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Abstract

Nowadays, power system stability and reliability are considasdtie most pressing
issues worthy of studyinand analyzing iimodern electric power systems. The use of
renewable energy sources (RESs) is one of the noteworthy strategies to reduce the
dependence on fossil fuels and consequently miegéte environmental pollution
impacts The most popular types these RESs are wind powsnlar photovoltaic (PV),
solar thermal systems, biomass, and various forms of hydraulic power. Several problems
havebeen addressed by installing wind power generation (WPG) and solar PV generation
systems to the electric powe system. Wind speed always changes by
increasing/decreasing around thseragewind speed value, causing variable output
power of WPG. Furthermoye@ue tothe intermittent nature of the solar irradiance, the PV
output power will be affected.dhsequentlypower system stability and reliability will be
affected by these conditions accordingly.

Energy storage systems (ESSs) have an important rolel to golving the above
mentioned problems and in mitigating tfiectuatng nature due to the increase ireth
penetration level of RESs in the electrical power syst&éhe main contribution of
employing ESSs in electrical power networks isnt@igate the active/reactive power
transfer from/to the utility power grid during normal conditions and when it is dulojec
disturbances.Among various ESSs, the superconducting magnetic energy storage
(SMES) systems have proven themselves as an e#estilution. In addition, SMES
systems have a short time delay during charging/discharging processes, high efficiency,
andlong lifetime Fuzzy logic control (FLC) is considered one of the advanced and robust
controllers which can control the energy trandfetween the power system and energy
storage system.

The main goal of this research work is to enhance the performémpmver system
stability and reliability of the electric power system which included distributed generation
(DG) systemsPV and WPG ar consideredrom the most growth RESs worldwid&he
intermittent nature of wind speed and solar irradiance, as wiikagbnormal conditions
due to random load changes, are the critical issues on the stability and reliability of the
electrical power sstem. Moreover, a developed SMES with the FLC method is proposed
to enhance the stability and reliability of the eleatripower system in the presence of

RESs by fast charging/discharging energy between the power system and SMES.



Abstract

For this purposean efficient FLGSMES is proposed to enhance the performance of
interconnected WPG system during high wind gust variationstladahanges in load
power demand. The FLC is used with the-DC chopper to control the power exchange
between the point of commomupling (PCC) and SMES. With proposed@LSVIES
can absorb/inject real power from/to the grid. On the other hand, regcwer is
controlled to adjust the variation of PCC voltage. Additionally, the proposed method can
enhance the voltage and frequenogtabilities of the IEEE 3Bus radial distribution
system with high levels of WPG. The proposed FRKIES can be applied tboth
balanced and unbalanced distribution systems in various operating modes and conditions.

Furthermorea robust fuzzy control foBMES is proposed to improve the reliability
of the islanding microgrids (MGs) system in the presence of WPG and solar PV
generation systems. The impact of insertion PV/WPG and a sudden load rejection from
the MG are analyzed and improved with installihg tontrolledSMES. Additionally, in
the grid connected MG equipped with a solar PV system, two proposed methods, namely,
fuzzy logic controlSMES method (FSM) and an optimized fuzzy logic cor8BIES
method (OFSM) are applietb minimize the tieline power flow, mitigate the PCC
voltage fluctuation and redue the transmission power losses. On the other hand, the
robustnes®f the proposed FLGMES is investigated with applying to a hybrid MG grid
connected PMvind system to mitigate the fluctuation intie and reactive transfer
between the hybrid system and the grid. Therefore, the system line power loss is clearly
reducedby using the proposedL.C SMES system as well.

Finally, a coordinated control between electric vehicles (EVs) and SMES unit is
proposedto level the power required by EV& manage load demand during-peak
load and fast charging, and to improve theolghpower system performance. Electricity
price is a common coordination signal for both EVs and SMi#ch is basedon the
fuzzy controlmethod In addition, a coordinatiowontrol strategy between thebust
SMESbased orthe FLC and the load frequen@pntrol (LFC)is investigatedo emulate
virtual inertia into the control loop dahe Egypt power system (ER&nd stabiliz the
EPS frequency duringcontingencies. Moreover, the proposed control strategy is
coordinated with digital frequency relay (DFR)rfenhancement the frequency stability
and preservation EPS dynamic security due to the high penetration level of RESs. To
prove the effectiveness dhe proposed coordination strategy, it has been tested with

considering different load and RESs disturlesnwith varying the inertia level of EPS.
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Chapter 1: Introduction

1.1 Power System Stability and Reliability

Recently, the transmission and distribution networks are facing a huge growth of
renewable generation sources where these sources generatdhziwaries depending
on the availability of wnd, waves or solar radiationhis formulates new challenges for
the powersystem stability and reliability, therefore, in many instances, the reinforcement
of the networks is needed to maintain stable and reliapkration Energy storage
systems (ESSg)an have a significant role aconomically managing power networks to
face demand and maintain supply stability and reliability during peeods of
intermittent powegeneratiorand load fluctuationfl,2].

Power system stability can be generally defined aprbperty of a power system that
permits it to remain in a state of operating equilibrium under normal operating conditions
and to recover an acceptable state apfildorium after being subjecte a disturbance
[3,4]. Power system stability can be mainly categorized as 1) rotor angle stability, 2)
frequency stability, 3) voltagstability [5]. Rotor angle stability can be divided into
transient stability and small disturbance angle stability, both occur in atehorferiod.
Frequency stability is defed as the ability of a power system to maintain steady
frequency due to the imbalance between generation and load. Frequency stability can be
classified as a sheterm or longterm phenomenon. Voltage stability referghe ability
of a power system tmaintain steady acceptable voltages at all buses in the system under
normal operating conditions and after being subjected to a disturlp@irge Voltage
stability is divided into; 1) large disturbance voltag&bility, is concerned with a
s y st ahiity $0 maintain steady voltages following large disturbances, 2) small
di sturbance voltage stability is concerne:i
following small perturbations, such as incrementalngies in system load. Large and
small didurbances voltage stability are formulated in a shemin or longterm
phenomenon.

Power system reliability refers to the ability of the power system to achieve its
planned purpose of providing satisfactorily supplly electrical energy to consumers
efficiently with a reasonable assurance of continuity and qy&lityThere are two basic
functional properties to describe power system reliabilagequacy and security.

Adequacy is the ability of the power systeémsupply the total electric power and energy
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requirements of the consumers within components ratings and voltage limits, considering
the planned and unplanned outages of system elements. Security is a measure of the
power system to withstand abrupt distamces such as symmetrical/lunsymmetrical
electric faults or unanticipated losses of system elements or load conditions together with
operating constraintfl0]. Substantially,in case of the power system is operated in a
reliable and secure manner, system stability is not endangered.

1.2 Background
1.2.1Impacts of RESs

The penetration adiistributed generation (DG) is recently being increased idemo
power syste worldwide These DG units can be categorized imindispatchable
sources (e.g. wind power, solar power) and dispatchable sources (e.g. diesel engines,
biomass).[11,12] The use of RESs is one of the important strategies utilized to reduce
the dependence on fossil fuels and consequently, mitigating climate change impacts.
Wind and solar energies are calesiedasthe most important RESs which have grown
rapidly in all coutries due to the large shortage in the conventional energy resources and
the rising of the price of the fossil energies around the world. However, the main
drawback of the photovoltaic Y and wind systems is that generation power outputs
depend on clim& and weatherconditions such as wind speed, solar irradiance, and
temperature. Therefore, the stability and reliability of the electrical power systems will be
affected by these conditis[13].

Wind energy has been given global attention due to itsfxyter generations of up
to 10 MW in a single wind turbine, the lowost of generated kWh, and being
environmentally friendly. Thereforewind energy systems are suitable for high
penetration levels of RE that may lead to full replacement of conventional energy
sourceq14i 16]. However, high penetration levels of wind energy haeetd frequency
and voltage instabilities in utility grids due to tih@ermittent nature of wind power
[17,18] Furthermore, the high penetration levels of large wind farms hmasgadverse
e ect s ectricaltghdeunderl abnormal faulty conditiof$9]. Thus, voltage
stability, frequency stability, and damping oscillations have been highlighted as critical
challenges to the integion of wind energy with high penetration levelsutility grids.
Preserving the frequency stability can be achieved through the power balance between the
generation and the loatkmand sides. In addition, the existence of heavy loads and low

power facto loads represents another challenge for voltagabiiy problems in many
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electrical net wor ks. These factors direct
reliability of the power systef20,21].

There are several attempts in the literature to provide solutions for solving voltage and
frequey i nstability i ssuest(Ad) rarsmissior sybtdms al t e
(FACTSs) controllers are considerexsthe most popular devices for supporting reactive
power to enhance voltage stabil[®2,23] However, the power system siiger (PSS)
of the generator and statkynchronous compensator (STATCOM) based PI controller,
are needed for damping tluescillations[24]. Moreover, several optimization methods
were employed in the literature for setting the parameters and locations of some FACTS
devices, such as the thyristoontrolled series capaoit (TCSC) and static var
compensator (SVIC This, in turn, can improve voltage stability and minimize the active
power losse$25]. Furthermore, oitoad tap changing (OLTC) transformers were utilized
for preserving an acceptable rangevodb | t a g e a tconmediongounts) € hiss id
turn, can guarantee satisfactory operation and lifetime of the client apparatus. However,
OLTC and FACTS strategies are not e ectiwv
generation systems, which may octaster than the equipent handling tim¢26].

Lattelly, the yearly growth rate of PV generation has been largely increased, the
global power generation rise to 13% by 2030 and a quarter by 2050, according to the
Future of Solar PV report published by the International Renewable Erergycy
(IRENA). It is expected that solar may reach 2,840 GWd 8,519GW of installed
capacity by 2030 and 2050, respective[27]. Being available everywhere
environmentally friendly and achieving a continual decrease in their cost per wefitden
have made PV systemsidespreadcompared to other renewable energy souf2&s.
However, the generated power of PV systemgdépendent on solar irradiance and
ambient temperature, which change continuouslynduthe daytime. The fluctuating
nature of the PV generation systems results in continuous changing output power in
addition to voltage rise problems. Therefore, the dased penetration levels of PV
systems and their fluctuating nature have made thdimbigdy, maximum energy
harvesting, and integrating energy storage systems (ESSs) of the principal interests for
research and industf29,30]

The electrical microgrid (MG) is the newest structure of the network tbaldvallow
obtaining a better use of distributed energy resources (DERS). This netusrtackles
all DERs (e.g. RESSs) as a unique subsystem and offers significant control capacities on its

operation. This MG can operate esnnectedo the main utility grid as autonomously
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isolated[31,32]. Therefore, flexible MGs can not only export and import energy to/from
the main utility grid, but @b can operate in gridonnected or in island moddsowever,
one of the criticalissues in the islanded MG operation in the distribution system is
highlighted during the period of RESs (i.e., wind and PV power generation) integration
into the MG. This, in turn, affects the voltage and frequency performance of the MG
islanding operatiofi33]. On the other &nd, grid integration of PV is becoming the most
important and fastegjrowing form of electricity generation among renewable energies.
However, the output power generation of PV has an intermittent nature due to cloud
movementg34,35] The high penetration of PV can cause several problems, such as the
fluctuation in tieline power between the utility grid and MG, voltage rise/dip at point of
common coupling (PCC), violations of power linegpability, andhigh line power loss.
To overcome such problemESSs can be utilized in combination with the PV power
generation36,37] as effective deices with the ability to rapidly and flexibly exchange
power with the MG.

Hybrid renewable power generation system has become the most popular solution for
remote areas which suffer from the difficulty of interconnecting to thepgrider system
due to hidp costs and increasing line los$88,39] There are many types of renewable
power generation systems that can be combined to form a hybrid generation system.
Wind power and solar energy are goom, and more economidgpes are used in hybrid
connection modeWind and solar energies are considered to be the most important
renewable energy resources, which have grown rapidly in all countries due to the large
shortage inconventional energy resags and the rising pecof fossil energies around
the world [40]. However, the main drawback of the PV and wind systems is that the
generated power outputs depend upon the weather conditions. Thetiedoseability of
the electric power system will be affected by these cond#ioMoreover, the power
fluctuations of PV and wind generation systems due to these conditions can affect
adversely power transfer and voltage profile at the connection point with the grid power
systan [41]. The control of wind and PV systems could partially help to improve the
performance of thdawybrid generation systenHGS) and power system stiity at any
system operatiof#2i 45].
1.2.2Role of Energy Storage §stems (ESSSs)

The main contribution of entpying energy storage in electrical power networks is to

compensate active/reactive power transfer between DG units and the utility power grids
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during normal conditions and when it is subject to disturbances. ESSs are widkly use
power grids worldwide stheycan charge/discharge the electrical power during transfer
between DGsystems and the grid si§46,47] From another perspective, ESSs such as
batteries[48,49], wheels[50,51] pumped hydrd52,53] etc., were employed in the
|l iterature for solving the frobemsu®iscaghe powe
done thlough charging and discharging operations of the ESSs to balance the power
between RESs and loadsowever, the flywheel ESSs have a slightly slower response for
compensating power fluctuatioMmong various types of ESSs, thapsrconducting
magnetic engyy storage (SMES) is a preferred choice to overcome the problems resulting
from the changing of weather and load power. SMES systems have a short time delay
during the charging/discharging processes, high efficiency, high pdermsity, quick
response, anlbng lifetime[54,55]
1.2.2.1Brief Introduction to Superconductivity

The first observation of superconductivity in mercury was discovered in 1911 by

Typel A Type Il
C} = Ba
f @
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.z <
= =
o an
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=

%‘1 %‘1 Ba

T, Te
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£
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>
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Figurel.1 Themaincharacteristicef superconductivity
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Dutch physicist Heike Kamerlingh Onnes. It is cooled to the temperature of46KK, -
269 °C) with liquid helium[56]. There are two types of superconductors: Type | and
Type IlI, as shown in Figurd.1 (a) and (b). In Type I, the transition from a
superconducting phase to a normal state due to the external magnetic field is sharp and
sudden. On theontrary the transiton from a superconducting state to a normal state due
to the external magneticeld is gradually but not shape and abrupt. At lower critical
magnetic field Bcy), the Type Il superconductor begins missing its superconductivity. At
the upper critical magte field (Bc2), typell superconductor totally loses its
superconductivity. Thestate between the lower critical magnetic field and the upper
magnetic field is known as an intermediate state or mixed phasg9]. The relationship
between resistance and temperature for superconductor arstip@rtonductor matergl
is discussed in Figure 1.1 (c). As presented in Figure 1.1 (d), the supetoatydsiate
of a material is destroyed if one of the following parameters is larger than its critical value
[60i 62], the parameters are as follows: 1) critical temperaflge 2) critical magnetic
field (Hc), and 3) critical current densitycj.
1.2.2.2Comprehensive Comparison of Energy Storage Types

There are many types of energy storage systems accord[6@,63!], they can be

categorized as the following:

Y% Mechanical energy storage: this type composes; pusipedge hydropower
(PSH), compressedir energy storage (CAES), and Flywheels.

% Electricenergy storage: it includes; supercapacitorssapetrconducting magnetic
energy storage (SMES).

% Electrochemical (conventional batteries): it comprises; lithiam (Li-ion),
sodiumsulfur (NaS), leahcid, nikkel-cadmium (NiCd).

% Electrochemical (flow batteries): it contains zinmmine and vanadiumaex.

% Chemical hydrogen energy storage.

Y Thermal (sensible heat): it includes; underground thermal, hot/cold water, and
solid media.

% Thermal (latent heat): it comes; thermochemical, molten salts, liquid air, and
phase change materials.

% Thermochemical energy storage: it includes; sorption and chemical storage

Thefirst three energy storage categories are considered the most popular and utilized

types in the powesystem applications so, the comprehensive comparison should be

6
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highlightedbetween themTable C.0.1, in AppendixC, shows the complete comparison
between the most popular three energy storage systems.
There aremany benefits of the SMES comparsonwith other ESS$65], as follows:

1. The direct storage of electric energy in the field of a stelucting coil allows
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access times in the range of milliseconds.

2. The durdion and number of charges/discharges have almost no influence on the

lifetime of SMES.

3. SMES has high efficiencyt can achieve up to 98%harge/discharge efficiency.

4. Due to itslow power loss, the SMES unit is highly efficiefthe energy needed

for cooling is usually not considered among power Igsses

5. Electric currents in the coil encounter almost no resistance and the unit has no

moving parts.

In the economic aspect of SMESs&m, Figure 1.2 (a) (c) discuss the power
densityvs power cost ($/kW), the specific power densig/power cost ($/kW), and the
operation and maintenance (O&M) costs($kW/year) and ($/kWh), respectively, for
various storage technologies. It candeen that SMES has a medium cost comparing
with the other energy storage where it has a-pigiver density (i.e1000' 4000kW/m?),
with low power cost (i.e., 26B00 $/kW), as shown in Figure 1.2 (a). On the other hand,
Figure 1.2 (b) proves that SMESdié a suitable placéased orthe price of its specific
power density.Wheravith range of500' 2000 kW/kg specific power density of the
SMES, the cost of power 00 300 $/kW. Additionally, as presented in Figure 1.2 (c),
the O&M costs of SMES are reasdnly comparable with various energy storage types.
SMES hasa cost of 18.5 ($/kW/year), and it is recorded 0.0®/kWh), it is considered
minimum st over all other types.

On thecontrary SMES has a high energy capacity dast, 100010,000 $/kwh) for
this reason, SMES is utilized only in the application that needs atsherdischarging
process[65i 67]. However, with the use of appropriate HTS materidissigners may
overcome these drawbacks and thus encourage a market niche for SMES soon. Another
disadvantg e o f SMES i s t he coil 6s sensitivity
temperature can cause the coil to become unstable and lose energy in heatciitines
superconductor state value depends on the cryogenic temperature. These disadvantages
mentioned abve mostly pertain to possible technical problems, so designers should be
able to mitigate them with accurate designs.
1.2.2.3SMES Contributions in Electrical Power Systems

SMES is considered one of the very significant energy storage technologies in the
applicaton of RESs. Due to the intermittent nature of the RESSs, their output power will
fluctuate accordingly These fluctuations can be mitigated/ lusing SMES by

absorbing/injecting the fluctuated power transfer between RESs and the utilifg&jrid
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Several studies demonstrated the behavior of SMES with RESs. The impact of SMES in
improving thetransient stability in theexistenceof a doublyfed induction generator
(DFIG) type is presented ifi69], [70]. The applicationof SMES to regulate the
fluctuation of PCC voltage as well as real/reactive power transmitted between the utility
grid and the wind power generation (WPG) systems during extreme wind gust by using
SMES is reported ifi7l]. The SMES impact for minimizing the voltage fludioas of

the unbalanced thrgehase radial distribution system connected toWWhG system with

high power penetrain level during wind speed gusts is presentefi7&]. Authors in

[73], [16] have evaluated and highlighted the improvement of voltage sag and swell
events of the distribution networks interconnected with DFIG and SCIG wind generation
by installing the MIES wnit. SMES can control the output power of wind farms at normal
wind speeds, it also used for improving the output power of WPG at the slow and small
power fluctuation eventig4].

Although, reliability concernsfahe SMES system have been increased when they are
applied in power systems including PV generations. This is due to that the exchanged
power by SMES causes AC loss in the SMES magnet, and heat is generated in
accordancg75]. Thence, the thermal stability of the SMESI ¢pithreatened. Besides,
the continuously changing current of SMES leads to unstable power availability and
capacity. Major researches appertaining to the reliable operation of SMES in power
systems have been developed in the literature. Different agpetdesign considerations
of SMES in high power applications have been studiefb4). A method combining
electrical design and electromagnetic design was introducg@®jnWhereas, advanced
methods for power losses calculations of SMES as energy exchange devices were
presented iff77]. Moreover, the transient thermal stability of SMES in power systems
has been covered in the literature. Capability curve based design andigmaggtetme
for SMES during transient overload condition was presentd@8h Additiondly, the
SMES status evaluation scheme was presentg¢d9infor assuring the better dynamic
thermal stability of SMES in poweystems. Using these methods, the sharp temperature
rise of SMES can be averted, while compromising the functionalities of SMES in the
power system.

On the other hand, the proportiomialegral (PI) controller was employed for
controlling active/reactive SEIS power[80]. However, the fixedgyain property of Pl
controllers does not match the continually changing nature of the power systems. Self

tuning control methods usinghéar models and neural netwsiiere presented to fix the
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fixed gainproblems of conventional PI controlldi&l]. Although these controllers cannot
guarantee better performance due to the lack of control constraine SMES devices.

The application of fuzzy logic control (FLC) for SMES in microgrids with PV generation
systems was introduced jB2]. The FLC provides smooth and efficient control against
the power fluctuations in microgrids. However, the severe fluctuated output power of PV
generation systems results in overcharging and deep discharging states ®f \BiviEh

may cause its failures and shortened lifetime.

Many studies mentioned the application of SMES in MG distribution systems with
considering WPG/PV integratiorin [83,84] improved frequecy control for awind-
dieselhybrid power system with adaptive predictiventrol of a small capacity SMES
unit is proposedIin [85], the authors utilized a hybrid storage system of SMES and
batteries to ensur@ seamless transition for the MG under unhealthy conditions like faults.
Improving voltage, frequency and smoothing power flow in hybrid MG based SMES is
addressed ifB6]. In [87], an optimization technique is applied to the main MG converter
to reduce distortions in the transferred power and the regulation of the SME$ wasrg
achieved using a Cutonverter.

The combination of SMES and MG with RE&as been pointed out in several
research works in the literature. Authors [B8] have studied the power quality
improvement of a largscale PV power generation and smooth the power fluctuations
under various weather conditions WBMES system. Stabilization of MG which includes
PV and wind power generatisndue to the fluctuations and the faulty condition is
achieved bythe SMES controller considering the state of charge (SoC) and the optimal
SMES colil design, as presented[89]. In [90], the application of smalicale SMES
units in improving the fault ridehrough capabily and enhancing the transient behavior
of the gridconnected 100 kW PV genéian system is investigated. A robust SMES
controller to stabilize the fluctuation of time power flow for a siarea interconnected
power system in the presence of a windrfas analyzed ij91]. The SMES device and
its controllability to mitigate the stability of the utility power grid integrated with wind
power gener&n have been introduced [82]. The connection of SMES at different
locations has been studied to suppress the power fluctuations and to improve the low
voltage rick through.

Authors in[93] have explored the application of SMES in PV/Wind/battery energy
storage system (BES) to mitigate the power fluctuation of RE&sd they also studied

the economic aspects of wind power curtailment and installation of SMES witlgtihie
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real power system. SMES impact on improving the frequency stability of hybrid wind
power and diesedngine generator (DEG) during the periods afdvspeed variation is
presented iM94]. Improvement of frequency stability during variable PV power and
uneven load power with thepplicationof SMES in hybrid PV and DEG is discussed in
[95]. Authors in[96] have proposed the application of higemperature superconductor
SMES with commercially available battery systemscteate a hybrid energy storage
system for mitigating the potential issues caused by a -tugle penetration of
distributed generation, such; a®ltage rise, reverse power flow and voltage unbalance in
the distribution system. The behavior of a battdlES hybrid energy storage system
used in a fuel cell/renewable energy hybrid power system under an unexpected load
profile and variable RES powes studied ir[97].

1.3 Research Obgctives

As presented in the above literature, several research works have been accomplished
to enhance the stability and reliability of the movsystems by cooperating SMES with
RESSs; neverthelesgshese attempts have either drawbacks or deficiencies afe
summarized in the following:

b Existing methods studied the behavior of SMES with WPG to mitigate the power
and voltage fluctuations duringind speed transients. However, the mitigation of
WPG output power during high wind gusts and taking into cenaitn the load
power variations have not addressed. There are several attempts in the literature to
provide solutions for solving voltage anlequency instability issues in the
distribution systems. Nevertheledmth the SoC of SMES and high wind speed
transient impacts are not considered especially in unbalanced distribution networks.

b Proposals exist to use SMES in improving tiediability of the islanded MGs
integrated with WPG/PVBut the impact of WPG/PV stationinsertion during
operation time andhe sudden rejection of the large electric loads are not included
in the designing of the SMES control.

b Existing approaches propakéhe application of SMES in the MG equipped with a
PV generation system to control and minimize thditie power flow betwen the
MG and the utility grid. Howevethese approaches have not considered the optimal
value of active and reactive SMEStput power to reduce the thermal stress due to
the overcharging and deep discharging states of SMES, which may cause its failures

and shortened lifetimeéddditionally, proposals exist to utilize SMES with a hybrid
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WPG/PV system to mitigate power and wagle fluctuations. Although, a high
irradiance variation, wind gust events, and the random variation of load demand
have not include together in the proposed control.

b Existing methods used to investigate the cooperation between SMES (as energy
storage) and EVs (as a controllable load) did not consider the coordination control
strategy between SMES and EV for reducing the distributiggtem power loss,
minimizing voltag fluctuation at peak load period, and avoiding congestion in the
distribution network.

b The coordination between SMES and protection devices to improve the reliability of
a real power system is based on a simplified SMiodel in some of the research
works. Most of the research work has not considered either the complete SMES
model nor the appropriate control method.

Motivated by the aforementioned insufficiency, this dissertation presents efficient
control methods fothe SMES to deal with these drawbacBy applying these methods,
the fluctuating of active/reactive power and voltage of the power system can be
significantly mitigated, and the systeotal power loss is clearly reduced. The main goal
of this work is toimprove the stability andeliability of the power system by cooperating
SMES and RESs. The research objectives, which will be accomplished in this work to
face the challenges listed above and enhancing the stability and reliability of the power

system arén the following.

1.3.1Mitigation VoltagePower Huctuation and Stability Improvement

To mitigate both voltage and power fluctuations of a-godnected WPG during the
wind gust and load power variations, a developed-SIMES is proposed. The proposed
controlis designed in order tonable SMES to rapidly charge/discharge both active and
reactive powers to meet the power and volta
frequency stability issues are enhanced by employing the SMES system based on the FLC
method. This proposed metthdor SMES can improve the performance of thpbase
balanced and unbalanced distribution systems considering the high wind speed variation

and large unbalanced loading conditions.

1.3.2Robust SMES Control for Improving MG Reliability
To enhance the reliabijitof islanding MG including WPG/PV units, a robust FLC

method is proposed for SMES. This proposed method can regulate the system frequency

and PCC voltage to the acceptable value during both load rejection and WPG/PV

12



Chapterl: Introduction

Cv v v v v v v v w W W W W W W W W W W W W W W W W W W W v v v W v v v v v v v v

insertion senarios. Moreover, the rability of both the gridconnected PMWG system
and the hybrid PMvind grid-connected system is improved with employing the proposed
FLC-SMES Therefore, the tidine power between MG and the utility grid and the total

system powr losses are significagtiminimized.

1.3.3Cooperation between SMES and EVs

To improve the distribution networks' performance in the presence of both EVs and
SMES, an efficient coordinated control strategy is proposed between SMES and EVs.
This coordination cotrol is based on the FLC method which utilizes for SMES and EVs
via a common electricity price control signal. This method can effectively minimize the
total ppwer loss, reduce the active and reactive required grid power, keep the PCC voltage
at acceptalel standard value.

1.3.4Coordination of SMES with Digital Protection System

To operate with high reliability and more secure for low inertia power systems, a
proposedSMES based FLGnethod is coordinated with the digital protection system.
This coordination sttegy can effectively improve the frequency of low inertia power
systems and maintain dynamic stability and security in admissible limits due to different

load and RESs disturbances.

1.4 ThesisOutline

This thesis isarrangeds follows:

Chapter 1: presents thealefinition and description of stability and reliability of power
system, comprehensive backgrouadd application about ESSs especially SMES,
researclgoals, and structure of the thesis

Chapter 2: describeghe detailed modeling &CIG based wind thine, construction of
solar PV generation systespmplete SMES configuration, atige description oFLC.
Chapter 3. introducesa proposed FLC method tmitigate the power and voltage
fluctuation of the grid-connected distribution networklue to extremewind speed
variation. Additionally, improving themall disturbanceoltage and frequency stabilities
for bothbalanced and unbalaed distribution systems

Chapter 4: proposes a robust FLC for SMES to enhance the reliability of the islanded
MG equipped withthe WPG/PV system during the insertion of the WPG/PV unit and
sudden load rejection

Chapter 5: offers two proposed methods for minimizing thelime power flow between
the MG with PV and the utility grid in the presence of SMES. In addition, robusitont
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of SMES is proposed to mitigate power and voltage fluctuations of a hybre/ifry/
power gemration system integrated with the utility grid during high irradiance variation,
wind gust events, and uneven load power demand.
Chapter 6: providesa coordinéion strategy between SMES and electric vehicles (EVS)
inthecharging/ discharging process including
characteristics of EVs charging/discharging moreover, regulate line active/reactive power
to achieve a load balance ogeon.
Chapter 7: proposesa coordination controstrategy between SMES, load frequency
control (LFC), and digital frequency relay (DFR) to improve the frequency stability.
Chapter 8: concludes the contributions of the thesis. The potential future dineofio
research is also offered in tlubapter.

To provide a complete picture and help to understand the contents and the distribution
of contributions between thdifferent chaptersFigure 1.3 describes the complete
workflow in thedissertationwhich is divided into four partslamely, Part I, Part I, Part

11, and Part IV.
Ve . e e e ’ ________________ ~
IPart 1: Problem Description |
|7 Stability& Reliability of Power Chapter 1 Chapter 2 |
| Systems . Introduction Modeling of RESs and ||
|T[ RESs and SMES Modellng Energy Storage System |
 SMES Benefits and Contributions
I  Research Questions |
\_Thesis Contributions ___ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _______ l
(Part Il : SMES for Stability Improvement ______—— — — — — — T )
I Chapter 3 |
l'ﬂ Proposed FLC Method ) ) |
1 Voltage& Frequency Stabilities SMES Cooperation with WPG fo
I Active/Reactive Power Mitigatian Improving System Stability |
\1_ Balancedunbalanced Distribution Systeth ————————————— _ _ _ _ _ _ ’
jpipipiuintututninipiuiotpintuint SV 2 X
| part 11l : SMES with Hybrid System I
L b4 ' Chapter 5 - Chapter 4 |
|T Islanded mode of WPG and PV in [ Reliability Enhancement Mitigation of Microgrid |
| Presence of Proposed HSMES of Hybrid System Using Voltage and Frequency
1 FSM and OFSM Methods SMES Fluctuations with SMES| |
|1_Hybrid WPGPV System T _ . _ __ _ __ _ ____ )
e R
Part IV : SMES for Reliability & Security |
|1 Coordinated Control for SMES Chapter 7 Chapter 6 |
| and EVs . . Performance Analysis of| |
1 Coordination Strategy of SMES Cooperation with SMES with Electric |
i i i Digital Protection System .
| Charglr)g and Dlschargmg' Vehicles |
 Dynamic Frequency Stability |

l{_ FLC-SMES and DFR Coordination

_______________ T oosossosssesos

Chapter 8

Conclusions& Future Work

Figurel.3 Organization of the dissertation
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Chapter 2: Modeling of RESs and Energy Storage
System

2.1 Introduction

This chapterdescribes in detail theodeling of the squiel cage inductiomgenerator
based orthe wind power generationfPG) system.The aerodynamicselectric system,
and mechanical systerof WPG arealso presentedl'he construction o& solar power
generatiorsystemincluding PV panels, DEDC boost converteiand thregphase inverter
is highlighted in this chapter.Also, the complete SMES configuration withll its
componentssuch as superconductor coil, chopper circuibjtage source converter
(VSC), power conditioning system, and protection systemlealy displayed.Finally,
the detailed description ahe FLC technique whichs utilized for controlling the SMES

chopper circuits totally presented.

2.2Wind Power Generation System

The output power of the wind turbine is mainly dependent on wind velocitlyeat
turbine hub height and on mechanical turbine characteristics. This mechanical power is
extracted to a squirrglage induction generator (SCIG) for converting the mechanical
power to electrical power before injecting it at tbemmon pointintegration vith the
utility power grid SCIG needs more reactive power to excite its rotor circuit, which can

be achievedby connecting a shunt capacitor to improve its power factor.

2.2.1Aerodynamics Model
The aerodynamics model isainly based on the steadyate powecharacteristics of
the turbine.The wind turbine mechanical power is expressed mainly as a function of the

power coefficient C,) and the cubic wind speed)(n (2.1) as follows[98]:

0 ™6 _ [ “ Y0 (2.1)
wherePm, b, & R, } are turbine mechanical output power, mechanical pitch angle, tip
speed ratio (ratio between thagular speed of turbine blades] and wind speed), the
blade radiusandthe air density respectively. The value of the tipeed ratio can be
calculated by(2.2), the power coefficient in terms of pitch angle and tip speed ratio can
be given in 2.3) and @.4). ConstantC; to Cs are reported ippendixB, TableB.0.1.
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Figure 21 shows the complete system configurationhaf SCIGwind turbine system

Figure 22 discusses the relatiship between turbine output power and turbine speed
(with respect to nominal SCIG speed) at different values of wind speedsxampleat

the base wind speed is 9 m/s and the turbine speed at nominal generator spequlis 1.
The turbine is operating at zero pitch angle to produce maximum allowable electrical
power. The detailed parameters of SCIG and mechanical turbine characteristicedre list
in AppendixB, TableB.0.2.

/—\ Soft-starter
— =
— —
| Grid
\ [ ]

Y
Y& g\

Gear |
I

—_

I
— L

Capacitor Bank
Figure2.1 Schematic diagram of the SCIG wind turbine system.

Turbine Power Characteristics (Pitch angle beta =0 delg) |
1.6 ! ! ! ! ‘ | —
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Turbine speed (pu of nominal generator speed)
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Figure2.2 Turbine power characteristics at different wind speeds
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2.2.2Electrical System

SCIG is typically demonstrated as a traditional R@de| with the active power
generated and reactive power demand specified. However, the reactive power demand
can be stated as a function of the bus volagia (2.5, if the SAG is modeled as an
improved PQ bus by using the demonstration introducg@9hand later usd in[100],

the complete equivalent circuit of SCIG is shown inuFef.3.

. A A D ,

V] w o o’o_U (2.5)
where Qg is the excitation reactive power of the generatés,is the active power
generation X is the compensation capacitive reactance which unitized to improve the
power factor,X is the summation of rotoX; and statorXs reactancesRs is the stator
resistance,R: is the rotor resistance, ah is the magnetizing reactance as shown in
Figure 23. The rotor voltage of the SCIG based wind turbinegaal tozero, therefore,
the voltage equations of the machine canrbger unit equations in the-@ reerence

frameexpressed as follos\{101]:
v YQ 0 0 Q 01

v YQ ] 0 0 Q 0
(2.6)

m YQ i1 0 0 Q 0 1Q

m YQ i1 0 0 Q 0 1Q
whereLs g Lr g ids Igs idr, igr, Vds Vgs are the stator leakage inducte, rotor leakage
inductance, stator direct, quadrature current, rotor direct, quadrature current, stator direct,
and quadrature voltage, respectively. The active povBCIG (P) and the compensation
reactive power@), arediscussed in4.7) and @.8) [101]:
L 0 Q v Q (2.7)

5 0Q 0 Q (2.8)
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Figure2.3 Equivalent circuit of SCIG
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2.2.3Mechanical System

Different mechanical effects take place in a wind turbine that may induce dynamics in
the electrical part, such as tower vibration effect soitl shaft drive train dynamics. The
first effect is caused by a ndromogenous wind speed across the turbine méme and
the presence of a tower (tower shadow). For power system stability, tower vibration is of
secondary importance because the ositllamagnitude generated by these dynamics is
negligible. Hence, only dynamics on the drive train@mesidered102]. The mechanical
part is represented by a secander systenjl03]. Thecompletemodel equations aras

follows:
dw 1
r=— (T -Fw T 2.7
dt 2H ( m r e) ( )
dg
— T =w 28
dt r ( )

where ¥, Tm, Te, H, @, F are rotor anglar velocity, shaft mechanical torque,
electromagnetic torque, combined rotor and load inertia constdaat, angular position

andviscous friction coefficientrespectively

2.3 Solar Power Generation System

The modeling othe photovoltaic PV) system isusually employed for converting the
irradiance and temperature of the sun into electricity. The PV array systems are modular,
and they consist of series and/or parallel connection of PV modules. The number of
connected series dnparallel modules in the\WP array are determined according to
voltage level requirements of the PV system and desired DC power output ratings of the
array, respectively. The PV cell represents the basic component of the PV module system,

which is composedf multiple series and pallel PV cells.

2.3.1Configuration of PV Array

The mmplete PV generation system consists of three parts. The first part is an array
which forms with connected in series and paratietlulesof Sunpower SPR305WHT-
U (305W) panel to determine the appropriateput DC voltage and currefit04]. In this
work, the PVsystem comprises of 5 series modules and 330 parallel to generate 500 kW
DC powerattheselected values of irradiance and temperature are 1 K&idh25C. In
the second stage, the E0ost converter is utilized to get a higher DC voltage, which
also t&es the maximum allowable power from PV array by using incremental

conductance maximum power point tracking (MPPT). The third stage of the PV system is
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the voltage source inverter (VSI) which converts DC voltage to AC voltage before the
interconnection wh the utility power grid. Also, it keeps the DC voltage across the
linked capacitor at a constant setpoint voltage.

The PV cell represents théasic compoent of the PV module system, which is
composedf multiple series and parallel PV cells. &ig 2.4 shows the equivalent circuit
model ofthe PV cell[105]. The characteristics of power and current with respect to the
voltage of PV array at different values of irradiance and temperature are presented in
Figures 25 (a) and2.5 (b), respectivelyThe dependemoof the output current and output
power of the PV cel(Pcer) on the PV model parameters are described usdrg) &nd
(2.10) as follows:

‘© 0 00Qc w Yo © YO 29
“Tome PV 29
5 S0 004 w Y O w YO 210
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Figure2.4 PV cellcomplete equivalent circuit.
(a) At different irradiance values (b) At different temperature values

Figure2.5 Powervoltage and currentoltage characteristics of PV system
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