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Zusammenfassung

Die Sorge um die Umwelt und die Bemuhungen, die Abh&ngigkeit von fossilen Brenn-
stoffen zu verringern, fiihren dazu, dass erneuerbare Energieressourcen bei der Stromer-
zeugung in den Vordergrund riicken. Die Windenergie hat in den letzten Jahrzehnten
weltweit einen rasanten Ausbau erfahren, was zu Herausforderungen im Systembetrieb
in Bezug auf Frequenz- und Spannungsstabilitat fuhrt. Die Untersuchung und Bewertung
der Auswirkungen grol3er Windkraftanlagen auf die Dynamik des Stromnetzes ist ein we-
sentlicher Schritt zur Verbesserung des frequenz- und spannungsstabilen Betriebs. Ziel
dieser Arbeit ist es, die Auswirkungen der Windenergie zu untersuchen und Malinahmen
zur Verbesserung des dynamischen Verhaltens von elektrischen Netzen mit verschiede-
nen Netztopologien vorzuschlagen.

Der doppelt gespeiste Asynchrongenerator (DFIG) ist der am weitesten verbreitete
Windturbinentyp, da er mit variabler Windgeschwindigkeit betrieben werden kann, tber
einen Teillastumrichter verflgt und in der Lage ist, den Generator bei anormalen Bedin-
gungen synchron mit dem Netz zu halten. Daher wird in dieser Arbeit ein detailliertes
Modell von DFIG-basierten Windturbinengeneratoren verwendet, um den Einfluss eines
steigenden Windenergieanteils in einem grofRen Netzsystem zu veranschaulichen. Die
netzdynamischen Modelle umfassen Synchrongeneratoren, automatische Spannungsreg-
ler, Turbinenregelungssysteme, DFIG-basierte Windturbinengeneratoren, verschiedene
Steuerelemente, Ubertragungssysteme und Transformatoren. Die mathematischen, dyna-
mischen Modelle werden mit Hilfe numerischer Integrationstechniken geldst. Zu diesem
Zweck wird ein Tool zur dynamischen Simulation von Stromsystemen in MATLAB/SI-
mulink entwickelt.

In dieser Arbeit werden vier Testnetze, einschlieBlich einer Fallstudie fur das &thiopische
Stromnetz, verwendet, um die dynamischen Reaktionen in verschiedenen Netztopologien
zu simulieren. Die verschiedenen Simulationsszenarien und Netztopologien bestatigen,
dass eine Erhohung des Windenergieanteils die transiente Stabilitadt des Systems ver-
schlechtert. Die Ergebnisse zeigen, dass die Erh6hung des Windkraftanteils zu einer Ver-
ringerung der dynamischen Spannungsstabilitatsreserven, einer Erhohung der Fre-
quenzénderungsrate und einer Verringerung der Wirkleistungsubertragungsfahigkeit fuh-
ren. Daruber hinaus wird beobachtet, dass sich die DFIGs als Reaktion auf Netzspan-
nungseinbriiche bei schweren Fehlerereignissen selbst vom Netz trennen, um die rotor-
seitigen Back-to-Back-Umrichter vor Rotoruberstromen zu schiitzen.

Die dynamischen Auswirkungen von DFIG-basierten Windgeneratoren werden bewertet
und es werden Regelungsstrategien vorgeschlagen, die die Windgeneratoren nicht nur
unterstttzen, am Netz zu bleiben, sondern auch die Systemstabilitat bei Netzstérungen zu
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verbessern. Es wird eine neue Regelungsstrategie vorgeschlagen, um die Fahigkeit von
DFIG-Windgeneratoren zum Niederspannungs-Ride-Through zu verbessern. Die vorge-
schlagene Regelungsstrategie umfasst die gemeinsame Anwendung eines STATCOM
und einer Rotor-Uberdrehzahl-Strategie. Der STATCOM wird hauptséchlich eingesetzt,
um den Stator-Spannungseinbruch zu reduzieren und die Rotor-Uberdrehzahl-Strategie
wird verwendet, um die Rotorlberstrome bei Stator-Spannungseinbriichen zu reduzieren,
was zu einer geringeren Ausgangsleistung fuhrt. Die Uberdrehzahlregelung wird einge-
setzt, um den Wirkleistungssollwert so anzupassen, dass er proportional zum Spannungs-
einbruch an der Klemme ist. Auf diese Weise wird die Turbine veranlasst, die Rotordreh-
zahl bis zur maximal zul&ssigen Grenze zu erh6hen, sodass die Ausgangsleistung so lange
reduziert bleibt, bis der Spannungseinbruch am Stator durch den schnell reagierenden
STATCOM wieder ausgeglichen wird.

Der zweite Beitrag dieser Doktorarbeit befasst sich mit Losungen flr die Verbesserung
der Netzfrequenzstabilitat bei héherem Durchdringungsgrad von Windenergie. Es wird
ein neuer Ansatz vorgestellt, mit dem die Betreiber von Windkraftanlagen ihre Windener-
gieerzeugung so planen kdnnen, dass sie den Prozess der Wiederherstellung der Netzfre-
quenz unterstltzen. Das vorgeschlagene Frequenzregelungsmodul auf Anlagenebene
uberwacht den Beitrag der verschiedenen Betriebseinheiten in einem grofRen Windpark
auf der Grundlage ihrer jeweiligen Windgeschwindigkeit und der Netzfrequenzabwei-
chung.

Die dynamischen Simulationsergebnisse zeigen, dass die vorgeschlagenen Spannungs-
und Frequenzregelungsstrategien effizient sind, um den Spannungsabfall in Echtzeit zu
regulieren und die Steuerbarkeit von Spannung und Frequenz bei einem héheren Durch-
dringungsgrad der Windenergie zu verbessern.



Abstract

The issue of environmental concerns and efforts to decrease dependency on fossil fuel
are bringing renewable energy resources to the mainstream of electric power generation.
Wind energy has undergone fast expansions worldwide in recent decades, but it also re-
sults in challenges in system operation related to frequency and voltage stabilities. Inves-
tigating and evaluating the impact of large-scale wind power on power system dynamics
Is an essential step to enhance the stable operation of frequency and voltage. This thesis
work is intended to investigate the impacts of wind power and propose mitigation
measures to enhance the dynamic behaviors of power systems with various network to-
pologies.

Doubly-fed induction generator (DFIG) is the most common wind turbine type due to its
ability to operate at variable wind speed, partial-load converter and its capability to sus-
tain the generator in synchronism with the system during abnormal conditions. Therefore,
in this thesis work, a detailed model of DFIG-based wind turbine generators is employed
to illustrate the influence of increasing wind power share in a large network system. The
network dynamic models include synchronous generators, automatic voltage regulators,
turbine-governor systems, DFIG-based wind turbine generators, various control ele-
ments, transmission systems and transformers. The mathematical dynamic models are
solved using numerical integration techniques. For this purpose, a power system dynamic
simulation tool is developed in the MATLAB/Simulink environment.

In this thesis work, four test networks, including a case study for the Ethiopian power
system, are employed to simulate the dynamic responses in different network topologies.
The various simulation scenarios and network topologies confirm that an increase in wind
power share deteriorates the transient stability of a system. The results effectively show
that the increase in wind power penetration level has contributed to reducing the dynamic
voltage stability margins, increasing the rate of change of frequency and reducing active
power transfer capability. Moreover, the DFIGs are observed to disconnect themselves
from the grid in response to grid voltage dips under severe fault events so as to protect
the back-to-back rotor-side converters from rotor over-currents.

The dynamic impacts of DFIG-based wind generators are assessed and control strategies
are proposed to help them not only to remain connected but also to support the system
stability during grid fault events. A new control strategy is contributed to enhance the low
voltage ride-through capability of DFIG-based wind generators. The proposed control
strategy comprises a joint application of a STATCOM and rotor over-speeding schemes.
The STATCOM is mainly employed to improve the stator voltage dip and the rotor over-
speeding strategy is employed to reduce the rotor over-currents during stator voltage dips
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that results in reduced output power. The over-speeding scheme is initiated to adjust the
active power reference to be proportional to the voltage dip at the terminal. Thus, the
turbine is made to increase the rotor speed till the maximum allowable limit so that the
output power remains reduced until the stator voltage dip is recovered by the fast-acting
STATCOM.

The second contribution is related to solutions to the grid frequency challenges with
higher penetration level of wind power. A new approach is introduced by which wind
power plant operators can schedule their wind power generations so as to give support in
the frequency restoration process. The proposed frequency control module at plant level
monitors the contribution of various operating units in a large wind farm, based on their
respective wind speed and the grid frequency deviation.

The time-domain simulation results indicate that the proposed voltage and frequency con-
trol strategies are efficient to regulate the real-time voltage dip and enhance the voltage
and frequency controllability with higher penetration level of wind power.
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1 Introduction

Electrical power systems are the backbone of modern society and their stable and reliable
operation has top priority. The existing networks are under continuous modification pro-
cess for being robust, intelligent, optimized and self-sufficient to take decisions with pre-
defined conditions so that reliable system is sustained. The growing environmental con-
cerns and efforts to reduce reliance on fossil fuel resources are bringing renewable energy
resources (RES) to the mainstream of energy sector. RES such as solar and wind are
contributing significant share of electrical power supply in the present era. Wind energy
has also an essential role to play in the global energy supply over the coming decades [1].

Among the various RES, wind power is assumed to have the most promising technical
and economic prospects [1]. Although, wind turbines have scenery visual impacts and
emit some noise, such consequences are minor and the ecosystems seem hardly to be
permanently affected. Wind is among the renewable and unlimited primary energy
sources. Moreover, wind turbines are installed and generate power within few months
and operate with wind as fuel which indicates that the levelized energy cost over the life
cycle is definitely positive [2].

1.1 Background and motivation

The increasing growth of price in fossil fuel products together with environmental con-
cerns have caused an increase in the share of RES. Inverter-based generations (IBG) like
wind energy and other renewable energy sources are gradually dominating the electricity
power generation [3]. Due to the engagement of power electronic converters, variable
wind turbine generators are partially or fully electrically decoupled from the grid systems
which reduce the overall system inertia as in Figure 1.1. This can potentially affect the
inertial response of the network dynamics. The impact of a wind turbine generator (WTG)
on power system dynamics is becoming increasingly important as power capacity from
wind is growing [2]. The dynamic behavior of a power network is by far delimited by the
interaction of generators. Synchronous generators are controllable generators that regu-
late their output power and voltage depending on the grid feedbacks.
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Figure 1.1 Impacts of inverter-based generation in power systems [3]

Power systems with large share of inverter-based generation are observed to behave dif-
ferently and to challenge various system stability aspects [2], [3]. Such stability problems
are related to

= limited reactive power generation to support dynamic voltage stability;

= power system's inertial response decreased which leads to an increased rate-of-
change-of-frequency (ROCOF) and

= lack of generation dispatch capability due to the stochastic nature of sources such as
in wind power stations

Renewable energy resources are generally characterized by a higher degree of source
variability and intermittency for which their availability cannot be predicted with cer-
tainty. Such situations increase the complexity of generation dispatching and difficulty of
operation planning of power systems with higher share of renewable sources [2]. The
growing share of intermittent supply of electricity needs stronger networks with better
energy system management of the network assets [2]. The major power system operation
challenges with high level of RES include the issues of supply uncertainty, supply and
demand balancing, network stability, reliability and others [4]. As in [2], a resilient power
system can be defined as one that can respond reliably and quickly to sudden changes and
fluctuations in the network supply and demand, due to anticipated or unforeseen varia-
tions. Modern power systems are demanding to be more flexible particularly when inte-
grating high penetration level of RES. Power system operators are observed to use several
ways to improve their system flexibility [2], [3], [5].

» Increasing flexible and fast spinning reserve capacity
= Diversification of energy mix that can complement each other
= Energy storage to stabilize system fluctuations
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= Congestion management which promotes and provides better access to flexible gen-
eration sources
= Market integration by developing cross-border power transmission systems

The major problems in modern power systems are still related to frequency deviations
and voltage collapses which are an indicator of limited stability margins in the steady-
state case. The steady-state frequency variability is associated with angle instability and
slow loss of synchronism among generators. The other problem related with slow voltage
collapse at load buses under higher loading conditions, while limited reactive power, is
among the recent phenomena [4]. RES, particularly wind and solar energy sources have
significant impact on reactive power demand and flow over the network. As long as the
power share of RES is limited, the behavior of power system dynamics is generally gov-
erned by conventional generators [2]. The penetration levels up to which generators with
uncontrolled output can safely be integrated to a power system without additional
measures depends on [2]:

= Network topology and operation standards

= Spinning reserve and network coupling

= Characteristics of the uncontrolled energy sources

= Load curve and their interaction with the primary energy sources
= The control mechanisms in the primary energy sources

It is difficult to make general statements with respect to the amount of wind generation
that can be integrated into a power grid. Thus, the study of how much integrated wind
power affects power system operation becomes quite important for power system opera-
tors. Some researchers have worked on the subject to realize the dynamic characteristics
of wind generators with high wind power penetration levels [6], [7]. Most of these re-
searches investigate the impacts of a single wind turbine or an aggregated wind park con-
nected to a network represented by a constant voltage source. The current researches are
limited to demonstrate the impacts when the wind power share in the whole system is
increased in various network topologies. The motive of this research work is to get insight
into the impacts of large-scale wind power with various network topologies (weak and
de-regulated system) and propose strategic solutions.

The research motivation is originally initiated from the challenges related to the increas-
ing wind power in the Ethiopian power sector. Ethiopia’s total installed generation ca-
pacity is about 4.5 GW in 2022 [8]. The Ethiopian power system is a hydro-dominated
system and has been severely affected by drought for which the government of Ethiopia
has put forward a strategic plan to diversify the energy mix with other sources such as
solar, wind, and geothermal that results in a more climate-resilient power system [9].
Figure 1.2 shows the hydro-dominated energy mix of the Ethiopian grid with current and
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projected installed capacity of power plants till the year 2030 [9]. Several large hydro and
wind power plants are currently under development, such as the 5.15 GW grand Ethiopian
renaissance dam, the 120 MW Aysha wind power project and 100 MW Asela wind power
project. Despite the incredible efforts towards generating electricity from hydropower,
there is a huge gap in diversifying the energy mix. As per the Ethiopian Electric Power
(EEP) planning forecasts, the projected total installed capacity will be 10,358 MW by
2025. Ethiopia currently exports electricity to Djibouti and Sudan up to 100 MW to each
county. Ethiopia is also negotiating power purchase agreement with Kenya to begin ex-
porting up to 400 MW [8]. This all indicates that the grid system is growing very fast and
it needs technical strategies to enhance the system operation with high share of RES.
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Figure 1.2 Installed capacity of energy sources in the Ethiopian Electric Power [9]

According to [9], the monthly average water flow rate of hydropower plants is presented
in Figure 1.3.
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Figure 1.3 Monthly average hydro flow rate in Ethiopia [9]
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The monthly average values, in Figure 1.3, show that there is high flow rate in the summer
season (June, July and August) and comparatively low in the other seasons. Similarly, the
average monthly wind speed of the operational wind power plants (Adama-I, Adama-II,
Ashegoda and Aysha wind farms) is shown in Figure 1.4 [9].

Wind speed in m/s
RN
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Figure 1.4 Monthly average wind speed of wind farms in Ethiopia [9]

The load characteristics of the Ethiopian power system is also another important issue
that contributes to the increase in wind power share. The Ethiopian power system has
mainly domestic and industrial load types where the domestic has significant impact on
the supply-demand balance of the grid. The monthly peak load as of the annual peak is
calculated in [9] and presented in Figure 1.5.

Monthly peak load as % of the annual peak
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Figure 1.5 Monthly peak load as percent of the annual peak in the Ethiopian power system [9]

Figure 1.5 shows that the autumn season has relatively high electricity demand because
this season is the coldest season in Ethiopia. The annual peak demand is registered on the
month of December, which could be the Christmas holiday as most of the loads are do-
mestic type. While the peak demand in the month of January drops to 86.6 % of the peak
in December. Moreover, the source data shows that the months of February and March
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have low monthly peak demands. However, the average wind speeds of the operating
wind power plants are high, above 10 m/s, in the months of February and March as in
Figure 1.4.

Based on the above average monthly water flows, wind speeds and load rates, there is
peak wind power generation during winter time and light load periods where the hydro
flow is reduced. Such nature of energy sources and load characteristics contribute to a
relatively large share of wind power in the grid system which results in system stability
problems to operate specifically for a weak power system.

As the Ethiopian power system is being transformed from a hydro-dominated system to
a substantial share of wind power, it is critical to investigate the impact and put forward
solutions for reliable operation. Wind power capacity in Ethiopia is expected to ramp up
in the near future with several large-scale wind projects in the pipeline. Despite the abun-
dant wind resources in the country, the existing power grid is weak and hydropower dom-
inated system which is currently even challenging the operators during droughts and light
load operation. Indeed, the wind sources are high during the winter and spring seasons
while there is shortage of water in the hydropower reservoirs. Moreover, the daily wind
distributions show most of the operating wind farms have high wind during night when
the national load goes down. Such specific wind regime characteristics increase the share
of power from wind in the network and this makes the operation of grid-connected wind
power plants to be more challenging. Currently, wind power generation is restricted dur-
ing light load durations to decrease the relative wind capacity share in the grid. In this
regard, though the wind speeds are high, multiple wind turbines are deliberately turned
off due to the system stability issues of the grid system.

1.1.1 Objective of the research

The main aim of the research work is to investigate the interaction of integration of wind
power generators into weak grids and propose mitigation measures to overcome their dy-
namic impacts. The thesis is intended to get its objective through the following specific
research tasks:

= Quantification of the impact of wind generation in power systems

= Development of control strategies to mitigate negative effects of wind energy

= Development of a strategy to maximize the extent of wind energy in weak grids
with a special focus on the Ethiopian power system

The impacts of integrating wind power aspects are studied using diverse network topolo-
gies under various scenarios. The thesis research proposes control strategies to enhance
the flexibility and reliability of power system operations under higher penetration levels
of wind capacity.
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1.2 Approach and structure of the work

As part of the introduction, the general overviews of the existing conventional power
plant behaviors and the state of the art for current wind turbine technologies and their grid
integration techniques are reviewed and presented in chapter 2. Also, previous literature
assessments on the challenges of wind power are reviewed and documented to use as an
input in the preceding sections.

The second part of the thesis, chapter 3 and chapter 4, presents the mathematical models
and derivations of the power system dynamics. The dynamic models for power network
components including the conventional generators are presented in chapter 3 and in chap-
ter 4, the dynamic models of DFIG-based wind turbines including their control strategies
and grid-integration are presented.

The third part, chapter 5 and chapter 6, presents the detailed multi-machine transient sta-
bility analyses. Chapter 5 focuses on representing the multi-machine power system dy-
namics for transient stability studies and validating the generic model for DFIG-based
wind turbine generator in contrast to power-curves from manufacturers’ data sheets. In
chapter 6, the time-domain simulations of the network dynamic are numerically solved
and discussed with regard to the negative impacts of wind power by employing various
network topologies and scenarios.

Chapter 7 discusses specifically on the proposed control strategies to enhance the em-
ployment of higher wind power integration with regard to frequency control issues. Fi-
nally, the thesis work concludes by summarizing the research findings and briefing the
outlook tasks.



2 State of the Art of Electric Power Systems

2.1 Current status and recent trends

The traditional electric network consists of three major elements: the generation station,
power transmission system, and distribution system as depicted in Figure 2.1 [10]. The
transmission systems, usually with extra high voltage (EHV) and ultra-high voltage
(UHV), link the generation stations to load centers or substations, which supply power to
the end user through the distribution system [11]. The generators convert the input me-
chanical power into electrical power. In the majority of cases, the mechanical power is
derived by primary energy sources either from thermal energy or flowing fluid. In most
conventional power plants, the conversion of mechanical energy to electrical energy is
realized by means of synchronous generators. Whereas, in wind generation systems, both
synchronous and asynchronous generators are used. The electric power is usually gener-
ated at medium voltage (MV) levels and then fed into the power transmission system via
step-up transformers [11].
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Figure 2.1 Traditional electric power system structures [10]

Power transmission systems connect generating stations to major load centers or substa-
tions that distribute power to end users. Transmission systems are named as the back bone
of a power system which operate generally at the highest voltage levels in the grid. Trans-
mission lines operate at various voltage levels in different countries. For instance, in Ger-
many, the transmission networks are at voltage levels of 220 kV and 380 kV while for
the Ethiopian power system the transmission system includes voltage levels at 132 kV,
230 kV, 400 kV and 500 kV [9]. Similarly, the distribution system represents the last
stage of power transfer to the consumers. The primary distribution system operates at
medium voltage levels, typically for the Germany network, this ranges between 6 kV and
60 kV. While in the Ethiopian power system, the primary distribution system includes
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voltage levels at 15 kV, 33 kV, 45 kV and 66 kV [9]. The secondary distribution feeders
are constructed to supply power into residential and commercial customers at 400 V for
the 50 Hz grid [11].

2.2 Conventional power generation

Conventional power generation is a general term applied to the energy conversion process
of electrical energy from primary energy sources such as oil, coal, or natural gas or flow-
ing fluid [11], [12]. The generator is usually a synchronous machine having various num-
bers of poles depending on the running rated speed of the generator rotor and grid fre-
quency. The synchronous generators are usually connected directly to a grid via the stator
windings. For this reason, the frequency and phase of the electrical quantities at the stator
are synchronized with the grid system, i.e., the frequency and phase of the voltages at the
connection point are the same.

The conventional generating stations are usually constructed from classical, wound-field,
cylindrical rotor, or salient-pole synchronous generators (SGs), which are excited by rel-
atively complex feedback control system, whose primary purpose is to maintain the gen-
erators’ terminal voltages constant [13]. The generator voltage regulation is automatically
accomplished by the excitation system employed with the synchronous generator. Con-
ventional power plants are also employed with frequency control modules named as gov-
ernor-turbine system to regulate the frequency and rotor angle [11] - [13].

2.3 Wind power generation

Similar to conventional generators, wind generators convert rotational energy, provided
by wind turbines, into electrical energy using the application of electromagnetic fields.
Unlike most conventional power plants, the primary energy source is uncontrolled and
intermittent in nature which leads to difficulties in regulating the output power. Wind
turbines extract kinetic energy from the swept area of the blades. The wind passes through
the blades (swept rotor area) by generating lift and exerting a turning force. The rotating
blades turn the low-speed shaft inside the nacelle, which connects it into a gearbox. The
gearbox helps to increases the rotational speed and transfer the mechanical torque via
bearings into an appropriate high-speed rotor shaft connected to the generator. The power
in the airflow, Pwind IS given by [14].

1
I:)Wind :_pAV3 (21)

2
Where, p is the air density (approximately 1.225 kg m= at sea level); A is the swept area
of the rotor in m? and v is the undisturbed wind speed in m/s
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Energy extraction from free-flowing fluid streams imply decreasing the fluid velocity
which cannot fall down to zero. Hence, equation (2.1) expresses the available potential
power in the wind while the actual power that can be transferred to the turbine rotor
blades, Prurbine is limited by the power coefficient Cp.

P

C. = turbine
p = (2.2)

wind

I:)turbine = Cp I:)wind = %pACp Ve (23)
The maximum value of C, is defined by the famous Betz limit theory [2], which proves
that a turbine can convert to maximum efficiency of 59.26 % from the available power in
the air stream.

Wind power is among the renewable resources that have utmost favorable technical and
economic prospects [2]. For diversifying the energy market, wind energy is therefore among
the most rapidly growing RES. Moreover, wind turbines are also among the most cost-
effective renewable energy technologies, producing electricity with no fuel and minimum
pollution. For these reasons, several wind power plants are being constructed around the
globe with both offshore and onshore schemes. Usually, wind project sites are identified
based on the wind atlas information of wind speeds, which is then confirmed with local
measurements, such as the wind mast, at least for one year. Wind energy sources have
undergone fast expansions worldwide in recent decades. At the end of 2020, the amount
of installed wind power worldwide reached 743 GW [15]. The expansion of the newly
installed capacity in 2020 was the best year in the global wind industry history showing
year-over-year growth of 53 % that accounts more than 93 GW installed capacity as in
Figure 2.2 [15].
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Figure 2.2 Historic development of total installations of wind power in the world [15]
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Germany is among the countries which have successfully integrated higher shares of wind
capacity into their national grids. Wind power in Germany is rapidly growing and ac-
counts for 26.9 % of the gross power production in the year 2020 as presented in Figure
2.3 [16].
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Figure 2.3 Historic development of Germany’s grid-connected wind power installations [16]

Wind power in Ethiopia is also increasing and many wind power projects are underway
as stated in the master plan [9]. Figure 2.4 shows the operational onshore wind power
commencements into the EEP’s network.
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Figure 2.4 Historic development of Ethiopia’s grid-connected wind power installations [8]
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Therefore, wind industry has radically increased not only its capacity share but also the
conversion process and performance are significantly improved over the last decades. In
this regard, wind energy technology has evolved rapidly with increasing rotor swept area
and the use of power electronic converters to allow operation at variable rotor speed.
Figure 2.5 shows the evolution of wind turbine technologies that illustrates how the
swept-rotor area and the unit size of wind turbines are radically upgrading [5].

300m 13- 15 MW
) 0 MW
200m 7MW
4 MW

2 N
100m 1.2MW ~ NER
112 kW Oﬁ(MW T T
19th C. 1990 1995 2000 2005 2010 2015 2025

Figure 2.5 Evolution of wind turbine dimensions [5]

Today, there are actually various wind turbine concepts. Some of the important classifi-
cations are the way, the active power is controlled and the way the various types of wind
generators are connected to a grid system.

2.3.1 Aerodynamic power regulation

The output power of a wind turbine is controlled using stall or pitch regulation techniques.
In stall (passive stall) regulated wind turbines, the rotor blades are locked onto the hub at
a fixed angle. While the rotor blades are aerodynamically designed to ensure the optimal
geometric profile for wind speeds below rated value while creating turbulence on the side
of the rotor blade when the wind speed becomes too high. Such stall mechanism is limited
to regulate smoothly the output power for wind speeds above the nominal values. More-
over, stall control has a complex aerodynamic design and design problems related to
structural dynamics of the overall wind turbine [4]. Hence, stall regulations are not cur-
rently employed in modern wind turbines.

The other method how the aerodynamic power can better be controlled is by turning the
blades position in such a way, that the wind incidence blade area is reduced, once rated
wind speed is attained. This power regulation is named as pitch control system. In pitch
control method, the wind turbine can change incidence of its rotor blades based on the
real-time wind speed so that the output power is adjusted and higher utilization efficiency
is achieved. When the undisturbed wind speed is less than rated speed, the blade stays
near the pitch angle 0" (which delivers optimal power). In other words, the wind generator
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with constant pitch generates an output power that tracks the wind speed. This control
strategy of the wind turbines is named as full load operation. However, if wind speed is
above rated speed, the pitch control system acts and changes the rotor blade angle, usually
in steps of 2" to 5°, so that the output power is regulated to the nominal turbine capacity
[4].

The third type of aerodynamic power control combines the application of both the stall
and pitch control methods and is known as active stall of wind turbines.

2.3.2 Wind generator integration concepts

Based on the generator type and grid electrical connections, there are four most relevant
wind turbine types which have been commonly being installed in the industry [17], [18].
Figure 2.6 shows fixed-speed wind generators which are directly connected to the grid.
This type of wind turbines are outdated technologies and are no more employed in the
modern wind industry due to their limited capability for variable wind speeds. On the
other hand, the variable-speed wind turbines which have either a slip-ringed induction
generator and partial load converter in the rotor circuit or full power converter between
stator circuit and the grid as designated in Fig. 2.7.

Type 1 wind turbines, shown in Figure 2.6, operate at fixed-speed which are usually com-
prised of squirrel cage induction generators (SCIG). The aerodynamic power is usually
controlled using passive aerodynamic stall blade control [18].
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Figure 2.6  Constant speed wind turbines (Type 1 and Type 2) [17]
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Type 2 wind turbines are built with wound rotor induction generator and are allowed to
operate within a limited speed range. The speed variation in Type 2 is realized using
controlled resistors in the rotor circuit. Pitch control is generally used for regulating the
aerodynamic power. Unlike the Type-1, the Type-2 wind turbines have capacitor banks
and power electronics which are used to control the reactive power [17], [18].

Type 3 wind turbines have variable rotor speed achieved by wound rotor induction gen-
erator (WRIG) and a back-to-back converter on the rotor-side [17]. Such converters are
named as partial load converters (PLC). The converter control associated with the rotor
circuit allows an independent control of active and reactive power for wide rotor speed
operating range. Such type of wind turbine is called Doubly-fed induction generator
(DFIG), as both rotor and stator can feed power into the grid as shown in Figure 2.7. Pitch
control is widely used for regulating the aerodynamic power output of such variable rotor
speed wind turbine (VSWT) [17], [18].
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Figure 2.7 Variable speed wind turbines (Type 3 and Type 4) [18]

Type 4 wind turbines are connected to the grid via power electronic converters at the
stator side of the generator. All the power from the generator passes through the converter
and they are referred to as full-load converter (FLC) turbines. The most common types of
such generators are wound rotor synchronous generators (WRSG), permanent magnet
synchronous generators (PMSG) and SCIG. Depending on the generator type, a gearbox
(GB) may or may not be employed. Type 4 wind turbines generally use pitch control for
regulating the aerodynamic power output [18].
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Wind turbine generators are evolving greatly to better accommodate variable rotor speed
operation and so the Type 3 and Type 4 are dominating the wind industry [2], [4], [18].

2.4 Challenges of wind power generation

This subsection discusses on literatures that have contributed to improve methods related
to the challenges in integrating large-scale wind power plants into power systems. Nu-
merous studies have been explored on the requirements of power controllability during
ordinary operation and in the event of grid abnormalities to consent some degree of con-
trol over active and reactive power generation, leading to the development of a new gen-
eration of wind energy conversion system such as the variable speed wind turbine systems
[19], [20]. Variable speed wind turbines (VSWTSs) are the new and most common norms
for installing wind power plants. VSWTs have generally high efficiency in capturing en-
ergy comparing to the constant speed wind turbines with effective voltage control [21].
The DFIG and PMSG with AC-to-AC power converter technologies have become the
most widely used wind turbines. DFIG has usually a gearbox and only 20 to 30 % of the
wind turbine’s nominal power is required for regulating its rotor speed that ranges from
0.7 to 1.3 per unit. In this regard, PMSG which have full converter capacity incurs super-
fluously higher capital cost comparing to the DFIG types [21].

The configuration of DFIG with four-quadrant back-to-back (BTB) converter connected
to the rotor windings provides noticeable advantages over other wind turbines such as
independent (decoupled) converter control of active and reactive generator power. The
independent active and reactive power control scheme helps to regulate the frequency and
voltage separately which ultimately improves the system performance efficiency [19].
The rotor power converter operates at higher frequency switching of pulse width-modu-
lation (PWM) to achieve better control performance, that compromises both fast dynamic
response and low harmonic distortion of converter control [19].

The dynamic behavior of power systems is significantly determined by the interaction of
the generators in the system. Induction generators (IGs), as compared to synchronous
generators are limited and act differently in respond to disturbances such as changes in
terminal voltage and frequency. Moreover, induction generators have limited capability
to contribute to grid voltage control [2], [19]. During large disturbances, 1Gs may accel-
erate the rotor speed during fault events and as a result draw huge amounts of reactive
power from the grid, which could possibly result in voltage collapse [20]. Despite such
circumstances, wind turbines comprised with 1Gs are widely used in modern power sys-
tems due to their robust, simple design, and cost-effective performance [2].

As long as the penetration level of wind power is in the low range, the behavior of the
power system can be managed by conventional generators [2], [22], [23]. When more
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controllable generators are replaced by uncontrolled generators, it is becoming more dif-
ficult for the power system to follow the variable nature of power demand. Thus, when
the penetration level of wind power is increased, the dynamic performance of the grid can
be affected as the dynamic behavior of wind generator is quite different to that of syn-
chronous generators [22].

Previous researches have realized the dynamic characteristics of wind turbines and their
impacts on power systems with high-wind capacity penetration levels [22], [23]. Grid
integration impacts of 1G-based wind turbine system have been well studied in [20]. In
[19], the 1G-based wind generators have been detected to observe reactive power from
the system which resulted in decrease of voltage stability margin. Dynamic modeling and
performance of DFIG-based wind turbine and its controller schemes, to enhance the tran-
sient stability of a power system, have also been discussed in [24]. The study in [24] has
figured out that the DFIGs are much better than the 1G-based wind generators in the
steady-state operation. However, the DFIGs have still great influence when the system is
subjected to large disturbances where the DFIGs are returned to induction generator op-
eration scheme.

Voltage instability and collapse typically occurs when power systems are not capable of
sustaining the dynamic balance of reactive powers due to heavy load changes and fault
conditions [23]. Voltage collapse is considered as the main problem associated with wind
power [22]. This problem can limit the amount of wind power, which can be installed and
interconnected to the power networks. The system voltage fluctuations may cause voltage
dips depending on the frequency and magnitude of the fluctuation. A voltage dip, caused
by wind turbine operation, should be limited to comply with network code boundaries
[25]. However, such effects can be reduced using variable speed wind generators as dis-
cussed in [22]. The findings in [5], [22] - [24] indicate that reactive power supply at the
wind farm’s point of connection is important to maintain the rated voltage on the network
during normal and abnormal conditions. These researches investigate the dynamic volt-
age collapse points by employing various penetration levels of wind generations. How-
ever, reactive power compensation must be fast enough to correct the voltage dip. The
studies are solely on voltage collapse and limited to demonstrate an integrated impact of
the real-time frequency and voltage transients for various network topologies. Most of
these researches deal with the impacts of voltage stability on the wind turbines and are
also inadequate to present what amount of stability margin is reduced when a specified
amount of controlled power generation is replaced by wind power.
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In recent years, certain countries have formulated grid codes which define the specific
requirements that a wind farm must fulfill in order to connect to their national grids. Dur-
ing normal operation, wind turbines usually operate in a voltage band between 0.9 and
1.1 per unit and a frequency between 49 and 51 Hz conditions [2], [26]. Thus, capabilities
of contribution in voltage regulation by continuous modulation of reactive power supply
to grid is one of such requirements [2]. The grid code in some countries also state that
under power system fault conditions, a wind farm must not disconnect from the grid for
a specified time period and fault magnitude [27]. Moreover, there are additional require-
ments related to sudden grid frequency variations, voltage dips, flickers, harmonics and
telharmonic in [28], [29].

2.4.1 Wind generator voltage control strategies

As pointed out above, voltage problems are very common in power systems with high
share of wind power particularly, typically in weak grids. Hence, correction measures
must be taken to alleviate the voltage problem using fast acting reactive power compen-
sation such as the flexible alternating current transmission systems (FACTS) [25].
FACTS made of power-electronic devices, are installed in an AC transmission networks
to improve the voltage stability. Moreover, FACTS are used to enhance power transfer
capability and controllability of power system through series or shunt compensation ap-
plications. The typical series compensation devices include the thyristor-controlled series
capacitor (TCSC) and static synchronous series compensator (SSSC), which are mainly
used to increase the power transferability of AC transmission networks [30]. The most
common shunt compensation FACTS are static synchronous compensator (STATCOM)
and static VAR compensator (SVC) [25], [30]. The shunt compensation devices are
mainly used to boost the voltage dips in specific location of a network. The shunt-con-
nected devices provide fast reactive power/voltage control capacity at a bus, whereas the
series-connected device reduces series reactance of a transmission line to increase the line
transfer capability [30].

Among the FACTs family, STATCOM is the most widely used technology that can be
used to support transient stability so that dynamic voltage collapse can be prevented in
wind farms. STATCOM is employed based on either as current source converters (CSC)
or voltage source converters (VSC) [25], [31]. STATCOM, as compared to the thyristors-
based compensators, is cost effective. STATCOM with controlled source of current have
the capability of delivering any sort of reactive current in real-time [31].

In this thesis work, a simplified controlled current source model, intended to compensate
the reactive power deficiency during the transient disturbance, is designed and integrated
to the DFIG-based wind power plant. The wind turbine generators are modeled with fast-
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responding STATCOM and rotor over-speeding capability when there is a substantial
stator voltage-dip. A joint application of the modified STATCOM and rotor over-speed-
ing capability of DFIG-based wind generators are applied to overcome the voltage dip
challenges introduced by transient disturbances.

2.4.2 System balancing with wind power

The power generated from a wind farm is injected into the grid at a point of connection
(POC) and together with other power generations supply the demand in the network. The
total generated power should be equal to the total load plus the network losses in order to
keep the rotor swinging speed of synchronous generators at their equilibrium positions.
When the imbalance between generation and load is sustained for longer time without
correction, the system frequency will be subjected to large deviations from its nominal
value of 50 Hz (e.qg., in the European grid system) and 60 Hz (e.g., in the USA grid). Such
active power imbalance jeopardizes the stable operation of the system and leads to acti-
vation of protection devices which may disconnect either generators or loads or parts of
the network in response to large frequency deviation.

The current wind generators are designed to operate at the maximum power point (MPP)
which limits wind turbines to participate in frequency restoration process [2], [32]. In this
thesis work, a frequency control module is integrated at a plant level to respond to the
grid frequency oscillations. An oscillating frequency condition can be occurred due to
load change and other disturbances in the network.

2.5 Wind turbine and control structure

As pointed out in the introduction section, WTGs are generally classified into four core
types as fixed-speed with generator directly connected to the grid and variable-speed with
either a slip-ringed induction generator and converter in the rotor circuit or a generator
with full power converter in the stator circuit [2].

It is obvious, that FSWTs have the advantage of being simple and cost-efficient compared
to VSWTs. However, the active power and reactive power consumption cannot be inde-
pendently controlled. FSWTs are also highly affected by wind speed fluctuation which is
transmitted into the shaft torque and finally transferred into the electrical power on the
stator circuit [33]. Such fluctuation in the output power transfer to the grid can lead to
large frequency and magnitude fluctuations [33]. Therefore, VSWTs specifically DFIG-
based wind turbines are dominating the wind industry [34]. That is, because a DFIG-
based wind turbine, with partial power electronic converter, performs comparatively
smooth grid integration by regulating the active and reactive power flow to and from the
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electrical generator [34]. Therefore, in this thesis work, the DFIG-based wind turbine is
considered to present the impacts of wind power on power system dynamic stability.

The dynamic wind turbine models are highly dependent on the focus and interest of the
intended analyses. For instance, a very detailed aerodynamic and structural models with
correspondingly detailed wind generator and control models are necessary for wind tur-
bine design and for issuing the manufacturer type certification purposes. For the use in
electrical dynamic simulation studies, such transient stabilities near to fundamental fre-
quency, detailed aerodynamic models are usually not necessary [2]. As the purpose of
this research is intended to investigate the dynamic impacts of wind generators in an ex-
isting large grid, it is rational to reduce the complexity of the system model by applying
reduced-order models. As the intention of the simulation is on fundamental frequency
range, the drive trains are adequate to be represented by a lump-sum as one rigid system
[26].

Representing the synchronous generators in 4-th order model is sufficient to characterize
the dynamic behaviors of the machine for transient analyses at fundamental frequency
[35]. The synchronous machines in conventional power plants are made to include the
simplified models of automatic voltage and frequency regulations. On the other hand,
induction machines are composed of stator and rotor windings like the synchronous ma-
chines. However, unlike the synchronous machines, induction generators can operate in
super-synchronous mode with rotor speeds greater than the synchronous speed and under-
synchronous mode when the generator rotor speed is slower than the synchronous speed.
Induction generators can operate in a variable rotor speed which is described by the slip
ratio of the generator rotor. Hence, the induction machines are fully represented by their
stator and rotor transients.

In this thesis work, the DFIG-based wind turbine is made to comprise three main control
levels. The first level is the converter control unit that regulates the generator output ac-
tive power, reactive power and terminal voltage. The second level is the WTG control
unit that controls the turbine mechanical power based on the wind speed and the desired
rotor speed. The third control hierarchy is at the wind power plant level to regulate and
set the reference inputs for the converter control system. Moreover, a protection system
is also integrated into the wind turbine model to protect the components from operating
beyond their limits. For example, the converter maximum power is set to 30 % of the
machine rating so that the control currents for the converter are accordingly restricted.
Hence, the proposed DFIG-based wind turbine model has also incorporated a trip signal
if the wind speed is beyond the cut-in and cut-out and also if the voltage dip and rotor
currents (in-rush current) are beyond their limits for longer time. The adopted general
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control structure and levels of the DFIG-based wind power plant is designated in Figure

2.8.
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Figure 2.8 General architecture of DFIG-based variable speed wind turbine control strategies

Due to the complexity and simulation computational time, the DFIG-based wind turbines
are aggregated into a large generating unit which has equivalent dynamic behaviors like
the single units in the array. Hence, wind power plants are aggregated in such a way that
the load flow results in the grid are maintained in the steady-state operation. In other
words, the wind speed of an aggregated wind generator is generally kept constant during
the time simulation at its value that corresponds to the steady-state equilibrium. The total
power calculated from load flow at the wind generator terminal is shared to the aggregated
arrays within the wind farm as per the optimal power corresponding to the wind speeds.

The set of differential algebraic equations (DAES) for the machines/controllers and the
network equations are solved through numerical methods using the simultaneous method
or partitioned method [36]. In this thesis work, the partitioned approach is implemented
by applying the 5th- and 6th-orders of Runge-Kutta techniques.
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3 Mathematical Modeling of Power Systems

3.1 General

Power system dynamics essentially require detailed study of network dynamics so that
various elements in the grid are smoothly interconnected to each other and safely operate.
The network dynamics are influenced by the dynamic behaviors of the generators, trans-
mission lines, transformers, loads and other control elements. The dynamic behaviors of
power networks could be quite complex in reality and a better comprehension is essential,
specifically, for system planning concepts where projecting the system reliability, secu-
rity and stability are more essential [37]. Power supply reliability does normally imply
much more than just being available. The first commitment of reliable supply is to keep
all running generators connected in parallel with sufficient spinning reserve to meet the
peak load demand. The other requirement of reliable service is to ride through during
abnormal conditions. For instance, if at any time a line is tripped or a generator loses
synchronism with the rest of the system, this may result in significant frequency, current
and voltage fluctuations which lead to automatically activate relays of transmission line
and follow by abnormal conditions.

Modelling can be created using the actual structure and fundamental physical laws gov-
erning the power system components. The mathematical dynamic model of a power sys-
tem is the basis for power system analyses. Of course, it doesn’t have universal character
but reflects specific phenomena of interest. Power systems are generally composed of
transmission lines, shunt/series capacitors, transformers and other static elements.
Generally, the rate of change of state variables with respect to time analyses are usually
performed through two types of simulations [38]. They are termed as:

= Electromagnetic transient (EMT) simulation
» Root mean square (RMS) or phasor simulation

EMT models represent a power system at all frequencies that include the transient prob-
lems such as lightning, switching and temporary over-voltages, inrush currents and sub-
synchronous resonances [38]. However, when sinusoidal signals are written in phasor
form, the differential equations can be represented by algebraic equations, hence they
become easier to solve, take less time and are easy to analyze as the phasor equations can
be split between real and imaginary parts. The idea of RMS is basically to analyze the
dynamics of machines or controllers in power system by simplifying the network equa-
tions as it is computationally expensive to simulate large grids in EMT. The RMS simu-
lation can be performed with less data whereas EMT simulation requires a complete da-
taset which is usually hard to get. Whereas, the intended target of this research work is
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mainly to study the dynamic behaviors of bulk power networks for planning and operation
purposes, the RMS model of synchronous generators, induction machines of the wind
turbines, control elements and loads are sufficient to be considered.

Hence, the multi-machine power system transient stability analysis is studied by perform-
ing RMS time-domain simulations. The main components of the power system such as
the network transmission system, synchronous generators, wind turbine induction gener-
ators, control elements, etc. are represented by their dynamic equations (in phasor or com-
plex forms). The power system elements are modelled using the orthogonal phase repre-
sentation (RMS method), with the assumption that the balanced/ unbalanced three phase
system are characterized by their equivalent phasor representation in the alpha-beta coor-
dinate (af-axes), where the zero component is neglected [39], [40]. These models are
used throughout the thesis work to present the time-domain simulation results in the pre-
ceding sections.

Power system models are generally formulated with two terms: the system equations and
the system state. The system equations are the set of equations that describes the physical
behaviors of a system. The system state is a set of variables that uniquely describe the
condition of the grid and allowing to easily derive every other information of interest.
The state variables are named as X, X2, . . ., Xa OF Written as X = [X, X2, . . ., Xn]" Which is
referred to as the state vector. A given system is named as static, when the state variables
are time invariant and the variables are termed as xi, X2, . . ., Xn. A system is dynamic,
when the state variables are time variant, that is xa(t), x2(t), . . ., xn (t) [41], [42], [43].

A power system is essentially stressed by its dynamic subsystems. It is a challenge for
transmission system operators (TSOs) to supply reliable, secured and stable electricity to
their customers. Power system security and stability assessments are essential to avoid
catastrophic consequences of system disturbances which may result in system blackouts.
The accuracies of power system assessments are dependent on the precision of the em-
ployed models [11], [41]. To implement such assessments, the state variables have to be
determined at steady-state conditions and these variables must remain at equilibrium
point as far as there is no significant system disturbance. When the system is subjected to
disturbance, the state variables will oscillate and settle to a new or previous equilibrium
point if the system is stable while remain changing if the system is instable. Therefore,
for assessing the system security and stability, there are two important analyses, namely
the power flow and the dynamic analyses.

Power flow calculation basically defines the steady-state analysis of power networks. In
power flow analysis, the steady-state values of bus voltages (bus profiles) and line power
flows are computed for the given electric loads and generations. The Power flow solution
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of grid network defines the network steady-state operation and the initial values of the
dynamic equations which are evaluated at the equilibrium point for further time-domain
simulation studies. For performing the steady-state and time simulation analysis the
power network components shall be modeled as per the interest of study. Hence, the goal
in this thesis work is to examine the influence of wind power share on the system dynamic
behaviors, the major elements of the power network are modeled for a fundamental fre-
quency transient analysis.

The dynamic models of power network components are categorized in three main sub-
sections. The first section is modeling of the network components which are useful for
steady-state analysis. This section includes models of the transmission lines, transformers
and loads. The second category is modeling of the conventional stations with synchronous
generation and the third category is modeling of the wind power plants associated with
asynchronous generators, which is presented in a separate section as in chapter 4. Then
after, the transient stability analysis will be studied based on the WTGs along with the
other power system dynamics through which the impacts of wind energy increase in
power system are investigated and mitigation measures are proposed.

3.2 Modelling of transformers, transmission lines and loads

As major elements, AC power networks consist of generator systems, loads, transformers
and transmission lines. A power network can be modeled by a bus admittance matrix.
Modern electric power systems are basically comprised of thousands of buses and there-
fore, such bus admittance matrix is usually large and sparse. The methods of representing
and analyzing the power system components have significant influence on the system
analysis. In this subsection, three components of the electric network, named afterwards,
are modeled and their mathematical representations for the dynamic analysis are dis-
cussed. However, the model and analysis of synchronous generator systems will be im-
plicitly presented in the next subsections.

3.2.1 Transmission line

Transmission lines are premeditated to efficiently transfer electric power from generation
stations to load centers or from one substation to another over medium or long distances.
Transmission lines usually operate at extra high or high voltage levels in order to reduce
the resistive losses [44]. Such medium or long transmission lines can accurately be rep-
resented by a nominal =-model with series and shunt admittances [11]. The series and
shunt admittance behaviors of a line, with respect to its terminal measurements taken at
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its two ends, is shown in Figure 3.1 [45]. The admittance matrix of such black box repre-
sentation of a quadrupole is given in (3.2), where Zag is lump summed series impedance
of the line and Yag,L is the admittance matrix of the line between point A and B.
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Figure 3.1 Equivalent circuit diagram of a line [45]
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The admittance matrix of the line between bus A and B is derived in [45] as:
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Where, R is the series line resistance in Ohm, X is the line inductance reactance in Ohm,
C is the shunt line capacitance in Farad, G is the shunt line conductance in Siemens, Ym
is the series line admittance in Siemens, Ya and Yg are the lump summed shunt admit-
tances in Siemens at points A and B, respectively.

3.2.2 Transformer

Power transformers are used to enable power transfer with minimum losses at different
voltage levels between generator sending end to load centers at the receiving end. More-
over, transformers which have taps are also used to regulate the voltage and reactive
power flow by changing their transformer turns ratios [41].

Transformers allow to efficiently transfer the power from the primary to the secondary
side with minimum losses in the transformer windings. A power transformer with turns
ratio ¢ changes its current by a ratio of 1/7". Reducing the current in the secondary part
will decrease losses in the line and allows power transmission with minimal loss over a
long distance. The general equivalent circuit diagram of a two-winding transformer, with
a T-model type, is adopted in this thesis work. In the T-model type, the equivalent circuit
of winding B is related to the rated voltage of winding A as depicted in Figure 3.2 [45].
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Back transformation of the related voltages and currents is done using an ideal trans-
former with the transformation ratio z which is used to model regulation, tap changing
and phase shifting.

Figure 3.2 T-Model transformer equivalent [45]

The high voltage side winding leakage reactance Ya, the low voltage side leakage reac-
tance referred in the high voltage Y'g, and the shunt admittance due to magnetizing current
and iron core resistance Ywm are presented in [45] as:
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Then, the admittance matrix of the T-equivalent circuit of a two-windings transformer is
defined in [45] as:
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For simplicity and consistency purpose, in this thesis work, three-winding transformers
are represented by three equivalent two-winding transformers formed from the three coils
of the three-winding power transformer.

3.2.3 Loads

As discussed in [11], loads are classified into three groups i) constant power loads, ii)
constant impedance loads and iii) constant current loads. During steady-state operation,
the bus voltages remain in normal operating ranges and the loads usually behave like
constant impedance type. Hence, when computing power flow analysis, the steady-state
values of the bus voltages are within normal operation and so the loads can be represented
as constant impedance. Loads are basically named as active power and reactive power
loads. However, in transient analysis the bus voltages are varying beyond the normal
range and so the loads are not at constant impedance. The loads that depend on voltage
and frequency are named as composite loads and they form dynamic system loads [11].
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In such composite loads, the constant impedance type is applied and any load deviation
is modeled by a simple first order equation. For this reason, in this thesis work, loads are
represented as constant impedance type with voltage dependency model.

3.2.4 Protection system

Power systems are employed with protection systems which comprise a variety of defen-
sive devices such as voltage relays, current relays, power sensors, fuses, and circuit break-
ers. Such protective devices are directly connected to the circuits at substations/switch-
gears as instrument transformers, circuit breakers, disconnect switches, fuses, and light-
ing arresters. These protective devices are essential in order to de-energize the power
system either in scenarios of normal operation or in case of failures of the power system
due to overloads or faults [11], [44].

When conventional generation systems are dominating the power supply, there are solu-
tions in place to instantly correct and monitor overload and fault events. Such robust fa-
cilities prevent the catastrophic phenomena of the system [44]. During periods of severe
faults, where high currents occur, the entire power system is potentially threatened, unless
fast measures are in place. For this reason, the application of relays is employed, specifi-
cally for wind turbines units, to automatically isolate and protect the wind generators from
fault conditions beyond the grid code boundaries [44].

3.3 Modelling of the conventional generation stations

Conventional generation stations are fundamental electric power plants where different
primary energy sources are converted to electrical energy and transferred to the load cen-
ters via transmission networks. The major components of conventional power stations are
synchronous generators, excitation systems, turbine-governor systems and switch yards
[11], [41]. Each of these elements are discussed and their models are presented in the
succeeding subsections.

3.3.1 Synchronous generator model

The dynamic behavior of synchronous generators is described in several mathematical
models such as [11], [12], [36], [41] - [43]. For transient analysis of large networks, most
of them deal with the classical model or the swing dynamics and therefore lack higher
frequency transients. However, modern electric networks are becoming more compli-
cated to analyze due to the increased complexity of operation and control with power
electronics, e.g. in the case of wind generations with partial/full converters, that contribute
high frequency transients into the system.
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Synchronous generators (SGs) are still the main source of energy within modern electric
networks, which can be modelled with varying levels of complexity [41]. SGs are mod-
eled with several dynamic variables for studying and enhance the system stability [41].
The SG, as one of the most vital system components, must be modelled mathematically
in an adequate manner to represent the power system dynamic for security and stability
studies. As integrated research of the thesis work, comparison of different order of syn-
chronous generator’s models were investigated in reference to the 6th- order model and
the results show that the 4th- order model is sufficient to represent the synchronous gen-
erators for a fundamental frequency transient stability analysis [35]. Thus, the synchro-
nous generator, in the thesis work, is modeled with 4th- order and the details are explained
in the next sub-sections.

A synchronous generator has two magnetically coupled windings placed in the stator and
rotor parts. A three-phase synchronous machine can be modeled in the rotor frame of
reference as shown in Figure 3.3. The stator fluxes are transformed using Park’s transfor-
mation [12], [36] and are represented by virtual windings in the d- and g-axes as a ma-
chine-frame of reference. Figure 3.3 depicts two fictitious d- and g-stator windings rep-
resenting the three-phase armature windings on the stator. Figure 3.3 also depicts the field
winding ‘f-coil’, and one rotor damping coil along g-axis as ‘g-coil’. This representation
of the rotor circuits is named as the 4th- order model as in [35].

q-axis

a-axis -

Stator

Figure 3.3 Model of synchronous generator - 4th order [41]
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3.3.1.1 Rotor voltage equations

The rotor flux linkages either remain with rotor coils closed (the damper windings) or are
closed through a finite voltage source (the field winding) [11]. These real two rotor coils
(g- and f-coils), shown in Figure 3.3, along the d- and g-axes are considered as state var-
iables and are modeled in state space form as expressed in [36], [41]:

d V/d’f = i _W + l// + X—éU
dyg, 1

dt - T_q, [_l//q,g + l//q,s:|

Where, Yq is the field winding flux linkage in the d-axis; ¥q4 IS the “g”-damper winding
flux linkage in the g-axis; Uq  Is the excitation control voltage input to the field winding
in the d-axis; T is the short circuit time constant in the d-axis while T is the short circuit

time constant in the g-axis.
3.3.1.2 Stator voltage equations

The two stator fictitious windings in Figure 3.3 represent the three-phase stator windings
in the dg-axis frame. The equivalent stator flux equations are.

dyy
dt’S = _a)sRsld,s —OY,s— W Ud,s
(3.6)
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Where Vs, Uds, las; and ¥, Ugs, lgs are stator fluxes, voltages and currents in the d-
axis and g-axis, respectively; Rs is the stator resistance; ws and w are the synchronous
stator and rotor speeds, respectively.

In this thesis work, the generator convention is applied, i.e., positive currents for outgoing
currents from the stator and ingoing currents to the rotor windings [11]. The algebraic
equations of the stator and rotor flux linkages in terms of the currents for the stator and
rotor windings are given in (3.7) as described in [11]:

Was = Xaslas T Xamlas

Vas = Xaslgs ¥ Xqmlag (3.7)

War = Xamlas T Xaelas

Yag = Kamlgs + Xgglag
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Where, lggs, laf and lqs, lqg are the currents of the fictitious stator and rotor windings of
Figure 3.3 in the d-axis and g-axis, respectively; Xqs, Xqf, and Xqs, Xqg are steady-state
inductance reactances of the stator and rotor windings in the d-axis and g-axis, respec-
tively; Xam and Xqm are the mutual inductance reactances induced between the damper
windings and stator windings along the d- and g-axes.

In this analysis, the network transients are neglected. Moreover, the stator flux transients
are fast comparing to the rotor flux transients and so it is realistic that the stator flux
differential equations are neglected as proven in [11].

dl//d,s B dl//q,s

~ (3.8)
dt dt >

Using the assumption in (3.8) and applying it in the dynamic stator voltage expressions
in (3.6), respectively, the stator equations become algebraic and by employing the flux
equations in (3.7), the stator equations can be rewritten in terms of the internal transient
generator voltage as derived in [35].

_ i '
Ud,S __RSId,S + quq,s +Ud

(3.9
Ugs =—Rilgs = Xglgs TUq

Where, U'q and U'q are the dg-axes internal generator voltages behind the d-axis transient

reactance X'q. All generators, in this thesis work, are represented as a current source for

studying the dynamic behaviors of the power networks. Thus, the rotor flux differential

equations in (3.5) are transformed to their equivalent voltage equations by employing the

dg-axes voltage expressions in (3.7) and (3.9) as given in [35], [41], [46].

g 1
dUq =—,[—U£1 —(Xds = Xd) lus +Ud,f]
dt  Tdo (3.10)
dug 1., : |
dtd =ﬁ[—Ud +(Xqs = Xq) los]

Tdo and Ty are open circuit transient time constants on the d-axis and g-axis, respectively.

3.3.1.3 Transient saliency

The transient saliency is the effect of slots in the stator when the transient reactances in
the d-axis and g-axis are different. In such cases, the synchronous generators are not easily
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represented by an equivalent circuit. As explained in literatures, [12], [36], [41], the tran-
sient saliency can be treated either using the constant current source or dummy coil that
characterizes the saliency in representing the stator scalar equations into single-phase
phasor representation so that the transformation between the machine frame and the net-
work is realized. In this thesis work, the dummy coil technique is considered, which re-
quires to choose appropriate rotor/stator current flow direction and axis transformation.

The transient saliency for the 4th- order model can be determined by adding and subtract-
ing the term X4' Iqs in the stator voltage equations in (3.9) and gives the phasor represen-
tation of the stator as in (3.11).

Ugs +iUqs = (Ug+ U5 ) = (R + X0 (Tas +ilgs )+ (Xg = Xd ) g (3.11)

If the dummy coil is represented as in (3.12),
Uge =(Xg=X§) s (3.12)

Then the phasor representation of the stator voltage behind Xq' in the generator frame of
reference is rearranged as:

Ug+Uqg +JUq = (Ugs +1Uqs ) + (R +5X5)(las + g ) (3.13)

Thus, the dummy coil dynamic with constant time, T¢' can be represented by:

du,, 1 , ,
d—f’=;[—Ud,c+(Xq—Xd)lq,s] (3.14)

c

Hence, using equation (3.13), the dynamic equivalent electrical circuit of the SG for the
transient or sometimes called two-axis model, with transient saliency, is presented in Fig-
ure 3.4 [41]. The load angle ¢ is defined as the angle between the g-axis of the individual
generator with respect to the real axis of the grid reference frame. Hence, the axis trans-
formation angle between the dg-frame and the ap-frame is defined as ¢ - n/2. The detailed
axis transformation of the synchronous generators between dg-components and the com-
mon grid reference (ap-frame) is explained in the succeeding sub-section.
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Figure 3.4 Dynamic equivalent circuit of synchronous generator with transient saliency [41]
3.3.1.4 The swing equations

The interaction of rotor dynamics (electromechanical), in terms of the rotor speed, during
and after a few seconds of transient disturbance results in generator swing responses.
Figure 3.5 shows that two torques are exerting in the opposite directions: on one side the
mechanical torque from the turbine Tm and on the other end the electromagnetic torque
Tem acting on the field windings that are located on the rotor. If the torques at the two
ends of the generator shaft are equal then the machine remains in synchronism and is
neither accelerating nor decelerating. However, in the real case there are at least small
disturbances on both or either side and the machine is usually swinging.

Tem - e
Turbine % Generatof }——e
Tm —©®

Figure 3.5 Schematic diagram to illustrate the interaction of rotor dynamics [43]

The rotor swing dynamics of synchronous generators are usually modeled by two first
order equations along with mechanical dampers to accelerate much faster as in [12], [35],
[43]:

ds
—=0-0o
dt
(3.15)

2H do _

(DO dt Tm _Tem - D (a)—O)o)
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The induced generator electromagnetic torque, Tem In per unit is given by:

Tem =Ué Id,S +Ué qus +(X(’j_X(§|)|d’S Iq’s (3.16)

Where; H is the inertia constant of a generator in seconds, Tm is the mechanical input
torque in per unit, D is the damping constant, « is the rotor speed of the generator in
rad/sec and wo = ws is the initial and base generator rotor speed in rad/sec. The stator
currents, internal generator voltages and transient reactances in the dg-axes are all in per
units.
Therefore, the complete 4th- order dynamics of the synchronous generator are represented
by their differential equations in (3.10), (3.14) and (3.15) and the algebraic equations in
(3.9) and (3.16) as in (3.17).

Udgs =-Rslgs+ Xqlgs +Uqd

Ugs =—Rslgs—Xa las +Uq

1

u; == ~Ug—(Xa— X&) las +Uat |

. (3.17)

O =w-—-wg

o

2H
Tem :Ué Id,S +Uq’ qus +(X(:|—X('1)Id’5 qus

@ [Tm —Tem — D (@ —w0)]

In a conventional power plant, the outputs of synchronous generators are normally con-
trolled to a desired active and reactive power reference by which the terminal voltage and
frequency of the generator are regulated. As described in section 2.2, there are various
types of conventional power plants which are derived by different types of primary energy
sources. In this thesis work, the hydropower and steam turbine systems are considered for
all test networks and case studies. Thus, the voltage regulation and turbine control system
models, in this work, are concerning only to hydropower and steam-based conventional
power generation.
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3.3.2 Excitation system

The excitation system is a means that provides a regulated output voltage to the field
windings of a synchronous generator. In this thesis work, two excitation models have
been considered for regulating the grid voltage at the generator terminals. The excitations
are simplified forms of fast acting static IEEE-Type ST1A and IEEE-Type DC1A stand-
ard exciters as described in [47].

The simplified fast acting ST1A exciter is employed in case of large networks that aims
to study mainly the frequency regulations [13], [47]. The DC1A model is applied to eval-
uate network dynamics when there is interest in voltage stabilities. DC1A, comparing to
ST1A, has incorporated a larger number of states and is better to represent the physical
behavior of excitation systems which need more simulation time compared to the simpli-
fied first exciter.

3.3.2.1 Simplified model of static ST1A exciter

The schematic diagram of the simplified model for the IEEE ST1A static excitation type
is shown in Figure 3.6. As described in [36], [41], IEEE-type ST1A is a single-time con-
stant, fast acting with high gain static exciter that behaves like a proportional controller.

U

d,f,max

Ug,ref + KA
T _ 1+ STA —/

d,f,min
Ug

Figure 3.6  Single-time constant IEEE-type ST1A excitation system [36], [41]

The corresponding mathematical representation of such first-order controller is given in
(3.18).

du
df[j’f :%[_Ud,f + KA (Ug,ref _Ug):| (318)

Where
U, is the output of the excitation controller; Ka is the excitation control static gain;
Uy is the generator bus voltage magnitude; Ta is the excitation voltage time-constant

The excitation state variable, which is an instantaneous input voltage to the rotor exciter,
is bounded to maximum and minimum values with limiter as Ug fmin < Ud f < Ud fmax. The
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steady-state reference value of such excitation voltage is calculated by setting the deriv-
ative equal to zero as in (3.19).

U

g,ref

-u, Yar (3.19)
K

A
3.3.2.2 IEEE-type DC1A

The IEEE-type DC1A excitation system, due to its simplicity comparing to others, is al-
ternatively also used in this research thesis. DC-generators are the sources of such exci-
tation power and provide current at the excitation voltage Uqg  to the rotor windings of the
synchronous machine through slip rings. The excitation voltage in such field-controlled
exciter models is continuously regulated by a field-controlled DC commutator exciter.
The structure of the IEEE-type DC1A excitation model is shown in Figure 3.7 and the
dynamic mathematical equations are as follows [13].

UR,max

v

Ud

A

A

1
.
w -|-|X
—
A

~

F

T

A

Figure 3.7 IEEE-type DC1A excitation system model [13] [36]

The state variables of the DC1A excitation system are Ugf, Ur and Ur. The dynamic
model of the DC1A excitation system is presented in (3.19) as in [13].
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du
d'([j’f =Ur —(Kg +Se(Uqf))Uqg s
du 1 KaK
dtRZT—[—UR-l-KARF_ A FUd,erKA(Uf.J,ref_Ug)}
A i (3.20)

dRe _ p LKy
dt ] Tk o

K
RF=T—FFUd,f—UF

Where Uqg s is the excitation system output voltage; Ur is the rate of feedback to stabilize
excitation voltage; Ur is the regulator voltage where Urmin < Ur < Urmax; Ug IS the ter-
minal voltage magnitude. All gains and time constants are defined and taken from [13].

3.3.3 Speed-governor and turbine systems

The modeling of the turbine system and speed governor is required to regulate the me-
chanical power as per the demand in the grid so that the rotor tends to rotate at synchro-
nous speed. In this thesis work, a hydraulic turbine system model is presented and its
simplified block schematic is shown in Figure 3.8 as in [36], [41], which is used for reg-
ulating the governor gate valve. The details of steam turbine and governor system models
can be referred at [36], [41].

Po
+
Aa)pu K (1+ ST2 ) APE + PGV 1- STW -
(1+5T,)(1+5T,) 1+0.5sT,, P
Hydro-speed-governor Hydro-turbine system

Figure 3.8  Simplified model for speed-governor and hydro-turbine system [36], [41]

The states of the hydro turbine speed-governor and turbine system are defined in Figure
3.8 as follows:
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%_l[—X2+MA%U:|

dt _Tl (L —Ts)
dt T; (Ts —Th)

(3.21)
IDGV = I:)TO —Ape fOI’ I:)min < I:)GV < I:>ma><

dPm 2 {_PMGW_TW deu}

dt  Tw dt
APe = X1+ X2

Where x1 and x. are the first and second integral intermediate states in pu; K is the hydro
turbine proportional gain in pu; Pm is the turbine mechanical power state in pu; APe is the
speed-governor regulated power in pu; Pro is the steady-state value of the Pm input in pu;
Pcv is the speed-governor input to turbine in pu; Tw is the water starting time or water
time constant in sec; Ty, T2, Tz are the speed-governor time constants in sec; Gpuy is the
gate valve position between 0 and 1, when the turbine is in full load, Gpy =1. All the
regulator gains and time constants are defined in [41].

3.4 Grid interfacing

Synchronous generators are modelled in their respective machine reference frames and
all the state and auxiliary variables of rotor and stator are represented in their machine-
frame of reference (dg-axes). On the other hand, the grid is represented in a ‘synchronous-
frame’ of reference (af3-axes). A quantity of F (voltage or current) is related mathemati-
cally in dg-axes and af3-axes as shown in Figure 3.9 [41], [48]. The ap-frame for synchro-
nous generators is the resultant or single-phase representation of the three-phase quanti-
ties at the generator terminal in the network reference frame. As can be proved later in
subsection 5.5.1, the steady-state generator internal voltage lies along the g-axis so that
the initial internal voltage angle ¢ is defined as the angle between the a- axis and the g-
axis [42]. Hence, the axis transformation angle between the dg- and af-frames is o - /2.

Hence, an F quantity in ap-frames is transformed to dg-frame using (3.22) and the other
way round by inverting the matrix.

Fy| [sino —cosd || F, 20
F,| [coss sing || F (3.22)
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d- axis

Figure 3.9 Phase diagram of generator dg-frame and synchronous axis af3-frame [41], [48]

The synchronous generators are modeled as source-currents, whose internal transient
voltages, in (3.9), are transformed to current sources as shown in Figure 3.10. By princi-
ple, a generator modeled with source-current has the capability to maintain a constant
current flow across its terminal regardless of the voltage profile at the generator bus. [41].

|d,s+j|q,s
> o+
| ; Ud,s+qu,s
T =g R, + X
o -

Figure 3.10 Synchronous generator as source-current in the dg-frame [41]

The generator currents in the synchronous reference frame are represented by the gener-
ator source current lgs and the grid impedance as in Figure 3.10. This describes the grid
interfacing model with generator convention which helps to determine the injected cur-
rent from the generator as a function of the internal transient voltages. As described in
section 3.3.1.3, the dynamic saliency is not neglected for the 4th- order model so that the
model can host transient values with X'q # X'q. Thus, using the voltage source equivalent
circuit in Figure 3.4, the generator source current in the af-frame is given as in (3.22).
Ug +Uq +1Yq

= sind — jcoso (3.23)
b =TT R gy (nOTIes?)
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Where lgs = los + | Ips represents the af-frame source current of a single generator. In
every time step, the generator terminal voltage Udqs IS determined from the network
model, as shown in Figure 3.11, using (3.24).

HK :!Ile,LG lg,s (324)

Where, uk is the updated vector of all network bus voltages, ig; is the vector of generator
source currents in af-frame and Ykk,Lc is the network admittance matrix including the
load and generator admittances as shown in Figure 3.11. Then the generator terminal
voltages Udqs are obtained from (3.24) by transforming the afp-frame to dg-axes frame
using (3.22). Using the new terminal voltage of a generator Uqqs and its internal transient
voltage U'qq, each generator current is updated and will be used as input for the next time
simulation through numerical integration with:

Uc,| +Ud,c +ch; _(Ud,s+qu,s)
Ry +1%q

(3.25)

ldq,s = Id,s+ J Iq,s =

Where,_l4q;s is the generator stator current in dg-frame. It is determined as a function of
the internal transient generator voltages (U'q, Udc and U'g), rotor angle ¢ and the terminal
voltage Udq,s in dg-frame (after the network solution).

Electric power change on the supply or demand side can have a major effect on the system
frequency which is the average network bus frequency that the majority of the synchro-
nous generators are following. Calculating the momentarily grid frequency is an im-
portant task if the generating units are not set sufficiently to automatically respond in line
to the changing grid frequency. In this thesis work, the grid frequency fcoi that the syn-
chronous generators are following is calculated based on the center of inertia as in [11].

= (3.26)

Where, i =1, 2, ..., ng is the number of generators participating in frequency regulation.
ng is the total number of generators; Hgi is the i-th generator inertia constant in seconds
and wi is the i-th generator rotor speed in rad/sec.
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The network and synchronous generator dynamic models discussed in this chapter and the wind turbine generator dynamics presented
in the next chapter will represent the complete AC power network transient analysis. The complete schematic diagram that describes
the grid integration model of synchronous generators along with the voltage and frequency regulation modules is presented in Figure
3.11.
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4 l N\
Stator circuit AXIs
AEs transformation |«
A ~ g
ldqys Uldu Ulq > XG lg
( ) Ut .
|| Rotorcircuit i« Excitation
DEs > System
~— lep
U, U'g A Yy
y » LL
Torque/Power Tem I
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Tm

i-th synchronous generator model

Figure 3.11 Synchronous generator grid integration layout for time simulation [36]
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4 DFIG-based Wind Turbine Dynamic Model

4.1 Generic dynamic wind turbine models

Power generation from wind turbine is a relatively new scheme of electric generation with
exceptional features, for instance wind turbines are receiving irregular wind speeds and
nowadays they use power electronic converters to regulate their outputs. Unlike the con-
ventional power plants, there are few generic models for grid integrated wind turbines
intended for transient stability studies. The positive-sequence dynamic models of wind
power plant (WPP) are typically used for simulation of bulk power systems. Such models
are required for validating the compliance with network reliability criteria and for power
system planning expansions. Previously, most dynamic models of wind turbine genera-
tors were vendor-specific and have been developed mainly for validating the specific dy-
namic characteristics of user-defined models [49], [50].

Due to the stochastic nature of wind and technological complexity of the wind turbine
components, with plenty of vendor-specific turbine generators, there are still many chal-
lenges to use generic wind turbine models like the synchronous generators for stability
analyses of large networks [49]. The Western Electric Coordinating Council (WECC)
renewable energy modeling task force and the IEEE working group on dynamic perfor-
mance of wind power generation have jointly developed a set of generic wind turbine
models in 2014, which are used in Siemens PTI PSS®E and GE PSLF® [40]. The energy
system international group (ESIG) has sustained interesting thoughts and notable results
have also been obtained related to dynamic wind turbine models as in [39]. A collabora-
tive research group between IEC and WECC has resulted in series editions of generic
models which are being used by different wind turbine manufacturers and grid operators
[39]. However, most of these models are still vendor specific and they are commercial
tools specifically to study the dynamics of wind generators not the whole grid system.

Based on the available WTGs in the market, ESIG group has developed four generic wind
turbine topologies for the respective type of wind turbines as stated in section 2.3.2. As
described in section 2.4, Type 3 WTs (DFIGs) are the most preferable technologies due
to their cost and grid integration compatibilities. Therefore, this research focuses on DFIG
based power generation and studying the detailed dynamic behaviors and impacts of such
machines on the transient stability of power grid. The RMS model of DFIG-based wind
turbines is applied to study the dynamic impacts of wind generators on various grid sys-
tems in the proceeding sections. The associated control strategies are also presented and
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verified via comparative simulations with the available EMT-models in the Simulink li-
brary. The models of the wind turbine generator and control strategies are premeditated
to present the dynamic behaviors of the machine along with the power system dynamics
to check if the system remains stable in response to different types of disturbances.

The main components of a typical WTG are shown in Figure 4.1. The dynamic equations,
that include the differential and algebraic equations relating to the mathematical models
of wind turbine subsystem are described in the following subsections.

Turbine
Low-speed  High-speed
Wind shaft shaft
She o i

Gear boX  Generator

Figure 4.1 Schematic diagram of a typical WTG [49]

Modeling of wind turbines is complex due to the non-linear electromechanical behaviors
which incorporate a large number of control subsystems. Wind turbines can be considered
as assembly of subsystems which can be uniquely modeled or as a group of turbines with
similar design and environment characteristics. The individual subsystems can then be
assembled into a wind turbine generator model. Based on a DFIG modeling standpoint, a
wind turbine consists of the following main mechanical and electrical subsystems:

= Rotor blades/ the aerodynamic model of turbines;

Mechanical models for the drive trains;

Induction generator model;

Back-to-Back converter model;

Rotor-side converter control model;

Grid-side converter control model;

Pitch controller model and
» The step-up transformer and grid-interfacing model.

The interaction of these subsystems determines the steady-state and dynamic response of
the wind turbine generator. Modeling of the rotor blades, drive-train, induction generator
and control systems are based on the differential and algebraic equations that describe the
respective steady-state and dynamic operations. The active and reactive power references
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of the control strategy are determined based on the optimal rotor speed and the desired
reactive power demand at the grid-side, respectively.

4.2 Wind speed model

Uniform wind speeds are considered for similar turbines that are receiving the same wind
regime in a wind park. Wind gusts are involved in the test model which represent mathe-
matically the random sequential wind function around the average value [51].

2v,

g,max
—4(sin (wgt)—l)

ve(t) = (4.1)

1+e

Where wg gust frequency given by 27/Tg
vg maximum possible gust wind speed of the site
Ty duration of gust wind speed in seconds

The wind gust amplitude fluctuates up to 10 m/s and the gust period is between 10-50 sec-
onds. Then, the resulting wind velocity, v(t) including the gust wind is given by,

V(t) = vy +V, (1) 4.2)

Where o is the constant average speed in m/s
4.3 Wind turbine model

The Kinetic energy contained in a flowing wind is converted to useful mechanical energy
by rotor-blades of the turbine. This energy conversion mechanism is represented by the
wind turbine model and expressed as in [26].

P, :% prR?C, (2, AV (4.3)
L_QR (4.4)
Vv

Where Pt is the aerodynamic/turbine power, Cp (4, f) is the wind energy conversion co-
efficient given by (4.5), v is the wind speed in m/s, p is the air density in kg/m?, R is the
rotor blade radius in m, € is the low-speed shaft turbine speed in rad/sec, 4 is the tip
speed ratio and g is the pitch angle in degree. The power coefficient of the wind turbine
conversion is given by the non-linear relationship in (4.5).
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—C4
Colh ) =(2-C, f=Cr) e +C
! (4.5)

1_ 1 0035
A, A+0.088 1+p°

The non-linear Cp curve as a function of tip speed ratio 4 and pitch angle f is fitted to a
wind turbine power curve by using the gaussfit toolbox and then optimized by applying
fminsearch function in MATLAB. The numerical approximated optimal coefficients of
the aerodynamic model for the wind turbines used in this work, are determined as in [25]:

C1=60.088; C2=0.2072; C3=2.59; C4 = 21, Cs = 0.0068

The wind turbine power coefficient Cp (4, ) is a non-linear exponential function applied
to relate the two variables. The correlation is determined using numerical approximation
techniques that fits to manufacturer’s power curve data. The power coefficient is a varia-
ble parameter that depends on the rotor blade tip speed ratio as in (4.5) and pitch angle
which in turn depends on the generator rotor speed and the incoming wind speed. The
power coefficient is controlled to its optimal value, i.e., the turbine output power is along
the maximum power point tracking (MPPT) for wind speeds below the nominal value
while the pitch control again reduces the power coefficient to a value that corresponds to
the rated power of a generator when the incoming speed is above the nominal wind speed.
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Figure 4.2 Wind turbine control strategy based on four speed control regions [52]

The wind turbine control system has different control strategies to regulate the output
wind power depending on the wind speed that ranges between cut-in (vci) and cut-out
(vco) values. The target of the turbine control system in the region between points B and
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C is to optimize the value of C, (4, ) so that the optimal power is tracked. In this regard,
the rotor blade tip speed ratio is kept near its optimal value Aopt in (4.4).

The conventional wind turbine control system is required to uphold the optimal energy
capture. With such control strategies, the wind turbine energy conversion efficiency is
optimal and helps the wind turbine to operate for a wide range of wind velocities. The
turbine output power increases by cubic of the rotor speed (high speed shaft), Qm® with
increasing wind speed for the partial load operation and remains near the nominal value
during the full load operation in Figure 4.2. The corresponding turbine torque increases
by Qm2. Thus, the optimal power and torque characteristic of a turbine model are de-
scribed as in [25]:

3
O R C
P = 1,on R? Coopt| = | = 1,o nR® —p'Op; 02
2 ;Lopt 2 Aopt
c (4.6)
T2 RS RO 2
w Q2 P PICE

opt

With a gearbox ratio of N, the high-speed shaft Qn is equal to N and its torque Tm is
equal to Tw/N. Then the corresponding high-speed power P and torque Tm are given by

3
P =1an5—Cp’°p‘ (ﬁj = Kop 2,

m 2 iopts N opt =4m
1 C o Y
Ty = EP ° N;opt3 (Wm] = Kopt -sz 4.7)
opt
5 Cpopt
Where K, =—-pnR NORE

The performance of the rotational speed (2., depends on the efficiency of the mechanical
coupling between the rotor and generator, which is expressed as the drive-train dynamics.

4.4 Drive-train model

The mechanical coupling (drive-train) includes the wind turbine, gear-box, shafts and
other coupling components of the wind turbine. The wind turbine drive train is usually
modeled by a two-mass system as in [53]. The generator’s high-speed shaft is coupled to
the turbine shaft via gearbox as in Figure 4.3.



DFIG-based Wind Turbine Dynamic Model 45
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Figure 4.3 Two-mass wind turbine shaft system [53]

Where Ta, Tis, Trhs and Tem are the aerodynamic, low-speed shaft, high-speed shaft and
electromagnetic torques, respectively; Ht and Hg are the turbine and generator mass sys-
tems, respectively; Km and D are the shaft stiffens and damper coefficients of the two-
mass system, respectively. The high-speed shaft and the low-speed shaft of the two-mass
system are related in (4.8).

w=pR, =No=Np, (4.8)

Where;

Q¢ turbine mechanical angle speed (low-speed shaft) in mech. rad/sec
Om generator mechanical angle (high-speed shaft) in mech. rad/sec

wt  turbine rotor angle speed in elec. rad/sec

@  generator angle speed in elec. rad/sec

ws  rotational speed of the generator stator fields in elec. rad/sec

N  gearbox ratio

The one-mass model of the drive train is also applicable for transient stability studies as
given in [54]:
dw

1
E:ﬁ(-rm _Tem) (49)

Where Ta=2H  mechanical transmission time constant in seconds
H lumped sum inertia constant of WTG in seconds
Tm mechanical torque of wind generator end axis in per unit
Tem electromagnetic torque of generator in per unit
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4.5 Induction generator model

The stator windings of a DFIG-based wind turbine are coupled directly to the grid and
the rotor is coupled via a power electronic converter. In Figure 4.4, the DFIG configura-
tion shows that the stator is getting supplied by three-phase voltages at constant frequency
from the grid. The stator three-phases windings have p pairs of poles and are directly
connected to the grid. The currents in the stator windings create rotating magnetic fields
in the air gap. These induced stator fields have a rotational speed of ws, which is propor-
tional to the grid frequency fs as in (4.10)

o, =27 f, (4.10)

The stator windings are usually connected to the grid through a step-up (unit) transformer.
On the other hand, the three-phase rotor windings are supplied by a voltage source via
slip rings and brushes but independent from the stator voltages. The power supply of the
rotor comes from the rotor-side converter [25], [53]. Therefore, the rotor windings are
connected to the grid through a back-to-back converter. If the generator’s rotor rotates at
a speed different from that of the stator field, variation in magnetic flux is created. By
Faraday’s law of induction, currents are induced in the rotor windings. This leads to a slip
of rotor speed s that rotates at super- or sub-synchronous rotational fields.

, o, = constant
Z R
//// > >\ ///// N
P, P. 7'y P ’ TR
— _ l P ¢ MV switchgear
DFIG o = variable
P 4 Z
Z
Y 4

RSC H GSC [

1

Converter Control

drive

A

F 3

WTG
Control

Figure 4.4 Schematic diagram of doubly-fed induction generator and converter

The slip of an induction generator is defined as a variation of the stator rotational field ws
and rotor mechanical speed w as stated in (4.11).
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§=— (4.11)

Where; w is the generator rotor angle speed in elec. rad/sec; ws is the synchronous speed
in elec. rad/s and s is the rotor slip ratio.

4.5.1 Steady-state operation

As described in the drive-train section, the DFIG components operate at different fre-
quencies which are related to each other as in equation (4.12).

O, =0 — @ (4.12)

Where;

ws  frequency of stator fields (voltages and currents) in elec. rad/sec,
or  frequency of rotor fields (voltages and currents) in elec. rad/sec and
w  variable rotor speed in elec. rad/sec

As the stator windings of the DFIG are directly connected to the grid, ws is constant and
equals the synchronous frequency of the network reference frame. However, the fre-
quency of the electrical quantities in the rotor windings «r depends on the rotor speed w,
which results in three operating conditions [25]:

= s>0 — Sub-synchronous operation
= s=0 — Synchronous operation (4.13)
o>w, = $<0 — Super-synchronous operation

The variable rotor speed characteristics of the DFIG-based wind turbines depend on both
the available wind speed from the turbine side and the load power (reference active
power) by which the partial-load converter either supplies power to the grid or receives
power from the grid. Thus, the net generator output power Py is the sum of the stator and
the rotor power which goes via the grid-side converter Pe.

Rh=R+F (4.14)

In the transient analyses, the network is represented by a single-phase system and simi-
larly the DFIG stator and rotor are represented by an ideal model with symmetry in the
machine (RMS type). The other two phases are considered as balanced system, each at
120 ° phase shift and a linear magnetization. The stator and rotor windings turn per phase,
Ns and N respectively, are related by coefficient p that relate the induced stator and rotor
electromagnetics as:
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s =S— (4.15)

Where, Uys is the rotor induced voltage referred to the stator and Us is the terminal voltage
as shown in Figure 4.5. The leakage reactance of the stator and rotor are calculated from
the inductances according to the frequency of the stator and rotor fields.

I_s Rs Ja)sLIr Ja)rLIr Rr I—r
Ao | 1 | | J|:|_|:|_<:o B
+ +
Qs Ja)SLm QQI H I urszsu; ur{
Stator — l — Rotor

Figure 4.5 Equivalent circuit of DFIG with rotor parameters referred to the stator [25]

In Figure 4.5, the steady-state voltage and flux parameters of the rotor are referred to the
stator and the coefficient p is assumed as unity. By applying the Faraday’s voltage law,
the steady-state voltage and flux equations are depicted in (4.16) and (4.17), respectively.

U =R I +jo L I +jo L (L + 1) =R I+ jo, L L+ jos Ly 1,
, . U , R .
ur —SQS = (Rr +]Ss a)sLIr)lr = _?r_us = (?S+Jsa)sLlr)|_r (416)

:%:%I_r+ja)er I, +jo, L, I

st = Lm(l_s+lr)+|-ls I_s = Ls I_S+Lm I_r

4.17
y_jr:Lm(l_s+lr)+Llrlr:Lm|_s+Lr I_r ( )

Where Us and Uy are supplied voltages to the stator and rotor, referred to the stator, re-
spectively; U's is the internal voltage of the stator; Lis and L are leakage reactances for
stator and rotor referred to stator, respectively; Lm is mutual inductance; Ls = Lis + Lm iS
the stator inductance and L =Lr + Lm is the rotor inductance; s is the slip of the induction
machine.

The active power balance of a DFIG using the generator convention is expressed as in
(4.18).
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P=P+P-P (4.18)

cu,s

PCU,

r

Where Pr is the mechanical turbine power, Ps is the stator active power and Py is the rotor
active power, Pcy s is the copper losses in the stator windings and Pcy r is the copper losses
in the rotor windings. The stator and rotor power generations as well as copper losses in
(4.18) are defined as:

P, =3Re{U, 1, }=3R 1> +30,L,, Im{1,1"}
R =3RefU, 1, }=3R1>-3s oL, {11}t =P, =3p2, L, Im{L,1,"}  (4.19)
P.s=3R 1 and P

cu,r

=3R I*

The values of Ps and Py are interpreted as powers delivered to the machine, the value of

Pm is defined as the mechanical power developed by the machine via the generator shaft.

The mechanical high-speed shaft speed Qm = w/p as explained in (4.8). where w is the

rotor speed in electrical rad/sec and p is the number of pole pairs. Thus, the steady-state

electromagnetic torque Tem developed in the shaft is defined as follows:

T =R, =3pL, Im{1 1,7} (4.20)
a

em

4.5.2 Dynamic model of DFIG

As in [25], the DFIG can be modelled in space vector representation with three different
reference frames, typically the stator stationary-frame of reference (af3-axes), the rotor
reference frame (DQ-axes) which rotates at @ and the synchronously rotating frame (dg-
axes) which rotates at ws. These three possible frames of references are shown in Figure
4.6. For studying the power system transients along with the synchronous generators, the
DFIG is modelled in the dg-frame of reference to which all the stationary stator and ro-
tating rotor quantities can be transformed or vice versa. Unlike in the synchronous gen-
erator, the induction generator can normally operate at a rotor speed which is higher or
lower than the synchronous speed which is explained by the slip operation. Thus, the
DFIG operates at three distinct speeds that are the stator field speed, mechanical rotor
speed and the slip speed that correspond to the rotor fields. When one or two of these
speeds vary unexpectedly or strategically from controllers the other speeds vary in such
a way that the sum of the three speeds equals to zero.
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D-axis

Q-axis

’ o.
Figure 4.6 DFIG reference frame to represent in space vectors [25]

Os and 6m, as in Fig. 4.6, are defined as the stator angle (static field) and the rotor mechan-
ical angle (rotating shaft) from a-phase axis, which is along the real part of the af-axes,
respectively; 6r = Om- 6s is the rotor windings electrical angle (rotating field) between the
DQ- and the dg-axes. The a-phase axis is the single-phase representation of the three-
phase system for symmetry and balanced systems or the af-complex representation of
the three-phase quantities.

The stator and rotor quantities (such as voltages and currents) are transformed from one
of the three axis to other axes based on the angle shifts in Figure 4.6. For example, a stator
quantity x in ap-reference can be transformed into synchronous frame of reference (dg-
axes) and a rotor frame (DQ-axes) by multiplying the complex quantity with
e 1% and e71%m | respectively as in (4.21) and vice versa.

X+ i = (X +ix) e (4.21)
X+ %g =(X +] XB) e 10m

4.5.2.1 Stator and rotor equations

As discussed above, the stator quantiles are static to the synchronous reference frame and
their frequency is determined by the grid. On the other hand, the rotor is mechanically
decoupled from the stator and the instant field windings frequency is determined as a sum
of the initial stator angle (rotor position) and the angle deviation due to the speed differ-
ence between the rotor and stator electrical angles. The equivalent dynamic model of the
induction generator is presented in Figure 4.7. Figure 4.7 shows the stator and rotor phasor
flux expressions of the a-phase axis of an asynchronous machine, which can also denote
the a-form of a three-phase system as in [25].
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v =L+ 0
l//rr: Lrlrr+ Lml_sr

(4.22)

Where; the superscripts s and r represent the stator fields in the stationary frame of refer-
ence (ap-axes) and the rotor fields in the rotor frame of reference (DQ-axes). The stator
and rotor voltage equations of a-phase axis are similarly expressed as the sum of the volt-
age drop in the windings and the induced voltage in the windings [25].

Ui=R 1L+ o
o (4.23)
7

Us and U, are the phase voltage of stator and rotor windings, respectively; Is and I; are the
phase currents of stator and rotor windings, respectively; ¥s and ¥ are the phase fluxes
of stator and rotor windings, respectively. All the stator and rotor quantities are presented
in their respective reference frames, the afp-axes and DQ-axes, respectively.

Figure 4.7 RMS equivalent dynamic circuit of the DFIG in network reference frames [52]

Based on the axis transformation in Figure 4.6, the stator and rotor frames of references
in (4.22) and (4.23) are multiplied by e~ and e7/®m | respectively to transform the var-
iables to a grid system reference frame (afp-axes). The stator and rotor flux expressions in
the static reference frame (a-phase axis, i.e., ap-frame) are expressed as:

pielt =L 1% e %L 10 e Vaps = by Lops + L Lo
=N (4.24)

-j6 -j6 -j6 —
V_/:ejm:Lrl:ejm+Lm|_;eJm lgaﬁ,r_l‘rlaﬁ,r—i_l‘ml—aﬁ,s

In a similar way, the stator and rotor voltage equations in the grid reference frame (af-
axes) are described as in (4.25).
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| oyt d
L_J: e 1t — Rglss e 1t 4 ;Kts e )% L_J(xB,s = Rsl—alls + ja)sl/—/“'}’s - %(;B,S

» _ » (4.25)
u:: e—j9m _ er_rr e_jﬁm +% e—jgm ua[},r = er_aB,Sr + ja)r l/_/aﬁ,r + a‘;ﬁ,r

The electromotive torque produced by the induction machine at the stator air-gap is cal-
culated as in [25]:

3 * 3 L x
Tem = 5 p Im{l/_/aﬁ,rlaB,r}z Eﬁ p Im{lgaﬁ,r l/_/aﬁ’s} (4.26)

Where, the fluxes and currents are in RMS values; p is the number of pole pairs of the
2
machine; o =1- tmLS is the leakage reactance;

T

The other most applicable option is to transform all the rotor and stator quantities from
their respective frames, the rotor frame (DQ-axes) and the grid reference frame (af-axes)
respectively, to a common frame which rotates at synchronous rate (the dg-axes). There-
fore, from this point, all the electrical quantities of the stator and rotor including the con-
verter control variables are transformed and realized in the dg-frame of reference.

4.5.2.2 dg-axes model

In the dg-frame of reference, the dynamic model of the induction generator is depicted by
the conventional T-equivalent circuit model in Figure 4.7. This model consists of a stator
winding and a rotor winding with slip rings. Therefore, the dg-axes electrical dynamic
equations are derived from the equivalent circuit presented in Fig. 4.7 and/or transforming
the respective equations in (4.22) and (4.23), respectively to the synchronous dg-axes.
Therefore, the stator and rotor frames of references in (4.22) and (4.23) are multiplied by
e 1% and e71°r, respectively to transform the variables to a common synchronous refer-
ence frame (dg-axes). The stator and rotor flux equations are then expressed in the dg-
axes as [25]:

Wdas = Ls Ldgs + Lm Laq,r (4.27)

Ydqr = Lm lags + Lr Lag,r

Similarly, the stator and rotor voltage equations in dg-axes:
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dydgs .
Udgs = Rs lags + atquwas ¥ dgs

(4.28)

dyder .
Udgr =R Lagr + atqf + ) Ydq,r

Where, the dg-frame components are described as:

Ugqs =Uqs + JU o5 IS Stator voltage in V U gqr =Uaqr + JU 4, IS rotor voltage in V
Lags = las+j 145 s stator currentin A Lagr=lar+ jlgr isrotor current in A
Wdgs =W dast+ JWqs IS Stator flux in Weber  wqqr =W o+ Jwqr 1S rotor flux in Weber
c?;swdq,s is stator back electromagnetic in V cj)ry/dq,r is rotor back electromanetic in V
@ is rotor frequency rad/sec O =@ — @ i slip frequency in rad/sec

4.5.2.3 The per unit system model

In a similar fashion to the synchronous generator models, the dynamic models in (4.27)
and (4.28) are transformed to a common aggregated wind generator base power and stator
voltage. The base quantities for the stator of a DFIG generator, with p as pole pairs, are
defined in (4.29).

nom
4.29
; (4.29)

Where, Sy is the three-phase base power which is equal to a nominal value of an aggre-
gated wind park in MVA and Uy, is the stator line to neutral voltage (RMS value) of the
WTG in V. The other generator base quantities are derived as in (4.30) [11] pp. 317.

|b=i; \szu_b; szu_b; Lb:ﬂ
Q :&' T = Sb = Sb .
m,b ’ b
P Qnp @/P

Where, wy is the base synchronous speed. The equivalent per unit stator and rotor flux
expressions of (4.27) using (4.29) and (4.30) are decomposed to dg- components as:

Vs Lk 0 L, O |l
Vas|_| 0 L 0 L les (4.31)
War L, 0 L 0| lg
War 0 L, 0 L ||lq4
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Similarly, the first order stator and rotor transient equations can be decomposed into d-
axis and g-axis components as in (4.32):

1d Vs

@, dt

1 dy,,

a)_ dssz q,s_Rslq,s_a)l//d,s

1b ; (4.32)
Yy,

a dtr: d,r_RrId,r+Sl//q,r

1 dyy,
w_b dt = q,r_RrIq,r_Sl//d,r

= Ud,s - Rsld,s + oy,

Where, w = ws/wy is the rotor speed in per unit. The dg- components of stator and rotor
currents can be expressed in terms of the stator, mutual and rotor fluxes as [25]
1 1
Id,s = _(Wd,s _l//d,m); Iq,s = L_(l//q,S _l//q,m)

* (4.33)
1
= L_Ir (l//q,r - l//q,r)

The dg-frame mutual fluxes wam and wqm in (4.33) induced due to the stator and rotor
fluxes are defined as in (4.34)

_V/ds l//dr_
Wam =La| — +—
" ’ L I-Is I-Ir |
_Wq‘s l//q’r_
Wom =Lag| 7+ 4.34
o “ L Lls I—Ir | ( )
1
o=t =71 1
Lls I-m I-Ir

Substituting the mutual fluxes expressions in (4.34) into (4.33), the stator and rotor cur-
rents can be represented in terms of the state variables (stator and rotor fluxes) as:
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_ L L -
- ad2 0 ad 0
LIs I-IrLIs
_Id s_ L -L _Wd,s_
| 0 Lz O 1
a.s _ Is Ir=ls l//q,s (435)
Id,r _Lad 0 Lad 0 Var
| L L L2
L 'ar | Ir=lIs Ir _l//q,r_
-L L
0 = 0 Ly ——%
L LIrLIs Ir |

The stator and rotor currents, as d- and - components, expressed as function of flux state
variables in (4.35), are important to determine the currents. That is, the dynamic fluxes
are solved using numerical integrations and the currents are calculated from algebraic
equations in (4.35), which are functions of the flux states, so that the generator current-
source are easily determined.

A state space form of the flux dynamics in (4.32) can be derived by substituting the stator
and rotor currents in (4.35) as function of the state variables.

‘//d,s l//d,s Ud,s
U
A Vas | _ | Vas || as (4.36)
dt l//d,r ‘//d,r Ud,r
V/q,r ‘//q,r Uq,r

Therefore, from equation (4.36), the state space model can be realized as:
X=AX+U (4.37)

Where, X is the vector of state variables (fluxes), u is the input vector representing the
stator and rotor voltages, A is a matrix to be determined by combining the equations in
(4.32) and (4.35).

The stator and rotor power expressions in per unit can be derived from the dgq-components
of the voltages and currents of the stator and rotor windings as in [25], pp. 277.

F)r = Re{udq,rl_;q,r} =Ud,rld,r +U I

dg,s— 4.8 q,s; ar-qr

Q= Im{l'_)dq,sl_:iq,s} =Uq,s|d,s _Ud,slq,s; Q= Im{udq,rl_gq,r} :Uq,rld,r —Ug, Iq,r

P =Re{U s g5} =Ugslgs +Ug!

(4.38)
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The electromotive torque induced in the stator air gap (opposite to the turbine torque
rotation) as a function of the stator fluxes and currents is given in per unit in [25], pp. 279
as:

3 .
E P Im{l/_/dq,s l dq,s} .
Tem = 3 p - Im{l/_/dqﬁl—dq,s}: ‘//d,slq,s Vs Id,s (4.39)
2 o,

Then the swing equation for one-mass drive train model of the induction generator is
given by:
ds 1

E_B(w_w")

(4.40)
OI—“’=&(T ~T,,—DA®)
dt 2H ™ em

The complete asynchronous machine of the DFIG-based wind turbine is represented by
the stator and rotor transients in (4.36), (4.39) and the rotor speed equations in (4.40).

4.6 Current-controlled converter voltage sources

As stated in section 2.3.3, the DFIG-based wind turbine consists of a back-to-back (BTB)
partial-load converter (PLC) between the generator rotor and the grid. The BTB converter
has two main subsystems, the rotor-side converter (RSC) and the grid-side converter
(GSC). Both the RSC and GSC are supplied by DC voltage from the DC-link and phasor
voltage from the pulse-width-modulation (PWM) generator. The PWM s regulated by
the converter control units. The converter control consists of the RSC control unit that
regulate the PWM of the rotor-side converter voltage source and the GSC control units
that regulate the PWM for the grid-side converter voltage source. Both converter control
units are regulated by inner-current control loops so that the rotor over-currents are lim-
ited. The detailed schematic diagram of such arrangements is shown in Figure 4.8. In this
regard, the BTB converter is considered as two current-controlled voltage sources one to
the generator rotor windings and the other to the GSC filter circuits.
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Figure 4.8 Schematic diagram of DFIG-based wind turbine control strategy [25]

Where, Pm, Ps, Prand P are the mechanical turbine, stator, rotor and grid-side converter
powers, respectively; Prer and Qrer are the reference rotor-side active and reactive power
control of the PI controllers. Udqr and Udq,g are the current-controlled converter voltage
sources from the RSC and GSC, respectively; Udgrotor-ctrl and Udg,grid-ctrl are the reference
control voltages to the PWM in the RSC and GSC, respectively; Ug: and Ugy ref are the
actual and reference bus-1 voltages in per units; similarly, Upc and Upc rer are the actual
and reference DC-link voltages.

4.6.1 Rotor-side converter voltage source

The DFIG dynamic equations in (4.32) are used to develop the stator flux-oriented vector
control strategy. Thus, to simplify and decouple the relations between reactive and active
powers of the stator, a new frame of reference (named as vector control), as defined in
Figure 4.9, is generally applied [25]. A vector control of DFIG is applied in a rotating dg-
frame, where the d-axis is aligned with the stator flux space vector. Neglecting the re-
sistance of the stator windings and the differential components in (4.32), the stator and
rotor dynamics of the DFIG in dg-frame can be furtherly approximated as in (4.41).

.
Vis = Vs and Ya,s =0 = Ud,s =0 and Uq,s :_Rslq,s_"l»”sw_szl//s =Us
b (4.41)
(05+2)
J s+2 _)65:§_£

= U, =U.e’’ =U.e >
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Hence, the stator voltage magnitude Us is approximately perpendicular to the stator flux
magnitude s as can be estimated from the stator voltage equation by neglecting the stator
resistance in (4.41). In Figure 4.9, the stator flux magnitude angle 6s is derived from the
stator voltage angle ¢ as in (4.41). Such stator magnetic fluxes are oriented along the d-
axis in the synchronously rotating frame and will enable to independently control the
active and reactive stator powers through the rotor-side converter as demonstrated in the
subsequent sections.

g- axis
Uq,s =U; Vias = Vs A d- axis

s Vs

e

Figure 4.9 Synchronous rotating dg-frame aligned with the stator flux space vector [52]

With the new alignments of the stator voltages, the stator active power and reactive power
in equation (4.38) can be expressed in terms of the stator flux magnitude and rotor cur-
rents by employing the algebraic equations in (4.31) and (4.41) as in (4.42) and (4.43),
respectively.

L

* L
R= Re{udq,s ldq,s} = _:m(ud,s Id,r + Uq,s Iq,r) =:m‘//s Iq,r =K Iq,r (4.42)

This reflects that there exists strong coupling between the g-axis rotor current and the
stator active power. Similarly, the per unit stator reactive power is expressed as:

* L 1 v,
Q= Im{udq,sl_dq,s} ::m(ud,s Iq,r _Uq,s Id,r)_zl//s2 = KQ(Id,r +L_S) (4.43)

m

This relation again, indicates how firmly reactive power and d-axis element of the rotor
current are coupled. Therefore, the stator active power and reactive power are regulated
by the g- and d-components of the rotor windings, respectively. However, in this thesis
work, the RSC is modelled as a voltage source and it is necessary to swing the control
inputs to voltage by introducing current-controlled voltage source. In this regard, the rotor
voltage equations will be emulated by a P1 controller (inner-control loop) with rotor cur-
rents as control input. The reference d- and g-components of the rotor currents are in turn
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regulated by the active and reactive power regulators (outer-control loop). The inner-con-
trol loop of the current-controlled voltage source is emulated from the rotor transients in
(4.32) using the vector control approach as follows:

dyq

Udr_RrId,r Squ"’T’r
(4.44)

U, <RI, +sy,, + Vo

q,r — rqr+ l//d,r+ dt

Using equations (4.31), the rotor fluxes in (4.44) can be represented in terms of the rotor
currents by applying the vector control orientation in (4.41):

L 2 L L
V/d,r :[Lr _f] Id,r + L_m l//d,s :GLr Id,r +L_mV/s
m

m
¥ (4.45)
Yar Z(Lr _%] Iq,r =o-Lr Iq,r

From equations (4.44) and (4.45), the rotor voltage and current relationship is expressed
as follows:

Pl
dld,r
Uge =Relar +ol =t =sllg, —skylgs
(4.46)
dlq]r
Uq,r erq’r +§GLTT+SLTId,T+SLmId,S

Equation (4.46) shows that the rotor-side converter voltage source can be regulated by PI
controller with the rotor currents as input parameters. With the stator flux space vector,
the stator active and reactive power are independently controlled by rotor g-axis and d-
axis currents as described in (4.42) and (4.43). For this reason, the rotor-side converter
that supplies power to the rotor windings via slip rings is considered as a current-con-
trolled voltage source. The d-axis and g-axis rotor voltages are controlled through the
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respective reference rotor currents in the rotor current P1 controller which in turn is regu-
lated by the active power and reactive power Pl controllers as in Figure 4.10.

Rlg, —sL Iy, —sbylg,

U +
K. Id,r,ref + K. dr
—L '——’O_' sz +—2 Ud, r,ref
S — T S +
Id

| u' +

ref + K. q.r,ref + K. q,r
KPS +—|3 —>O—> KPZ +—'2 Uq, r,ref
_ S — T S +
P |

g q.r
Ry, +sL 1y, +sLylg,

Figure 4.10 Block diagram of DFIG rotor-side converter control strategies [54]

The dynamic equations that represent the DFIG control strategy model in Figure 4.10 are
expressed in (4.46).

dx _

dt _Qs,ref QS

dx 1

d_t2 =g rrer = lar :K_[KPl Qs rer —Qg) + Kiy Xl]_ la.

o 0 (4.46)
d_tg = Per — Pg

dx, 1

dt Lorret = lqur =K_[KPs (Fer —Fy) +Kig X3}_ la.
T

Where X1, X2, X3 and Xs are the intermediate differential state variables of the RSC outer-
and inner control loops. Kp1, Kpz, Kps and Kii, Kiz, Kiz are the proportional and integral
gains of the reactive power regulator, inner-loop current regulators and active power Pl
controllers, respectively. Qsref and Prer are the reference or set stator reactive power and
generator active power, respectively. The active power control reference is either the op-
timal turbine power at MPP, i.e., the optimal wind turbine output power that corresponds
to the instant wind speed or a desired set value by the operators such as during de-loading
operations due to load limitation requirements by the grid operators. Pg and Qq are the
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instant calculated active and reactive power at the grid point of connection. lqrand lqr are
the instant rotor currents and lgrref and lqrref are the reference rotor currents which are
regulated by the set values of the reactive and active powers in the outer-control loop. For
turbines with MPP, Pt can be taken from lookup tables from the manufacturer datasheet
or can be calculated in each step using the corresponding rotor speed as in (4.47).

w
= Pnom - (447)

nom

P

ref

Where, Pnom and wnom are the nominal DFIG generator power and rotor speed, respec-
tively. Using the expressions in (4.46) and Figure 4.10, the rotor-side current controlled
reference voltage source (Udgrotor-ctrl @S in Figure 4.8) is defined as:

Ud,r,ref = KPZ((KPl (Qs,ref _Qg) + Kilxl) - Id,r) + KiZXZ + erd,r _SLrIq,r _SLmIq,s
Uq,r,ref = KPZ((KPS (Pref - Pg) + Ki3x3) - Iq,r) + Ki2X4 + erq,r +SLr|d,r +SLm|d,s

(4.48)

The modulation index for the current-controlled voltage source of the rotor-side inverter
is calculated and transformed to rotor axis as follows:

i (6, ref +6+6m )

L_qu,rotor-ctrl :Um,r € nre m (4-49)
. i6

Lqu,r, ref :Ud,r,ref +JUq,r,ref :qu’r’ref e " ref

2+/2/3U U
Where; Um,r — Unom dq,r,ref (4.50)
DC
o =angle(Ug,) and &, (= angle (yyqm)

Note: Uz is the stator voltage at bus-1 in a-phase axis (af-frame of reference).

An average model is adopted where the 2-level BTB converter is modeled as simple
switches. Thus, the average rotor-side converter source voltage using the converter mod-
ulation index is calculated as:

qu,r _ UDC L_qu,rotor—ctrl (4_51)
272130,
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4.6.2 Grid-side converter voltage source

The grid currents are premeditated to regulate the source voltage of the grid-side converter
so that the DC capacitor voltage is regulated to supply the desired DC-link voltage. In
this analysis, the wind power plants are set to unity power factor at the grid-side converter
so that the GSC has no contribution to the reactive power generation. Hence, the GSC is
only responsible to regulate the bus voltage to constant value referred to the steady-state
case. Such decoupling control strategy is developed in [54], by which the DC-link voltage
and unity reactive power are independently regulated by the dg- current components of
the grid-side converter system. This is achieved by aligning the stator voltage along the
direction of the d-axis, i.e., Ugs = Us and Uqs = 0, whereas Uq is equal to the magnitude
of the generator bus voltage. Then, the DC-link voltage and the reactive power can be
controlled independently by lqg and lqg, respectively.

The DC-link outer-loop regulates the reference d-axis current of the grid-side converter.
While the reference g-axis current is an external input to the model. In this thesis work,
the GSC reactive power is set to zero in order to keep the grid-side converter power factor
at unity. Hence, the reactive power is only supplied from the stator side. Applying, RL
circuit, the PI-control blocks for GSC outer and inner-loop are presented in Figure 4.11.

Ugo+L 1, =Ry,

U
DC,ref + K. dgref T K. d
4 i 5
Ko, +—2& ——( > KP5+—S' U g ref

Upe |

Ug.—Ll,, —RI

q,s g9

Figure 4.11 Block diagram of DFIG grid-side converter control strategies [54]

The dynamic equations that represent the GSC control strategy in Fig. 4.11 are derived
asin (4.52).
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dx

d_t5: DC,ref_UDC

dx

d_t6= Id,g,ref - Id,g = Kpy (UDC,ref _UDC)+ Kig X5 — Id,g (4.52)
0%,

dr  Goref - Iq,g

Where, xs, Xe and x7 are the intermediate differential state variables of the GSC outer- and
inner control loops. Krs, Kps and Kis, Kis are the proportional and integral gains of the
DC-link and inner-loop current-control PI regulators, respectively as in Figure 4.11.

Using the RL circuit in Figure 4.11and equation (4.52), the current controlled grid-side
reference voltage source (Udqgrid-ctrl @S in Figure 4.8) is defined as:

Ud,g,ref = KPS( KP4 (UDC,ref _UDC)+ Ki4 X5 — Id,g)+ KiSXG _Rld,g + qu,g +Ud,s (4 53)
Uq,g,ref = KPS(qu,ref - Iq,g)'l-KiS X7 -R Iq,g -L Id,g +Uq,s

The dg-frame control voltage of the grid-side converter, using the modulation index, is
calculated as in (4.54) and (4.56). Note also that the angle transformation shall be trans-
formed back to the af-axes frame.

1 (6g,ref + 6)
qu,grid-ctrl = Um,g e " (4.54)
U Uy o+ Uy g =U ol et
—dq, g,ref d, g,ref q, g,ref dq, g,ref
Where; 22130, Ugg g (4.55)
Ung = 0
DC

Then, the average grid-side converter voltage source model using the converter modula-
tion index is calculated as:

U DC lidq, grid-ctrl

U, = 4.56
=85 = 2273 Uy (499

The DFIG converter is connected to the grid through a series RL branch as in Figure 4.8.
So that the dynamic grid-side currents in the RL branch and converter power P are cal-
culated based on the voltage drop between the grid-side converter voltage source Udg,g
and the stator bus voltage Uqq,s as follows.
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dly
di (4.57)
9.9 _

Using Laplace transformation in per unit quantities, the grid-side currents in the RL
branch are also defined as:

_ Wy
log =31 (Ugs =Ugg =R lgg+L1gg)
(4.58)
_ Wy
log YR (Uq,s —Ugg—Rlgg-L Id,g)

4.6.3 DC-link converter model

The back-to-back converter configuration of DFIG is presented in Figure 4.12. The active
power flow of the converters at the DC-link is balanced using the equation in (4.59). Us-
ing the indicated directions of the currents, the DC-link power balance is expressed as

PC = Pr + PDC (459)

Where P; is the rotor-side converter active power at the AC terminal. P¢ is the active
power at the AC terminal of the grid-side converter and Ppc is the active power of the
DC-link. In this thesis work, the DFIG is not supplied from any energy storage rather the
DC-link control is aimed to regulate the DC voltage at its nominal value.

Fr—— e +-
iIDC
IC|

" I
v H S L 8]* G

Figure 4.12 Equivalent circuit of DFIG back-to-back converter model [54]

Using the expressions in (4.35) for the rotor currents and (4.58) for RL branch currents,
the rotor and grid-side power P and P are calculated from the rotor and grid-side voltages
and currents as follows:

F)r:Ud,rId,r_'_U I

G (4.60)

PC :Ud,g Id,g +qug qug
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The DC-bus voltage is regulated by the error between the rotor power and grid-side con-
verter power.

= P-P)P
dt CUDC( C r) nom

(4.61)

Where Upc and Ipc are the capacitor DC voltage and current, respectively, and C is the
capacitance of the DC-link.

4.6.4 Pitch control system

As pointed out in section 2.3.3, to regulate the variable input wind power, wind turbines
are accompanied with wind turbine control modules that maintain the maximum power
tracking for wind speeds below the rated value and limiting the output power when the
wind speed is between the rated and cut-off values using pitch control system. Thus, the
pitch angle control scheme for regulating the wind turbine mechanical power is depicted
in Figure 4.13.

Dt + Ki7 ﬂref + 1
Ky, +—% —>
_ S - % 0.1s+s
w

Figure 4.13 DFIG-based wind turbine pitch control system [35]

v

Where Kp7 and Kj7 are the pitch control proportional and integral gains, respectively. In
Figure 4.13, the reference rotor speed wref Of the pitch angle PI regulator is taken as either
an optimal rotor speed based on equation (4.2) or it is obtained from the reference power
during load limitations such as de-loading operations as in (4.62).

P
a)ref = Tr—Ef (462)

m

Where Preis the reference set value or constrained turbine power due to load limitation
of the generator output and Tr is the mechanical torque.

4.7 STATCOM for reactive power compensation

Unlike synchronous generators, wind induction generators lack in general reactive power
contribution to the grid system. They rather consume reactive power for compensating
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the voltage drops due to magnetizing. Thus, as an induction generator, DFIG generators
need reactive power for their stable operation specifically during voltage dip conditions.
Researches in the field have overcome the challenges related to reactive power compen-
sation by integrating FACTS devices with RLC characteristics so that WTGs can operate
safely during normal and abnormal conditions [12], [55], [56]. In this thesis, a voltage dip
on the DFIG-based wind turbine is immediately compensated by a simplified STAT-
COM, which is described by a single time constant as in Figure 4.14. The static compen-
sator STATCOM acts as a solid-state synchronous current source in analogy with a syn-
chronous generator that generates balanced phase currents at the fundamental frequency
with controllable magnitude and phase angle. The implemented STATCOM device, how-
ever, has no inertia and is not capable to regulate the active power.

Ug,ref
—> Q UT, >

|q,min

|q,max

—

w |-

Uy

Figure 4.14 Block diagram of simplified STATCOM for RMS model [12]

The mathematical expression of the STATCOM in Figure 4.14 is presented in (4.63)

dl 1
— = K, (U, 1 —Ugy) -1
a T I: r Ugrer ~Ug1) q] (4.63)

Q=1Ug

Ky is the STATCOM regulator gain, Ugref and Ugy are the STATCOM reference voltage
and the actual bus voltage magnitude at the point of connection, respectively. The param-
eters of the STATCOM regulator, Kr and T, are tuned to act promptly to voltage sags at
the bus. Q is the reactive power injected to the POC when the STATCOM is activated.

4.8 Wind turbine aggregation

Wind turbines in a wind power plant which have similar wind speeds and environmental
situations are aggregated into a group. The dynamic behaviors of individuals WTGs are
considered as one generator whose rating is the sum of each unit while the resistance and
inductances in the stator and rotor are in per unit system and the ratio remain the same.
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The line impedances for collecting lines of the wind turbines are aggregated as an equiv-
alent parallel impedance as shown in Figure 4.15. The total active power demand obtained
from load flow is shared equally to the operating wind generators in the group by assum-
ing the wind speed in each wind turbine is uniform and remains constant during the sim-
ulation time. Since, each WTG is assumed to operate at the same condition, the total
injected current of the aggregated WTGs at the k-th bus (B1) is the sum of each generator
currents as shown in (4.64).

nwg nt

Lok = D doi= 3 (lygi+ilgg)e’™ (4.64)
i-1 =

Where, k =1, 2, ..., mwg is the number of network buses where aggregated WPP are
located; i=1, 2, ..., Nug is the number of WTG units in the k-th aggregated group; Igw IS
the injected aggregated wind generators at the medium voltage side (MV) of the unit
transformers which is named as ,stator bus, i.e., bus-1 (B1) in Figure 4.15 (a); 6sis the
terminal voltage angle which is also taken as the axis transforming angle for currents
between dg-axes and afj-axes.

Figure 4.15 (a) aggregates two rows each with five WTGs into a single equivalent gener-
ator. The injected current, lgwx at the k-th wind power plant’s substation is calculated by
considering the equivalent circuit of the unit transformers (TR) and collecting lines be-
tween the unit transformers and the stator bus as depicted in Figure 4.15 (a). The equiva-
lent impedance Zw between the aggregated stator node (B1) and network point of connec-
tion (POC) is represented by an equivalent impedance circuit of the wind plant step up
transformer (TRWP) and that of the collecting lines (L5, L10 and L11) as shown in Figure
4.15 (b).

L6

L7

L8

L9

L10
POC

B1 L1l TRWP

(a) Two rows each with 5-WTGs aggregation process
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Aggregated
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uge

XLeq

XTRWP

HV

POC

(b) Equivalent circuit of the aggregation model in (a)

Figure 4.15 Wind power plant aggregation model

4.9 Grid interfacing

The DFIG model in the dg-frame of reference is rotating at synchronous speed and the
network is modelled in the af-frame with Ykk,c matrix that relates the injected currents
and bus voltages. In a similar way as the synchronous generators are integrated to the
grid, the DFIG are connected to the grid as depicted in Figure 4.16. The injected current
of individual WTGs at the medium voltage side of the unit-transformer (stator bus) is the

sum of the stator current Is and the current in the grid-side converter Icas in (4.65).
(4.65)

ldq,GW = (Id,s + Id,g)+j (Iq,s + Iq,g)

The per unit wind generator stator and rotor active powers are derived from the power
equations in (4.38) or can be easily approximated from the phasor current Ig and the stator

bus voltage Ugi as expressed in (4.66).

R, +1Q;=Ug | gq,GW

o

Pitch
angle
control
A Qm

r— Ldgs

T’[ Turbine ]<v—[ Wind ]
Tm

Generator Interfacing
'y 4 qu,s
Tldq,c
RL
quvf Ug
BTB | —d%¢
> Converter
ldq,r
Tldq, ctrl
_ Control system ¢
K 'y S Qg
Pqg

Pref Qs‘ ref

Figure 4.16 Complete DFIG model layout with interfacing to the grid system [52]

Network
model

(4.66)
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Once the generator injected current is determined in the dg-frame of reference, the dg-
axes components are transformed to the grid system reference frame (af-axes), which is
done in the interfacing block of Figure 4.16. As discussed earlier, the rotating g-axis is
set along the angle of the stator voltage from the real-axis of the network reference. Thus,
the injected generator currents which are in the dg-axes frame are transformed to the net-
work frame of reference and after solving the network equations, the stator voltages are
transformed back from the network frame of reference to the DFIG dg-axes frame as
shown in Figure 4.17. The per unit single-phase generator voltage and injected current, at
medium voltage side of the unit transformer (B1 in Figure 4.16), are transformed from
ap-axes to dg-axes and the other way round from dg-axes to ap-axes, respectively as in
(4.67).

=dgs == _ (4.67)

Where, Us and 6s are the stator voltage magnitude and the stator flux angle from the syn-
chronous reference as depicted in Figure 4.9.

Ui ; U das | dq.6w -

Figure 4.17 Axis transformation between dg-frame and af-frame [12]

Where, af-axes denotes the network reference frame, and dg-axes denotes the local gen-
erator vector-oriented reference frame of an aggregated wind generator. Hence,
0s = ¢ - nl2. where, ¢ is the angle between real axis of the af-frame and g- axis of the dg-
frame. Moreover, the power factor of the WTG is assumed to be constant at the grid-side
converter so that the angle between voltage and current remains constant. Thus, the trans-
formation axis between generator frame and network are similar for currents and voltages
as in Figure 4.17.
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5 Multi-machine Power System Representation
for Transient Stability Studies

5.1 General

A power network operating in an equilibrium condition or in a situation that operates with
sufficient stability margin is considered as steady-state. In reality, power systems in op-
eration have always small load changes, some switching actions, and other small transi-
ents. Therefore, in the actual mathematical logic most of the variables are not or slightly
time-variant. Such systems can be justified to be represented by an algebraic time-invar-
iant model. On the other hand, large disturbances such as large load change and short-
circuit fault events are clearly not at steady-state forms. Such fault events can lead to
significant deviation of network states due to the distinct dynamic behaviors of the net-
work elements. To study such dynamic behaviors, the transient analyses is needed.

In this thesis work, four test networks have been employed to simulate the dynamic be-
haviors of the network elements presented in the previous modeling sections. The dy-
namic characteristics and transient responses of DFIG-based wind turbines and its control
capabilities have been studied and verified using a 4 - bus test system. The topology is
similar to a single machine infinite bus (SMIB) system, which comprises an aggregated
WPP, collecting lines, a transmission line and infinite bus.

The second network topology is the New England test grid (named as IEEE39-bus test
system), which has been applied to evaluate the transient stability of the proposed models
and investigate the dynamic impacts of integrating wind turbines. The machines are orig-
inally conventional synchronous steam generators. To observe the impact of increasing
wind power share, some of them are step by step replaced by aggregated wind generators.
Moreover, the simulation has been evaluated by replacing all generators with hydropower
plants and then replacing them by wind generators to study the dynamic responses of
hydro-dominant network topology. The STATCOM capability for correcting the voltage
dip is also included and simulated in the IEEE39 bus system.

A third test network with two-bus system is included where the transmission network
impacts are neglected as the intention of this simulation is mainly related with the active
power balance between supply and demand. The network is solely used to study the pri-
mary frequency control capability of wind generators. In this regard, the grid frequency
deviation is an important target which depends on the active power balance of the total
generation supply and load. A frequency control module is integrated at the WPP level to
dispatch the active power demand. The load has suddenly increased to observe the WPP
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responses and taken measures to the grid frequency deviations. A fourth network topol-
ogy is the case study on the Ethiopian power system, which is applied to examine the
dynamic impacts of wind power increase on hydro-dominant grid system.

The steady-state equilibrium point of the test power networks are first determined through
power flow analyses to initialize the differential and algebraic equations (DAESs) of the
system variables. Then, the transient stability analyses of the networks for the various
scenarios have been consecutively analyzed. The impacts of increasing wind power pen-
etration levels on the dynamic network behaviors have also been assessed and presented
in the proceeding sections.

5.2 Power flow Analysis

In the modelling section, the major elements of the electric network are represented by
mathematical equations and the relations between individual components have to be fur-
therly studied to develop a complete representation of the whole electric network. Power
flow analyses provides a solution for the power grid equations by computing the bus volt-
ages, real power and reactive power flows at each bus. Based on the known variables of
a bus and the operating conditions of a power system, power network buses are classified
into three types [12], pp.111:

PU-bus: In such types of buses, voltage magnitude U and real power P are given while
voltage angle @ and reactive power Q are unknown variables to be determined. The net-
work element connected to the PU-bus is usually a generator.

PQ-bus: In PQ buses both real power P and reactive power Q are known while magnitude
U and angle @ of the bus voltage are unknown. Loads are commonly connected to a PQ
bus but also a bus can be PQ if the generator output power is constant or un-adjustable.

Slack-bus: The power loss of the network is initially unknown till the end of the power
flow solution. So, a generator bus is usually selected and called slack bus whose voltage
magnitude U and its phase angle & are specified while the active and reactive power P
and Q are unknown. With such bus assignment, the unknown power losses are added to
this bus to balance the network’s active and reactive power. It is also called swing bus or
reference bus.

The power flow problem is basically formulated with the following four variables that
are associated to each other at a particular bus:

U magnitude of bus voltage

6 Phase angle of bus voltage

= P active power (net sum of the generation and load)
Q reactive power (net sum of generation and load)
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The active and reactive power P and Q of a load bus may depend on the voltage magnitude
and such load dependency characteristics are expressed by an exponential function as in

[11].
ul’
P— PO[U J (5.1)

0

ng
Q=0 [Uij 52

0

Where np and nq are the factors that define the voltage dependency characteristics of the
load bus. There are three different cases that define the load characteristics.

- Power controlled load- np, ng = 0; for which active and reactive power are constant
and do not depend on the voltage magnitude.

- Current controlled load- np, nq = 1; where active and reactive currents are constant
and do not depend on the voltage magnitude (the power changes is proportional only
to voltage change)

- Constant impedance load- np, nq = 2; where the admittance of the load remains con-
stant while the active and reactive powers are proportional to the square of the volt-
age.

The relationships between voltage and current at each bus are formulated as non-linear
set of equations [11]. The power network is modelled by its network admittance matrix
Ykk to calculate the steady-state equilibrium point using the non-linear power flow
equations in (5.3). Thus, the injected network apparent powers are given by (5.3).

* *

Sk =i (i) =Yk (Y Uk ) (5.3)

Where;

K bus number in a network.

sk K-size vector of bus injected apparent power in pu

ik  K-size vector of bus injected currents in pu

Uk  K-size vector of bus voltages in pu

Uk Diagonal matrix with K-size vector of bus voltages in pu

Ykk network admittance matrix in pu that comprises the models for all transmission lines
and transformers in the network

The most common conventional methods used to solve the power flow equations are
Newton-Raphson method, Gauss-Seidel method or Decoupling method [11]. The method
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adopted in this thesis work is the Newton-Raphson solutions technique. Hence, the alge-
braic set of equations in (5.3) are solved iteratively using the Newton-Raphson algorithm.
Depending on the type of buses, the voltage magnitude U and phase angle ¢ as well as
the active and reactive power P and Q for all buses are calculated or set. Then, all varia-
bles of the dynamic model of a network are evaluated at the steady-state conditions. The
Newton-Raphson network solutions and the dynamic system initializations are handled
in MATLAB scripts as part of the research contribution.

In a power system, with K total number of buses, the net injected current at any k-th bus
can be written in terms of admittance matrix Ykk and the bus voltages uk [57].

K o . _
1, :Z(Yk,i g i Ue’® (5-4)

i=1

Where k=1, 2, ...,n;i=1, 2, ..., n; Ui is the voltage magnitude at i-th bus; 6 is the
voltage angle at i-th bus; Yy is the admittance magnitude at (k,i)-element of the admit-
tance matrix Ykk; o, is the admittance angle at (k,i)-element of the admittance matrix Ykk
Using the general equation in (5.4), with PU- busesk = 1, 2, ..., ng, the generator injected
current at k-th bus is given by:

K ja, - . .
Lo =D Ve T ue® = (1, + ) e 7%k (5.5)
i=1l

Where;

Igx  the generator injected current at k-th bus

lax the d-axis generator terminal current at k-th bus (generator reference frame)

lqx the g-axis generator terminal current at k-th bus (generator reference frame)

ok the generator rotor angle at k-th bus (i.e., the angle deviation of the generator rotor
at k-th bus from the network reference frame)

Then, using the expression in (5.5), the net real and reactive injected power at the k-th

generator bus is defined as in (5.6).

B +JQx :le;k :(PG,k Ui)—PFox (Uk))+j(QG,k _QD,k)

i n “i(a,, - n |0k—6i—«y, :
=U, ejekZYk,iUie W) :ZYk,iUkUieJ( o k’l) (5.6)

i=1 i=1

=Zn:Yk,i U.Y; COS(Hk -6 _ak,i)+ j Zn:Yk,i Ui Sin(ek -6 _ak,i)
i=1 i=1

Where;
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Pcx real or active generated power at k-th bus

Qo reactive generated power at k-th bus

Ppx Vvoltage dependent real demand power at k-th bus
Qox Voltage dependent reactive demand power at k-th bus

The generator output power can be expressed in terms of the dg-axes generator currents
in equation (5.5) and transformed to the network axis frame as in (5.7)

Pex = ReaU, e ((Tgy + J1gx) ejﬁk)*}:Uqu,k cos(d, —6) +U 1, sin(o, —6)

| N (5.7)

Qg = Imag{U, el ((Tgy + jlq,k)ejék) }=Uylgx cos(S —6) —Uyl g sin(sy —6)
Therefore, combining the expressions in equations (5.6) and (5.7), the grid power equa-
tions at the PU- bus are formulated as in (5.8)

n
Uy 1k €0s(5 — ) +Uy 1y sin(Sy —6,) — PD(Uk)_ZYk,iUkUi cos( -6, — ;) =0
E (5.8)
n

i=1

In a similar fashion, for load buses (PQ buses, i.e., k = ng+1, ng+2, ... n) the power flow
equations are derived from equation (5.6) as in (5.9)

n
Pox Ui) =D YU U, Cos(ek — 0 — oy ) =0
=1 (5.9)
n
Qo (Uy) _ZYk,iUkUi Sin(ek 6 — oy ) =0

i=1

Thus, the set of algebraic equations in (5.8) and (5.9) which are in the form of equation
(5.3) are the non-linear power flow equations which need to be solved using Newton-
Raphson techniques. Equations (5.8) and (5.9) represent the network algebraic equations
and together with the dynamic models of synchronous, asynchronous generators and con-
trol dynamics form a complete power network model.

The Newton-Raphson iteration of the power flow equations in (5.8) and (5.9), with con-
stant impedance loads, is formulated with the state vector of unknown voltage magnitudes
u and angles o as

x:[5} (5.10)
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The set of algebraic equations of the power flow form a non-linear function of g (x) = 0.
The non-linear set of equations are solved iteratively using the Newton-Raphson till the
tolerance of the state deviations is achieved. The final values of the state variables at
iteration v+1 is given by equation (5.11)

X=X, +AX, (5.11)

Where the network state deviations AX are approximated by linear systems using the Tay-
lor series approach, which ignores the high order derivatives and results as in (5.12) [11].

AX, :—{M] g(x,) (5.12)
OX

To solve the power flow, the Newton-Raphson iteration is formulated with the first com-
ponents to match the active power while the last ones to reactive power. The set of active
and reactive power deviation expressions, which are the state deviations AXx, form the
most famous linearized power flow equations in (5.13) as described in [12], [45].

P P
g(x){ApK}z o0y Ouy |[ Ady _ Ad (513)
AQy OOk 00k || Auyg Auy
0y Ouy

Where;

Adx incremental change of the k-th bus voltage angle
Auk incremental change of the k-th bus voltage

Apx incremental change of the k-th bus real power
Agx incremental change of the k-th bus reactive power

Then the state deviations, AXx, at iteration v are determined by evaluating the inverse of
power flow Jacobian matrix J (xv) and the function g (x,) as in (5.14).

-1

ok opx
[MK}__ 00k Ouk {ApK} (5.14)
Auk d9k  O9k | | Adgk

00k  Ouk

The new state variables, bus voltage angle and magnitude, are calculated as in (5.15).
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0K, v+1 _ OK,v n Adk,v (515)
Uk, v+1 Uk,v Auk,v

The Newton-Raphson iteration repeats until the specified tolerance is achieved. When the
specified tolerance is achieved, the new state values are considered as steady-state bus
voltage profiles. Then, the per unit active and reactive injected power of each bus at
steady-state condition are also determined as in (5.16).

Sk =Uxk (!KK Uk )* (5-16)

For simplicity of the analyses, the steady-state loads are represented by their equivalent
impedances Y and the generator transient impedances matrix_Y¢ for conventional gener-
ators are included with the bus admittance matrix, Ykx and form a time invariant network
model, Ykk,Lc as shown in (5.17).

Yrkic =Ykk =YL —Yg (5.17)

In such arrangements, as the large network admittances are sparse, the power flow solu-
tions are reduced to only the buses that have injected currents such as generator buses, ng
and load buses which have voltage dependency behaviors, nq.. Thus, the injected current
vector ranges with k =1, 2, ..., ng+ ng. and are represented as a function of the sparse
admittance matrix Yk Lc With constant impedance approach, and the network state vari-
able uk and the generators source currents igs are related by algebraic equations in (5.18).

1gs =Yk Lo Uk (5.18)

If wind turbine generators are connected to the grid, then the network model in (5.18) is
modified as described in section 4.6. Where, the unit transformer and the collecting lines
between each group of wind generators and network bus (point of connection) are repre-
sented by an equivalent admittance of Yw. Then the network model is extended to include
W additional buses. Where, W is the total number of aggregated buses connected to the
network buses.

The wind generators units in a wind power plant are grouped based on the aggregation
principles in subsection 4.8. Each group of wind generators is represented by w-th addi-
tional node that connect the aggregated group to the main substation of the wind power
plant through which the grid is connected. The equivalent admittance between the net-
work k-th bus and the w-th aggregated wind generator bus is Ywk. Hence, w=1, 2, ...,
W. where W is the total number of additional nodes that are added to the existing K-size
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network buses. Thus, a wind farm may have W-size aggregated generators that are con-
nected to the main substation. Using the wind turbines aggregation approach in Figure
4.15 (a), the current injected at such new node of a wind power plant are given by (5.19).

I_GW,k = !W,k (Qs,w —Qk) (5-19)

Wherek=1,2, ...,and w=1, 2, ..., W is the bus of aggregated wind generator; Usw iS
the w-th wind generator stator voltage, which is point B1 in Figure 4.15 (a). From equa-
tion (5.18), the current injected from the aggregated wind power plants is the voltage drop
between the network node and the additional node at the generator stator. The admittance
which is an equivalent of the unit transformers and collecting lines between the network
bus and the generator stator bus (B1 as in Figure 4.5) is Yw. Using the current expression
in (5.19), the aggregated wind power plant currents through their respective admittance
Yw is given as in (5.20)

1w =Yww Usw —Ywk Uk (5.20)

Where, Yww and Ywk are diagonal matrices with W by W and W by K sizes, respectively.
W is the size of the additional buses for the aggregated wind power plants while K is the
size of the network nodes. Combining the current expressions in (5.18) and the network
equation in (5.20), the network admittance extended to the wind turbine nodes is given in
(5.21). The grid state variables, uk and the stator voltages of the wind generators at the
low voltage side of the unit transformers, usw are now determined from the solutions of
the modified network model and the injected currents in (5.18) and (5.20) [36].

l:lew}_ Yow  Ywk {!s,vv}
lgs !WKT Yikerw || Yk

_ -1 H -4
Uy = |:Y_KKGLW _Y—WKT!WW 1!WK] ('— gs _!WKTY—WW 1LGW

Usw = XWW71 [l ow ~ YwkUk J

(5.21)

Where;

Uk  vector of K-size network bus voltages

usw Vvector of W-size aggregated wind generator stator voltages at the extended buses

igs Vvector of synchronous generator source currents including all other PQ buses

iew Vvector of aggregated wind generators injected currents at the extended wind-buses

Ywk the equivalent admittance of the transformers and collecting lines between wind
generator buses W and network buses K.
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Yxk,cLw reduced nodal admittance that include the bus network Ykk, constant load admit-
tances Y|, conventional generators’ shunt admittances Y and the equivalent admittance
Yw for each group of wind generators.

Therefore, the power flow solutions, in (5.21), provide the bus voltages magnitude and
angle as well as the injected active and reactive power of all buses which are the steady-
state inputs to determine the initial conditions of the dynamic state variables of the con-
ventional generator stations and wind power plants.

5.3 Transient stability analyses

Power system stability expresses the ability of a system to sustain the steady-state condi-
tions or the abilities to attain a state of equilibrium after being subjected to disturbance
[37]. Synchronous generators are still the most dominant type of generators in modern
electrical power networks which are capable to operate in synchronism with the rest of
the system. Any generator can be considered as synchronized with a network when both
sides of the interconnection bus have the same frequency, voltage and phase sequences.
Thus, power system dynamics can be generally classified in to three stability categories
as shown in Figure 5.1.

Power network stability
\ 4 \ 4
Frequency stability Angle stability Voltage stability
y y
Transient Small-signal

Figure 5.1  Structure for power network stability studies [37]

As defined earlier in this subsection, transient stability is the ability of a power system to
stay in synchronism when subjected to small or large disturbances such as three-phase
faults, large load variations or generator outages. Such transient disturbance results in
large swings of output powers, rotor speeds, rotor angles and bus voltages at the generator
terminal [37]. In transient stability analysis, the dynamic models are not-linearized due to
the large disturbance’s behaviors and for this reason numerical integration techniques are
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applied to solve the problems. However, small signal stability deals with the ability of a
system to be in synchronism when subjected to small disturbances such as small load
changes [36]. For small disturbances, the network dynamic models can be linearized and
analytical solutions can be applied such as the eigenvalue analysis.

During steady-state operation, all synchronous generators in the network rotate at con-
stant speed and the rotor angle differences of any two generators remain constant. While,
under any fault event, the generator rotors will accelerate or decelerate and their speeds
will deviate from the steady-state values due to mismatch between the mechanical and
electromagnetic torques (see Figure 3.5). Therefore, in such cases, the rotor angle differ-
ences between any two generators will also change. If the difference of rotor angle be-
tween any pair of generators coming back to steady-state point (not necessarily the same
as previous), then the SGs are said to be in *synchronism’ and stable [58].

On the contrary, if the SGs lose synchronism after the fault event, the power system is
entitled as instable. Under such circumstances, the output power, current, voltage, fre-
quency etc. of the generator uninterruptedly drift away from the pre-disturbance equilib-
rium condition. If the transient sustainability indicates a violation or approaching to the
stability boundaries, the system shall automatically prepare and activate corrective ac-
tions to maintain the sustainability of the power system.

Similarly, the frequency stability describes the ability of a power network to maintain
stable frequency following severe or large system disturbance resulting in substantial im-
balance between generation and load [37]. If the system frequency is not ultimately settled
and correct measures are not taken in time, cascaded outages might be initiated and sys-
tem separation into islands could eventually lead to a complete system blackout.

Modern power networks are significantly supplied from induction generators which are
fully or partially isolated from the grid system such as the variable-speed wind generators,
as studied in this thesis, which worsen the frequency stability boundaries [59]. To avoid
getting involved in such situations, some preventive measures are taken such as under
frequency load shedding [32]. However, under frequency load shedding is not normally
recommended and so system sustainability shall be reinforced by employing other fre-
quency control measures such as the virtual inertial responses, fast acting storage systems
etc. so that the stability margin will remain as to the pre-disturbance condition.

The other important element of the power network stability analysis is voltage dynamics,
specifically in weak grid system. Voltage stability states the ability of a power system to
uphold steady voltages at all buses in the system after being subjected to disturbance [38].
Compared to synchronous generators, induction generators respond to fault events, such
as changes in terminal voltage and frequency in a different way. Moreover, their capabil-
ity to contribute to grid voltage control is limited [2], [59]. During large disturbances,
induction generators may accelerate to high rotor speed and as a result absorb large
amount of reactive power from the system, that can result in voltage collapse [50]. Thus,
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it is essential to investigate how far the actual system is operating in regard to the voltage
stability limits when the share of wind turbines is increasing.

5.4 Prediction methods for dynamic voltage stability margins

Voltage collapses occur when a power network is not proficient to withstand the dynamic
imbalance of reactive power which could result due to heavy load changes or fault con-
ditions [60]. A system is termed as voltage instable if at least one bus in the system has
voltage magnitude U decreases while the reactive power injection, at the same bus is
increasing. This implies that, when U-Q sensitivity is positive for all buses in the network
then voltage is stable while if any bus has negative U-Q sensitivity, then the system is
voltage unstable [11], [58].

There are several studies that have been performed with the voltage stability problem
[59], [60], [61], [62], [63], [64], [65]. Most of these voltage stability analyses are used for
determining the voltage stability problem for static analysis methods, based on two buses
one as voltage source (Thevenin voltage) and the other as receiving end [48], [61] - [63].
Limitations of these indices is that they predict voltage instability based on the maximum
line carrying capacity and the N-bus power network indices are extended from such two-
bus system as described in [57].

The most commonly used bus voltage index, applicable for large networks, is the power
transfer stability index (PTSI) in [64]. Where, the PTSI is calculated using (5.22).

2S |\ Lrhevk (1+cos (e — 7)) <

PTSI, = . 1 (5.22)
UThev,k
Where;
Ok Thevenin impedance angle at k-th bus
Pk load impedance angle at k-th bus

Zthev  equivalent Thevenin impedance at k-th bus
UThev  Source Thevenin voltage for k-th bus
ULk load apparent power at k-th bus

To ensure voltage stability, the PTSI must be between 0 and 1. The greater the PTSI value
the more unstable the condition. Hence, the dynamic voltage stability margin of a load
bus is the difference in voltages at steady-state and the value that correspond to the max-
imum PTSI. The voltage at maximum PTSI is a critical (collapse) voltage, which is a
voltage corresponding to PTSI equal to one. The PTSI will be calculated by increasing
the active power at a bus step by step while projecting the power-voltage (P-U) curve.
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The dynamic voltage stability indices for large networks including the wind turbine gen-
erators are analyzed in the subsequent sections. However, to realize the voltage collapse
problem in detail, a two-bus network, as in Figure 5.2, is applied in this subsection.

L

P +]jQ.

Figure 5.2 A load connected to infinite bus

The active power-voltage curve (P-U curve) is a widely used method of foreseeing volt-
age collapse margins. The P-U curves are generally used to predict the loading margin of
a power system using the distance (power difference) from the actual operating point to
the minimum (critical) voltage. The critical voltage bus is defined as the weakest bus that
runs first into voltage collapse when the system is being subjected to disturbances. The
static and dynamic voltage stability criterion is then evaluated from the current operating
power and the maximum power [65]. A typical P-U curve, in Figure 5.3, is shown for a
constant power load coupled through a transmission line to an infinite-bus.

A

U Operating point Critical point

Stability margin

v

Stable region

U, Stability limit T

!

Unstable region

Figure 5.3 Typical P-U curve of a load connected to infinite bus [58]

Figure 5.3 is obtained by applying the power flow solutions, where the load power P is
varying slowly till the nose of the curve and U is the corresponding voltage magnitude at
the load bus. The top portion of the curve in Figure 5.3 is stable operation whereas the
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bottom half is taken to be the instable operation. The risk of voltage collapse is much
lower if the bus voltage is further away from the critical voltage corresponding to Pmax.

The maximum transmissible power to the load, for the network in Figure 5.2, is calculated
at different scenarios such as varying the voltage source U, or different reactive power at
the load bus, i.e., by varying the load power factor angle (load angle) y«.

P-U curve for varying supply voltage Up
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Figure 5.4 P-U curves of three voltage source cases (a) and three cases of load PF (b)

Figure 5.4 shows the P-U curves for various cases of source voltage and load angle to
realize their impact on the maximum transferable power to the load. When the source
voltage magnitude is decreasing the nose of the P-U curve is shrinking, i.e., decreasing
the critical voltage operation as in (a). In Figure 5.4 (b), it can be seen that the maximum
transmissible power rises when the load power factor is leading, since load compensation
rises. The transmissible power in each step matches to a value of the voltage at the bus
until its critical point is reached, i.e. further increase in power results in voltage instability.

Analyzing the voltage collapse problem as in the above is helpful to relate and realize the
impacts of integrating large-scale wind power plants which normally create voltage dips
and consume reactive power from the system.

5.5 Calculation of initial conditions

Before doing transient stability analyses, a system with its generators, loads and network
should be initialized to the steady-state condition. The power system is represented by an
admittance matrix, Ykk as in section 5.2 and the load flow defines the steady-state oper-
ating point with estimated node voltage and network power flows. The consistent steady-
state of the network is the initial state of any power system dynamic simulations. The load
flow results and the steady-state power network model are used to initialize the dynamic
models.
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Initialization in this thesis work represents calculation of the initial values of all dynamic
variables at their steady-state condition. Initialization of the dynamic variables for syn-
chronous generators and DFIG-based wind turbines are calculated based on the load flow
results in (5.16) and (5.17). Initialization of the excitation system, turbine-governor sys-
tem, DFIG converter control and other voltage and frequency regulators are realized by
making all differential equations equal to zero. Thus, if the initial conditions of generators
are determined, initializing the control elements is straightforward and for this reason, its
details are not included in the thesis report.

5.5.1 Initialization of the dynamic models of synchronous generators

The network buses with synchronous generators are considered as PU buses and one of
these generation stations may or may not be accounted as slack bus. Thus, the power flow
solutions in section 5.2 provide the steady-state values of the grid states (voltage magni-
tude and angle) as well as the injected bus active and reactive powers. Based on these
results, the initial values of the DAE variables in equation (3.16) are calculated. In steady-
state, the derivative terms in (3.16) are equal to zero and by using the stator equations,
the generator terminal voltage is represented as in (5.23).

The network states are in the synchronous frame of reference while the dynamic models
of the generators are in their respective dqg-frame of reference as described in Figure 3.9
in section 3.4. Thus, an axis transformation is applied using the rotor angle. The initial
rotor angle ¢ is the same as the internal voltage angle behind the g-axis reactance, i.e., the
steady-state phasor internal voltage lies along the g-axis. This can be verified by adopting
the algebraic stator equations in (3.9) into voltage phasor representations, without the
dummy coil, as in (5.23).

Ugs + IUqs = —Rlgs + Xj s #Ug+J(—Ro s = X 1gs +U¢)

= J((Xq =X lgs +Uqg0) = (R +X,) (g +ilgs) (5.23)
:0+Jué| - (Rs +jxq) (Id,s +j Iq,s)

:uéq — (Rs +jXq) (Id,s +j Iq,s)

Where U'4q = jU'q, represents the internal transient voltage which proves that the steady-
state generator internal voltage lies in the g-axis behind the reactance X4 (note that the
internal voltage is not expressed behind the transient reactance X'g). Thus, the initial rotor
angle and the transient internal voltage magnitude can be directly calculated from the load
flow results. By transforming the dg-axes frame of equation (5.24) to the network refer-
ence frame (ap-axes), the initial magnitude of the internal generator voltage magnitude
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which lies along the g-axis U'q and the corresponding initial rotor angle ¢ of a synchro-
nous generator at the k-th bus are calculated using (5.24).

Ufcel % =U +(Ro+iXg) (5.24)

Where k is the generator bus number, Ux and Ik are the complex voltage and injected
current at the k-th generator bus which are solutions of the load flow analyses. Rsand Xq
are the synchronous generator stator resistance and g-axis reactance, respectively.

After the internal voltages are determined, the next step is to calculate the dg-axis com-

ponents of stator voltages and currents by applying the axis transformation in (3.14) from

the load flow quantities. Thus, the dg-axis components of the generator stator voltage and

current at the k-th bus are obtained from the phasor representations in (5.25)
Ugsk 1 Ugsk =Yy (Sin 6y +jcos sy )

. o (5.25)
Id,s,k + ] Iq,s,k :lk (Sln 5k + JCOSé‘k)

Where Ugsk, lask Ugsk and lqsk are the dg-axes frame components of the k-th bus stator
voltage and currents, respectively. Jx is the rotor angle in radians while Uk and Ik are the
load flow quantities in ap-frame (network reference frame) at the k-th bus. The excitation
initial voltage Uq is obtained by equating the differential term in (3.16) equal to zero and
rearranging as in (5.26).

Utk :Ut;,k"'(xd_xc’j)ld,s,k (5.26)

Then, the other dynamic variables of the synchronous generator, excitation system, tur-
bine-governor systems are straightforward to calculate from their respective dynamic
equations by setting the differential terms equal to zero and using the generator quantities
from (5.24) to (5.26).

5.5.2 Initialize the dynamic models of wind generators

The influence of increased wind power on power system dynamic behaviors are studied
by substituting the existing conventional generators with wind power generators. The in-
itial calculation of DFIG generators is not direct and easy like the synchronous generators.
The dg-axes model of the DFIG is exploited further in order to calculate the initial values
of the machine variables at a steady-state condition. The DFIG-based wind power plants
are assumed to operate at their steady-state conditions till a fault event occurs.

In steady-state operation, the DFIG control is intended to maintain the generator rotor
speed at its optimal torque/speed characteristic. Thus, it is convenient to initialize the
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DFIG-based wind turbine based on the optimum power extraction characteristic, i.e., the
injected active power of the generator bus is equal to the mechanical input power Pg = Pm
by neglecting the losses. It is also possible to use the generator efficiency and estimate
the input turbine power. Therefore, the rotor speed in electrical rad/sec that corresponds
to the steady-state operation is calculated based on the aerodynamic equations in (4.7)
and then the wind turbine generator slip ratio and mechanical torque are calculated as in
(5.27).

(5.27)

The load flow inputs to the DFIG-based wind turbine dynamic models are the Pgk, Qg
and Ux. Then the rotor speed Qnm, rotor slip s and the mechanical torque Tem are calculated
in steps as in (5.27).

The control strategies are now enabling to keep the equilibrium point by deducing the
remaining electric variables of the machine at steady-state operation such as generator
and converter currents, voltages and powers. In steady-state condition, the stator differ-
ential equations in (4.32) are equal to zero and presented in (5.28). Moreover, the per unit
wind generator stator and rotor active powers are derived in a similar approach as in (4.40)
with electromagnetic torque as a function of the stator flux and currents.

0:Uq|S—RS Iq‘s—a) Vs

0= Ud,s -R, Id,s +OW, (5.28)
Tem ~ Ps =Vqs Iq,s ~Was Id,s .

Qs = l//d,sld,s L Iq,s

Equation (5.28), has six unknown variables and there are only four equations. To solve
this set of algebraic equations, two more equations are required. Thus, one additional
equation can be obtained from the magnitude of the load flow bus voltage, i.e.,
U, =U,e'?. Toinitialize the induction generator, the stator flux orientation control strat-

egy is applied as in (4.41), where the stator flux is oriented along the d-axis, i.e.,
Ugs = Us= Y. Moreover, assuming the initial synchronous stator frequency is the same
as the base value that is ws = wn — o =1, then the following reduced five equations in the
per unit system are applied to estimate the initial stator flux magnitude ¥s as in (5.29).



Multi-machine Power System Representation for Transient Stability Studies 86

Ud,s:Rsld,s

U,. =R I +y 2

TQ,S_ Slqu s ~ —Bi\/ﬂ B =2R Ty, U,

em—l//s 0s :l/js_ 2 = C:RZ(Q2+T 2) (529)
Qs:lr//sld,s s s N

U32 :Ud,sz +qu52

After the stator flux magnitude s is determined, the rest of the initial parameters of the
dynamic equations are easily determined in the dg-frame as in (5.30).

o= I, = e
Vs ’ Vs

Ugs =Rl qusz—Rslq,S+l//S
| Vs bles =,

' Lm Lm
Was =L lgs — Lo lar Was = Lslgs —Lmlgr (5.30)
Uy, =Ry, +soL 1, Ugr =—Rilg, =S oL Iy, +sLw, /L
Wy =—Lnlgs— L 1y, Var =—Lnlgs—Lilg,
PS:Ud’S|d,S+Uq'SIq’S Qs=qusldys—UdyslqyS
F’r:Ud'rld’r+Uq’r|q’r Qr=Uq’r|dYr—Ud’r|qu

If the initial conditions of the DFIG-based wind turbine dynamic equations are correctly
determined, the DAESs variables remain in steady-state until any disturbance is occurring
in the system. Thus, one way to validate a model is to solve the set of DAEs using nu-
merical integrations without any disturbance for longer time for which the time simulation
results are expected to remain at their steady-state values as far as there is no disturbance
in the system. Then, the steady-state operation of the DFIG-based wind turbine model has
been evaluated at different wind speeds ranging from values below cut-in speed to above
cut-out speeds. Analyzing the steady-state condition is crucial to assure the wind turbine
operation is as per the manufacturer datasheet power curve and discourse the operation
behaviors before entering the transient analysis.

In the simulation, two types of DFIG-based wind turbines have been considered to study
the steady-state operation. The simulation input data for the two types of DFIG-based
wind turbines are given in Table 5.1 and Table 5.2. The detailed parameters for the dy-
namic analyses of the generic models of the wind turbines are given in Appendix A.
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Table 5.1  Parameters of 2 MW DFIG [26]
Rated power 2 MW | Stator resistance 0.00488 Q | Cut-in wind speed 4 m/s
Rated voltage 690 V | Stator linkage inductance  0.09241 H | Rated wind speed 12m/s
Rotor diameter 84m Mutual inductance 3.9527H Cut-out wind speed  25m/s
Number of Poles 4 Rotor resistance 0.00488Q | Optimal pitch angle Q°
Min. rotor speed 9 rpm | Rotor linkage inductance ~ 0.09955 H
Max. rotor speed ~ 18rpm | Stator/rotor turns ratio 1/3
Table 5.2  Parameters of 1.5 MW DFIG [48]
Rated power 1.5MW | Stator resistance 0.0071Q | Cut-in wind speed- 4 m/s
Rated voltage 575V | Stator linkage inductance  0.171H Rated wind speed 13.3m/s
Rotor diameter 38m Mutual inductance 3.90H Cut-out wind speed 22 m/s
Number of Poles 6 Rotor resistance 0.005Q | Optimal pitch angle 0°
Min. rotor speed 9 rpm Rotor linkage inductance  0.156H
Max. rotor speed 22 rpm | Stator/rotor turns ratio 1/3

The steady-state results in Figure 5.5 and Figure 5.6 illustrate the DFIG-based wind tur-
bine response for an increasing rotor speed input which corresponds to variable wind
speeds. Figure 5.5 (a) shows the DFIG variable characteristics plots for air-gap induced
stator power, rotor power and the total generator active power. The output generator
power is the sum of the rotor and stator where the stator power is the major contributor.
After the rated wind speed that corresponds to the maximum rotor speed, the WTG output
power is controlled and remains at its rated value of 2 MW.
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Figure 5.5 The steady-state generated power Py, stator power Ps and rotor power P, (in a) rotor
power and rotor slip characteristics (in b) for varying rotor speed

The rotor slip has initially positive value until the turbine reaches its nominal value at
1500 rpm so that the generator is in sub-synchronous operation. At nominal speed, the
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generated power and the stator power are equal as the rotor does not contribute any power
(see Figure 5.5 (b)). Moreover, in the super-synchronous operation the slip become neg-
ative and the rotor starts generating power and add up to the stator so that the generator
output is above the stator power. The results in Figure 5.6 (a) show the stator and rotor
voltage and current responses to the varying rotor speed inputs. The steady-state stator
voltage remains constant as it is determined by a change in the network while the rotor
voltage is the control output. Its steady-state result is varying in response to the variable
wind speed. Similarly the stator and rotor currents, in Figure 5.6 (b), are increasing to
increase the output powers as per the control strategies discussed in (4.47).
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Figure 5.6 DFIG steady-state outputs (a) stator and rotor voltages (b) stator and rotor currents
for varying rotor speed

During normal operation, integration of wind turbines may affect the voltage profiles in
the network due to the variations of load characteristics. There are grid codes which de-
fine the utility requirements for wind farm integration at the POC [11]. Thus, the wind
power plant operators are obliged to ensure that the wind farm does not breach the voltage
level outside the required limits. For this reason, in this thesis work, appropriate protec-
tion for the stator under/over voltage and currents have been considered in the model.

5.6 Numerical solutions of power network dynamic models

The dynamic model of synchronous generators for the conventional generation, induction
generators for the wind power plants, mechanical dynamics and associated control strat-
egies along with the grid power flow equations characterize the power system dynamics.
After calculating the initial conditions of all state variables in the network, the set of dif-
ferential algebraic equations (DAES) are organized and solved using numerical integra-
tions as in (5.31).



Multi-machine Power System Representation for Transient Stability Studies 89

X = F (XD g UgV)
ig =h(x,U) (5.31)

0 =g(xildq'gK)

Where;
f set of first order differential equations (representing power network dynamics)
h set of algebraic stator equations (related to generator-grid integration circuits)

g set of algebraic network equations (power flow equations)

X vector of dynamic state variables

iag  Vvector of generator terminal currents injected to the networks in dg-reference frame
Uk  vector of network bus voltages to be calculated using the power flow equations

v vector of system inputs

Then, the set of DAEs in (5.31) is solved in the time-domain simulation by means of
numerical integration techniques. The fifth and sixth order Runge-Kutta methods have
been adopted in this thesis work.

As described in section 3.3, the complete model of a conventional power plant at bus i is
represented by the dynamic equations of the 4th-order model of synchronous generator
in (3.16), IEEE-type DC1A voltage regulator in (3.19) or the ST1A exciter in (3.17) and
hydro turbine governor system in (3.20). The vectors related to such i-th bus state varia-
bles X, auxiliary or intermediate variables idq,i, bus voltage uk and inputs v are defined in

(5.32).

Xi =[6,@,Uq;"Ugi"UgsiUri Rein Xpi0 Xy, Pm,i]T;

i =[ais Iq,i]T; Vi =Ueis (5.32)
Uk =M1,Q2,---,QK]T;

Where K is the number of network nodes and ng is the number of synchronous generations
andi=1, 2, ...,ng. In a similar approach, the DFIG-based wind turbine generators are
represented by the first order dynamic equations in (4.36) and (4. 40), (4.47), (4.53),
(4.58), (4.62) and the pitch control in Figure 4.13. Thus, a DFIG-based wind power plant
at bus j has vectors related to state variables X, auxiliary variables iqq,, bus voltage ux and

inputsV as defined in (5.33).
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X; :[a)m,j’Wd,s,jvl//q,s,j’l//d,r,jil//q,r,yXl,j1X2,j’X3,j'X4,j’"'
T
X5 5%, %7,jla.g.j+ 1a.g,i-Yoc j Fil
i = T 5.33
igq; =[lgjr 1q;1" (5.33)

U =[U,U,, .., QK]T;
Vj :[Tm,j’Ud,s,j’Uq,s,j’Ud,f,i’Uq,rxJ]T;

Where n is the number of network nodes and m is the number of aggregated wind power
generations. j =1, 2, ..., m. The set of differential algebraic equations in (5.32) and (5.33)
represent all dynamic and algebraic equations of the synchronous generators and DFIG-
based wind power plants, respectively form the system dynamic equations (DEs) for tran-
sient stability studies. Such set of DAES is non-linear and is solved using numerical inte-
gration techniques. In this thesis, a power system simulation tool that solves the network
power flow and then the time-domain simulation to solve the non-linear differential equa-
tions has been developed in the MATLAB/Simulink environment.

The time-domain dynamic simulation tool solves the set of DAEs as per the flow-chart
presented in Figure 5.7. To execute the time-domain simulation, the power network solu-
tions at steady-state have to be analyzed and the initial values of the dynamic model var-
iables have to be calculated as discussed in section 5.5.
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Figure 5.7 Dynamic power system simulation flow chart

The overall network integration and the approach for the time simulation analysis is
demonstrated in Figure 5.8. In this schematic diagram, a synchronous generator at the i-th
bus and a DFIG-based wind power plant at the j-th bus are depicted in detail with all
components and their respective variables in and out of the dynamic model. The numeri-
cal simulations are solved and the network solutions are updated during the first-time
step. Using the new state variables, the differential equations and algebraic equations in
respective order are solved in the next time step. This continues till the end of simulation

time.
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6 Case Studies

In this case studies, various test systems have been considered to evaluate the analyses of
power system dynamics and demonstrate what is the technical impact of increasing the
wind power share on system transient stability. Moreover, the issues related to dynamic
voltage stability and system frequency stability will be studied in detail for various net-
work topologies and disturbance events.

6.1 Impacts of wind generators on transient responses

The proposed RMS model of the DFIG-based wind power plants has been applied for
different power network topologies and the time-domain simulation responses are noted.
In this section, three test grid systems have been considered to study the dynamic impacts
and to verify the proposed measures for grid connected large-scale wind power plants.

The dynamic characteristics of the proposed model for a DFIG-based wind power plant
is first evaluated through a 4-bus test grid system. The aggregated DFIG-based wind tur-
bine model is connected to a voltage source bus so that the detailed dynamic characteris-
tics of the proposed machine model and control strategies are examined. It is understood
that this is not the most realistic depiction of a power system, but it is the simplest form
of a system to explicitly illustrate the functionality of the model for studying the dynamic
behaviors of frequency and voltages.

6.1.1 Analyses of the dynamic characteristics of a wind power plant con-
nected to a voltage source

Figure 6.1 shows the 4-bus test system used in the simulation to evaluate dynamic behav-
iors of a wind turbine generator and its control strategies. The DFIG-based wind power
plant consists of 10 units each with 1.5 MW machine rating as in Table 5.2. The wind
turbines are aggregated according to the principles described in section 4.8. Thus, a total
of 15 MW installed capacity of aggregated wind power plant at bus 1 and a 30 MVA
synchronous generator at bus 4 are interconnected through an equivalent line and trans-
former based on Figure 4.15 (b). The synchronous generator represents the rest bulk
power system while isolating the average frequency dynamics from other factors such as
the large grid topologies and different types of controllers such as the turbine governors
and voltage regulators. The parameters of the aggregated wind power plant, the equivalent
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line inductance of the collecting lines Xeq, 20/220 kV step-up transformer, 220 kV trans-
mission line and the synchronous generator are presented in Appendix B.

@
10 x 1.5 MW
X 1151<m
20/220kV

RSC DC-link GSC RL 30 MW

|
&, | K SMw  10mw

T

Figure 6.1 Aggregated DFIG-based wind power plant in a 4-bus test grid

The loads at bus 3 and 4 have initially 5 MW and 10 MW, respectively at power factor of
0.95. The wind turbines are arranged to start the simulation at 12 m/s wind speed. In this
regard, the wind power penetration is approximately 66.67 % of the total generation ca-
pacity. Figure 6.2 shows stator, rotor and grid-side converter outputs of the aggregated
wind power plant in response to the varying wind speed (see Figure 6.2 (a)). Figure 6.2
(b) shows that stator and grid-side voltages remain constant while the rotor-side con-
verter-controlled voltage source is varying to regulate the stator power in response to the
wind speed.
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Figure 6.2 Aggregated wind power plant simulation results for varying input wind speed

The results in Figure 6.2 (b) — (f) show that the aggregated wind power plant outputs are
tracking the input wind speed until the cut-out wind speed at 22 m/s and then a trip signal,
with some protection response delay, is ordered to shut down the turbines so that the
output power is zero at simulation time 48. These results indicate the proposed DFIG-
based wind turbine model is adequate to represent its dynamic characteristics and control
strategies in response to the varying input wind speed.

The small test grid has been also subjected to transient disturbances (three-phase fault and
large load change at bus 4) to spot the dynamic responses of the wind power plant. In the
first scenario, a three-phase fault is applied at bus 4 at 5.0 seconds with fault clearing time
at 5.15 seconds. The wind speed is set to remain constant at 12 m/s where the generator
is expected to rotate at a slip of - 0.2 (see Appendix B). Figure 6.4 shows the aggregated
wind power plant (AWPP) and SG dynamic responses to the three-phase fault at bus 4.
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Figure 6.3 Three-phase fault transient responses of the 4-bus test grid with SG at bus 4 and
AWPP at bus 1
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The dynamic responses of the grid frequency in Figure 6.3 (a) have increased during the
fault event. In (b), the AWPP’s rotor speed, is rotating above the nominal super-synchro-
nous speed for a wind speed of 12 m/s. The DFIG-based AWPP suffer with high in-rush
current in the converter, lrotor as in (c), and is injecting higher current and active power
(see Figure 6.3 (d)) to the grid which can limit the safe operation of converters. This rotor
over-current is caused due to voltage dips on the stator. The corresponding dynamic volt-
age responses of the AWPP and the test grid buses are illustrated in Figure 6.3 (e) and (f),
respectively.

Therefore, the proposed generic model of DFIG-based wind turbines conveys the actual
characteristics of a wind generator connected in a power system. However, the wind tur-
bines are limited to regulate the grid frequency as in (a) which is a major concern when a
significant amount of synchronous generator power is replaced by wind generators. To
study explicitly the impacts of the increasing penetration level of wind power into the test
grid, another aggregated wind power plant with total installed capacity of 15 MW is con-
nected at bus 4, so that the synchronous generator is fully replaced by a second AWPP.
With the given load condition, the total load is 15 MW at PF = 0.95 and so the total
generation power shall be sufficient to supply the load. Thus, the AWPP at bus 1 is made
to operate at 12 m/s wind speed (that is Pawpp: = 0.73 15 MW = 10.95 MW) and the
second AWPP at bus 4 is made to operate at 8 m/s so that its optimal power is approxi-
mately 6 MW (Pawep1 = 0.4 15 = 6 MW). Once again, a similar three-phase fault is ap-
plied at bus 4 and the impact of increasing wind power capacity on the test grid is studied
and evaluated in contrast to the earlier scenario. With such arrangements, the dynamic
responses of the test grid which is fully supplied from wind power plants are depicted in
Figure 6.4.
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Figure 6.4 Three-phase fault transient responses of the 4-bus test grid with both AWPPs at bus
1 and bus 4

Comparing the transient responses of Figure 6.3 with Figure 6.4, it is obvious, that the
grid frequency at plot (a) has a higher rate of change of frequency (ROCOF) when the
penetration level is increased. Figure 6.4 (b) shows the wind generator’s rotor rotational
speed for two different wind speed regimes. The output powers for both cases are kept
constant so that the responses to wind capacity increase is accurately compared as shown
in Figure 6.3 (d) and Figure 6.4 (d). The current results at (c) show that the latter case
with higher penetration level of wind power suffer a lot with rotor over-currents during
the fault event. Oscillating generator current source as in Figure 6.4 (c) has definitely an
impact on the bus voltage stability so that the dynamic voltage responses in (e) show
higher change of bus voltages at the generator buses. This is simply because DFIG-based
wind generators are subjected to higher rotor over-currents due to the grid voltage dips
unlike the synchronous generators. Some further scenarios have been carried out with
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different penetration levels and the results follow in similar fashion. Thus, it can be con-
cluded that the three-phase transient responses of the test grid are becoming worse as the
wind power penetration level is increasing.

In the second scenario, the load at bus 4 is increased by 100 % at 5 seconds and remains
connected until the end of the simulation. The wind speed is set to 12 m/s until the load
disturbance is partially recovered at 15 seconds and then is gradually increased to 18 m/s
to further study the transient responses. Figure 6.5 (a) shows the grid frequency fgrid,
which is calculated based on the generator center of inertia as in (3.24)), and synchronous
generator rotor frequency fsc. The results indicate similarity as the network frequency is
following the SG.
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Figure 6.5 Test grid simulation in response to large load change at bus 4 and varying input
wind speeds from 12 m/s to 18 m/s

The rotor speed of the DFIG-based wind generator in Figure 6.5 (b) is in super-synchro-
nous operation that allows the generators to generate power from both the stator and rotor-
sides. This proves the fact that WTGs are designed to operate in the super-synchronous
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mode during high wind speeds. This can be observed from the generators output power
and current plots in Figure 6.5 (c) and (d), respectively. Figure 6.5 (c) shows that the SG
has solely accommodated the load change while the power from the WTGs is first oscil-
lating due to the load disturbance but shortly settled down to its maximum power point at
12 m/s as it cannot generate more than it. When the wind speed is increasing, the power
from the AWPP is rising while replacing the synchronous generator power until the max-
imum power point corresponding to 18 m/s is attained.

6.1.2 Transient response analyses of the New England test system

The second test network, considered in the case study, is the New England network,
shown in Figure 6.6. In this thesis work, the test network is mainly used to investigate the
impacts of increasing wind power share on power system dynamics. The dynamic re-
sponses of different scenarios are evaluated through which the voltage and frequency sta-
bility margins with various penetration levels of wind power are studied. The main reason
to employ this test network is due to its size and data availability as it is widely used in
various transient analyses so that the results can also be compared easily to previous sim-
ilar studies. Moreover, since the dynamic parameters of the synchronous generators and
their regulators are relatively tested and amended in previous literatures, the network can
be considered as testified topology.

In this thesis, the New England test network is mainly used to accurately study the impacts
of increasing penetration levels of wind power capacity on the dynamic voltage stability
margins as large network topology. The New England system has initially 10-synchro-
nous generators whose detailed data are given in Appendix C. The impact of wind gener-
ators on the network is realized by increasing the share of wind power where the existing
SGs are replaced by wind generators. The synchronous generators at bus 30, 32 and 35
are replaced by aggregated wind turbines to study the dynamic responses of various tran-
sient disturbances.

The impact of wind power increase on the network dynamics is carried out in three sce-
narios. The controlled conventional generators are step by step replaced by uncontrolled
wind generators while investigating the system dynamics in each case. The main target
of this analysis is to examine the impacts of increasing the wind power share on the power
system dynamic behaviors such as grid frequency response, rotor angle responses and
voltage collapse. Hence, the input wind speed of 12 m/s and the active power dynamics
are relatively apprehended at constant values to keep the transient response as generic as
possible.
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Figure 6.6 New England IEEE 39-bus system with three synchronous generators replaced by
wind generators and three-phase fault at bus 12 [66]

The load flow solutions for the New England test system yield the generator set voltage
profiles in steady-state case, total power generation of 5.899 GW and a total system load
of 5.880 GW as in Appendix C Table A.9. The PTSI indices of the New England test
network, using (5.21), at base load shows that all load buses are within the allowable
operation limits [57]. Based on the static loading, bus 12 is found critical [57]. This
steady-state condition has been an input to the transient simulations. Thus, different net-
work disturbances are applied at bus 12 to observe the worst situations. In this study,
particularly, the dynamic voltage stability analyses are carried out with a load change at
this bus while the others are kept constant at their base loads. The nearest generation
station to the critical bus is bus 32. The impact of increasing wind power has been studied
in three scenarios where the synchronous generators at buses 30, 32 and 35 are step by
step replaced by aggregated DFIG-based wind power generators.

= Scenario-1 all power generators are synchronous generators (thermal plants)

= Scenario-2 aggregated DFIG-based wind generators at bus 30 and bus 35 (which is
about 27 % penetration level of wind power)

= Scenario-3 aggregated DFIG-based wind generators at bus 30, bus 32 and bus 35
(which is about 40 % penetration level of wind power)

The intention on this section, with these three scenarios, is to investigate the influence of
increasing wind power on power system dynamics within stable operation of different
network topologies. In the proceeding sections, the penetration level of wind capacity is
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increased to up to 100 % by modeling the DFIG-based wind power plants with enhanced
control strategies.

A three-phase short circuit, which lasts for 100 milliseconds, is applied at a critical bus
(bus 12) for the three scenarios. The time simulation results confirm that the generator at
bus 32 is significantly affected by the transient disturbance compared to the others. Hence,
the generator at bus 32 is found utmost suitable to reveal the impacts of increasing wind
capacity penetration level on the system stability. Figure 6.7 shows the New England test
network dynamic responses for the three-phase fault at the critical bus. In this case, the
synchronous generators are employed with steam turbines as in steam thermal power
plants.
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Figure 6.7 Impacts of wind power increase on frequency and voltage responses to three-phase
fault at critical bus

Figure 6.7 (a) shows the terminal field frequency, i.e., the stator voltage frequency of the
generator at bus 32 for the three scenarios. The SG in bus 32 has been replaced by a wind
generator in the third scenario and comparing the rotor angle responses for the three cases
at this bus is meaningless. Hence, Figure 6.7 (b) presents the rotor angle response of a
synchronous generator at bus 31, which is physically close to the faulty bus. This confirms
that the rotor angle of the SG at bus 31 is significantly affected when the nearby generator
at bus 32 is replaced by a wind power plant. The results in Figure 6.7 (a) and (b) show
that an increase in wind power is disturbing the stator field frequency and the rotational
angle of the generators at bus 32 and bus 31, respectively. The rate of fluctuations of the
stator field frequency at bus 32 and rotor angle of SG at bus 31 are increasing with in-
creasing wind capacity in the system.

The terminal voltage magnitude at bus 32 and at the critical bus 12 are also suffering from
higher voltage dips when the share of wind power in the system is increasing as in Figure
6.7 (c) and (d), respectively. The grid frequency response at Figure 6.7 (e) presents that
the rate of change of frequency (ROCOF) is higher when the penetration level of wind
generators is increasing in the system.

The time-domain simulation is extended to a steady load increase at the critical bus to
evaluate the distance of the dynamic voltage collapse from the steady-state operation. The
P-U curves and the PTSI are calculated from the time-domain simulation results of the
three scenarios to observe the impact of wind power on the dynamic voltage collapse.
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Figure 6.8 P-U curves and corresponding stability indices at the critical bus for the three sce-
narios

The dynamic voltage stability margin is estimated based on the P-U curve corresponding
to the PTSI value at base load and the index value just before the voltage collapse occurs.
Figure 6.8 presents the P-U curves of the three scenarios to predict the dynamic voltage
stability margin (DVSM) and the maximum transfer power at the critical bus. This shows
that the dynamic stability margin is radically decreased when the penetration level of
wind power increases.

Hydro power plants are also included in the analyses with various types of transient dis-
turbances and fault clearing time to abundantly comprehend the impacts of wind power
in various network topologies. It is observed, that such disturbances lead to system insta-
bility when the clearing time and the wind power penetration level are increasing. There-
fore, the network dynamic responses for hydropower power plants (hydro-dominant net-
work) with different penetration levels and fault clearing time are presented in Figure 6.9.
Figure 6.9 (a) shows a transient stable response of hydro and wind generators rotational
speeds and grid frequency response for a three-phase transient disturbance at the critical
bus time step of 5 seconds with fault clearing time of 120 milliseconds.
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Figure 6.9 Stable transient responses of three-phase fault with hydro-generators

The rotor speeds of the conventional generators (hydro turbine) remain stable at synchro-
nous speed during and after the fault event as in Figure 6.9 (a). For constant 12 m/s wind
speed, the DFIG-based wind generator rotor speeds remain almost near to the super-syn-
chronous rotor speed at 1.2 per unit, i.e., at a slip of -0.2 as in (b). Moreover, Figure 6.9
(c) confirms that the aggregated wind turbines are generating constant power (set by the
load flow solution) with optimal power point tracking before and after the disturbance.
However, the DFIG-based wind generators show an inertial response against the change
in the grid.

It can be observed from Figure 6.9 (d) that hydro-generators are exceedingly affected by
the increase in wind capacity compared to the thermal power plants in Figure 6.7 (€). As
one of the objectives of this thesis is to investigate impacts of wind power in hydro-dom-
inant systems like the Ethiopian power system, the conventional generators in the pro-
ceeding time-domain simulations are represented as hydro-turbine types.
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Figure 6.10 presents the dynamic responses of the grid frequency and dynamic voltage of
the critical bus in response to large load and input wind speed changes. The load at bus
20 is increased suddenly by 50 % at time 5.0 seconds, i.e., from 628 MVA to 942 MVA.
The wind speed at bus 32 is changed from 12 m/s to 15 m/s at time 40 seconds while the
wind power plants at bus 30 and bus 35 remain at wind speed of 12 m/s.
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Figure 6.10 Stable transient responses of load change at bus 20 with hydro-generators

Figure 6.10 (a) shows that the grid frequency is dropping first and then recovering due to
an increase in wind speed at bus 32 which helps to generate its nominal power at 15 m/s.
The AWPP at bus 32 generates 650 MW till 40 seconds where the grid frequency is below
the other scenarios but after time step 40 (when the wind input is increased), the wind
generator is increasing its output and is helping in alleviating the grid frequency drop.
Hence, this verifies that the aggregated wind power model is responding to the grid fre-
guency suppression if there is an increase in wind speed. The grid frequency is improving
much better in scenario 3 because the aggregated wind generators at bus 32 have got a
chance to increase the output power due to wind speed increase. Figure 6.10 (b) shows
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that the rotor speeds of the conventional generators are also enhanced with the wind speed
increase in the wind plant at bus 32. Therefore, with higher wind power share, the grid
frequency can be enhanced if the wind speed is increased as shown in Figure 6.10 (b) or
if there is enough spinning reserve or storage systems in the network. However, the dy-
namic voltage response in Figure 6.10 (c) attests that increase in wind power penetration
level down surge the stator voltage dip although the wind speed is increasing and output
power is increasing.

6.2 Voltage dip enhancement using STATCOM

Operation of power systems at conditions close to stability boundaries has increased the
importance of fast acting reactive power compensation using FACTS devices. As stated
in section 4.7, a simplified controlled current source STATCOM type, shown in Figure
4.14. is considered, to compensate the dynamic reactive power deficiency at the terminal
bus of an aggregated wind power plant.

To demonstrate the functionality of the current controlled STATCOM model, the third
scenario with aggregated wind generators at buses 30, 32 and 35 is considered. A con-
trolled source current STATCOM that injects reactive current at real-time is integrated
with the aggregated wind power plants at bus 32 and bus 35. A three-phase short circuit
is applied at bus 20 with clearing time of 110 milliseconds and 125 milliseconds. Figure
6.11 shows the voltage dip responses of the critical bus and aggregated DFIG-based wind
generators at buses 32 and 35 with and without STATCOM during the fault event in (a)
and (b), respectively. The red color plots show, how the voltage response is affected, if
STATCOM is not activated during the fault events. Therefore, it can be concluded that
the proposed STATCOM, with real-time reactive power compensation capability, en-
hances the dynamic voltage responses during and after a fault event.
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Figure 6.11 Stable voltage responses with and without STATCOM during fault event at bus 20

Figure 6.11 (c) presents the real-time injected reactive power from the current source
STATCOM at buses 32 and 35. In this case, the reactive power references of all wind
turbine generators is set equal to zero. Thus, the reactive power demand even after the
fault at the buses is supplied by the STATCOM.

To observe the impact of the STATCOM, the fault clearing time is extended to 120 mil-
liseconds and the corresponding transient responses of the New England test network,
without the STATCOM case, are presented in Figure 6.12. The simulation results in Fig-
ure 6.12 (a) and (b) illustrate that the test network bus voltages, specifically that of the
AWPP buses, are highly disturbed, if the DFIG-based wind power plants are not sup-
ported by STATCOM. The active power generation responses to the three-phase fault for
the aggregated wind power plants (AWPP) and synchronous generators (hydropower in
this case) are presented in Figure 6.12 (c) and (d), respectively. These results confirm that
the aggregated wind power plant at bus 32 is tripped due to the higher voltage dip at its
terminal bus. The trip order is initiated by the protection system to protect the in-rush
current through the power-electronics in the rotor-side of the DFIG. The under-voltage
protection is set at 0.55 per unit for a duration of 0.3 seconds. It is also shown in (d), that
the hydropower plant at bus 39 is increasing its power to compensate the wind generator
outage at bus 32.
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If the STATCOMs at bus 32 and bus 35 are connected, the transient stability is better and
is illustrated in Figure 6.13. In this regard, the wind generators are generating at their
optimal operation point, that corresponds to wind speeds of 12 m/s. The voltage dip is
instantly compensated by the injected reactive power of the STATCOMSs. The New Eng-
land test network is observed to be unstable if the fault clearing time is more than 120 mil-
liseconds.

6.2.1 Fault ride-through capability enhancement using the rotor over-
speeding control strategy

Low voltage phenomena are generally occurring when a power grid is subjected to tran-
sient disturbance such as short-circuit fault or sudden large load change. As a result, the
grid voltage dip at the DFIG point of connection (POC in Figure 4.15) leads to undesirable
transients in the stator and rotor circuits. The low voltage condition also limits the active
power transmission from wind generators to the grid which results in power imbalance
between the turbine maximum power point (MPP) operation and the grid-side, leading to
significant increase of fluctuations in currents, voltages and rotational speed in the DFIG
system.

A voltage dip in the stator of the DFIG results in rotor over-currents. Thus, in order to
ride through the fault and protect the partial power converter, the DFIG system shall em-
ploy either a mechanism to instantaneously reduce the rotor circuit over-current or damp
the excessive power by temporary circuit like the crowbar application. In this paper, the
over-current is reduced by enhancing the voltage dip using a modified STATCOM at the
POC and by provisionally over-speeding the rotational speed so that the wind turbine
operates at output power lower than the MPP, which is named as de-loading operation.

The STATCOM is simply modeled to regulate the voltage deviation Ug at the POC for
RMS type as shown in Figure 4.14. However, the power electronics in DFIG rotor-side
are highly sensitive to rotor over-currents so that an immediate protection scheme must
be applied as the STATCOM is not fast enough to protect the voltage dip consequences.
For this reason, the rotational speed of the rotor is made to over-speeding so as the turbine
is regulated to operate at lower mechanical torque Tm than the MPP. With such turbine
de-loading operation, the torque imbalance between Tm and Tem, in (4.40) is stored as
kinetic energy instead of dissipating like what is being done in the crowbar application.
By over-speeding, the turbine accumulates the kinetic energy which can be released when
the voltage dip is recovered. The increase of rotor speed is achieved by proper control of
the rotor-side converter through supplementary power to adjust the voltage dip as shown
in Figure 6.14. The control scheme is made to respond to the voltage dip with higher gain
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Kq. The supplementary active power, controlled by the voltage dip magnitude, is sub-
tracted from the optimal turbine power so that the reference active power is momentarily
reduced.
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Figure 6.14 Rotor-side converter active and reactive power control with rotor over-speeding
strategy in response to voltage dips

When the reference power of the rotor-side converter is set to a lower value than the
optimal power Pwmep, the rotational speed is gradually increasing. In this thesis work, the
reference active power is regulated by the voltage dip magnitude with a dead band DB of
+10 %. The rotor-side converter active power control is modified during higher voltage
dip conditions, as in Figure 6.14, from the conventional DFIG-control methods in sub-
section 4.6.1. In this regard, the active power control method is modified in such a way
that the reference power is dramatically reduced so that the speed increases and the rotor-
side converter current decrease. The impact of reducing the rotor current results in higher
fluctuation of the DC link voltage. Hence, the grid-side converter is made to compensate
such fluctuation and keep the DC-link transients within the protection limit. With these
arrangements, the DFIG-based wind turbine improves its low voltage ride through
(LVRT) capability and ultimately contributes to support grid transient stabilities.

The proposed LVRT enhancement scheme is tested in the IEEE 39-bus test system using
the third scenario in section 6.2.2, i.e., 40 % penetration level of wind power. To evaluate
the proposed scheme, three strategies have been adopted in response to the short-circuit
fault at bus 20 for duration of 120 milliseconds. Bus 20 is physically close to the critical
bus (bus 12) and wind generator at bus 32. For this reason, the dynamic responses of wind
generator at bus 32 are considered and studied in detail below. The first strategy is with
conventional (vector) DFIG-control schemes that is active and reactive power are regu-
lated by rotor-side converter targeting to operate at optimal or maximum power point
while the grid-side converter regulates the DC-link voltage. The second strategy is with
optimal operation while the voltage dip at the stator is compensated with STATCOM.
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The third strategy is with over-speed capability of the rotor-side converter control strategy

in line

Stator voltage in pu

Figure

with the STATCOM application to sustain the long-term voltage stability issues.
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6.15 Improved LVRT capability of DFIG transient responses to symmetrical fault at bus
20

Figure 6.15 (a) shows that the voltage dip is higher for the conventional DFIG control
strategy without both the STATCOM and rotor over-speed capability, while the response
in the third strategy, where the STATCOM and over-speeding capability are employed,

shows

an improved voltage dip. Implementing the third strategy, leads to reduced rotor

over-current during voltage dips as in Figure 6.15 (b). Figure 6.15 (c) also presents the

partial

load back-to-back converter DC-link voltage fluctuation due to the voltage dip.

The results in (b) and (c) reveal that the proposed joint control strategy, STATCOM and
over-speeding scheme, have improved the LVRT capability by reducing the rotor over-
currents and DC-link fluctuations.
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6.3 Transient responses for the case of the Ethiopian power
system

In this thesis work, the Ethiopian network is considered as a case study for weak power
systems. The Ethiopian network has a low share of wind capacity comparing to the second
and third scenarios of the 39-bus system. The transient analysis in this case is intended to
demonstrate that increasing wind power has a significant impact on weak power systems.
The case study includes both the existing grid-connected generations and transmission
systems until 2020 and also the units scheduled for the year 2022 based on the EEP master
plan [9]. Hence, the case study considers the network model for the year 2022. The
steady-state network data are taken from the EEP power system planning office for the
year 2022. The cases study network has a total active power generation of 4.082 GW and
a total load of 3.586 GW with an average load power factor of 0.971. The base network
model in the simulation includes 770 buses, 45 conventional generation units, 5 wind
power plants, 302 load buses, 376 transmission lines and 684 two-winding transformers.
The three winding transformers are converted to three two-winding transformers and the
two-winding T-model of the transformer is applied as discussed in subsection 3.2.2. The
network data is not public and therefore a summary of the data used for the dynamic
simulation are given in Appendix D.

The existing steady-state case for the year 2022 has a total wind power generation of
564 MW which accounts for about 14 % of the total power generation. Moreover, con-
ventional power plants with steam turbines generate less than 4.5 % of the total genera-
tion. Hence, more than 80 % of the power generation is from hydropower plants. As a
case study, two scenarios have been considered, one with the existing condition and a
second scenario with a higher penetration level of wind power (doubled the current pen-
etration level to 28 %). A fault event of sudden load change from 81.2 MW to 162.4 MW
at bus 158 (bus “203003” at DJIB-PK12 230 kV bus) is applied at time step of 10. The
time-domain simulation results of the two scenarios, one with 14 % and the other with
28 % penetration level of wind power, are presented in Figure 6.16 and Figure 6.17, re-
spectively.

Figure 6.16 shows stable responses to large load changes on the existing Ethiopian grid
system where the penetration level of wind power is about 14 %. Figure 6.16 (a) presents
the synchronous generator frequencies which are following the grid frequency shown in
Figure 6.16 (b). In Figure 6.16 (c), it is clear that the wind farm voltages, at the aggregated
wind generator points of connection, suffer from higher voltage dips. This can be typi-
cally noted in the Aysha wind power plant, where the voltage dip goes below 0.2 per unit
during the fault duration which is practically due to the long transmission line that connect
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the Aysha wind power plant and the national grid at Dire-Dawa substation. This is a typ-
ical impact of weak power system on the integration of higher share of wind capacity into
a grid system.
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Figure 6.16  Ethiopian grid system’s stable response to 100 % load change at bus 158

with wind power penetration level of 14 %

However, when the wind capacity penetration level increases to 28 % as explained in the
second scenario, the transient analyses show that the increase in wind power capacity
seems to significantly affect the weak grid. Unlike the third scenario in the case of 39-bus
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system, the weak grid system falls into instable operation when 28 % of the power capac-
ity is supplied from wind generators following large load changes, as described in sce-
nario 1.

The transient responses of the second scenario are presented in Figure 6.17 below. The
rotational frequency responses of the synchronous generators are presented in Figure 6.17
(a) and the corresponding calculated grid frequency response is shown in Figure 6.17 (b).
The results in Figure 6.17 show that the weak grid system is instable following the dis-
turbance in the network when the wind capacity is set to 28 % of the total power genera-
tion.
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Figure 6.17  Ethiopian grid system’s unstable response to 100 % load change at bus 158
with wind power penetration level of 28 %

It is actually difficult to realize what and where the problem is in the large system unlike
the smaller grids in the previous test networks, but one can understand that an increase in
wind power has significant impact on the wind generator voltage dips and grid frequen-
cies, specifically in weak grid systems as the Ethiopian case, presented in Figure 6.16 and
Figure 6.17.
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7 Control Strategy to Regulate Grid Frequency
with Higher Wind Power Share

7.1 Introduction

Deployment of DFIG-based wind power generators electrically decouples the rotor-side
energy source from the grid which results in a decrease of system inertia. Such limitations
can potentially have an effect on the power grid dynamics, in particularly, on the system
frequency stability. Wind power plants (WPPs) are and will vibrantly continue contrib-
uting a significant share of electric power supply, and therefore, WPPs must participate
in the frequency restoration process. As discussed in previous sections, the current WTGs
are designed to generate at optimal electrical power output that limits the active power
control capability during depressed frequency conditions. DFIG-based wind generators
operate at variable wind speeds as they can host = 30 % of its rated value by changing the
rotor speed. In this regard, DFIG is designed to operate at various slip values which can
be controlled based on the control reference power. Therefore, DFIG-based wind power
plants can basically contribute to frequency control by adjusting the output power within
the slip operation limit [67].

In this thesis work, DFIG-based wind turbines are modeled with virtual inertial response
and primary frequency control module through de-loading the turbine [68], [69], [70].
The proposed frequency control module is integrated at a plant level to adopt the pre-
defined power margin and dispatch it among the wind turbines in response to grid fre-
quency deviations. The wind turbine frequency response is jointly achieved by rotor
speed and pitch angle control schemes. The proposed module is tested in the third test
network (microgrid) composed of DFIG-based wind park and thermal plant.

7.2 De-loading operations of DFIG-based wind power plants

De-loading operation of wind turbine helps WTG to take part in primary frequency reg-
ulation by which it can have sufficient generation margin at any instant. WTG can operate
under stable de-loading operation by limiting the output so that the electrical output ref-
erence power, Pres in Figure 4.8, is operating at lower value than the optimal power. Such
load limitations can be achieved by either rotor over-speeding or by regulating the pitch
angle so that its optimal value decreases depending on the wind speed. Figure 7.1 (a)
shows a typical DFIG-based wind turbine control strategy for both the maximum power
point tracking (MPPT) and de-loading operations.



Control Strategy to Regulate Grid Frequency with Higher Wind Power Share 117

Turbine power at vV = 12m/s with ﬂo =0and ﬂ1= 8 deg.
MPPT and deloading operations . . . ; . ‘ .

P
opt

08 By V)

.\ P1 Over-speed point |

N (Bywyop V)
«— De-loading :
iP.

0"“ger’
(B,w

1"%Yopt’

o
T

e o
o
T

Power in pu

Varying pitch angle

0.2 0.‘4 0.‘6 0.‘8 1 1?2 1?4 1.‘6 1.‘8 2 0.2 0.4 0‘6 Ov‘8 1‘ 1}2 1.‘4 1.‘6 1.‘8 2
(a) MPPT and de-loading operation strategies (b) Over-speeding and pitch angle regulation

Figure 7.1 De-loading operation of wind turbines (a) through rotor over-speeding and pitch
angle regulation techniques (b)

Both control strategies are adopted in this work for a stable de-loading operation of wind
generators. Figure 7.1 (b) shows that the output power can be reduced from Popt to Pgel by
varying its rotor speed between wopt and wdel OF Popt Can be reduced more using pitch angle
control techniques.

7.3 Proposed wind power plant frequency control module

Wind turbines in a wind farm might operate at different rotor speeds depending on the
available wind speeds. Categorizing the number of wind turbines into a specific group-
type is uncertain as the actual wind speed measurement at remote units are usually differ-
ent. However, measuring the wind speed for each wind turbine and send to the central
WPP decision module is not also practical for large systems. Thus, in this thesis work,
the proposed wind power plant frequency control module is implemented by grouping the
WTG units which have similar control strategy.

In this work, the wind turbines are generally grouped into four operation regions based
on the available wind speed as in Figure 7.2. The group of wind turbines that receive low
wind speeds (AB) are not made to participate in the de-loading operation. Hence, the
other three groups of WTGs, namely, Type-1, Type-2 and Type-3, are participating on
primary frequency restoration. The three types of WTGs are operating in wind speed in-
tervals BC, CD and DE which are classified based on the wind speed and matching con-
trol strategy. Such type of classification allows to take full advantage of distinct regulation
range for rotor over-speeding and pitch angle control which permit to use different de-
loading control strategies.
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Figure 7.2 DFIG-based wind turbine types and corresponding reserve of de-loading operation

The three wind turbine types are initially operating at constant de-loading rate do. The
plant level decision module decides the new de-loading rate dn and the frequency droop
is based on the power constraint and the wind speed.

Type-1 WTGs receive wind speed between vqg1 and vg, where the first is the minimum
wind speed that allows the turbine to start de-loading and the latter represents the upper
wind speed limit in the BC range. In this range, only rotor over-speeding is applied to de-
load the WTGs for stable operation. Using the optimal aerodynamic model in (4.7), the
de-loading reference powers are defined as.

PT R5Cp_
24

max

C
a)opt3 — Ospn R5 p'd6| a)del3 (71)

opt ref

IDdel = (1_d0)Popt = (1_d0)

Where Popt and Pger are the references for power at MPPT and power under de-loading
operations, respectively. Cp-max and Cp-der are wind energy utilization coefficients at MPP
and de-loading conditions, respectively. For constant wind, Cp-¢el at optimal pitch angle
(6=0) is determined as:

Cp-del (/1ref ,0)=(1-d) Cp-max (Agpts0) (7.2)

opt’

Where Aopt and Arer are the tip speed ratios during optimal and de-loading operations of
Type-1 wind turbines. The rotor over-speeding at the initial de-loading rate between
points B and C is determined by substituting the reference tip speed ratio and its optimal
values in (7.1) as derived in (7.3).
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The de-loading reference tip speed ratio Aref can be first determined from lookup tables
from Cp dei-Are-0 curve. Moreover, the upper wind speed limit, vq for the Type-1 control
strategy can be calculated from (4.4) using Arer and the maximum rotor speed wmax.
Type-2 wind turbines operate at a middle wind speed, in the range between vg and vy,
where the over-speeding control reaches its upper limit at va. Thus, over-speeding alone
cannot satisfy the required de-loading operation. Therefore, both over-speeding and pitch
angle control are jointly applied to accomplish the required maximum reserve power for
stable de-loading operation. As the turbine power is generating below its rated value, the
reference power calculation for the optimal and de-loading operations are similar to that
of Type-1in (7.1).

However, in this case, the pitch angle is varying and so the reference tip speed ratio is
first determined from wret = wmax and Aret = wret R/v and then the reference pitch angle is
obtained from lookup table from Cp dei-Aret-Pref.

Cp-del (lref | :Bref ) = (1_ d )Cp-max (ﬂ*opt ) O) (7.4)

Type-3 wind turbines are operating at wind speeds greater than the nominal wind speed
vn but less than the cut-out wind speed veo. Over-speeding control has already reached its
upper limit at the end of the CD control strategy. Therefore, the only technique to get
more reserve at such high wind speeds can be realized by varying the pitch angle even
more as can be seen in Figure 7.1 (b). The reference pitch angle is obtained from lookup
table for Cp del-Aret-fref CUrve Where wref = wmax and Aref = wref R/v. The de-loaded power
coefficient for such high wind speed is determined from the ratio factor of the rated power
to the optimal power of the wind speed as in (7.5).

P
CP-rated (ﬂ“ref ugref) = P::: CP-max (/IOPt ! O) = Kr C|0-max (7.5)

- Cp-del (ﬂ“ref ’ﬂref) =(1-d) K, Cp-max (ﬂ'ref ,0)
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Where K; is the ratio of rated power to the theoretical power corresponding to the wind
speed. The reference power for de-loading operation is determined from the rated power
Prated as in (7.6).

P

opt —

I:)del,a =0.5p7 R5C’p-del (Aret s Bret ) (e | Aret )3

P

rated

(7.6)

Then, the reserve power Pres 0f @ WPP using the initial de-loading rate do is determined
as:

P

res

= Popt - Pdel (7.7)

The proposed control module coordinates the virtual inertia response (VIR) and the pri-
mary frequency response (PFR) which reacts gradually to provide grid support that guar-
antee the frequency regulation reserves. In order to further provide more support for the
grid with high wind power penetration, the grid operators can impose higher power con-
straints based on the maximum pre-determined incremental change in grid frequency.

The plant level frequency control module is modeled to dispatch an imposed power con-
straint by the grid operators over the operating units. The WPP is initially operating at
steady-state condition with constant de-loading rate. Then, the decision module algorithm
gives dispatching priority to the high wind speed turbines that guarantee the frequency
regulation reserves. With this algorithm, Type-3 are given the first priority and if the sum
of initial de-loading of this group is not enough to compensate the constraint, Type-2 and
then Type-1 in order are dispensed for the primary frequency response as in Figure 7.3.

AP3 = APL No
AP, =0 APL < Pres3+ Pres2
AP1=0
AP < Press+ Pres2
+ Prest

Measured
No power at WPP

AP3 = Pres3 Yes
AP2= AP - AP3
AP1=0 AP3 = Pres3 AP3 = Press P
AP2 = Pres2 AP2 = Pres2 pW3
APy =APL- AP3- AP, AP = Preg Poy
W
S e I
> AP>
Prefs
AP ; 3
! Prefs

Pref3

Figure 7.3  Algorithm in the WPP Control Module to dispatch the wind generators
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With such arrangements, the new de-loading rate and the droop parameters of the turbines
become variable which allows the turbines with less wind speeds to remain in operation
while the plant load limitation is fulfilled by other wind turbines that have high wind
speeds. This will optimize and improve the stable de-loading operation of the turbines
and as well the WPP capacity rate.

The WPP operators segment the imposed power constraint to multiple generating units
based on their respective initial reserves as in (7.7). The algorithm establishes new power
reserve margins for the three turbine types that satisfy the pre-defined constraint. Hence,
the new power margins will help to set the reference power Pres and then a new de-loading
operation point is determined at these respective reference powers. The new de-loading
rating dn is determined as:

1—%; for Type-1 and Type-2
1——"": for Type-3

rated

The WPP will then be ready to respond to any grid frequency change with the help of
primary governor droop in the supplementary control loop. The actual droop parameter
Rw is set to be variable and satisfy the power margins using the linear correlation with

droop values as in Figure 7.4 [71].
A

max|

Droop in pu

min

v

Pmar,miin Pmar IDmar,max

Generation margin in pu

Figure 7.4  Speed droop values based on the generation margin

The grid codes of several countries demand governor droop settings in the range of 2 %
to 6 %, for all generation units participating in system frequency regulation [70], [71].
Hence, in this thesis work, the wind turbine droop parameter is set to vary in the range



Control Strategy to Regulate Grid Frequency with Higher Wind Power Share 122

between 2 % to 5 %. Therefore, the droop parameters of the three turbine types are dif-
ferent based on their respective power margins. The reserve power ranges from the gen-
eration margins of Type-3 as Pmarmaxand Type-1 as Pmarmin. Therefore, the wind governor
droop parameters Ry for the three wind turbine types are calculated from the linear func-
tion in (7.9).

R..—R.
Ru = Ruin + P e Pmm (Pmar,max - I:)mar,ref) (7.9)

mar,max | mar,min

The P-f droop characteristic of the primary frequency governor allows multiple generat-
ing units to share common load changes [11]. In this work, supplementary control loops
have been integrated with the rotor-side converter control unit in response to the grid
frequency change Af. The primary frequency contribution AP of the wind generator de-
pends on the droop parameter Ry of the speed governor as in (7.10).

_af
R

W

AP (7.10)

The droop parameter determines the power-frequency characteristics of the generating
WTGs. As pointed out above, the droop parameter is made to vary based on the wind
turbine types. This allows wind turbines with high wind speed to increase their reference
power more so that they primarily participate in the frequency response. Hence, the wind
turbine type with lower droop setting is responsible for larger shares of primary frequency
restoration.

7.4 Test system simulation for frequency enhancement

To verify the effectiveness of the control strategy, the proposed WPP frequency module
has been implemented in a microgrid. The microgrid consists of an aggregated three
groups of wind turbine types and a conventional generator to supply the load at bus 2 in
Figure 7.5. A load with steady-state operation of 315 MW is connected at bus 2. The mi-
crogrid consists of an 85 MW thermal power plant and a WPP with installed capacity of
450 MW, which comprises three groups of wind turbines as described in subsection 7.3.
Each WTG has 1.5 MW rating and can operate at variable wind speeds. The detailed
parameter settings of the microgrid are provided in Appendix E. For the steady-state load
condition, the three groups of WTGs run at wind speeds of 9 m/s, 13 m/s and 15 m/s so
that the total WPP output power is 235 MW.

The grid frequency is determined from the system inertia and load damping as sum of all
operating generators in the microgrid. The grid frequency varies depending on the supply-
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load power balance (see Appendix E). The microgrid model with the proposed strategy
control has been implemented in MATLAB/Simulink.

> —| Bl
Type-1
WPP Treql:jenlcy _;"tﬂ
control module Type-2 B2
T T =
T I Jr @ Type:3 =
v APy Thermal 4|_>
Load

Figure 7.5 Microgrid with frequency control capability of WPP

The power flow analysis is first carried out to initialize the steady-state values of the
dynamic variables in the model. All wind turbines initially start at a constant de-loading
rate of 10 % and the WPP algorithm restates the new de-loading rate and wind governor
droop values for the three wind turbine types. Table 7.1 shows the governor droop settings
and de-loading rates for a grid-imposed power constraint of 50 MW. These droop param-
eters decide which group of wind turbines participates more in the primary frequency
response in harmony to their reserves. The variable droop value will be helpful to allow
Type-3 to contribute more to frequency control than Typ-2 and Type-1, this improves the
computation time and stability of de-loading operation.

Table 7.1 The results of de-loading rate and droop settings with APL of 50 MW

WTG group type | Wind speed in m/s | De-loading rate in % | Governor droop value in %
Type-1 9 0.00 4.00
Type-2 13 5.56 2.50
Type-3 15 10.00 2.00

The proposed model has been applied for different load change cases where the load
change is less or greater than the pre-defined power constraint. Figure 7.6 (a) shows the
microgrid frequency response to 50 MW load change at 40 seconds. The result in Figure
7.6 (a) shows that the proposed WPP control module is capable to regulate the frequency
deviation with less than 10 seconds. The total power generation response of the aggre-
gated wind turbines and thermal plant along with the load is presented in Figure 7.6 (b).
Figure 7.6 (c) shows the output of the three types of aggregated power plants and thermal
plant where the Type 3 wind turbines are more responsible for the deviation in frequency.
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Figure 7.6  Frequency response of the aggregated wind generators for a load change of 50 MW
with penetration level of wind power of 75 %

The proposed control models have also been applied with 100 % power supply from the
WPP. To observe the action of the control module, the 50 MW load change was applied
in two consecutive simulation times while the load change is within the upper limit of the
WPP. The load has increased from 315 MW to 345 MW at simulation time 40 seconds
and to 365 MW at 60 seconds at which the WPP is generating its optimal output as per
the wind speeds. Figure 7.7 (a) and (b) show the sum of the virtual inertia and primary
frequency responses for the consecutive load changes. It has been also observed that the
WPP frequency response was slow with constant droop value.
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Figure 7.7  Virtual inertia and primary frequency responses of wind generators for consecutive
load changes and penetration level of wind power of 100 %

To observe the model response for a load beyond the optimal WPP generation, the load
has increased first to 365 MW at 40 seconds then to 380 MW at time 80 seconds. Figure
7.8 shows the grid frequency response for load deviation greater than the pre-defined
power constraint.
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Figure 7.8 Unstable frequency response for a load change above the pre-defined power con-
straint

The proposed frequency control module has enhanced the frequency response. The wind
turbines are operating at variable de-loading rate and variable droop parameter to get the
reserve margin. This approach optimizes the stable de-loading operations of the turbines
and improve the annual wind power plant capacity rate.
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8 Conclusions and Future Work

The issue of environmental concern and strategies to shift the fossil fuel-based energy
system to carbon-free energy resources has encouraged the employment of renewable
energy resources. Currently, wind and solar resources are significant sources of electric
power generation worldwide. The employment of such resources, specifically wind en-
ergy, is globally increasing and it will be among major electric power generation contrib-
utors in the near future. However, wind energy has a significant impact on the transient
stability of the grid and is becoming more challenging for grid operators due to their
unique behaviors which differs from conventional power generation. Therefore, investi-
gating and evaluating the dynamic behaviors of wind turbine technologies and their im-
pacts on power system dynamics is still an essential research topic so as to mitigate and
enhance stable frequency and voltage.

This thesis work has realized the impacts of increasing wind power penetration levels on
power system dynamics using various network topologies. In this regard, the major power
system elements are modelled and simulated at various wind power penetration levels to
realize the respective dynamic responses of transient disturbances. The network dynamics
include models for conventional power stations, DFIG-based wind turbine generators,
various control elements, transmission systems and transformers to study the influence of
increasing wind power share in a large network system. The set of state dynamics is
solved using numerical integration techniques in MATLAB/SIMULINK.

Various test networks are employed to stipulate the dynamic responses in different net-
work topologies. The dynamic characteristics and transient response of DFIG-based wind
turbines and its control capabilities have been studied and verified against manufacturer’s
datasheet using the 4-bus test system. The IEEE 39-bus system has been applied to eval-
uate the transient stability and investigate the dynamic impacts of integrating wind tur-
bines specifically the issues related to dynamic voltage stability. The various simulation
scenarios confirm that an increase in wind power share deteriorates the transient stability
of the system. Power systems with large share of wind power are observed to behave
differently and to challenge various system stability aspects, explicitly with voltage and
frequency stability margins. Moreover, the DFIGs are observed to fail to withstand the
grid voltage dips and remain connected under severe fault events because the generators
are forced to disconnect themselves to protect the back-to-back rotor-side converters from
rotor over-currents.

The proposed voltage control strategy using the joint application of STATCOM and rotor
over-speeding techniques have been implemented in the 39-bus system. The proposed
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control scheme is jointly implemented with modified STATCOM and over-speeding ca-
pability of rotor-side converter control. The proposed control strategy enables the DFIGs
to improve their ride-through capability during grid voltage dip events. The simulation
results of the test grid show, that the control strategy is efficient to suppress the rotor over-
current and voltage fluctuations in the DC-link which is a vital element for LVRT capa-
bilities. The proposed LVRT enhancement scheme is compared to the conventional DFIG
control strategy and the results show, that the employment of both STATCOM and over-
speeding control strategy lead to better transient behavior.

The two-bus test network is applied to demonstrate the frequency restoration capability
of DFIG-based wind turbines under de-loading operations. The proposed frequency con-
trol module at a plant level monitors the contribution of various operating units, in a large
wind farm, based on their respective wind speed and the grid frequency deviation.

As a future work, it is recommended that the proposed frequency control module is re-
placed by an integrated software tool within the wind farm SCADA system so that the
decision to dispatch the constraint power over the operating units is monitored with the
SCADA system.
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Appendices

A DFIG-based wind turbine input data

In this thesis work, two types of DFIG-based wind turbines are considered. The first is a
2.0 MW wind turbine whose detailed datasheet is presented in Table A.1 and A.2. The
second one is a 1.5 MW DFIG-based wind turbine, which is the most widely used wind
turbine in the glob, whose detailed data for dynamic simulation is depicted in Table A.3
and A.4. The control input data of the wind turbines are not vender specific, which were
evaluated by tuning to the control outputs to the steady-state operation. While most of the
generator and turbine data are taken from literatures source which in turn are tracked from
actual operating wind turbines such are Enercon E-82 E2 and General Electric GE 1.5
MW, respectively.

Table A.1  Generator and turbine parameters of 2 MW DFIG [26]

Rated power 2 MW | Stator resistance 0.00488 Q | Cut-in wind speed 4 m/s
Rated voltage 690 V | Stator linkage inductance  0.09241 H | Rated wind speed 12m/s
Rotor diameter 84 m Mutual inductance 3.9527 H Cut-out wind speed  25m/s
Number of Poles 4 Rotor resistance 0.00488Q | Optimal pitch angle 0°
Min. rotor speed 9 rpm | Rotor linkage inductance  0.09955 H | Rotor blade 38m
Max. rotor speed  18rpm | Stator/rotor turns ratio 1/3 Geer-box ratio 100
Generator inertia  0.94s Nominal Torque 10610Nm | Turbine inertia 4.33s

Table A.2  Converter and pitch control parameters of 2 MW DFIG [26]

DC voltage 1200V Kp_power_reg 4 pu Kp_DC _reg 8 pu
Capacitance 80 mF Ki_power_reg 10 pu Ki_DC_reg 40 pu
Resistance LR 1.5e-3pu | Kp_Q_reg 4 pu Kp_grid_side_cur_reg 1pu
Inductance LR  0.15pu Ki_Q_reg 10 pu Ki_grid_side_cur_reg 100 pu
Switching freq. 4e-3 Hz Kp_rotor_side_cur_reg 1pu Kp_pitchangle 150
Crowbar 1/50hm | Ki_rotor_side_cur_reg 100 pu | Ki_pitchangle 25

Table A.3  Generator and turbine parameters of 1.5 MW DFIG [48]

Rated power 1.5MW | Stator resistance 0.0071Q | Cut-in wind speed- 4 m/s
Rated voltage 575V Stator linkage inductance  0.171H Rated wind speed 13.3m/s
Rotor diameter 38m Mutual inductance 3.90H Cut-out wind speed 22 m/s
Number of Poles 6 Rotor resistance 0.005Q Optimal pitch angle 0°

Min. rotor speed 9 rpm Rotor linkage inductance  0.156H Rotor blade 38m
Max. rotor speed 22 rpm | Stator/rotor turns ratio 1/3 Geer-box ratio 67
Generator inertia  0.84s Nominal Torque 7960Nm | Turbine inertia 4.0s
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Table A.4 Converter and pitch control parameters of 1.5 MW DFIG [48]

DC voltage 1200 V Kp_power_reg 1.0pu | Kp_DC_reg 0.002pu
Capacitance 10 mF Ki_power_reg 100 pu | Ki_DC reg 0.05 pu
Resistance LR 1.5e-3pu | Kp_Q reg 0.05pu | Kp_grid_side cur_reg 1 pu
Inductance LR  0.15pu Ki_Q _reg 5.0 pu | Ki_grid_side cur_reg 100 pu
Switching freq. 3.2e-3Hz | Kp_rotor_side_cur_reg 0.3 pu | Kp_pitchangle 500
Crowbar 1/50hm | Ki_rotor_side cur_reg 8.0pu | Ki_pitchangle 0

B 4-Bus test network data

The 4-bus test system’s input data for the steady-state and dynamic analysis are given
below. The test system frequency is selected to be 50 Hertz.

Table A.5 Bus data for 4-bus test system

Bus Type Nominal volt- Pgin @ Voltage PLin QL in Unminin pu  Umaxin pu
no. age in kV MW  setinpu MW MW

1 2 20 10.0 1.025 - - 0.8 1.1

2 0 20 - - 5.0 1.64 08 1.1

3 0 220 - -- 10.0 3.28 0.8 1.1

4 3 220 6.0 1.04 - - 0.8 1.1

Note that the bus types are defined as 0 for PQ buses, 2 for PU buses and 3 for slack bus.
Table A.6  Synchronous machine data for 4-bus test system

Bus  Srin Hin Din Rs in Xain Xgin X'gin X'qin | Tgin  Tgin
no. MW sec pu pu pu pu pu pu sec sec
4 60 3.92 0.02 0 1.7199 1.6598 0.230 0.378 6 0.535

Note that the per unit values are calculated based on the respective machine ratings and
corresponding generator terminal voltages as given in Table A.5.
Table A.7 Transmission line data for 4-bus test system

Branch From To Rin Xin Cin Gin Imax CB Length  Line type
no. bus | bus Q/km  Q/km nF/km ps/km inkA = Status = (km)

1 1 2 0.0274 0.0183 0.3906 0 0.8 11 -- Standard
20 kv
2 3 4 | 0.0757 0.4055 8.3168 0 15 11 -- Standard
220 kV

Table A.8 Two winding transformer data for 4-bus test system

Branch From To HVin LVin Siin ukin Pgin CB TX. Line type
no. bus  bus kv kv MVA % kw  Status @ Tap
3 3 2 220 20 250 @ 144 240 11 0 Standard

220/20 kV
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C New England test network data

The New England network (IEEE 39-bus system) has the following input data for the
steady-state and dynamic analysis. The base frequency of the IEEE 39-bus system is 60
Hertz. The dynamic parameters of the synchronous generators are based on 4-th order
model of hydropower plants.

Table A.9 Bus data for New England test network (39-bus system)

Bus Type Base voltage Pgin Voltage PLin Quin Umin inpu  Umax inpu

no. in kV MW setin pu MW MW
1 0 345 10.0 — — — 0.8 11
2 0 345 - - - - 08 1.1
3 0 345 - - 322 0 0.8 1.1
4 0 345 6.0 - 500 183.95 0.8 11
5 0 345 - - - = 0.8 1.1
6 0 345 - - - - 0.8 11
7 0 345 - - 233.8 84 0.8 1.1
8 0 345 - - 522 175.98 0.8 11
9 0 345 - - - - 0.8 1.1
10 0 345 - - - - 0.8 1.1
11 0 345 - - - - 0.8 1.1
12 0 138 - - 75 88.02 0.8 1.1
13 0 345 - - - - 0.8 1.1
14 0 345 - - - - 0.8 1.1
15 0 345 - - 320 152.98 0.8 1.1
16 0 345 - - 329 32.35 0.8 11
17 0 345 - - - = 0.8 1.1
18 0 345 - - 158 30.04 0.8 11
19 0 345 - - - = 0.8 1.1
20 0 230 628 103.06 0.8 11
21 0 345 - - 274 114.98 0.8 1.1
22 0 345 - - - - 0.8 1.1
23 0 345 - - 247.5 84.64 0.8 11
24 0 345 - - 308.6 92.14 0.8 1.1
25 0 345 - - 224 47.21 0.8 11
26 0 345 - - 139 17.00 0.8 1.1
27 0 345 - - 281 75.56 0.8 11
28 0 345 - - 206 27.67 0.8 11
29 0 345 - - 283.5 26.99 0.8 1.1
30 2 16.5 278.6 0.982 - - 0.8 11
31 3 16.5 632 0.9972 9.2 4.6 0.8 1.1
32 2 16.5 508 1.0123 - - 0.8 11
33 2 16.5 560 1.0635 - -- 0.8 1.1
34 2 16.5 540 1.0278 - - 0.8 1.1
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35 2 16.5 830 1.0265 -- -- 0.8 11
36 2 16.5 1000 1.03 - - 0.8 11
37 2 16.5 278.6 0.982 - - 0.8 11
38 2 16.5 632 0.9972 -- -- 0.8 11
39 2 345 508 1.0123 1104 250 0.8 11

Table A.10 Synchronous machine data for IEEE 39-bus system bus
Bus  Srin Hin Din Rsin  Xgin Xqin X'qin X'gin Tain  Tgin
no. MW sec pu pu pu pu pu pu sec sec
30 1000 42 0.02 0 0.1 0.069  0.031 0.05 10.2 15
31 700 30.3 0.02 0 0.295  0.282  0.0697 0.17 6.56 15
32 800 35.8 0.02 0 0.2495 0.237 0.0531 0.0876 5.7 15
33 800 28.6 0.02 0 0.262 = 0.258 0.0436  0.166 5.69 15
34 600 26 0.02 0 0.67 0.62 0.132 0.166 5.4 0.44
35 800 34.8 0.02 0 0.254  0.241 0.05 0.0814 7.3 0.4
36 700 26.4 0.02 0 0.295 0.292  0.049 0.186 5.66 15
37 700 24.3 0.02 0 0.29 0.28 0.057 = 0.0911 6.7 0.41
38 1000 34.5 0.02 0 0.2106 0.205  0.057 @ 0.0587 4.79 1.96
39 10000 500 0.02 0 0.02 0.019 = 0.006 0.008 7 0.7

Note that the per unit values are calculated based on the respective machine ratings in
column 2of Table A.10 and corresponding generator terminal voltages given in Table

A.10.
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Table A.11 Transmission line data for New England test network (39-bus system)

Branch From To Rin Xin Cin Gin Imax CB Length  Line type
no. bus  bus Q/km = Q/km nF/km pus’/km | in KA | Status  (km)
L1 1 2 41659 48.9193 1592.3567 0 25 11 1.00 L1 345 kV
L2 1 39 1.1903 29.7563 @ 1592.3567 0 25 11 1.00 L2 345 kV
L3 2 3 15473 17.9728 530.78556 0 25 1;1 1.00 L3 345 kV
L4 2 25 8.3317 10.2362 265.39278 0 25 11 1.00 L4 345 kV
L5 3 4 15473 25.3523 530.78556 0 25 1;1 1.00 L5 345 kV
L6 3 18  1.3093 @ 15.8303 530.78556 0 25 11 1.00 L6 345 kV
L7 4 5 0.9522 15.2352 265.39278 0 25 1;1 1.00 L7 345 kV
L8 4 14  0.9522  15.3542 265.39278 0 25 11 1.00 L8 345 kV
L9 5 6 0.2381 3.0946 0 0 25 11 1.00 L9 345 kV
L10 5 8 | 0.9522 13.3308 265.39278 0 25 11 1.00 L10 345 kV
L11 6 7 0.7141 10.9503 265.39278 0 25 1;1 1.00 L11 345 kV
L12 6 11 1 0.8332 9.7601 @ 265.39278 0 1 11 1.00 L12 138 kV
L13 7 8 04761 54752 265.39278 0 25 1;1 1.00 L13 345 kV
L14 8 9 | 2.7376 43.2061 796.17834 0 25 11 1.00 L14 345 kV
L15 9 39 1.1903 29.7563 2653.9278 0 2.5 1;1 1.00 L15 345 kV
L16 10 11 04761 5.1181 @ 265.39278 0 25 1;1 1.00 L16 345 kV
L17 10 13 04761 5.1181 265.39278 0 2.5 1;1 1.00 L17 345 kV
L18 13 14  1.0712 12.0215 265.39278 0 25 1;1 1.00 L18 345 kV
L19 14 15 21424 25.8284 796.17834 0 25 1;1 1.00 L19 345 kV
L20 15 16 1.0712  11.1883 265.39278 0 15 11 1.00 L20 230 kV
L21 16 17 0.8332 10.5932 265.39278 0 25 1;1 1.00 L21 345 kV
L22 16 19 19044 23.2099 796.17834 0 25 11 1.00 L22 345 kV
L23 16 21  0.9522 16.0684 530.78556 0 25 11 1.00 L23345kV
L24 16 24 0.3571 7.0225 265.39278 0 25 11 1.00 L24 345 kV
L25 17 18 0.8332 9.7601 265.39278 0 25 11 1.00 L25 345 kV
L26 17 27 15473  20.5913 796.17834 0 25 11 1.00 L26 345 kV
L27 21 22 0.9522 16.6635 530.78556 0 25 11 1.00 L27 345 kV
L28 22 23 0.7141 11.4264 530.78556 0 25 11 1.00 L28 345 kV
L29 23 24  2.6186 41.6588 796.17834 0 2.5 1;1 1.00 L29 345 kV
L30 25 26  3.8088 38.4451 1061.5711 0 25 11 1.00 L30 345 kV
L31 26 27 1.6663 17.4967 530.78556 0 2.5 1;1 1.00 L31 345 kV
L32 26 28 51181 56.4178 1857.7495 0 25 11 1.00 L32 345 kV
L33 26 29 6.7844 74.3906 2388.535 0 2.5 1;1 1.00 L33 345 kV
L34 28 29 1.6663 17.9728 530.78556 0 25 11 1.00 L34 345 kV
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Table A.12 Two-winding transformer data for New England test network (39-bus system)

Branch From To HVin LVin Siin Uk  Pxin CB Tx. Line type

no. bus | bus kV kV MVA in% kW  Status Tap

Tl 11 12 345 138 500 125 140 11 0 Standard 345/138
T2 13 12 345 138 500 125 140 11 0 Standard 345/138
T3 6 31 345 16,5 300 9 180 11 0 Standard 345/16,5
T4 10 32 345 16,5 300 9 180 11 0 Standard 345/16,5
T5 19 33 345 16,5 300 9 180 11 0 Standard 345/16,5
T6 20 34 230 16,5 250 144 160 11 0 Standard 230/16,5
T7 22 35 345 16,5 300 9 180 11 0 Standard 345/16,5
T8 23 36 345 16,5 300 9 180 11 0 Standard 345/16,5
T9 25 37 345 16,5 300 9 180 11 0 Standard 345/16,5
T10 2 30 345 16,5 300 9 180 11 0 Standard 345/16,5
T11 29 38 345 16,5 300 9 180 11 0 Standard 345/16,5
T12 19 20 345 230 900 14 100 11 0 Standard 345/230

D The Ethiopian power network data

The study in [9] shows that Ethiopia has an incredible exploitable resource potential -
among which about 45 GW hydropower, 100 GW wind power, 7 GW Geothermal, and
an average daily solar irradiation of 5.2 kWh/m?2. Despite the abundant natural resources
and huge energy potential of Ethiopia, only about 44 % of its population has access to
electricity. Ethiopia has been suffering from energy shortages that has been resulting in
load shedding for the last decade. The country is struggling to expand the grid and supply
electricity to a population of over 115 million people with an estimated demand growth
of approximately 30 % per year [9]. As a result of Ethiopia’s rapid GDP growth over the
previous decade, the demand for electricity has been steadily increasing. Ethiopian elec-
tric power (EEP) is a state-owned utility which is engaged in development, construction,
operation, and management of power plants and power transmission lines.

Ethiopia’s current installed generation capacity is about 4.5 GW. Hydropower accounts
for approximately 82 % of the existing installed capacity, while wind source reaches up
to 14 %. The remaining 4 % is from thermal sources [8]. The Ethiopian grid, with a hydro
dominated system, has been severely affected by shortages of rainfall or droughts and the
ministry of energy has put forward a strategic plan to diversify the generation sources
with other types such as wind, solar and geothermal that will result in a more climate-
resilient power system. Other than hydropower, Ethiopia also has three wind farms, col-
lectively generating 324 MW, and a few diesel plants, generating 143 MW, with the rest
being generated by waste-to-energy (25 MW), solar power (14 MW) and geothermal
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power (7.5 MW) [8]. Several large hydro and wind power plants are currently under de-
velopment, such as the massive 5.6 GW Great Ethiopian Renaissance Dam (GERD), the
254 MW Genale Dawa hydropower project, the 120 MW Aysha wind power project and
100 MW Asela wind power project. Despite the incredible efforts towards generating
electricity from hydropower, there is a huge gap in diversifying the energy mix.

The Ethiopian grid has currently 17,448 km total transmission line length, with additional
4,000 km under construction. The national grid has started exporting electricity to Dji-
bouti and Sudan, up to 100 MW each. Ethiopia is also negotiating a power purchase
agreement (PPA) to begin exporting up to 400 MW of power to Kenya [9].

Based on the master plan in [9], the projected total installed generation capacity will be
10,358 MW by the end of 2022. Based on the long-term projected plan, the grid system
will be supplied by about 50 % from wind and solar in the year 2030. According to the
forecast plan of EEP 2015-master plan [9], the wind energy penetration level alone will
reach to 28 % in 2030.

Table A.13 shows the base value of the conational generators for the existing Ethiopian
network scenario. Table A.14 show the aggregated wind power plants included in the
simulation for the first case (14 % of wind power penetration).

Table A.13 Base load data of the existing conventional generators for the stable case

Generation ID Bus ID Active Power = Voltage set  Generation Type
in MW point in pu
BELES-1 15.000 907001 92.0079 1 Hydro
T-ABA2-1 10.500 907002 20.4762 1 Hydro
BELES-2 15.000 907004 92.0079 1 Hydro
T-ABA2-2 10.500 907005 8.8665 1 Hydro
BELES-3 15.000 907007 92.0079 1 Hydro
BELES-4 15.000 907009 92.0079 1 Hydro
GRANRENAIS-113.800 907011 250 1 Hydro
GRANRENAIS-213.800 907013 250 1 Hydro
FINCHA1 13.800 908001 27.9182 1.01 Hydro
NESHE-1  13.800 908002 19.8104 1 Hydro
FINCHA2 13.800 908003 27.9182 1.01 Hydro
NESHE-2 13.800 908004 19.8104 1 Hydro
FINCHA3 13.800 908005 2.4019 1.01 Hydro
FINCHA4 13.800 908006 2.7728 1.01 Hydro
TEKEZE1 13.800 909001 47.9167 1.02 Hydro
TEKEZE2 13.800 909004 47.5449 1.02 Hydro
TEKEZE3 13.800 909005 47.9167 1.02 Hydro
ALT-LANG-1 11.000 911001 4.3658 1 Thermal

ALT-LANG-I1I 11.000 911002 4.3658 1.03 Thermal



Appendices

141

AWASH2-1 10.500
AWASH3-1 10.500
KOKA1  10.500
KOKA3  10.500
M-WAKNA1 13.800
AWASH2-2 10.500
AWASH3-2 10.500
KOKA2 10.500
M-WAKNAZ2 13.800
M-WAKNA3 13.800
M-WAKNA4  13.800
TULU MOYE-1 13.800
OMA-KURAZF1 33.000
OMA-KURAZ2 33.000
OMA-KURAZ3 33.000
GENALE-III 13.800
ADDIS-EFW 15.000
G-GIB2-1 15.000
G-GIBE1-1 13.800
G-GIB2-2 15.000
G-GIBE1-2 13.800
G-GIB2-3 15.000
G-GIBE1-3 13.800
G-GIB2-4 15.000
G-GIB31 13.800
G-GIB32 13.800

911003
911004
911005
911006
911007
911008
911009
911010
911011
911012
911013
911019
913001
913002
913003
913004
914001
915002
915003
915004
915005
915006
915007
915008
915009
915010

3.0901
3.0901
8.6499
0
20.9827
3.5466
3.0901
8.6499
0
27.3619
27.3619
49.5259
28
36
36
150
21.4567
78.4882
56.5781
78.4882
47.1487
78.4882
47.1487
78.4882
800
640

1.03
1.03
1.03
1.03

1.03
1.03
1.03

Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Thermal
Thermal
Thermal
Thermal
Hydro
Thermal
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro
Hydro

Table A.14 Base load data of the existing aggregated wind power generators for the stable case

WPP ID

AYISHA-WIND 33.000
ASHEGODA-WF 33.000
ADAMA WEF-11 33.000
ADAMA WF-I 33.000
ASSELA WIND 33.000

BusID Srin
MVA
803026 120
909006 120
911015 153
911016 51
911018 100

Active Power
in MW
106.7779
41.6017
34.6681
11.8862
34.6681

Model WTG

Type
DFIG-based WT

DFIG-based WT
DFIG-based WT
DFIG-based WT
DFIG-based WT

Number of
WT
48

90
102
34
67
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E Microgrid test network data

The microgrid in Figure 7.5, which have been used for implementing the frequency con-
trol strategy, has three main components the wind power plant, the thermal power plant
and the microgrid system. The wind turbine generators with detailed data in Table A.3
and converter control parameters in Table A.4 have been applied for the microgrid simu-
lation. The simulation inputs for the microgrid and the thermal power plant parameters
are given below.

Table A.15 Base load data for the microgrid system

Parameter Value Unit Description

Base power Spase 100 MVA -

Base voltage at low-voltage bus-bar (B1) 575 Volts -

Base voltage at high-voltage bus-bar (B2) 230 kv -

Initial load power 315 MW

System inertia constant Hsys 8.5658 Sec Hsys = (Hw Pw,nom/Sbase) +
(ch Pth/ Sbase)

System damping constant Dsys 1.0425 - Dsys = (Dw Pw,nom/Sbase)

+ (Dith Pi/Sbase)

Table A.16 Synchronous generator parameters of the thermal power plant in the microgrid

Parameter Value Unit
Nominal power 85 MVA
Coupling transformer rated voltage 230 kv
Coupling transformer reactance 0.052 pu
Stator resistance R 0.0036 pu
d-axis steady-state reactance Xgq 1.56 pu
g-axis steady-state reactance Xq 1.06 pu
d-axis transient reactance X'q 0.296 pu
d-axis stator transient reactance X'q 0.296 pu
Inertia constant H 5.0 Sec

Damping constant Dix 0.2 -
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