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Abstract 

Nowadays, power system stability and reliability are considered as the most pressing 

issues worthy of studying and analyzing in modern 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 mitigate the environmental pollution 

impacts. The most popular types of these RESs are wind power, solar photovoltaic (PV), 

solar thermal systems, biomass, and various forms of hydraulic power. Several problems 

have been addressed by installing wind power generation (WPG) and solar PV generation 

systems to the electric power system. Wind speed always changes by 

increasing/decreasing around the average wind speed value, causing variable output 

power of WPG. Furthermore, due to the intermittent nature of the solar irradiance, the PV 

output power will be affected. Consequently, power system stability and reliability will be 

affected by these conditions accordingly. 

Energy storage systems (ESSs) have an important role to aid in solving the above-

mentioned problems and in mitigating the fluctuating nature due to the increase in the 

penetration level of RESs in the electrical power system. The main contribution of 

employing ESSs in electrical power networks is to mitigate the active/reactive power 

transfer from/to the utility power grid during normal conditions and when it is subject to 

disturbances. Among various ESSs, the superconducting magnetic energy storage 

(SMES) systems have proven themselves as an effective solution. In addition, SMES 

systems have a short time delay during charging/discharging processes, high efficiency, 

and long lifetime. Fuzzy logic control (FLC) is considered one of the advanced and robust 

controllers which can control the energy transfer between the power system and energy 

storage system. 

The main goal of this research work is to enhance the performance of power system 

stability and reliability of the electric power system which included distributed generation 

(DG) systems. PV and WPG are considered from the most growth RESs worldwide. The 

intermittent nature of wind speed and solar irradiance, as well as the abnormal conditions 

due to random load changes, are the critical issues on the stability and reliability of the 

electrical power system. Moreover, a developed SMES with the FLC method is proposed 

to enhance the stability and reliability of the electrical power system in the presence of 

RESs by fast charging/discharging energy between the power system and SMES.  
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For this purpose, an efficient FLC-SMES is proposed to enhance the performance of 

interconnected WPG system during high wind gust variations and the changes in load 

power demand. The FLC is used with the DC-DC chopper to control the power exchange 

between the point of common coupling (PCC) and SMES. With proposed FLC, SMES 

can absorb/inject real power from/to the grid. On the other hand, reactive power is 

controlled to adjust the variation of PCC voltage. Additionally, the proposed method can 

enhance the voltage and frequency instabilities of the IEEE 33-bus radial distribution 

system with high levels of WPG. The proposed FLC-SMES can be applied to both 

balanced and unbalanced distribution systems in various operating modes and conditions. 

Furthermore, a robust fuzzy control for SMES 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 installing the controlled-SMES. Additionally, in 

the grid connected MG equipped with a solar PV system, two proposed methods, namely, 

fuzzy logic control-SMES method (FSM) and an optimized fuzzy logic control-SMES 

method (OFSM) are applied to minimize the tie-line power flow, mitigate the PCC 

voltage fluctuation, and reduce the transmission power losses. On the other hand, the 

robustness of the proposed FLC-SMES is investigated with applying to a hybrid MG grid 

connected PV-wind system to mitigate the fluctuation in active and reactive transfer 

between the hybrid system and the grid. Therefore, the system line power loss is clearly 

reduced by using the proposed-FLC SMES system as well.  

Finally, a coordinated control between electric vehicles (EVs) and SMES unit is 

proposed to level the power required by EVs, to manage load demand during on-peak 

load and fast charging, and to improve the whole power system performance. Electricity 

price is a common coordination signal for both EVs and SMES, which is based on the 

fuzzy control method. In addition, a coordination control strategy between the robust 

SMES based on the FLC and the load frequency control (LFC) is investigated to emulate 

virtual inertia into the control loop of the Egypt power system (EPS) and stabilize the 

EPS frequency during contingencies. Moreover, the proposed control strategy is 

coordinated with digital frequency relay (DFR) for enhancement the frequency stability 

and preservation EPS dynamic security due to the high penetration level of RESs. To 

prove the effectiveness of the proposed coordination strategy, it has been tested with 

considering different load and RESs disturbances with 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 generate power that varies depending 

on the availability of wind, waves or solar radiation. This formulates new challenges for 

the power system stability and reliability, therefore, in many instances, the reinforcement 

of the networks is needed to maintain stable and reliable operation. Energy storage 

systems (ESSs) can have a significant role in economically managing power networks to 

face demand and maintain supply stability and reliability during the periods of 

intermittent power generation and load fluctuations [1,2]. 

Power system stability can be generally defined as the property 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 of equilibrium after being subjected to a disturbance 

[3,4]. Power system stability can be mainly categorized as 1) rotor angle stability, 2) 

frequency stability, 3) voltage stability [5]. Rotor angle stability can be divided into 

transient stability and small disturbance angle stability, both occur in a short-term period. 

Frequency stability is defined 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 short-term or long-term phenomenon. Voltage stability refers to the ability 

of a power system to maintain steady acceptable voltages at all buses in the system under 

normal operating conditions and after being subjected to a disturbance [6ï8]. Voltage 

stability is divided into; 1) large disturbance voltage stability, is concerned with a 

systemôs ability to maintain steady voltages following large disturbances, 2) small 

disturbance voltage stability is concerned with a systemôs ability to control voltages 

following small perturbations, such as incremental changes in system load. Large and 

small disturbances voltage stability are formulated in a short-term or long-term 

phenomenon. 

Power system reliability refers to the ability of the power system to achieve its 

planned purpose of providing satisfactorily supply of electrical energy to consumers 

efficiently with a reasonable assurance of continuity and quality [9]. There are two basic 

functional properties to describe power system reliability: adequacy, and security.  

Adequacy is the ability of the power system to supply 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 disturbances such as symmetrical/unsymmetrical 

electric faults or unanticipated losses of system elements or load conditions together with 

operating constraints [10]. Substantially, in case of the power system is operated in a 

reliable and secure manner, system stability is not endangered. 

1.2 Background 

1.2.1 Impacts of RESs  

The penetration of distributed generation (DG) is recently being increased in modern 

power systems worldwide. These DG units can be categorized into non-dispatchable 

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 considered as the most important RESs which have grown 

rapidly in all countries 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 (PV) and wind systems is that generation power outputs 

depend on climatic and weather conditions such as wind speed, solar irradiance, and 

temperature. Therefore, the stability and reliability of the electrical power systems will be 

affected by these conditions [13]. 

Wind energy has been given global attention due to its high-power generations of up 

to 10 MW in a single wind turbine, the low cost of generated kWh, and being 

environmentally friendly. Therefore, wind energy systems are suitable for high 

penetration levels of RESs that may lead to full replacement of conventional energy 

sources [14ï16]. However, high penetration levels of wind energy have led to frequency 

and voltage instabilities in utility grids due to the intermittent nature of wind power 

[17,18]. Furthermore, the high penetration levels of large wind farms may have adverse 

e ects on the electrical grid under abnormal faulty conditions [19]. Thus, voltage 

stability, frequency stability, and damping oscillations have been highlighted as critical 

challenges to the integration of wind energy with high penetration levels in utility grids. 

Preserving the frequency stability can be achieved through the power balance between the 

generation and the load-demand sides. In addition, the existence of heavy loads and low 

power factor loads represents another challenge for voltage instability problems in many 
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electrical networks. These factors directly a ect the power transfer capability and 

reliability of the power system [20,21]. 

There are several attempts in the literature to provide solutions for solving voltage and 

frequency instability issues. The þexible alternating current (AC) transmission systems 

(FACTSs) controllers are considered as the most popular devices for supporting reactive 

power to enhance voltage stability [22,23]. However, the power system stabilizer (PSS) 

of the generator and static synchronous compensator (STATCOM) based PI controller, 

are needed for damping the oscillations [24]. Moreover, several optimization methods 

were employed in the literature for setting the parameters and locations of some FACTS 

devices, such as the thyristor-controlled series capacitor (TCSC) and static var 

compensator (SVC). This, in turn, can improve voltage stability and minimize the active 

power losses [25]. Furthermore, on-load tap changing (OLTC) transformers were utilized 

for preserving an acceptable range of voltage at consumersô connection points. This, in 

turn, can guarantee satisfactory operation and lifetime of the client apparatus. However, 

OLTC and FACTS strategies are not e ective in the case of highly þuctuating wind 

generation systems, which may occur faster than the equipment handling time [26]. 

Latterly, 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 Energy Agency 

(IRENA). It is expected that solar may reach 2,840 GW and 8,519 GW of installed 

capacity by 2030 and 2050, respectively [27]. Being available everywhere, 

environmentally friendly and achieving a continual decrease in their cost per watt benefits 

have made PV systems widespread compared to other renewable energy sources [28]. 

However, the generated power of PV systems is dependent on solar irradiance and 

ambient temperature, which change continuously during the daytime. The fluctuating 

nature of the PV generation systems results in continuous changing output power in 

addition to voltage rise problems. Therefore, the increased penetration levels of PV 

systems and their fluctuating nature have made their reliability, maximum energy 

harvesting, and integrating energy storage systems (ESSs) of the principal interests for 

research and industry [29,30]. 

The electrical microgrid (MG) is the newest structure of the network that would allow 

obtaining a better use of distributed energy resources (DERs). This new structure tackles 

all DERs (e.g. RESs) as a unique subsystem and offers significant control capacities on its 

operation. This MG can operate as connected to 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 also can operate in grid-connected or in island modes. However, 

one of the critical issues 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 operation [33]. On the other hand, grid integration of PV is becoming the most 

important and fastest-growing form of electricity generation among renewable energies. 

However, the output power generation of PV has an intermittent nature due to cloud 

movements [34,35]. The high penetration of PV can cause several problems, such as the 

fluctuation in tie-line power between the utility grid and MG, voltage rise/dip at point of 

common coupling (PCC), violations of power lines capability, and high line power loss. 

To overcome such problems, ESSs can be utilized in combination with the PV power 

generation [36,37] as effective devices 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 the grid power system 

due to high costs and increasing line losses [38,39]. 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 common, and more economical types are used in hybrid 

connection mode. Wind 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 in conventional energy resources and the rising price of 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. Therefore, the stability of 

the electric power system will be affected by these conditions. Moreover, 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 

system [41]. The control of wind and PV systems could partially help to improve the 

performance of the hybrid generation system (HGS) and power system stability at any 

system operation [42ï45].  

1.2.2 Role of Energy Storage Systems (ESSs)  

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

compensate active/reactive power transfer between DG units and the utility power grids 



Chapter 1: Introduction 
̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮  

5 
 

during normal conditions and when it is subject to disturbances. ESSs are widely used in 

power grids worldwide as they can charge/discharge the electrical power during transfer 

between DG systems and the grid side [46,47]. From another perspective, ESSs such as 

batteries [48,49], þywheels [50,51], pumped hydro [52,53], etc., were employed in the 

literature for solving the frequency, power, and voltage þuctuation problems. This can be 

done through charging and discharging operations of the ESSs to balance the power 

between RESs and loads. However, the flywheel ESSs have a slightly slower response for 

compensating power fluctuation. Among various types of ESSs, the superconducting 

magnetic energy 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 power density, quick 

response, and long lifetime [54,55]. 

1.2.2.1 Bri ef Introduction to Superconductivity    

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

 
(a) Magnetic field/temperature behavior 

of Type I superconductor  

 
(b) Magnetic field/temperature behavior of 

Type II superconductor  

 
(c) Resistance/temperature relationship of 

superconductor/non-superconductor 

material  

 
(d) The critical parameters for a Type II 

superconductor 

Figure 1.1 The main characteristics of superconductivity. 
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Dutch physicist Heike Kamerlingh Onnes. It is cooled to the temperature of 4 K (-452 F, -

269 °C) with liquid helium [56]. There are two types of superconductors: Type I and 

Type II, as shown in Figure 1.1 (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 the contrary, the transition from a superconducting state to a normal state due 

to the external magnetic field is gradually but not shape and abrupt. At lower critical 

magnetic field (BC1), the Type II superconductor begins missing its superconductivity. At 

the upper critical magnetic field (BC2), type-II superconductor totally loses its 

superconductivity. The state between the lower critical magnetic field and the upper 

magnetic field is known as an intermediate state or mixed phase [57ï59]. The relationship 

between resistance and temperature for superconductor and non-superconductor materials 

is discussed in Figure 1.1 (c). As presented in Figure 1.1 (d), the superconductivity state 

of a material is destroyed if one of the following parameters is larger than its critical value 

[60ï62], the parameters are as follows: 1) critical temperature (Tc), 2) critical magnetic 

field (Hc), and 3) critical current density (Jc). 

1.2.2.2 Comprehensive Comparison of Energy Storage Types 

There are many types of energy storage systems according to [63,64], they can be 

categorized as the following: 

½ Mechanical energy storage: this type composes; pumped-storage hydropower 

(PSH), compressed-air energy storage (CAES), and Flywheels. 

½ Electric energy storage: it includes; supercapacitors and superconducting magnetic 

energy storage (SMES). 

½ Electrochemical (conventional batteries): it comprises; lithium-ion (Li-ion), 

sodium-sulfur (NaS), lead-acid, nickel-cadmium (Ni-Cd). 

½ Electrochemical (flow batteries): it contains zinc-bromine and vanadium redox. 

½ Chemical hydrogen energy storage. 

½ Thermal (sensible heat): it includes; underground thermal, hot/cold water, and 

solid media. 

½ Thermal (latent heat): it comprises; thermochemical, molten salts, liquid air, and 

phase change materials. 

½ Thermochemical energy storage: it includes; sorption and chemical storage. 

The first three energy storage categories are considered the most popular and utilized 

types in the power system applications so, the comprehensive comparison should be 
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highlighted between them. Table C.0.1, in Appendix C, shows the complete comparison 

between the most popular three energy storage systems. 

There are many benefits of the SMES in comparison with other ESSs [65], as follows: 

1. The direct storage of electric energy in the field of a superconducting coil allows 

 
(a) The power density vs power cost ($/kW)  

 
(b) The specific power density vs power cost ($/kW) 

 
(c) The operation and maintenance (O&M) costs in  ($/kW/year) and ($/kWh) 

Figure 1.2 Cost comparison for various storage technologies [65]. 

 



Chapter 1: Introduction 
̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮  

8 
 

access times in the range of milliseconds.  

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

lifetime of SMES. 

3. SMES has high efficiency; it can achieve up to 98% charge/discharge efficiency.  

4. Due to its low power loss, the SMES unit is highly efficient (the energy needed 

for cooling is usually not considered among power losses). 

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

moving parts. 

In the economic aspect of SMES system, Figure 1.2 (a) ï (c) discuss the power 

density vs power cost ($/kW), the specific power density vs power cost ($/kW), and the 

operation and maintenance (O&M) costs in ($/kW/year) and ($/kWh), respectively, for 

various storage technologies. It can be seen that SMES has a medium cost comparing 

with the other energy storage where it has a high-power density (i.e. 1000ï4000 kW/m3), 

with low power cost (i.e., 200- 300 $/kW), as shown in Figure 1.2 (a). On the other hand, 

Figure 1.2 (b) proves that SMES lies in a suitable place based on the price of its specific 

power density. Wherewith range of 500ï2000 kW/kg specific power density of the 

SMES, the cost of power is 200- 300 $/kW. Additionally, as presented in Figure 1.2 (c), 

the O&M costs of SMES are reasonably comparable with various energy storage types. 

SMES has a cost of 18.5 ($/kW/year), and it is recorded 0.001 ($/kWh), it is considered a 

minimum cost over all other types.  

On the contrary, SMES has a high energy capacity cost (i.e., 1000-10,000 $/kWh), for 

this reason, SMES is utilized only in the application that needs a short-time discharging 

process [65ï67]. However, with the use of appropriate HTS materials, designers may 

overcome these drawbacks and thus encourage a market niche for SMES soon. Another 

disadvantage of SMES is the coilôs sensitivity to temperature. Small changes in 

temperature can cause the coil to become unstable and lose energy in heat form since the 

superconductor state value depends on the cryogenic temperature. These disadvantages 

mentioned above mostly pertain to possible technical problems, so designers should be 

able to mitigate them with accurate designs. 

1.2.2.3 SMES Contributions in Electrical Power Systems 

SMES is considered one of the very significant energy storage technologies in the 

application of RESs. Due to the intermittent nature of the RESs, their output power will 

fluctuate accordingly. These fluctuations can be mitigated by using SMES by 

absorbing/injecting the fluctuated power transfer between RESs and the utility grid [68]. 
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Several studies demonstrated the behavior of SMES with RESs. The impact of SMES in 

improving the transient stability in the existence of a doubly-fed induction generator 

(DFIG) type is presented in [69], [70]. The application of 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 in [71]. The SMES impact for minimizing the voltage fluctuations of 

the unbalanced three-phase radial distribution system connected to the WPG system with 

high power penetration level during wind speed gusts is presented in [72]. 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 SMES unit. 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 events [74]. 

Although, reliability concerns of the 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 

accordance [75]. Thence, the thermal stability of the SMES coil is threatened. 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 aspects and design considerations 

of SMES in high power applications have been studied in [54]. A method combining 

electrical design and electromagnetic design was introduced in [76]. Whereas, advanced 

methods for power losses calculations of SMES as energy exchange devices were 

presented in [77]. Moreover, the transient thermal stability of SMES in power systems 

has been covered in the literature. Capability curve based design and protection scheme 

for SMES during transient overload condition was presented in [78]. Additionally, the 

SMES status evaluation scheme was presented in [79] for assuring the better dynamic 

thermal stability of SMES in power systems. 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 proportional-integral (PI) controller was employed for 

controlling active/reactive SMES power [80]. However, the fixed-gain property of PI 

controllers does not match the continually changing nature of the power systems. Self-

tuning control methods using linear models and neural networks were presented to fix the 
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fixed gain problems of conventional PI controllers [81]. Although these controllers cannot 

guarantee better performance due to the lack of control constrains of the SMES devices. 

The application of fuzzy logic control (FLC) for SMES in microgrids with PV generation 

systems was introduced in [82]. 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 of SMES, which 

may cause its failures and shortened lifetime. 

Many studies mentioned the application of SMES in MG distribution systems with 

considering WPG/PV integration. In [83,84], improved frequency control for a wind-

diesel hybrid power system with adaptive predictive control of a small capacity SMES 

unit is proposed. In [85], the authors utilized a hybrid storage system of SMES and 

batteries to ensure a seamless transition for the MG under unhealthy conditions like faults. 

Improving voltage, frequency and smoothing power flow in hybrid MG based SMES is 

addressed in [86]. In [87], an optimization technique is applied to the main MG converter 

to reduce distortions in the transferred power and the regulation of the SMES energy was 

achieved using a Cuk-converter. 

The combination of SMES and MG with RESs has been pointed out in several 

research works in the literature. Authors in [88] have studied the power quality 

improvement of a large-scale PV power generation and smooth the power fluctuations 

under various weather conditions with SMES system. Stabilization of MG which includes 

PV and wind power generations due to the fluctuations and the faulty condition is 

achieved by the SMES controller considering the state of charge (SoC) and the optimal 

SMES coil design, as presented in [89]. In [90], the application of small-scale SMES 

units in improving the fault ride-through capability and enhancing the transient behavior 

of the grid-connected 100 kW PV generation system is investigated. A robust SMES 

controller to stabilize the fluctuation of tie-line power flow for a six-area interconnected 

power system in the presence of a wind farm is analyzed in [91]. The SMES device and 

its controllability to mitigate the stability of the utility power grid integrated with wind 

power generation have been introduced in [92]. The connection of SMES at different 

locations has been studied to suppress the power fluctuations and to improve the low 

voltage ride through. 

Authors in [93] have explored the application of SMES in PV/Wind/battery energy 

storage system (BESS) to mitigate the power fluctuation of RESs, and they also studied 

the economic aspects of wind power curtailment and installation of SMES with the hybrid 
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real power system. SMES impact on improving the frequency stability of hybrid wind 

power and diesel engine generator (DEG) during the periods of wind speed variation is 

presented in [94]. Improvement of frequency stability during variable PV power and 

uneven load power with the application of SMES in hybrid PV and DEG is discussed in 

[95]. Authors in [96] have proposed the application of high-temperature superconductor 

SMES with commercially available battery systems to create a hybrid energy storage 

system for mitigating the potential issues caused by a large-scale penetration of 

distributed generation, such as; voltage rise, reverse power flow and voltage unbalance in 

the distribution system. The behavior of a battery/SMES hybrid energy storage system 

used in a fuel cell/renewable energy hybrid power system under an unexpected load 

profile and variable RES power is studied in [97]. 

1.3 Research Objectives  

As presented in the above literature, several research works have been accomplished 

to enhance the stability and reliability of the power systems by cooperating SMES with 

RESs; nevertheless, these attempts have either drawbacks or deficiencies that are 

summarized in the following: 

Ƅ Existing methods studied the behavior of SMES with WPG to mitigate the power 

and voltage fluctuations during wind speed transients. However, the mitigation of 

WPG output power during high wind gusts and taking into consideration the load 

power variations have not addressed. There are several attempts in the literature to 

provide solutions for solving voltage and frequency instability issues in the 

distribution systems. Nevertheless, both the SoC of SMES and high wind speed 

transient impacts are not considered especially in unbalanced distribution networks. 

Ƅ Proposals exist to use SMES in improving the reliability of the islanded MGs 

integrated with WPG/PV. But the impact of WPG/PV station insertion during 

operation time and the sudden rejection of the large electric loads are not included 

in the designing of the SMES control. 

Ƅ Existing approaches proposed the application of SMES in the MG equipped with a 

PV generation system to control and minimize the tie-line power flow between the 

MG and the utility grid. However, these approaches have not considered the optimal 

value of active and reactive SMES output power to reduce the thermal stress due to 

the overcharging and deep discharging states of SMES, which may cause its failures 

and shortened lifetime. Additionally, proposals exist to utilize SMES with a hybrid 
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WPG/PV system to mitigate power and voltage fluctuations. Although, a high 

irradiance variation, wind gust events, and the random variation of load demand 

have not included together in the proposed control. 

Ƅ 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 distribution system power loss, 

minimizing voltage fluctuation at peak load period, and avoiding congestion in the 

distribution network.  

Ƅ The coordination between SMES and protection devices to improve the reliability of 

a real power system is based on a simplified SMES model 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 for the SMES to deal with these drawbacks. By applying these methods, 

the fluctuating of active/reactive power and voltage of the power system can be 

significantly mitigated, and the system total power loss is clearly reduced. The main goal 

of this work is to improve the stability and reliability 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 are in the following. 

1.3.1 Mitigation Voltage/Power Fluctuation and Stability Improvement 

To mitigate both voltage and power fluctuations of a grid-connected WPG during the 

wind gust and load power variations, a developed FLC-SMES is proposed. The proposed 

control is designed in order to enable SMES to rapidly charge/discharge both active and 

reactive powers to meet the power and voltage þuctuations. In addition, the voltage and 

frequency stability issues are enhanced by employing the SMES system based on the FLC 

method. This proposed method for SMES can improve the performance of three-phase 

balanced and unbalanced distribution systems considering the high wind speed variation 

and large unbalanced loading conditions. 

1.3.2 Robust SMES Control for Improving MG Reliability  

To enhance the reliability of islanding MGs 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 
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insertion scenarios. Moreover, the reliability of both the grid-connected PV-MG system 

and the hybrid PV-wind grid-connected system is improved with employing the proposed 

FLC-SMES. Therefore, the tie-line power between MG and the utility grid and the total 

system power losses are significantly minimized. 

1.3.3 Cooperation 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 control 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 power loss, reduce the active and reactive required grid power, keep the PCC voltage 

at acceptable standard value. 

1.3.4 Coordination of SMES with Digital Protection System 

To operate with high reliability and more secure for low inertia power systems, a 

proposed SMES based FLC method is coordinated with the digital protection system. 

This coordination strategy 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 Thesis Outline 

This thesis is arranged as follows: 

Chapter 1: presents the definition and description of stability and reliability of power 

system, comprehensive background and application about ESSs especially SMES, 

research goals, and structure of the thesis. 

Chapter 2: describes the detailed modeling of SCIG based wind turbine, construction of 

solar PV generation system, complete SMES configuration, and the description of FLC. 

Chapter 3: introduces a proposed FLC method to mitigate the power and voltage 

fluctuation of the grid-connected distribution network due to extreme wind speed 

variation. Additionally, improving the small disturbance voltage and frequency stabilities 

for both balanced and unbalanced distribution systems.  

Chapter 4: proposes a robust FLC for SMES to enhance the reliability of the islanded 

MG equipped with the WPG/PV system during the insertion of the WPG/PV unit and 

sudden load rejection. 

Chapter 5: offers two proposed methods for minimizing the tie-line power flow between 

the MG with PV and the utility grid in the presence of SMES. In addition, robust control 
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of SMES is proposed to mitigate power and voltage fluctuations of a hybrid PV-wind 

power generation system integrated with the utility grid during high irradiance variation, 

wind gust events, and uneven load power demand. 

Chapter 6: provides a coordination strategy between SMES and electric vehicles (EVs) 

in the charging/discharging process including EVôs charging price to improve the 

characteristics of EVs charging/discharging moreover, regulate line active/reactive power 

to achieve a load balance operation. 

Chapter 7: proposes a coordination control strategy 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 direction of 

research is also offered in this chapter. 

To provide a complete picture and help to understand the contents and the distribution 

of contributions between the different chapters, Figure 1.3 describes the complete 

workflow in the dissertation, which is divided into four parts, namely, Part I, Part II, Part 

III, and Part IV. 

Introduction
Modeling of RESs and 

Energy Storage System

SMES Cooperation with WPG for 

Improving System Stability

Abstract

Part I : Problem Description

¶ Stability & Reliability of Power 

Systems.

¶ RESs and SMES Modeling.

¶ SMES Benefits and Contributions.

¶ Research Questions. 

¶ Thesis Contributions.

Part II : SMES for Stability Improvement

¶ Proposed FLC Method.

¶ Voltage & Frequency Stabilities.

¶ Active/Reactive Power Mitigation.

¶ Balanced/Unbalanced Distribution System.

Chapter 2Chapter 1

Chapter 3

 Reliability Enhancement 

of Hybrid System Using 

SMES

Part III : SMES with Hybrid System

¶ Islanded mode of WPG and PV in 

Presence of Proposed FLC-SMES.

¶ FSM and OFSM Methods.   

¶ Hybrid WPG-PV System. 

Chapter 5

Performance Analysis of 

SMES with Electric 

Vehicles

SMES Cooperation with 

Digital Protection System

¶ Coordinated Control for SMES 

and EVs.

¶ Coordination Strategy of 

Charging and Discharging.

¶ Dynamic Frequency Stability.
¶ FLC-SMES and DFR Coordination.

Chapter 7 Chapter 6

Conclusions & Future Work

Chapter 8

Mitigation of Microgrid 

Voltage and Frequency 

Fluctuations with SMES

Chapter 4

Part IV : SMES for Reliability & Security

 
Figure 1.3 Organization of the dissertation. 
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Chapter 2: Modeling of RESs and Energy Storage 

System 

2.1 Introduction  

This chapter describes in detail the modeling of the squirrel cage induction generator 

based on the wind power generation (WPG) system. The aerodynamics, electric system, 

and mechanical system of WPG are also presented. The construction of a solar power 

generation system including PV panels, DC-DC boost converter, and three-phase inverter 

is highlighted in this chapter. Also, the complete SMES configuration with all its 

components such as superconductor coil, chopper circuit, voltage source converter 

(VSC), power conditioning system, and protection system is clearly displayed. Finally, 

the detailed description of the FLC technique which is utilized for controlling the SMES 

chopper circuit is totally presented. 

2.2 Wind Power Generation System 

The output power of the wind turbine is mainly dependent on wind velocity at the 

turbine hub height and on mechanical turbine characteristics. This mechanical power is 

extracted to a squirrel-cage induction generator (SCIG) for converting the mechanical 

power to electrical power before injecting it at the common point integration with the 

utility power grid. SCIG needs more reactive power to excite its rotor circuit, which can 

be achieved by connecting a shunt capacitor to improve its power factor. 

2.2.1 Aerodynamics Model 

The aerodynamics model is mainly based on the steady-state power characteristics of 

the turbine. The wind turbine mechanical power is expressed mainly as a function of the 

power coefficient (Cp) and the cubic wind speed (ɡ) in (2.1) as follows [98]: 

ὖ πȢυ ὅ ‗ ȟ“”Ὑὺ (2.1) 

where Pm, ɓ, ɚt, R, ɟ are turbine mechanical output power, mechanical pitch angle, tip 

speed ratio (ratio between the angular speed of turbine blades (wm) and wind speed), the 

blade radius, and the air density, respectively. The value of the tip speed 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 (2.4). Constant C1 to C6 are reported in Appendix B, Table B.0.1. 

‗
 Ὑ

ὺ
 (2.2) 
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ὅ ‗ȟ ὅ
ὅ

‗
ὅ ὅ Ὡ Ⱦ ὅ‗ (2.3) 

ρ

‗

ρ

‗ πȢπψ

πȢπσυ

 ρ
 (2.4) 

Figure 2.1 shows the complete system configuration of the SCIG wind turbine system. 

Figure 2.2 discusses the relationship between turbine output power and turbine speed 

(with respect to nominal SCIG speed) at different values of wind speeds. For example, at 

the base wind speed is 9 m/s and the turbine speed at nominal generator speed is 1.1 pu. 

The turbine is operating at zero pitch angle to produce maximum allowable electrical 

power. The detailed parameters of SCIG and mechanical turbine characteristics are listed 

in Appendix B, Table B.0.2. 

Capacitor Bank

Soft-starter

GridSCIGGear

 

Figure 2.1 Schematic diagram of the SCIG wind turbine system. 

 

Figure 2.2 Turbine power characteristics at different wind speeds. 
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2.2.2 Electrical System 

SCIG is typically demonstrated as a traditional PQ model, with the active power 

generated and reactive power demand specified. However, the reactive power demand 

can be stated as a function of the bus voltage as in (2.5), if the SCIG is modeled as an 

improved PQ bus by using the demonstration introduced in [99] and later used in [100], 

the complete equivalent circuit of SCIG is shown in Figure 2.3. 

ὗ ὠ
ὢ ὢ

ὢ ὢ

ὢ

ὠ
ὖ (2.5) 

where QG is the excitation reactive power of the generator, PG is the active power 

generation, Xc is the compensation capacitive reactance which unitized to improve the 

power factor, X is the summation of rotor Xr and stator Xs reactances, Rs is the stator 

resistance, Rr is the rotor resistance, and Xm is the magnetizing reactance as shown in 

Figure 2.3. The rotor voltage of the SCIG based wind turbine is equal to zero, therefore, 

the voltage equations of the machine can be in per unit equations in the d-q reference 

frame expressed as follows [101]: 

ὺ ὙὭ  ὒ ὒ Ὥ ὒὭ  

ὺ ὙὭ  ὒ ὒ Ὥ ὒὭ  

π ὙὭ ί ὒ ὒ Ὥ ὒὭ  

π ὙὭ ί ὒ ὒ Ὥ ὒὭ  

(2.6) 

where Lsů, Lrů, ids, iqs, idr, iqr, vds, vqs are the stator leakage inductance, rotor leakage 

inductance, stator direct, quadrature current, rotor direct, quadrature current, stator direct, 

and quadrature voltage, respectively. The active power of SCIG (P) and the compensation 

reactive power (Q), are discussed in (2.7) and (2.8) [101]: 

ὖ ὺ Ὥ ὺ Ὥ  (2.7) 

ὗ ὺὭ ὺ Ὥ  (2.8) 

 
Figure 2.3 Equivalent circuit of SCIG. 

 
 



Chapter 2: Modeling of RESs and Energy Storage System 
̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮  

18 
 

2.2.3 Mechanical System 

Different mechanical effects take place in a wind turbine that may induce dynamics in 

the electrical part, such as tower vibration effect and soft shaft drive train dynamics. The 

first effect is caused by a non-homogenous wind speed across the turbine rotor plane and 

the presence of a tower (tower shadow). For power system stability, tower vibration is of 

secondary importance because the oscillation magnitude generated by these dynamics is 

negligible. Hence, only dynamics on the drive train are considered [102]. The mechanical 

part is represented by a second-order system [103]. The complete model equations are as 

follows: 

( )
1

2

r
m r e

d
T F T

dt H

w
w= - -  (2.7) 

r
r

d

dt

q
w=  (2.8) 

where ɤr, Tm, Te, H, qr, F are rotor angular velocity, shaft mechanical torque, 

electromagnetic torque, combined rotor and load inertia constant, rotor angular position, 

and viscous friction coefficient, respectively.   

2.3 Solar Power Generation System 

The modeling of the photovoltaic (PV) system is usually 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 and parallel modules in the PV 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 composed of multiple series and parallel PV cells. 

2.3.1 Configuration of PV Array   

The complete PV generation system consists of three parts. The first part is an array 

which forms with connected in series and parallel modules of Sun-power SPR-305-WHT-

U (305W) panel to determine the appropriate output DC voltage and current [104]. In this 

work, the PV system comprises of 5 series modules and 330 parallel to generate 500 kW 

DC power at the selected values of irradiance and temperature are 1 kW/m2 and 25 ƺC. In 

the second stage, the DC-boost converter is utilized to get a higher DC voltage, which 

also takes 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 with the utility power grid. Also, it keeps the DC voltage across the 

linked capacitor at a constant setpoint voltage. 

The PV cell represents the basic component of the PV module system, which is 

composed of multiple series and parallel PV cells. Figure 2.4 shows the equivalent circuit 

model of the 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 2.5 (a) and 2.5 (b), respectively. The dependence of the output current and output 

power of the PV cell (Pcell) on the PV model parameters are described using (2.9) and 

(2.10) as follows: 

Ὅ Ὅ Ὅ Ὡὼὴ
ὠ Ὑ Ὅ

ὯὝȾήὥ
ρ

ὠ Ὑ Ὅ

Ὑ
 (2.9) 

ὖ ὠ Ὅ Ὅ Ὡὼὴ
ὠ Ὑ Ὅ

ὯὝ
ή ὥ

ρ
ὠ Ὑ Ὅ

Ὑ
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Figure 2.4 PV cell complete equivalent circuit. 

  
(a) At different irradiance values (b) At different temperature values 

Figure 2.5 Power-voltage and current-voltage characteristics of PV system.  






















































































































































































































