, is measured and the
corresponding mechanical power of the tracking characteristic is used as the reference
power for the power control loop. The tracking characteristic is defined by four
points: A, B, C and D. From zero speed to speed of point A the reference power is
zero. Between point A and point B the tracking characteristic is a straight line, the
speed of point B must be greater than the speed of point A. Between point B and point
C the tracking characteristic is the locus of the maximum power of the turbine
(maxima of the turbine power vs turbine speed curves). The tracking characteristic is
a straight line from point C and point D. The power at point D is one per unit (1 p.u.)
and the speed of the point D must be greater than the speed of point C. Beyond point
D, the reference power is a constant equal to one per unit (1 p.u.).

1.6
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[ [N

o
o)

o
o
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o
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o

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Turbine speed (pu)
Figure 4.13 Turbine characteristic and optimal power tracking curves

The actual electrical output power, measured at the grid terminals of the wind
turbine, is added to the total power losses (mechanical and electrical) and is compared
with the reference power obtained from the tracking characteristic. A Proportional-
Integral (PI) regulator is used to reduce the power error to zero. The output of this
regulator is the reference rotor current Ig, that must be injected in the rotor by
converter Crotor. This is the current component that produces the electromagnetic
torque T,. The actual Igr component of positive-sequence current is compared to Iz,
and the error is reduced to zero by a current regulator(PI). The output of this current
controller is the voltage V. generated by rotor-side converter.
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4.2.5.2 Var Regulator

When the wind turbine is operated in var regulation mode the reactive power
at grid terminals is kept constant by a var regulator. From (4.51) ,we see that the
stator reactive power is proportional to the rotor current component ig, and can be
regulated by using vg,.

4.2.5.3 Voltage Regulator
When the wind turbine is operated in voltage regulation mode, it implements
the following V-1 characteristic.

A"
&
Vref
Slop Xs —_ \fﬂ
- |
>’H I
'FFrF B &1 |
I I
I
I
I |
I
I
1 | M|
-lmax Imax
Capacitive Reactive  |Nductive
Current

Figure 4.14 V-1 characteristic

As long as the reactive current stays within the maximum current values (-
Imax, Imax) imposed by the converter rating, the voltage is regulated at the reference
voltage V,..r. However, a voltage droop is normally used (usually between 1% and 4%
at maximum reactive power output), and the V-1 characteristic has the slope indicated
in the figure called wind turbine V-I characteristic shown in Figure 4.13. In the
voltage regulation mode, the V-I characteristic is described by the following equation:

V = Vyer + X1 (4.57)

Where V Positive sequence voltage (p.u.)
I Reactive current (p.u./Pnom) (1 > 0 indicates an inductive current)
X  Slope or droop reactance

The output of the voltage regulator or the var regulator is the reference d-axis current
13, that must be injected in the rotor by converter Crotor. The same current regulator
as for the power contral is used to regulate the actual 13, component of positive-
sequence current to its reference value. The output of this regulator is the d-axis
voltage V. generated by rotor-side converter. Figure 4.15 shows the block diagram of
the DFIG’s rotor-side PWM control.
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Figure 4.15 Block diagram of rotor-side converter control

4.2.6 Grid-Side PWM Control Model
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The objective of the grid-side converter is to keep the DC-link voltage
constant regardless of the magnitude and direction of the rotor power. A vector-
control approach is used, with a reference frame oriented along the stator (or supply)
voltage vector position, enabling independent control of the active and reactive power
flowing between the supply and the grid-side converter. The PWM converter is
current regulated, with the direct axis current ig . used to regulate the DC-link

voltage and the quadrature axis current component ig . used to regulate the reactive
power. Figure 4.16 shows the schematic of the grid-side converter. The voltage

balance across the inductors is

n

Figure 4.16 Schematic of grid-side converter
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(4. 58)
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In d-q synchronously reference frame, the equation (4.58) becomes

di

e
e _ p;e dgc e e
Vgs = Rigge + L pra WeLligge + Vgge

aié (4. 59)
— e gc e
Vgs = Rigge + LT + weLigge + Vgge
The active and reactive power flow of grid-side converter is
i (4 A2 e ;e
S Vaslage T Vgslqge 4 60
R TIR (4. 60)
Qgc = Vgslage — Vaslqgc

With the d-axis of the reference frame along the stator-voltage position, v, is
zero and since the amplitude of the supply voltage is constant so that v, is constant.
From (4.60), the active and the reactive power will be proportional to ig,. and ig,.
respectively as in 4.61.

Rgc = Ugsiggc } (4. 61)

= e :e
Qgc = _vdslqgc

By neglecting harmonics due to switching and losses in the inductor resistance
and converter, we obtain:

Pr = Vdcirc }
] [ 4.62
ch = Vdclgc 3 vcelslggc ( )
The dynamic model of DC link is provided by
dVge . - 1 1 .
C_d;i = lgC e lT‘C = V_dc (ch = Pr.) = V_dc (vgsngC —_ P‘r) (4 63)

From equation (4.63), it is seen that the DC-link voltage can be controlled
via ig .. The control scheme thus utilises current control loops for ig . and ig,., with
the ig,.demand being derived from the DC-link voltage error through a standard PI
controller. The ig ., demand determines the displacement factor on the supply-side of
the inductors. Figure 4.17 illustrates the control block of the grid-side PWM control.

Vdc_ref

vde DC Voltage | Idgc”
Regulator
ldge *
Ig_cb Current Current Vge*
Measurement Regulator 4’(Vdgc*,\!qgc*)
lgge + 4
lgge_ref
Vs = Vs, Vg = 0

Figure 4.17 Block diagram of grid-side converter control
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4.2.7 Pitch Angle Controller Model

The pitch angle controller is active only in high wind speeds. In such
circumstances, the rotor speed can no longer be controlled by increasing the generated
power, as this would lead to overloading the generator and/or the converter. Therefore
the blade pitch angle is changed in order to limit the aerodynamic efficiency of the
rotor. This prevents the rotor speed from becoming too high, which would result in
mechanical damage. The optimal pitch angle is approximately zero below the nominal
wind speed. From the nominal wind speed onwards, the optimal angle increases
steadily with increasing wind speed, as can be seen in Figure 4.13. Equations (3.9)
and (3.10) are used to calculate the impact of the pitch angle, 8, on the performance
coefficient. The resulting value can be inserted in Equation (4.2) in order to calculate
the mechanical power extracted from the wind.

It should be taken into account that the pitch angle cannot change
immediately, but only at a finite rate, which may be quite low because of the size of
the rotor blades of modern wind turbines. Blade drives are usually as small as possible
in order to save money. The maximum rate of change of the pitch angle is in the order
of 3-10 degrees per second, depending on the size of the wind turbine.

Figure 4.18 depicts the pitch angle controller. This controller is a proportional
(P) controller. Using this controller type implies that the rotor speed is allowed to
exceed its nominal value by an amount that depends on the value chosen for the
constant Kp.

However, we use a proportional controller because:

e A slight overspeeding of the rotor above its nominal value can be tolerated

and does not pose any problems to the wind turbine construction;

e The system is never in steady state because of the varying wind speed. The

advantage of an integral controller, which can achieve zero steady state
error, would therefore be hardly noticeable

Pilch angle maz.

i

Fitch amgle
r 4 Fitch angle | Rate limiter (deq)
A gain Kp “ (deg/s)
speed O a

Figure 4.18 Pitch angle control model

4.3 Synchronous Machine Model
4.3.1 Generator Model

The model of the synchronous machine is well documented in the literature.
One of the various maodels is represented in this thesis with the use of simplified
model with one damping winding on the g-axis.
In the case that one damping winding is included on the g-axis, form page 86-87 of
[15] the set of electrical equations are simplified from the full model and redefined as
following:



In d-axis:

e Voltage equations

€q = _Raid - (‘npq
eq = —Rgig + wihy
_ ; 1 dyqg
efd = Rfdlfd + (A)_b dt
i 3 1 dgg
0= qulkq +w_b- p

e Flux linkage equation

From (4.68)-(4.71)

With

Vg =—(Lgag + L) ig + Logirg
i W A

Ld
Vi (Laq g Ll) ig + Lagikg
Lq

Wra = —Laaiqg + (Laa + Lra) isa
Lffa

Yiq = —Laqiqg + (Laq 3 qu) ikq
Lkkq

Vg =Paqa — Ll_id

wq - lpaq P Lllq

Yra = Yaa + Lralsa
wkq = d’aq + Llikq

Yad = —Lagiq + Laaifa
d)aq = —Laqiq AF Laqikq

From (4.75) and (4.73) we have

With

Yaa = —Laala + Laalra
. 1
Yaa = —Laala + Lag Lra Wra — Yaa)

A1 o o o e
wad_Lad( ld+Lfd>

r 1

ad — 1 1
Lag Lfa

From (4.77) and (4.75) we have

l/)aq = _Laqiq + Laqikq
. 1
1'baq = _Laq gt Laq E (djkq - lpaq)
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64)
65)

66)
67)

68)

69)
70)

71)

72)
73)
74)
75)

76)
77)

78)

79)



qu
With
, 1
Laq =1 T
Laq Lkgq
From (4.64) and (4.73)

' . Yg -
= —Rgig — (L (—Lq+ k:) Lllq>

5 A ) Yk
= —Rgig +@(Lyg — L)) ig —wlp,—=
!

oF uF o o o B

With
’ ; Yrq 1 Yiq Laq Laq
E;=—-wlif— = —@ ——= —
a -t qu ﬁ*—i qu Laq+qu ll)kq kaq lpkq
From (4.65) and (4.72)
— _Raiq i (Dl/)d
= —Rgig + 0WQuq — Liig)
= —Rgi, +® (Lad (—zd o wf"’) Llid)
fd
= —Ryig = w(ly; + L) ig + wlyy lefd
_,,—/ f
Xd E!
q
eq = —Ryiq + X5 + E
With
/ 1 Yra 1 Yra Lag Lad
E,=wlyy—=w — =w =w—
q ad Leg ﬁ-l—l‘]%i Lra LaatLfa lpfd Lifa wfd
From (4.66)
1 dgq .
wp dt erqa — Rralrq

Lga

Multiplying both sides by

ig(wlp ot g
wp dt Lffa fd Lffd fa = Lffd fa*fa

Laded Rfa
) = bl toe,

i
RraLrra 19 Lypq ad'fd

a)b dt
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(4. 80)

(4. 81)

(4. 82)

(4. 83)

(4. 84)

(4. 85)

(4. 86)



And multiplying (4.70) by -
fra

Lad
Lffa

L . .
Eq == L d ld + Ladlfd or

Replace (4.87) in (4.86)

1 dEg  Rfq Lgg
wp dt LffaRfa

And we have

(e
a = Laa + 1y
gl 1
i 4

Replace (4.89) in (4.88)

’
iqu & Rfq Lga
wp dt Lrra Rfa
it

[
Tao

1 dEg il

efd

Efq

efd

—ebic (Eg+

L2, . )
la
Lffa

Rra I / .
e %(Eq — (Ly — Lo)iq)
vl

(
Tao

e e L A . ! .. "
op dt T Bra T o (Bp — Ly =Ldia)

1 dEg 1

= (—Eq — Ly — La)iqg +Esq)

wp dt Téo
The same for g-axis from (4.67)

1 dgq ,
LWk _p
wp dt ka lieq

Multiplying both sides by — =

kkq

Li<_ Laq ll)kq> 4

wp dt Likq

1d Lag .
—Z(EL) = Ryg 22 i
d qukkq kq

wp dt

And multiplying (4.71) by —

Lag
Likq

Lag .
Ryg —Li
kq Lickg kq
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(4. 87)

(4. 88)

(4. 89)

(4. 90)

(4. 91)
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2

Lag
— Lqq
kaql/) a- Lkkq lq
r _ Lag . ;
= kaqq iqg = Lagikg or
. L3g . ,
Laqlkq = mlq - Ed (4 92)
Replace (4.92) in (4.91)
el qu Lzzzq T—T
22 @ = (i, - ) (4. 93)
And we have
Ly = Lygq + Ligq
Ly=<——<+ (Lg = Lag)
Laq Lkgq
7 Laglikq _
Lq ] Lq b (Laq+qu Laq)
I E Tt
o “a Gl
B Lgq
Lg =L = i
lag _p _ 4,94
e (4.94)
Replace (4.94) in (4.93)
Rlmdia Riq _q
wp dt( d) Lik ((L L )l )
1"
qo
w_ﬂ( a) = T o (“Eq + (Lg — Lo)iy) (4. 95)

From (4.82), (4.84), (4.90) and (4.95) we obtained the electrical equation of
synchronous generator and in form of matrices

eal = [_Xd S ) (4. 96)

[ReqM
Mg
1 E&] Tqo E&] ld
1 [Ba] _ 2| 4 E 4.97
a)b[Eq o L|lE T ra-y Tdo fd (4.97)
Tdo TdO

[TeqM] [LegM]
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e Electromagnetic torque can be expressed as following

Tem = Yalq — Yqla

Tom = (Eq — Lyia)iq — (—E§ — Lyig)iq

Tom = Eqig + Ejiq + (Lyy — L7y )iaiy (4.98)

e Synchronous Generator Equation of Motion

dAw, il

==~ (T — To ~ Kphw,) (4. 99)
ds
- = wp A, (4. 100)

4.3.2 Governor Model

The governor is modeled by a droop characteristic specified by the constant R,
which is negative of slope shown in Figure 4.18, whose unit is in per unit or percent
based on the machine rated [16].

RiE — Aw(pu.)

1
AP, (pu)’ o Apm(pu_ S R Awg (pu) (4 101)
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Figure 4.19 Droop characteristic

4.4 Load Model

The load models are traditionally classified into two broad categories: static
models and dynamic models [15]. The models of load represented in this section are
included both static model as a constant impedance and dynamic load model.
Equation (4.102) is the equation describe the dynamic load model and Figure 4.20
represents the constant energy dynamic model of the load.

TTZ—f =P, — GV? (4. 102)
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Figure 4.20 Constant power dynamic load model

4.5 Network Model

The model of network can be expressed either in power-balance form or
current-balance form. The latter form is more popular with industry software package
[17] and will be used here. Equation (4.103) and (4.104) is the nodal set of equations.

Ipus = Ypus-Vous (4- 103)

Or
[1.1} [Y%l Y.li Yl'n][

Vl}
I; ol 4 TN [ (4. 104)

bl =g . %, anJ

Where Yy, 1S nxn bus admittance matrix of n buses network, I, is the net
injected current vector and Vs iS bus voltage vector. From the network equation
(4.104), since there are different dynamic models of generation respect to their type of
inputs and outputs, for instant, some dynamic model of generator that is modeled as
voltage input and current as an output to network and all load buses that also have the
current as the input to the network, hence they have to be gyrated between input and
output of equation (4.104).

And the corresponding algorithm of gyrated process for example row i to be gyrated
is as following
From (4.104) can be written as

il =3 Y11V1 +- YllI/l + -0 4 Yann (4. 105)

iy = YuVy + - YVt - Yl (4. 106)

b= Yo Vi + o+ YoV + e+ Yo Vo (4. 107)
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From (4.105) we can find V; as
Vi==—2V— ot —iy— =2V, (4. 108)
By substituting V; to all currents expression (4.105)-(4.108) we get the new equations

of the current as

il == Y11V1 + -+ Yll (_%Vl M “'+Yiii F "‘_};_':Z']/n)‘}' R Yann or

ii ii

i = (Y11 Yl;:”) AR = i b+ (Yln Yl}fiin) Va (4. 109)
Vi= =RV g e (4. 110)
Y3 1. Yin
i, =Y,V 4+ Yy (—Y—;V1 N )+t Yty or
in = (Y1 — y’;y‘l) A ’;‘ + 4 (Yon = y”y‘y”‘) v, (4. 111)
In matrices form we get
- Y1iY; Yii Y1
Y gyl gt = Y 1ifin
rﬂ ¢! =&l Yi n R [Vﬂ
I J .Ym-Yi Y:ni :YniYin lVJ
i _Ynl Yy : Yii Ynn Yii "
Or
& Hyq Hy; Hyn V2
Vi == Hil Hii Hin Ii (4 113)
I Hyq Hyi Hyn Va
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e Break Algebraic Loop for Synchronous Generator

From the network equations (4.113), the expression of terminal current at bus
t where the synchronous generator is connected to is the current at t* row and given
as

It =Ht1V1 +"’+Htili +”'HttVt+"'thI/n (4. 114)
Or in complex form

Ig¢ +j15t = (Real(Hm) +j1m(Ht1))(ch1 +jV¢151) A
+(Real(Hy) + jIm(Hy))(15; +j15;) + -
+(Real(Hye) + jIm(He) ) (Ve + jVir) + -+
+(Real (Hen) + jIm(Hep,)) (Vin + jVan)
Ige +Jjlge = (Real(Hn)le Im(Heq)Vg ) +](Real(Ht1) + Im(Htl)le) +-
+(Real (H)I3; — Im(Hti)Iql) + j(Real(H)I; + Im(Htl)Idl) + -

+(Real(H,)Vg, — Im(H, V) + j(Real (H, )V, +Im(Htt)VdSt)+
+(Real(Hep) Vg, — Im(Hy)Vi,) +](Real(th) + Im(H)VE,)

Where superscript “s” defines as synchronous reference frame

In matrices form

s

13 VS e Vs Vs
)= e[|+ |91 + o e [ |+ + el [ 2] @ 125)
qt ql q1 qt qn

Where

[H0p] = [Real(Haﬁ) —Im(Hyp)

Im(H,p) Real(Hgp) (4. 116)

And Vtis the terminal voltage where synchronous generator connected to bus t so we

el ] - ]

From (4 96) the terminal voltage of synchronous generator in rotor reference frame is
redefined here

EANRT ARG

Multiplying both sides by [T]~!

17 2] = 1 (e ] + [fﬁ]) (.118)

qt
Or
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[edf] [r]- 1-<[Reqﬂ4] [i] T][iéZ]> (4. 119)
Replacing (4.119) in (4.115)
I3t Vi I3; ldt Ey’
] = el [y o 5] Bl O%m [WD+

Vin
o+ Huad | ]

15 Vi Lai Eae.
(1 = (H I Jmm]ﬂ] mumhmwm4++mauj+

V3
-+ L) |7
IS VS IS 'El N VS
] = 1 (] [ ] o O] o O [ 5]+ D)
qt q1 _eq qn
[B]
Igt 50
] = tar-e) (4. 120)
q
Where [T] = [ C(S’ISHBH ELI;Z] is a transformation matrix from rotor reference frame

to synchronous reference frame and 6 is an angle that d-axis rotor reference frame
lead d-axis of synchronous reference frame.

Figure 4.21 Transformation reference frame
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And we see that the matrix [B] is the t* row output from [H,,,,4] when the input of
. Ey’
the [Hpoql is statelE‘,”Sl.
qt
And as the synchronous generator is modeled in rotor reference frame so we have to

transform the current expression obtained from network in synchronous reference
frame to the rotor reference frame.

IZ“] = [T] I‘gt] (4.121)

T S
qt qt



CHAPTER V

TEST RESULTS AND DISCUSSION

Several case studies have been conducted to examine responses of dynamic
model and the operation of the 13.8 kV system in Figure 4.1. Firstly, the impact of a
local compensator on WT-SCIG is investigated, following which validity of the
induction generator operation as it is the main component used in the wind power
generation. Next, two cases of disturbances applied to the microgrid including small
disturbance caused by natural wind speed fluctuation and large disturbance that
results from the fault occurring at bus 4 are examined. The two types of clearing fault
are also contributed to the case study, it consists of a temporary fault and a permanent
fault. In the case of the temporary fault, the fault is cleared followed by the
reconnecting of the microgrid to the main grid. For the permanent fault, the fault is
cleared by removing the line between the bus 4 and bus 5, leading to the islanding
operation mode of the microgrid. The case study also investigated the impact of three
control schemes with the comparison among case of fix-speed wind turbine with
squirrel cage induction generator (SCIG), VAr-controlled wind turbine and voltage-
controlled wind turbine with doubly-fed induction generator (DFIG). Furthermore,
observation of the impact of different types of load model encompassing constant
impedance and constant power has been .

5.1 Validation of System Model
5.1.1 WT-SCIG without Local VAr Compensation

In this case only wind turbine with squirrel cage induction generator (WT-
SCIG) source is inside the microgrid and Figure 5.1 illustrates the simulink block of
the system.
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Figure 5.1 Simulink block of microgrid with WT-SCIG




54

From the result of load flow in the table 5.1, we see that at bus 7 which is a PV
bus, it needs to generate active power 2 MW and reactive power about 2.308 MVAr
in order to combine with the power main grid to balance the demand and the losses in
the system as seen from table 5.2. However, as this bus is connected to the wind
turbine with squirrel cage induction generator that always absorbs reactive power, the
system will operate with this condition unless there is a reactive source to compensate
the reactive consumed by load and SCIG. In the case that there is no compensating
source of reactive power, the SCIG directly absorbs the reactive power from the main
grid that can lead to the decrease of voltage in the system as shown in the Figure 5.2.
And from the figure we also seen that the active power of SCIG is reduced closely to
zero, it is the fact that, in the case of SCIG, there is a relation between terminal
voltage, rotor speed, active power generation and reactive power consumption [10].

Table 5.1 Load flow initialization without local VAr compensation

Bus No Voltage Load Generation Injected
" | Mag. | Angle (deg.) MW | MVAr | MW | MVAr | MVAr
1 1.050 0.000 - - 1.094 | 1.596 -
2 1.048 -0.014 - - - - -
3 0.994 -1.727 - - - - -
4 0.973 -1.116 - - - - -
5 0.964 -0.394 - - - - -
6 0.975 0.731 0.560 | 0.540 - - -
7 1.000 1.250 0.900 | 1.540 | 2.000 | 2.308 0.000
8 0.892 -3.613 1.500 | 1.440 | 0.000 | 0.000 -
Total 2.960 | 3.520 | 3.094 | 3.904 0.000
Table 5.2 Line flow and losses without local VAr compensation
Line Power at bus and line flow Line losses
Frombus | To bus MW MVAr MVA MW MVAr
1 1.094 1.596 1.935
2 1.094 1.596 1.935 0.002 0.003
2 0.000 0.000 0.000
1 -1.093 -1.593 1.932 0.002 0.003
3 1.093 1.593 1.932 0.012 0.115
3 0.000 0.000 0.000
2 -1.080 -1.478 1.831 0.012 0.115
4 1.080 1.478 1.831 0.038 0.020
4 0.000 0.000 0.000
5 -1.042 -1.459 1.793 0.038 0.020
5 1.042 1.459 1.793 0.028 0.000
5 0.000 0.000 0.000
4 -1.015 -1.459 1.777 0.028 0.000
6 -0.517 -0.187 0.550 0.002 0.012
8 1.5632 1.646 2.248 0.032 0.206
6 -0.560 -0.540 0.778
5 0.519 0.199 0.556 0.002 0.012
7 -1.079 -0.739 1.308 0.021 0.029
7 1.100 0.768 1.342
6 1.100 0.768 1.342 0.021 0.029
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8 -1.500 -1.440 2.079
5 -1.500 -1.440 2.079 0.032 0.206
Total losses 0.134 0.385
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Figure 5.2 Dynamic responses of SCIG without local VAr compensation
5.1.2 WT-SCIG with Local VAr Compensation

Table 5.3 Load flow initialization with local VAr compensation

Bus No Voltage Load Generation Injected
" | Mag. | Angle (deg.) MW | MVAr | MW | MVAr | MVAr
1 1.050 0.000 - - 1.094 | 1.596 -
2 1.048 -0.014 - - - - -
3 0.994 -1.727 - - - - -
4 0.973 -1.116 - - - - -
5 0.964 -0.394 - - - - -
6 0.975 0.731 0.560 | 0.540 - - -
7 1.000 1.250 0.900 | 1.540 | 2.000 | -1.422 3.730
8 0.892 -3.613 1.500 | 1.440 | 0.000 | 0.000 -
Total 2.960 | 3.520 | 3.094 | 0.174 3.730
Table 5.4 Line flow and losses with local VAr compensation
Line Power at bus and line flow Line losses
Frombus | To bus MW MVAr MVA MW MVAr
1 1.094 1.596 1.935
2 1.094 1.596 1.935 0.002 0.003
2 0.000 0.000 0.000
1 -1.093 -1.593 1.932 0.002 0.003
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3 1.093 1.593 1.932 0.012 0.115

3 0.000 0.000 0.000
2 -1.080 -1.478 1.831 0.012 0.115
4 1.080 1.478 1.831 0.038 0.020

4 0.000 0.000 0.000
3 -1.042 -1.459 1.793 0.038 0.020
5 1.042 1.459 1.793 0.028 0.000

5 0.000 0.000 0.000
4 -1.015 -1.459 1.777 0.028 0.000
6 -0.517 -0.187 0.550 0.002 0.012
8 LTS5 1.646 2.248 0.032 0.206

6 -0.560 -0.540 0.778
5 0.519 0.199 0.556 0.002 0.012
7 -1.079 -0.739 1.308 0.021 0.029

7 1.100 0.768 1.342
6 1.100 0.768 1.342 0.021 0.029

8 -1.500 -1.440 2.079
5 -1.500 -1.440 2.079 0.032 0.206
Total losses 0.134 0.385

We know that, at the operating point obtained from the load flow, the SCIG
absorbed about 1.422 MVAr. So we need the source that can generate the reactive
2.308+1.422 = 3.73 MVAr by using compensating capacitor in order to avoid the
direct absorbing reactive power from the grid that can lead to voltage instability as the
previous case. the values of power supplied, consumed and lost of the system are
provided in table 5.3 and table 5.4, respectively . This case study investigates dynamic
responses of the WT-SCIG due to the step change of wind speed.

From the Figure 5.4, we see that the WT-SCIG operate at rated value with the
wind speed around 8 m/s. At time 5 sec, the wind speed steps down to zero this means
that there is no mechanical torque apply to the turbine and there is no induced current
in the rotor circuit, so the rotor free rotates with the synchronous speed w,, = 1 pu.

And from the Figure 5.3 that shows the mechanical torque of the modeled
wind turbine, it shows that in some range of turbine’s rotor speed and wind speed it
can give the negative torque. As we know that in the case of SCIG with the negative
torque, it will operate as motor mode so that in this case by applying step change of
wind speed, as seen in the Figure 5.4, to 2 m/s at time 10 sec. The mechanical torque
also steps down from positive to negative and the SCIG operates as a motor by
absorbing active power form the grid as we can see from the figure that there is also
changing sign from positive to negative of active power and it leads to the more
increase of active power from the grid. And the SCIG also operates at speed less than
the synchronous speed (or positive slip) as a motor.
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5.2 Dynamic Responses under Local Capacitor Switching

In this case study, there exists WT-SCIG combined with the synchronous
generator (SG) inside the microgrid and all loads are modeled as constant impedance.
Figure 5.5 illustrated the simulink block of the system when SG is included.

—

1G Oupunt

SYNCHRONOUS GEHERATOR || G Output

(s> —b{rppE>—p
e e
E bazed
[sngd={o}—,

Het Output

Run
Inttial

Figure 5.5 Simulink block of microgrid with WT-SCIG and SG

Again, from the result of load flow in the table 5.5, we see that at bus 7 which
is a PV bus it needs to generate active power 2 MW and reactive power about 1.426
MVar in order to combine with the power main grid to balance the demand and the
losses in the system as seen from table 5.6. So in order to operate the system at this
condition, we need the compensation of reactive power about 1.422+1.426 = 2.848
MVar. And table 5.7 shows the load flow when we include var compensator to the
system.



Table 5.5 Load flow initialization without local VAr compensation

61

Bus No Voltage Load Generation Injected
" | Mag. | Angle (deg.) MW | MVAr | MW | MVAr | MVAr
1 1.050 0.000 - - 0.001 | 0.988 -
2 1.049 0.023 - - - - -
3 1.017 0.212 - - - - -
4 1.012 0.813 - - - - -
5 1.012 1.244 - - - - -
6 0.989 2.607 0.560 | 0.540 - - -
7 1.000 it 0.900 | 1.540 | 2.000 | 1.426 0.000
8 1.000 s 1.500 | 1.440 | 1.000 | 1.201 -
Total 2.960 | 3.520 | 3.001 | 3.616 0.000
Table 5.6 Line flow and losses without local VAr compensation
Line Power at bus and line flow Line losses
Frombus | To bus MW MVAr MVA MW MVAr
1 0.001 0.988 0.988
A 0.001 0.988 0.988 0.000 0.001
2 0.000 0.000 0.000
1 -0.001 -0.988 0.988 0.000 0.001
3 0.001 0.988 0.988 0.003 0.030
3 0.000 0.000 0.000
2 0.002 -0.958 0.958 0.003 0.030
4 -0.002 0.958 0.958 0.010 0.005
4 0.000 0.000 0.000
3 0.012 -0.952 0.952 0.010 0.005
5 -0.012 0.952 0.952 0.007 0.000
5 0.000 0.000 0.000
4 0.020 -0.952 0.952 0.007 0.000
6 -0.521 0.702 0.875 0.004 0.028
8 0.502 0.250 0.561 0.002 0.012
6 -0.560 -0.540 0.778
5 0.526 -0.674 0.855 0.004 0.028
7 -1.086 0.134 1.094 0.014 0.020
7 1.100 -0.114 1.106
6 1.100 -0.114 1.106 0.014 0.020
8 -0.500 -0.239 0.554
5 -0.500 -0.239 0.554 0.002 0.012
Total losses 0.041 0.096




Table 5.7 Load flow initialization with local VAr compensation
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Bus No Voltage Load Generation Injected
" | Mag. | Angle (deg.) MW | MVAr | MW | MVAr | MVAr
1 1.050 0.000 - - 0.001 | 0.988 -
2 1.049 0.023 - - - - -
3 1.017 0.212 - - - - -
4 1.012 0.813 - - - - -
5 1.012 1.244 - - - - -
6 0.989 2.607 0.560 | 0.540 - - -
7 1.000 it 0.900 | 1.540 | 2.000 | -1.422 2.848
8 1.000 s 1.500 | 1.440 | 1.000 | 1.201 0.000
Total 2.960 | 3.520 | 3.001 | 0.768 2.848
Table 5.8 Line flow and losses with local VAr compensation
Line Power at bus and line flow Line losses
Frombus | To bus MW MVAr MVA MW MVAr
1 0.001 0.988 0.988
A 0.001 0.988 0.988 0.000 0.001
2 0.000 0.000 0.000
1 -0.001 -0.988 0.988 0.000 0.001
3 0.001 0.988 0.988 0.003 0.030
3 0.000 0.000 0.000
2 0.002 -0.958 0.958 0.003 0.030
4 -0.002 0.958 0.958 0.010 0.005
4 0.000 0.000 0.000
3 0.012 -0.952 0.952 0.010 0.005
5 -0.012 0.952 0.952 0.007 0.000
5 0.000 0.000 0.000
4 0.020 -0.952 0.952 0.007 0.000
6 -0.521 0.702 0.875 0.004 0.028
8 0.502 0.250 0.561 0.002 0.012
6 -0.560 -0.540 0.778
5 0.526 -0.674 0.855 0.004 0.028
7 -1.086 0.134 1.094 0.014 0.020
7 1.100 -0.114 1.106
6 1.100 -0.114 1.106 0.014 0.020
8 -0.500 -0.239 0.554
5 -0.500 -0.239 0.554 0.002 0.012
Total losses 0.041 0.096

The investigation on the impact of local compensator is performed. The
microgrid is first operated at normal operation and at time t = 5 sec, there is a
switching off local capacitor. The Figure 5.6 shows the responses of the microgrid
during absence of compensation, the gray curves represent the responses in the case
there is a switching off a local capacitor at time t = 5 sec and it is reconnected to the
system after 1 sec and the black curves represent the responses in the case there is a
switching of local capacitor and it is not reconnected to the system.




63

The result indicates that during the switching off local capacitor, there is a
large amount of reactive power absorbed from the main grid. This leads to the large
drop of voltages. Unless there is reactive compensator, the rotor of the SCIG
continues to increase so that more and more reactive power is absorbed by SCIG and
brings to the voltage instability (black curve). The voltage is restored to the normal
operation after reconnection of local compensator (gray curve). However, the
frequency of the microgrid is subjected to long time oscillation even the reconnection
of local compensator before it reaches the steady state.
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Figure 5.6 Impact of local compensator on stability of MG
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5.3 Dynamic Responses Under Small Disturbance

In this section the dynamic responses of the microgrid during the small
disturbance caused by the wind fluctuation are conducted with comparison of these
dynamic responses among the three different control modes of the wind power: fix-
speed wind turbine with the wind turbine driving the SCIG, and the other two control
modes including VAr and voltage control of a variable-speed wind turbine with wind
turbine driving the DFIG. In this case, the system is also included the dynamic load
model with constant power at bus 6. The Figure 5.7 illustrates the simulink block of
the microgrid with the presence of DFIG and the constant power load model.
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Figure 5.7 Simulink block of MG with DFIG and a constant power load model

Figure 5.8 shows the simulated results of wind speed with respect to time, the
corresponding generated power from wind turbine, the terminal voltage at bus 7, and
the frequency of the microgrid, for three different control modes, respectively. The
stabilizing power generated of sources corresponding to power fluctuations from wind
can be examined in the Figure 5.9.

It can be seen from the results the effectiveness of variable-speed control of
WT-DFIG which results in significantly reduced output power fluctuations, and the
corresponding small frequency variation comparing to the fix-speed wind turbine
driving the SCIG.

The fact that fix-speed wind turbine contributes to more power oscillation than
that in the case of variable-speed wind turbine is that: with fix-speed wind turbine, the
wind turbine is designed to achieve maximum efficiency of mechanical power at only
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one particular wind speed, mostly at average wind speed at the windy site, and the
wind turbine rotor speed is fixed and determined by the frequency of supply grid, gear
ratio and generator design, so that all the fluctuations in wind speed are transmitted as
fluctuations in mechanical torque and then as fluctuations in  the electrical grid.
However, with the variable-speed wind turbine, it has become possible to adapt
accelerating or decelerating rotational speed of wind turbine to the change of wind
speed. This way, the tip speed ratio is kept constant at a predefined value
corresponding to the maximum power coefficient that leads to faire constant in
generator torque and the same constant in power generation.

Additionally, the results confirm performances of the VAr and the voltage
control, and as verified by Figure 5.9, the independence between active and reactive
power controls, respectively. As it is seen that the active power outputs is the same in
case of VAr or voltage control.
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Figure 5.8 Dynamic performances under small disturbance
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Figure 5.9 Active power fluctuations
5.4 Dynamic Responses Under Temporary Fault

In this case, short-circuit fault is applied at bus 4 at time t=10 sec, and
temporarily sustains for 150 msec. After clearing fault, the MG is reconnected to the
main grid. The respective test results are shown in Figure 5.10. It is noted that during
the fault, there are a large drops of voltages as well as the powers generated from the
wind turbine and synchronous generator. However, the MG can operate stably after
fault is cleared, mainly due to interaction between governor action of the SG and
stabilizing tie-flow from the main grid. It is seen that there is swing of the frequency
in all the three control modes. This maybe comes from a small size of synchronous
generator’s inertia and constant power load model resulting in weak damping of the
system during the disturbance. And it is also seen that in the case of the voltage
control wind turbine, the system subjected to the weakest damping leading to the
highest oscillation as seen in the figure. And the voltage drops recover quite fast in all
the three cases.
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Figure 5.10 Dynamic performances under temporary fault
5.5 Dynamic Responses Under Permanent Fault

For this case, the fault has been cleared after 150 msec by opening the line
between bus 4 and 5. The MG is then driven into the islanding mode of operation. Test
results shown in Figure 5.11 show the active powers of the generation sources, voltage
at wind turbine bus and the frequency of the synchronous generator with the three
different control modes respectively in the different subplots. It reveals that after fault
is cleared, there is no supply from the main grid so that the islanding operation of the
microgrid has only sources from the wind turbine and the synchronous generator.

It is seen that during occurring of fault changing topologies of the system, the
electrical power generation from the wind turbine and synchronous generator is
reduced resulting in increase of frequency due to unbalance of electrical and
mechanical torque and there is large drop of voltage with all three control modes (fix-
speed, VAr and voltage control wind turbine).

In the case of fix-speed wind turbine when the fault is cleared, the wind turbine
still sustains to operate for period of time and there is a balance from the synchronous
generator. However, the frequency of synchronous generator still continues to increase
until at time around 17 sec when the power from the wind turbine become zero due to
the large drop of voltage. As the result, the whole microgrid depends only on the
supply from the synchronous generator that tries to generate more power supply to
load leading to large drop in frequency.

Likely, in the case of VAr control wind turbine with the PF = 0.8 lagging, the
wind turbine cannot operate immediately after clearing fault due to sudden drop of
voltage. Hence, again, the whole microgrid depends only on the supply from the
synchronous generator that tries to generate more power supply to load leading to
large drop in frequency.

In contrast, the wind turbine in the case of voltage control mode can operate
stably because capability of voltage control wind turbine can restore the voltage to
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normal operation after the clearing fault. However, the microgrid still subjected to the
variation of frequency resulting from the variation of power generation from the wind
turbine.

5.6 Impact of Load Model

The case study here compares between the microgrid frequency of the existing
system that includes only a constant power load model to that of the MG system that
includes all the loads as constant power load model. The comparison is done only in
the case of variable-speed wind turbine with voltage control during the both temporary
and permanent fault. Figure 5.12 shows the simulink block diagram of the MG when
all loads are constant power.
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Figure 5.12 Simulink block of MG with all constant power loads

From the results of Figure 5.13, the frequency of the microgrid with all of
loads being constant power is subjected to higher oscillation during temporary fault
and becomes unstable under the permanent fault (islanding). The reason is that in the
case of constant impedance load model, power is proportional to the V%, whereas in
the case of constant power load, the power is proportional to V°. Hence, constant
impedance loads can provide the damping to the system during the disturbance.
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Figure 5.13 Frequency of the MG

5.7 Small Signal Analysis

Following the above time domain simulation, the small signal analysis of the
linearized system has been conducted in order to examine the small signal stability of
the microgrid in this case study. One of the various cases is selected to study its
linearized model, it is the case that microgrid is encompassed with variable-speed
wind turbine with VAr control and one constant power load model.
The order of all states of the modeled system is obtained from matlab using
[sizes, x0, xstr] = sys([1.[1.[1,0)- The states are

"simsys/CONTROLLER/DC BUS MODEL/Vdc*®
"simsys/I1G-WT/1G/Stator/fdqgs*®

"simsys/I1G-WT/1G/Stator/fdqgs*®

"simsys/1G-WT/1G/Rotor/fdqr*

"simsys/I1G-WT/1G/Rotor/fdqr*

"simsys/SYNCHRONOUS GENERATOR/Mechanical/deltar
"simsys/SYNCHRONOUS GENERATOR/State/Edq_pr*
"simsys/SYNCHRONOUS GENERATOR/State/Edq_pr-

"simsys/Load Model/P-const/G"
"simsys/I1G-WT/1G/Electro-Mechanical/rotor speed wr"
"simsys/CONTROLLER/ROTOR-SIDE CONTROLLER/Power Regulator/Pl/lqrc**
"simsys/CONTROLLER/ROTOR-SIDE CONTROLLER/Current Regulator/Pl1/vdg**
"simsys/CONTROLLER/ROTOR-SIDE CONTROLLER/Current Regulator/Pl1/vdg**
"simsys/SYNCHRONOUS GENERATOR/Mechanical/dwr*®
"simsys/CONTROLLER/R-L BRANCH/IdgL*

"simsys/CONTROLLER/R-L BRANCH/IdgL"
"simsys/CONTROLLER/GRID-SIDE CONTROLLER/Vdc Regulator/P1/1dgc**
"simsys/CONTROLLER/GRID-SIDE CONTROLLER/Current Regulator/PIl/vdg**
"simsys/CONTROLLER/GRID-SIDE CONTROLLER/Current Regulator/PIl/vdqg**
"simsys/GOVERNOR/DROOP "

"simsys/CONTROLLER/ROTOR-SIDE CONTROLLER/Q Regulator/PIl/1drc**

Xstr



Table 5.9 Eigen values of the linearized model of the MG

72

N? Eigen Value Freq (rad/s) | Damping ratio State

1 | 0.0000 + 0.0000i 0 1 lgre™

2 | -261.0434 + 511.01609i 511.0170 0.4549 Adass Ags

3 | -261.0434 - 511.0169i -511.0170 0.4549 Adasy Ags

4 | -2.6633e-05 + 377.0153i | 377.0153 0.0000 lau, oL

5 | -2.6633e-05 - 377.0153i | -377.0153 0.0000 lau, I

6 | -208.9609 + 31.9565i 31.9565 0.9885 Aar, Agr

7 | -208.9609 - 31.9565i -31.9565 0.9885 Adrs Agr

8 | -63.5832 + 0.0000i 0 1 Conductance G

9 | -32.4635 + 0.0000i 0 1 Vire™

10 | -30.1350 + 0.0000i 0 1 Vare™

11 | -0.1133 + 12.7510i 12.7510 0.0089 6, Aw,

12 | -0.1133 - 12.7510i -12.7510 0.0089 6 ,Aw,

13 | -9.8079 + 0.0000i 0 i Governor

14 | -3.4836 + 0.0000i 0 1 lare™

15 | -0.0049 + 0.8154i 0.8154 0.0061 Ve, ldge™s Vage™

16 | -0.0049 - 0.8154i -0.8154 0.0061 Ve, ldge™s Vg™

17 | -0.5341 + 0.0000i 0 1 WT speed w,

18 | -0.0099 + 0.0000i 0 1 loL

19 | -0.0011 + 0.0000i 0 il Eq’

20 | -0.0048 + 0.0000i 0 L Ed’

21 | 0.0000 + 0.0000i 0 1 Vige™
Table 5.10 Participation factors

PART(')C,:\I'PAT EIGENVALUE

STATE N° 1 2 3 4 5 6 7 8 9 10 11
Vdc 1 0.0000 | 0.0000 | 0.0000 | 0.0001 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
/‘{ds 2 0.0000 | 0.6133 | 0.6133 | 0.0000 | 0.0000 | 0.4937 | 0.4937 | 0.0057 | 0.0055 | 0.0012 | 0.0000
Aqs 3 0.0000 | 0.5812 | 0.5812 | 0.0000 | 0.0000 | 0.0726 | 0.0726 | 0.0017 | 0.0047 | 0.0017 | 0.0000
Adr 4 0.0000 | 0.1591 | 0.1591 | 0.0000 | 0.0000 | 0.7758 | 0.7758 | 0.0008 | 0.0235 | 0.1357 | 0.0002
/‘{qr 5 0.0000 | 0.1829 | 0.1829 | 0.0000 | 0.0000 | 1.1912 | 1.1912 | 0.0023 | 0.2503 | 0.0115 | 0.0000
o) 6 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0002 | 0.0002 | 0.0002 | 0.0000 | 0.0004 | 0.4939
Ed—pr ¥/ 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0001
Eq—pr 8 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Conductance G 9 0.0000 | 0.0023 | 0.0023 | 0.0000 | 0.0000 | 0.0101 | 0.0101 | 0.9920 | 0.0024 | 0.0022 | 0.0003
WT speed w, 10 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Iqrc* 11 1.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Vdrc* 12 0.0000 | 0.0083 | 0.0083 | 0.0000 | 0.0000 | 0.1232 | 0.1232 | 0.0081 | 0.9116 | 0.2979 | 0.0000
Vqrc* 13 0.0000 | 0.0078 | 0.0078 | 0.0000 | 0.0000 | 0.0998 | 0.0998 | 0.0055 | 0.3296 | 0.8482 | 0.0002
A(‘)r 14 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0002 | 0.0002 | 0.0002 | 0.0000 | 0.0004 | 0.5035
|dL 15 0.0000 | 0.0000 | 0.0000 | 0.5000 | 0.5000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
|qL 16 0.0000 | 0.0000 | 0.0000 | 0.4999 | 0.4999 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
quc* 17 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Vdgc* 18 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
ngc* 19 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Governor 20 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0097
Idrc* 21 0.0000 | 0.0014 | 0.0014 | 0.0000 | 0.0000 | 0.0280 | 0.0280 | 0.0005 | 0.0294 | 0.0021 | 0.0001
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PARTICIZ\IIPATIO EIGENVALUE
STATE N[ 12 [ 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21

Vdc 1 0.0000 | 0.0000 | 0.0000 | 0.4999 | 0.4999 | 0.0000 | 0.0002 | 0.0000 | 0.0000 | 0.0000
Ads 2 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Aqs 3 0.0000 | 0.0000 | 0.0018 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Adr 4 0.0002 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Aqr 5 0.0000 | 0.0000 | 0.0025 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
fo) 6 0.4939 | 0.0122 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Ed —pr 7 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0302 | 0.9698 | 0.0000
Eq—pr 8 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.9698 | 0.0302 | 0.0000
Conductance G 9 0.0003 | 0.0000 | 0.0002 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
WT SpEEd Wy 10 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 1.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
|qu* ikt 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
vdrc* 1174 0.0000 | 0.0000 | 0.0027 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Vqu* 13 0.0002 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Awr 14 0.5035 | 0.0073 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
ldL 15 0.0000 | 0.0000 | 0.0000 | 0.0025 | 0.0025 | 0.0000 | 0.0049 | 0.0000 | 0.0000 | 0.0000
|q L 16 0.0000 | 0.0000 | 0.0000 | 0.4975 | 0.4975 | 0.0000 | 0.9946 | 0.0000 | 0.0000 | 0.0000
Idgc* 17 0.0000 | 0.0000 | 0.0000 | 0.4999 | 0.4999 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000
Vdgc* 18 0.0000 | 0.0000 | 0.0000 | 0.5000 | 0.5000 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000
ngC* 19 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 1.0000
Governor 20 0.0097 | 0.9952 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
ldrc* 21 0.0001 | 0.0000 | 0.9963 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

From the eigenvalues obtained, the system is stable under the small signal
analysis because all real parts are negative. It also shows that some modes
2,3,6,7,8,9,10 contribute to the fast dynamic responses and these modes are related to
the states:

DFIG states: A4s, Agss Aars Agr

Control states: constant power load G, Vgrc* and Vg™
And other modes 11,12,13,14,15,16,17 contribute to the dominant modes and related
to the states:

DFIG states: w,

SG states: Aw,, &

Control states: Ve, ldge*, Vage™, larc™ and Governor

From the above, the states of DFIG could be candidates for model
simplification with its fast dynamic responses. And the dominant modes 11, 12 of
rotor angle of synchronous generator are the candidates for adding damping due to
their low damping ratio, whereas the mode 17 of rotor of wind turbine provides the
high ratio damping. It also observes that oscillation mode of the synchronous generator
provides the high oscillation with frequency 12.7510 rad/s (2.03 Hz). This results from
the small inertia of synchronous H = 2 sec. However, the value of this frequency is
reduced to 8.0370 rad/s (1.28 Hz) when H = 5 sec and to 5.6702 rad/s (0.90 Hz) when
H =10 sec.




CHAPTER VI

CONCLUSION

6.1 Conclusion

The studies on stability performances of a microgrid application under various
disturbances including the naturally fluctuation of the wind speed and the large
disturbance of the fault have been conducted. The system modeled includes dynamics
and control of the doubly-fed induction generator driven by the pitch-controlled wind
turbine, the synchronous generator with droop characteristic, and the constant-power
portion of the system load. The fluctuation of the wind speed has been represented
using Weibull random distribution. Based upon simulated test results carried out using
Matlab/Simulink, it can be concluded that the MG operates quite stably under normal
operation with wind speed fluctuation and with non-islanding faults. Nevertheless,
under disturbance operation which brings about isolation of the MG from the main
grid, it reveals clearly the superiority of modern control design of wind turbine using
DFIG to those of SCIG. Additionally, with no control on the rotor-side of an
induction generator, as in the case of a squirrel cage-type induction machine, the local
capacitor for voltage support is of necessity to ensure stable operation of the wind
power station.

6.2 Future Works

The microgrid system is a new concept of power system operation under the
research and developing (R&D). Also it has various designs of microgrid systems
depending on the different operational purpose so the stability of the system may also
depend on the configuration of the system. And the future work will also

1. Try to address the control performance standard of the MG

2. Examine control design of DFIG to enhance the stability of the MG
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APPENDIX A

Table A. 1 Wind turbine and induction generator data [11]

Name Value
Rated power [Mw] 2
Base wind speed (wind_base) [m/s] 6
Base rotational speed or rotational speed at maximum power for the base wind 19
speed (speed_nom) [p.u.] '
Nominal tip speed ratio 1,,,,, 8.1
Nominal power coefficient Cp,,om 4.8
Rated frequency (Hz) 60
Mutual inductance Lm (p.u.) 2.9
Stator resistance Rs (p.u.) 0.00706
Stator leakage inductance LIs (p.u.) 0.171
Rotor resistance Rr (p.u.) 0.005
Rotor leakage inductance LIr (p.u.) 0.156
Inertia H (s) 5.04
Table A. 2 Synchronous generator data

Name Value
Rated power [Mw] 1
Armature winding resistance Ra (p.u.) 0.003
Stator leakage reactance Xls (p.u.) 0.15
Stator d-axis self reactance Xd (p.u.) 1.81
Stator g-axis self reactance Xq (p.u.) 1.76
Inertia H (s) 2
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