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Abstract  

This thesis focuses on the development of an efficient and robust controlled 

superconducting magnetic energy storage (SMES) in different applications to improve the 

performance of the utility grid. The SMES is proposed with power levelling strategy 

application in the presence of wind turbine during a wind gust. The proposed method 

alleviates power, frequency and voltage fluctuations of an IEEE 33-bus system connected 

with diesel synchronous generators (DSGs) and high wind power penetration during wind 

gusts by controlling both real and reactive power transfer to/from the microgrid through 

controlling the SMES active and reactive powers. 

Moreover, SMES is proposed to improve the microgrid stability during various events 

in the presence of wind power based on squirrel cage induction generator (SCIG), doubly 

fed induction generator (DFIG), or permanent magnetic synchronous generator (PMSG). 

The proposed method helps to preserve the stability of the power system through damping 

the frequency and voltage fluctuations during various events as load insertion and rejection, 

variation of the wind speed and pulse loads. 

Furthermore, an adaptive coordination control method is proposed between SMES and 

electric vehicles (EVs) to optimize the characteristics of EV charging/discharging and to 

enhance the charge and discharge processes of EVs during off-peak and peak loading 

periods. In addition, the SMES is used with energy management application in the presence 

of EVs and renewable energy sources (RESs). The proposed study considers the targeted 

renewable energy powered utility grids with installed energy storage system (ESS). A 

system relying on PV and wind turbine is presented as a case study for the RES inclusion, 

considering the stochastic characteristics of the system and the continuous fluctuations of 

irradiance and wind speed. The various aspects of point of common coupling (PCC) voltage 

fluctuations, reactive power support, levelling active power of the peak period, and power 

losses are considered in the proposed study. Moreover, FLC systems have been proposed 

for controlling EVs and the SMES device. The energy management between the installed 

EVs, SMES, wind turbine, PV, and utility grid side is achieved through the coordination of 

the FLC systems. So, a comprehensive analysis of different integration approaches of EVs 

into the power system in the presence of a PV system or wind turbine and a SMES unit 

with coordinated control via the FLC technique is presented and discussed. 

Finally, the SMES is used in a virtual synchronous generator (VSG) compensation 

application in a modern power system. Recently, with the increasing utilization of RESs in 
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modern power systems using converters, the inertia response will be decreased, and the 

system stability will be prone to collapse. So, it is urgent to provide a source for VSG to 

compensate for the reduction in conventional sources and maintain frequency and voltage 

stability. Therefore, VSG should be accompanied by a SMES unit. The proposed method 

feeds the modern power system with inertia during unpredictable events and improves the 

frequency and voltage response. 
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Chapter 1: Introduction  

1.1 Background 

It is common knowledge that traditional energy sources such as gasoline, coal, and gas 

have been widely used in the past, and they are still utilized today in electricity production 

and transportation in addition to other uses. The widespread application of these energy 

resources, especially in meeting the world’s population’s demand for electric power, has 

had negative environmental consequences, such as air pollution and greenhouse gas 

emissions (GHG) which cause the climate changes such as carbon dioxide (CO2), methane 

(CH4), nitrous oxide (N2O), and fluorinated gases [1]. Most is carbon dioxide from burning 

fossil fuels: coal, oil, and natural gas, which leads to global warming and causes various 

public health issues. carbon dioxide is also responsible for acid rain, which can cause skin 

cancer, destroy living beings, and reduce the lifetime of buildings. Nitrous oxide is released 

from industrial and agricultural process, land use, burning of fossil fuels and solid waste, 

and treatment of wastewater. Perfluorocarbons, hydrofluorocarbons, nitrogen trifluoride, 

and sulfur hexafluoride are synthetic, powerful greenhouse gases that are released from 

industrial processes which are called fluorinated gases [1]. Furthermore, energy 

consumption is rising continuously due to the rapid industrial and technological growth, 

especially in developing countries. Since vast volumes of energy are needed to sustain 

industrial system activities, industrial growth has a direct impact on energy demand. As a 

result, renewable energy sources (RESs) and electric vehicles (EVs) must be investigated 

in order to mitigate the negative impacts of traditional energy sources and to provide 

opportunities to supplement scarce energy supplies. 

Solar power, wind, biomass, and tides are examples of non-conventional or so-called 

RESs, which replenish themselves constantly and abundantly in nature. RESs such as wind 

turbine and photovoltaic (PV) power generation is significantly affected by weather 

changes that may cause fluctuations in the frequency and voltages of power systems. The 

primary problem of RESs is the unpredictable environmental conditions. The actual 

weather data may be vacillating near or far from predicted data. The severe changes in 

weather lead to severe change in RESs power generation [2].  

This intermittent nature of the RES power generation could cause severe fluctuations 

of both voltage and frequency [3]. Frequency stability is one of the major issues of power 

networks, so it is important to know the value of frequency deviation for measuring the 
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stability degree of the system. For frequency stability in the power system, it is required to 

satisfy a balance between power generation and demand [4]. The response of voltages at 

the receiving end (customers service) are regulated by utilities and are usually set within a 

prescribed limit in order to ensure sufficient utilization voltages of customer devices and 

instruments. While the reactive power supplied to the electric power systems is necessary 

for reliable operation, the lack of reactive power could result in voltage collapse or 

inadequate voltage utilization. In recent years, the issue of voltage instability has caused 

limitations of power transfers, and concerns of power systems reliability have been raised 

[5]. 

The impacts of electric vehicles on the electrical power network in the presence of 

renewable energy sources is a field to be studied in depth. Especially because in recent 

years the number of electric vehicles has increased considerably in order to reduce the 

emission of CO2 and fossil fuel consumption to reach environmental cleanliness. The EVs 

have different integration approaches which lead to various effects on utility grid. So, it is 

urgent to analyze and explain the issues of power loss, voltage fluctuation, load levelling 

and reactive power support in the different approaches. 

Most of the generators in power systems are driven by turbines. The turbines deliver 

mechanical power to the generators that transform it into electrical power supplied to the 

loads through the electrical network. The well-known swing equation for synchronous 

generator (i) is given by Equation (1.1). 

𝑀𝑖
𝑑𝜔𝑖

𝑑𝑡
= 𝑃𝑚𝑖 − 𝑃𝑒𝑖 − 𝑃𝑑𝑖                                                                                               (1.1) 

 Where, 𝜔𝑖 is the speed deviation from synchronous speed, 𝑀𝑖 is the inertia 

coefficient, 𝑃𝑚𝑖, 𝑃𝑒𝑖 and 𝑃𝑑𝑖 are the mechanical power, electrical power and damping 

power, respectively. The term on the right-hand side in the Equation (1.1) is the accelerating 

power 𝑃𝑎𝑖 . When there is a balance between production and consumption, the system is at 

a steady state, and the accelerating power is zero. When an imbalance occurs, the 

accelerating power becomes nonzero, and the speeds of the synchronously connected 

generators deviate from synchronous speed. Since the speeds of all synchronous generators 

are tightly coupled together and to the system frequency, they will experience almost the 

same speed variations. This will result in a change in system frequency. The growing 

integration of RESs into the utility grid led to the reduction of the inertia response. 

Consequently, a solution is called for.   



Chapter 1: Introduction 
ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــ  

3 
 

To solve all the above issues, a control method depending on controlling the energy 

storage of an energy storage system (ESS) has been recently adopted. Fortunately, recent 

developments in ESSs will serve as a backup mechanism for traditional power plants. As a 

result, RESs and EVs will be much easier to incorporate into the network, particularly when 

combined with the right ESS. ESSs such as batteries [6], flywheels [7], superconducting 

magnetic energy storage (SMES) [8], etc. offer an important substitute solution to 

overcome the above issues. Choosing the best type of energy storage system depends on 

the target application. In order to achieve the best solution, efficiency, life span and 

response time must be considered. The SMES based on the appropriate control method is 

favorable compared to other energy storage systems; see section 1.3.4 for details about the 

SMES system.  

Researchers have contributed to the development and industrialization of ESSs over the 

past decade. Figure 1.1 is a bar graph representing the number of research articles published 

on the topic (given as heading) in the previous 10 years (until June 2021) according to the 

Scopus database, meanwhile the same data according to the web of science (WoS) database 

is presented in Figure 1.2. 

1.2 Thesis Outline 

This thesis is divided into eight chapters as follows: 

Chapter 1: This chapter describes the background, motivations, contributions, significance 

and the outline of the research. 

Chapter 2: This chapter presents the detailed modeling of SCIG, DFIG, PMSG based wind 

turbine, PV generation system model, EVs model, SMES model and configuration, and the 

FLC technique. 

Chapter 3: This chapter introduces a proposed FLC-SMES technique to achieve power-

leveling strategy; alleviate frequency and voltage fluctuations of a balanced/unbalanced 

IEEE 33 bus distribution system resulting from the intermittent generations of wind turbine. 

Chapter 4: This chapter describes a proposed FLC-SMES technique to enhance microgrid 

performance in a grid-connected mode during various events such as load transition, wind 

power variations, and PPL. Multiple types of wind generators are utilized in this study like 

SCIG, DFIG, and PMSG. 

Chapter 5: This chapter offers a coordination control strategy between SMES and EVs in 

charging/discharging process including the charging price of EVs and SoC to achieve a 

better performance of EV charging/discharging. Moreover, the cooperative operation with 
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Figure 1.1. Recent trends in electrical energy storage research according to Scopus database. 
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Figure 1.2. Recent trends in electrical energy storage research according to WoS database. 
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SMES and the reliability improvement of the utility power are preserved using the proposed 

coordination strategy. 

Chapter 6: This chapter proposes the energy management between the installed EVs, 

SMES, wind, PV, and utility grid side, based on the coordination of the FLC systems, which 

achieve the advantages of EVs that can be fueled through the RESs such as PV and wind 

systems to reduce fuel costs and pollution. 

Chapter 7: This chapter proposes a new application of SMES with VSG to compensate for 

frequency and voltage fluctuations in the power system. 

Chapter 8: This chapter provides a summary of each chapter followed by the final list of 

contributions for the thesis. Future research directions are addressed for possible 

improvement and further SMES system applications. 

In order to present the overall picture and help to understand the contents and the 

distribution of contributions between the different chapters, Figure 1.3 presents the overall 

workflow in the dissertation, which has three parts, namely, Part I, Part II, and Part III. 

Part I. Problem Statement

Ch. 1. Introduction

• Background

• Recent trends in EESs research 

• Integration and Impacts of 

RESs 

• Integration and Impacts of EVs

• Virtual Synchronous Generator

• State of the art of the research

• SMES and its applications

• Contribution and Significance 

of Research

Ch. 2. Modeling of RESs, EV, 

SMES and Control System

• Modeling of RESs

• Modeling of EV 

• Modeling of SMES 

• Proposed control method

Part II. SMES Applications

Ch. 3. In Power Levelling 

Strategy of Wind Gust

• Proposed FLC-SMES method

• Power leveling, voltage, 

frequency control 

• 33-bus system connected with 

DSG   

• 33-bus system connected with 

grid 

Ch. 4. In Microgrid-Grid-

Connected Mode during Various 

Events

• Impact of load insertion/

rejection with SCIG, and DFIG

•  Impact of load insertion/

rejection with SCIG, and 

PMSG

• Impact of PPL 

Ch. 5. In Adaptive Coordination 

Control with EVs

• Adaptive Coordination Control 

between SMES and EVs to 

provide the sustainability of 

EVs operation

Ch. 6. In Energy Management 

with EVs and RESs

• Proposed FLC-SMES with EVs 

and PV

• Proposed FLC-SMES with EVs 

and wind

Ch. 7. In VSG

• Using SMES system in VSG 

compensation 

Part III. Summary

Ch. 8. Conclusion and Future 

Works

• Present a Conclusion of the 

theses

• Possibilities for future works

 

Figure 1.3. Dissertation research directions. 
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1.3 Literature Survey  

The literature and state-of-the-art review for relevant system components and the relevant works are 

presented and discussed in the following subsections. 

1.3.1 Integration and Impacts of RESs and Variable Load on Utility Grid  

Nowadays, RESs have been or are being implemented in many countries. Renewable 

energy had another record-breaking year in 2019, as installed power capacity grew by more 

than 200 GW – its largest increase ever. Capacity installations and investment continued to 

spread to all corners of the world, and distributed RESs provided additional households in 

developing and emerging countries with access to electricity and clean cooking services 

[9]. The total installed RESs capacity including hydropower increased from 2387 GW in 

2018 to 2588 GW in 2019. Renewable power capacity (not including hydropower) 

increased from 1252 GW in 2018 to 1437 GW at 2019. Among RESs, wind power and PV 

system are the most cost-effective RESs and their different technologies have been widely 

commercialized in many countries. Due to the enrollment of the private sector, the 

penetration of wind energy (WE) and PV systems is quickly increasing in many areas. The 

wind energy capacity around the world increased to 651 GW in 2019 compared to 591 GW 

in 2018, meanwhile the capacity of PV systems around the world increased to 627 GW in 

2019 compared to 512 GW in 2018 [9]. 

PV systems and WE have many advantages, such as the reduction of energy costs; the 

support of energy independence, investment and economic improvement, environmental  

conservation; and they contribute to sustainability. Nevertheless, wind power depends on 

wind speed and the PV systems rely on sunshine, so the power generated by wind turbines 

and PV panels are intermittent and unpredictable. This leads to the fluctuation of voltage 

and frequency of the connected power system. 

In the literature, several methods have been used to alleviate the voltage and frequency 

fluctuation caused by intermitted power generation. The reactive power support and on-

load tap changing (OLTC) transformers have been applied to achieve this goal [10]. 

Capacitor banks are traditionally used to regulate voltages; however, they are voltage 

dependent and do not provide the continuous real-time supply of reactive power. The 

OLTC transformers and volt-ampere reactive (VAR) devices are not adequate for voltage 

regulation in the case of rapid variation of wind power generation, which can happen on a 

timescale much smaller than the current apparatus can deal with [11]. Several solutions 

have been proposed voltage and frequency issues, such as the application of flexible AC 
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transmission system (FACTS) devices [12]–[15]. Moreover, an adaptive coordinated 

voltage and frequency control scheme [16], an electronic load controller [17] or intentional 

controlled islanding (ICI) might also be applied [18]. Furthermore, a smart inverter that 

improves the voltage unbalance index and detects an unbalanced state of voltage magnitude 

and phase [19] can also solve these problems, and energy storage systems (ESSs) are also 

widely used [20], [21], [22].  

In [23], the authors utilized a controller built upon the ideas of the well-known direct 

power control for permanent magnet synchronous generator (PMSG). The wind turbine 

power curve is considered to be one of the important characteristics of the turbine, because 

it helps in warranty formulations, performance monitoring of the turbines, and energy 

assessment [24]. The authors in [25] proposed a model based on data partitioning and data 

mining to model power curves of wind turbines to overcome the failure of the turbine with 

a deteriorating performance. The reference [26] explained the impact of doubly-fed 

induction generator (DFIG) and squirrel cage induction generator (SCIG) wind turbine 

models on small signal stability of the IEEE 14 bus system as a case study. The authors in 

[27] have utilized the fuzzy logic control (FLC) technique for pitch angle controller of 

SCIG based WE to maintain the aerodynamic power at its rated value. The theory of the 

blade element momentum is used with tip loss and high thrust corrections to design, 

optimize and 3D simulation of a small horizontal axis wind turbine rotor [28]. Static 

synchronous compensator (STATCOM) is used with SCIG to compensate for the reactive 

power demand for SCIG. The controlled STATCOM with instantaneous reactive power 

theory control algorithm is applied for the reactive power management [29]. The study of 

mutual influence among the SCIG based WE and the power system is discussed in [30], 

where the reactive power has been identified as the more effective option in system design, 

so the reactive power should be controlled in order to improve voltage stability. In [31], the 

authors have discussed the enhancement of wind generator rotor speed stability and the 

avoidance of the off-line mode from the grid during the abnormal events and compensating 

for the reactive power by using distribution STATCOM (DSTATCOM) and dynamic 

voltage restorer (DVR). 

The pulse power load (PPL) has a different impact on the grid compared to the 

traditional disturbance load, as it needs high power in a short period. This, in turn, leads to 

a strong challenge in the power system regarding the stability and power quality issues [32]. 

The PPL can cause a voltage sag and frequency fluctuation in the connected power system, 

interruption of other devices, and loss the control of the overall system. Moreover, it causes 
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many issues such as dynamic overvoltage, the cut-off between the generation and load, and 

high reactive power flow [33]. Up to date, only a few methods have been suggested as a 

solution to mitigate the impact of PPL on the power system, such as the limit-based control  

[34], load coordination [35], a trapezoidal-based control [36], and generalized profile-based 

control [37]. 

1.3.2 Integration and Impacts of EVs on Utility Grid 

In the 21st century, owing to traffic queries, extreme stress on fossil resources, 

environmental problems and technological developments, there is a noticeable spread of 

EVs in several countries, especially where the government promotes their purchase. EVs 

have spread in many countries owing to their advantages: eliminating or reducing the 

owner’s fuel costs, being environment-friendly due to reduction of carbon emission and 

pollution, and decreasing the usage of fossil resources by using electricity from RESs. The 

EVs market has expanded enormously; the stock extended to 10 million in 2020, a 43% 

increase over 2019 [38]. The enormous amount of EV sales is witnessed in China, then 

Europe, followed by the United States. On the report of the Scenario of New Policies in 

2030, the overall sales of EVs would touch 23 million per year, and the stock is to go 

beyond 130 million EVs. Another scenario (EV30@30) expected that in 2030 EV sales 

would reach 43 million, and the store is to go beyond 250 million [39]. Due to their 

advantages in high-efficiency energy conversion and the reduced or even zero-emission 

[40], EVs offer additional benefits such as reducing the CO2 emissions and pollution, 

reducing the number of traditional vehicles, reducing fossil fuel consumption, and saving 

money for the owners. 

Day by day, the demand for electricity is growing, which leads to loading, the risk of 

congestion, and the power losses. So, using electricity for transportation and heating lead 

to preserve the traditional consumption pattern. EVs offer a solution for electrical 

transportation instead of vehicles using fossil fuel, which results in a lessening of fuel 

consumption and pollution. Because of the high penetration level of EVs, it is becoming 

necessary to develop control methods to overcome their negative impacts on electric 

networks, such as saturation of lines and transformers, voltage deviations, increasing 

electrical losses, etc. There are different methods for plugging EVs into the electrical 

network like the uncontrolled charging scheme, the controlled charging method, and the 

controlled charging/discharging method. 
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Several researchers discussed the different approaches of EV integration into the 

distribution network. Also, several studies found that the uncontrolled charging method 

leads to a limitation of the acceptable penetration level with the distribution network [41]. 

In [42], EV charging is expressed as a receding horizon optimization query that takes into 

consideration the existent and anticipated constraints of the distribution system over a finite 

charging horizon. The researchers in [43] discussed the coordination of the worthy services 

and operational restrictions of three partners: the Fleet operator, the EV owner, and the 

distribution system operator (DSO) by two control techniques which are inserted into a 

distribution system at low voltage case. The first is the optimal charging of EVs and the 

second is the congestion management at the distribution system level. 

Chen Jiang et al. [44] proposed a simulation for a probabilistic harmonic technique to 

analyze the power-quality influence of EVs. The presented technique needs the 

consideration of EV characteristics operation, like locations, random charging time and 

charging duration. A stochastic modeling and simulation method for examining influences 

of EV charging requirements on the distribution system is presented in [45]. In [46], three 

different control algorithms are offered which regulate the charging form of various EVs 

either the linear optimization or in real-time using with forecasts for PV power and power 

demand. The authors in [47] use the fuzzy inference system (FIS) to evaluate the 

charging/discharging quantity of each EV taking into consideration the electricity tariff, 

state of charge (SoC), and remaining the time of charge. In [48], the charging/discharging 

process depends on the voltage value. When the voltage is within the allowable limits (Vmin 

≥ 0.90 pu), the EVs will charge energy; otherwise, the EV will discharge energy. 

The authors in [49] proposed a cooperative approach among the partners of PV and 

owners of EV. For the optimal management of vehicle-to-grid (V2G) capabilities of EVs 

and the reduction of the mismatch between predicted PV power and actual PV power, a 

particle swarm optimization (PSO) algorithm is applied. Moreover, they suggest a 

coordinated discharging/charging plan to obtain the total potential of V2G facilities and 

raise the income and rewards for PV manufacturers and EV owners. A real-time method 

for controlling the dynamics related to coordinated discharging/charging resolution for 

plug-in electric vehicles (PEVs) in a smart grid is presented in [50]. The authors in [51] 

proposed a multi-objective operational scheduling technique for discharging/charging EVs 

in a smart distribution network, which aims at reducing total operating costs and emissions. 

The researchers in [52], [53], and [54] used a FLC, mixed-integer programming, and 

queuing theory to control the charging/discharging process of EVs in the absence of ESSs, 
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respectively. Meanwhile, the hierarchical game approach is used in [55] to control the 

charging process of EVs in the absence of ESSs.  

1.3.3 Virtual Synchronous Generator (VSG)  

Recently, there is tremendous growth in the incorporation of RESs into power systems 

as a viable alternative to conventional fossil fuel-based power plants aiming to reduce 

carbon footprint as well as to meet the ever-increasing demand for energy. Therefore, 

power electronics-based RESs are replacing synchronous generators, which are the key 

source of dynamic characteristics in conventional power systems [56]. Synchronous 

generators act as a source of inertia that is innately freed from the kinetic energy stored in 

their rotors, which is necessary for frequency regulation by decelerating frequency 

perturbations during unforeseen events [56]. While power electronics-based RESs lack 

inertia due to the absence of a rotating mass for most forms of RESs, which is a major 

source of inertia [57]. Moreover, due to the significant decrease in the inertia of modern 

power systems, the rate of change of frequency would be high enough to activate the load-

shedding protection relays. Under this trend, the shortage of inertia contributions from 

RESs could significantly degrade the performance of frequency regulation and even cause 

system instability. 

One of the emerging groundbreaking schemes to overcome the ever-decreasing 

problem of inertia in RESs is the virtual synchronous generator (VSG) [58], [59]. The VSG 

imitates the dynamic characteristics of synchronous generators by appropriate control of 

power converters [60]. As a result, the VSG principle can be used to keep a significant 

share of RESs in modern power systems, while preserving system reliability and resiliency 

[61]. Hence, VSGs will progressively take over inertia support responsibility in modern 

RESs, where the majority of loads and generators are linked through power electronics 

devices. A comprehensive literature survey about the modeling and design of VSG has 

been presented in [62]. Numerous studies discuss the VSG approach on the power converter 

of the distributed power system to establish active and reactive power support for 

maintaining the power system stability [63]–[65]. The VSG is controlled by a droop 

controller along with virtual inertia introduced by a first-order low-pass filter in the power 

droop [58]. Moreover, a self-adaptive control technique has been proposed for the VSG 

design to support the frequency regulation [66]. A controlled VSG-based model predictive 

control (MPC) has been proposed to improve the dynamic performance of an islanded 
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microgrid [67]. However, earlier VSG studies focused mostly on the controller architecture, 

and did not pay much attention to the ESS of the VSG.  

On the other side, researchers’ endeavors have recently exploited the stored energy in 

capacitors to emulate the system inertia for stabilization of the frequency and voltage of 

RESs [68], [69]. Furthermore, the contribution of the modular multilevel converter 

capacitors has been studied to improve the frequency stability through the support of the 

system inertia [70], [71]. However, the equivalent inertia power provided by the capacitors 

of multilevel converter capacitors is comparatively small and it cannot provide enough 

support for the low inertia power systems in preserving frequency stability [60]. Hence, 

exploiting the ESSs that have to be included in VSGs has become essential to grow system 

inertia and reduce the difficulty related to the fluctuating nature of the RESs. 

1.3.4 Superconducting magnetic energy storage (SMES)  

In recent years, utilities have recognized that ESS could be an important element of the 

future power system and have begun to install ESSs in their systems. According to the 

forecast of the International Energy Association (IEA), ESS capacity should be raised to 

266 GW by 2030 to avoid global warming [72], while Bloomberg New Energy Finance 

expects such requirements to be achieved by the global ESSs market. By 2040, the total 

capacity of ESSs will reach 942 GW, which represents around $620 billion investment in 

the next two decades [72]. ESS also used to mitigate the additional intermittency and fast 

ramps at higher penetration of intermittent RESs. A widely used approach for classifying 

ESSs is the determination according to the form of energy used. ESSs are classified into 

mechanical, electrochemical, chemical, electrical, and thermal types, as shown in Figure 

1.4. For mechanical and electrochemical types, such as flywheel and battery system, the 

response is slow to compensate for power fluctuations. Furthermore, the battery system and 

a flywheel have low efficiency and short lifetime. The comparison of various costs of 

different ESSs is listed in Table 1.1 based on sources [73], [74]. Table 1.2 presents 

parameter ranges of power and energy for ESSs types, meanwhile, Table 1.3 listed 

parameter ranges of the time factor and the efficiency of different ESSs [73], [74].  
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Figure 1.4. The different types of ESSs [72]. 

Table 1.1. Comparison of various costs of different ESSs [73], [74]. 

ESSs Power 

capacity 

(MW) 

Cost of power 

capital ($/kW) 

Energy 

capacity 

(MWh) 

Cost of energy 

capital 

($/kWh) 

Cost of operation 

and maintenance 

($) 

SMES  1–10 200–489  0.0008 1000–72000  0.001–18.5  

FES  0.1–20 250–350  up to 5 1000–14000  0.004–20  

PHS  <4000 2500–4300  500–8000 5–100  0.004–3.0  

TES  0.1–300 200–400  - 20–60  Not available  

CAES  1000 400–1000  2860 2–120  0.003–25  

Capacitors  0–0.05 200–400  - 500–1000  0.005–13.0  

Supercapacitors  0.001–0.1 100–450  0.0005 300–2000  0.005–6.0  

Solar fuel 0–10 - - - - 

Hydrogen fuel cell 58.8 - 0.312 - - 

Liquid air storage 10–200 - 2.5 - - 

Lead acid 0.05–10 300–600 0.001–40 200–400 50 

Li-ion 1–100 1200–4000 0.004–10 600–3800 - 

NaS <34 350–3000 0.4–244.8 300–500 80 

NiCd 0–40 500–1500 6.75 800–2400 20 

VRB 2.0 600–1500 <60 150–1000 70 

ZnBr 0.05–10 400–2500 0.005–3 150–1000 - 

PSB 1–15 700–2500 up to 120 150–1000 - 

Table 1.2. Parameter ranges of power and energy of different ESSs [73], [74]. 

ESSs Power density 

(kW/L) 

Specific power 

(kW/kg) 

Energy density 

(kWh/L) 

Specific energy 

(Wh/kg) 

SMES  1–4 0.5–2 ~ 6 ×10−3 10–75 

FES  ~ 5 0.4–1.5 0.02–0.08 5–100 

PHS  ~ 1 × 10−3 - 1 × 10−3 to 2 × 10−3 0.5–1.5 

TES  - 0.01–0.03 0.20–0.50 80–200 

CAES  ~ 1 × 10−3 - 1 × 10−3 to 6 × 10−3 30–60 

Capacitors  >100 ~ 100 2 × 10−3 to 0.01 ~ <0.05 

Supercapacitors  >100 0.50–10 0.01–0.03 2.5–15 
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ESSs Power density 

(kW/L) 

Specific power 

(kW/kg) 

Energy density 

(kWh/L) 

Specific energy 

(Wh/kg) 

Solar fuel - - 0.50–10 0.8 × 103 to 105 

Hydrogen fuel cell >0.5 >0.5 0.50–3 0.8–104 to 105 

Liquid air storage - - 0.012–0.024 214 

Lead acid 0.01–0.40 180 0.05–0.09 30–50 

Li-ion 1.5–10 0.5–2 0.20–0.50 75–200 

NaS ~ 0.14–0.18 0.15–0.23 0.15–0.30 100–240 

NiCd 0.08–0.60 0.15–0.30 0.06–0.15 50–75 

VRB ~<2 × 10−3 0.166 0.025–0.035 10–30 

ZnBr ~<25 × 10−3 0.1 ~ 0.055–0.065 30–75 

PSB ~<2 × 10−3 - ~ 0.02–0.03 ~ 15–30 

Table 1.3. Parameter ranges of the time factor and efficiency of different ESSs [73], [74]. 

ESSs Lifetime 

(years) 

Cycle lifetime 

(cycles) 

Discharge time Response time Efficiency 

% 

SMES  30 +100,000  Milliseconds to 

seconds 

Milliseconds, 

<1/4 cycle 

95–98 

FES  20 20,000–100,000 0–0.25 hour  Seconds ~ 90–95 

PHS  +40 10,000–30,000 6–10 hours  Minutes 87 

TES  30    ~ 30–60 

CAES  20–40 8,000–12,000 8–20 hours  

 

Seconds to 

minutes 

54 

Capacitors  ~ 1–10 - - - >70 

Supercapacitors  10–30 +100,000 Milliseconds to 1 

hour 

Milliseconds, 

<1/4 cycle 

84–95 

Solar fuel - - - - ~ 20–30 

Hydrogen fuel 

cell 

+20 - - - 45–66 

Liquid air 

storage 

>25 - - - + 55–80  

Lead acid 13 500–1000 Seconds to hours Milliseconds, 

<1/4 cycle 

75–80 

Li-ion 14–16 ~3000 at 80% 

Depth of discharge 

Minutes to hours  Milliseconds, 

<1/4 cycle 

~ 90–97 

NaS 12–20 2400–4500 Seconds to hours Milliseconds, 

<1/4 cycle 

75–85 

NiCd 15–20 200–2500 Seconds to hours Milliseconds, 

<1/4 cycle 

60–83 

VRB 20 10,000 at 80% 

Depth of discharge 

- Seconds 65–75 

ZnBr 5–10 3500 at 80% Depth 

of discharge 

- Seconds 66–80 

PSB 10–15 - - - 60–75 

SMES is a large superconducting coil capable of storing electrical energy in the 

magnetic field generated by DC current flowing through it. The direct storage of electrical 

energy in the field of a superconducting coil allows access time in the range of milliseconds, 

while the duration and the number of charge/discharge cycles have no influence on the life 

time of SMES. Moreover, the charge/discharge efficiency is very high [75].  

Due to its rapid discharge capabilities, the technology has been implemented on electric 

power systems for pulsed power and system stability applications [75]. SMES has several 

benefits such as [73]: 
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1. It improves power quality for critical loads and provides carryover energy during 

momentary voltage sags and power outages, 

2. It improves load leveling between RESs (e.g., wind and solar) and the transmission 

and distribution networks, 

3. It is environmentally beneficial as compared to batteries; as superconductivity does 

not rely on a chemical reaction and no toxins are produced in the process, 

4. It enhances transmission line capacity and performance – SMES features a high 

dynamic range, an almost infinite cycling capability, and an energy recovery rate 

close to 100%, 

5. Ultra-high field operation enables the long-term storage system in a compact device 

with cost advantages in material and system costs, 

6. It provides frequency support (spinning reserve) during loss of generation,  

7. It enhances transient and dynamic stability, and 

8. VAR compensation. 

The advantages of SMES over other ESSs are [73]: 

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

access times in the range of milliseconds,  

2. The duration and number of charge/discharge cycles has no influence on the 

lifetime of SMES, 

3. A charge/discharge efficiency of up to 95% can be obtained, 

4. The SMES unit is highly efficient due to its low power loss, and 

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

moving parts.  

The major drawback of SMES is the high cost of implementation and the environmental 

issues associated with strong magnetic fields. However, with the use of appropriate high-

temperature superconductor (HTS) materials, designers may overcome these drawbacks, 

and thus encourage a market niche for SMES in the near future. Researchers are trying to 

reduce the capital cost as much as possible [76]. Other disadvantage of SMES is the 

sensitivity of the coil 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. In addition, refrigeration can cause parasitic losses within 

the system. The authors in reference [77] presented a solution for the frequent changes in 

the operating current, transient thermal characteristics, and power exchange characteristics 



Chapter 1: Introduction 
ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــ  

16 
 

of SMES. All the disadvantages mentioned above mostly pertain to possible technical 

problems, so designers should be able to mitigate them with accurate designs. 

In addition to technical considerations, the economics of ESSs are also essential to 

consider. The overall benefits of the system must be calculated accurately, if the authorities 

are to know whether installing and running the system is feasible. Therefore, the selection 

of ESSs should be cost effective. According to [78], the estimated cost in US$ per kW for 

each ESS: flywheel ESS has the highest cost, ranging from $500 to $6,000/kW, which is 

followed by pumped hydro system at a maximum cost of $1,600/kW. SMES has a medium 

cost of $1,000/kW. The ultra-capacitor’s (UC) cost per kW is relatively cheap, which may 

make UC a suitable device for small-to-medium scale kW systems. Battery ESS also has 

competitive cost per kW, as it is in the range of $350 to $1,000/kW. In fact, it is already 

used widely in the uninterruptable power supply (UPS) system. The economic 

consideration of connecting ESSs to the power system must include close estimates of all 

economic aspects in order to achieve the most cost-effective combinations. For example, 

developers may discover that using a hybrid of two or more ESSs might be better for a 

certain power system after they conduct all calculations for the related generating and load 

systems. The author of [79] presents a summary of SMES projects, and the progress of 

superconducting coils is discussed in [80]. 

The SMES system is one of the preferred options in power system applications [81].In 

this thesis, the behavior of controlled-SMES applications in power leveling strategy in 

distribution systems, and in a microgrid in grid-connected mode during various events are 

studied. Moreover, the application of SMES in adaptive control method with EVs, and in 

energy management with RESs and EVs are tested. Besides, this study proposes an 

application of SMES in VSG. 

1.3.4.1 SMES Integration with RESs and Load changes  

Several applications of SMES in power systems have been studied in the literature. 

SMES was applied to mitigate the voltage sag/swell events of an electrical distribution 

network connected to SCIGs in [82], and DFIG in [83]. In [84], SMES has been exploited 

to regulate the frequency oscillation of a small-scale isolated power network connected to 

a wind farm during small-scale of wind speed variations. SMES has been used to control 

the output wind power at normal wind speed in [85], and at small and slow power 

oscillations in [86]. Reference [87] discussed the reduction of power fluctuations on a grid 

connected to a DFIG-type wind farm during wind speed gusts. The control technique is 
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mainly performed by controlling the grid side and rotor side converters located in the rotor 

circuit in a very short time (100 ms) at small wind speed variations, if a battery was 

connected to the DC link to assist grid power leveling. Finally, the authors in [88] presented 

a proportional–integral (PI) controlled SMES system to alleviate the frequency fluctuation 

of a grid-connected to a wind farm of SCIG type due to slow scale fluctuations of the wind 

speed. 

A hybrid SMES and PV power system is introduced in [89], using a current source 

inverter. In this reference, the battery is inserted at the DC bus to improve the performance 

under grid fault conditions. The authors in [90] apply MPC to regulate the DC voltage of 

the SMES without considering the intermittency of any RESs in the system. The results 

prove that the losses due to eddy currents can be minimized by using MPC instead of a PI 

controller. The integration of SMES and RESs based on wind power is introduced in [91], 

and the results prove the feasibility of MPC for a fast decrease of the disturbances in the 

system. An adaptive MPC is proposed in [92] to control the frequency deviation and the 

constraints of the SMES profit operation inside the optimization law, while in [93], a 

genetic algorithm is used to keep the operational constraints of the SMES within permitted 

limits. 

In [94], the author used a SMES unit based on the adaptive fractional-order sliding-

mode control approach to improve its dynamical responses against various operation 

conditions. The authors in [95] present the control of a multi-level voltage source converter 

(VSC) with SMES for effective support of active and reactive power of an electrical power 

network. In this case, the SMES unit is capable of supervising the electromechanical 

fluctuations instantly and aids in reducing the frequency deviancies under the limits. The 

adaptive model predictive control (MPC) is used with SMES to mitigate the various load 

frequency control issues in a multi-area power system [93]. The SMES unit is installed with 

wind farms at small-scale wind speed variation to alleviate the frequency fluctuations [96]. 

Meanwhile, it is used to regulate wind power at nominal wind speed in [97]. The SMES 

system is used with a wind system to stabilize the wind generator [98]. FLC-SMES is 

proposed to improve the transient stability in a multi-machine power system [99]. 

In [100], the authors used the SMES and the fault-current limiter based on optimal 

parameters tuning technique to improve fault-ride-through (FRT) performance and to 

alleviate the output power variation of DFIG connected with the grid. The traditional PI 

controller is used in controlling the SMES energy to improve the power quality of electrical 

power system equipped with DFIG and PMSG of the wind turbine [101]. In [102], the 
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SMES is combined with PMSG to improve the frequency regulation of power system. In 

[103], the energy of SMES is controlled by a proportional integral derivative (PID) 

controller to enhance the power quality of the electrical power network connected with 

PMSG and DFIG based wind turbines. The SMES is connected to the DC side of the PMSG 

to smooth the output power of PMSG and improve its stability during the faults was 

discussed in [104]. 

Several studies have been conducted on the integration of ESSs with hybrid generation 

systems (HGSs) in both grid-connected and isolated modes of operation. Authors in [105] 

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 real power system. The 

SMES impact on improving the frequency stability of hybrid wind power and diesel 

generator (DG) during the periods of wind speed variation is presented in [106]. In [107], 

the combination of BESS with hybrid PV-wind renewable system to match the changing in 

load demand during winter and summer seasons has been studied. The improvement of 

frequency stability during variable PV power and uneven load power with the application 

of SMES in hybrid PV and DG is discussed in [108]. In [109], the economic operation of 

hybrid PV/wind/battery system was achieved by applying tidal energy and minimizing the 

net system costs with the crow search algorithm technique. To achieve 100% electric 

energy through renewable sources in Awaji Island, Japan, the combination of biomass, PV, 

and wind sources is presented in [110]. Authors in [111]  have studied the application of 

lithium-ion (Li-ion) battery storage with a hybrid PV-wind system for smoothing the grid 

power due to a real profile of irradiation, wind speed, and load profile in Denmark during 

summer and winter days.  

The power fluctuation issue in a microgrid was solved using SMES, based on the 

conventional PI controller in the presence of a PV and wind systems [112]. The integration 

of the SMES system with the smart grid is discussed in [113]. The SMES system based on 

a non-linear dynamic evolution control is designed in [114] to adjust the error of three-

phase compensating current and DC-link voltage and PPL. The modified synchronous 

reference frame control method is proposed for SMES based on a shunt active power filter 

to compensate for PPL [33].  
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1.3.4.2 SMES Integration with EVs  

The increase of charging energy in the peak period through EVs leads to an increase in 

power losses, voltage reduction and load on the grid. To deal with these problems, ESSs 

such as batteries [115]–[116]–[117], flywheels [118], supercapacitors [119]–[120]–[121], 

SMES [122] were applied. SMES was applied to enhance the stability of a power 

distribution system connected with plug-in battery electric vehicles (PBEVs) and a PV 

system in [123]. A SMES/battery hybrid energy storage system (HESS) depending on 

bidirectional Z-source inverter is suggested for EVs, a power distribution control system 

relying on FLC is applied to manage the power flow of the ESSs as presented in [124]. 

SMES and battery-based FLC are applied to EVs for fast charging, energy balance, and the 

increased lifetime of BESS, which achieved the economic operation of HESS in [125]. 

SMES is utilized with a battery for an electric bus with the advantage of extending the 

battery lifetime by [126]. In [127], the authors studied the influence of a small-sized SMES 

in an EV charging station with PV generation system. A SMES unit is integrated with EVs 

based on FLC to alleviate the voltage of EV charging system, improving the charge 

efficiency and battery lifetime. Moreover, the SMES is tested to improve the transient 

stability at fault and load fluctuation events in [128]. A SMES system is applied to a 33-

bus, 4-lateral radial distribution system with coordinated control to alleviate frequency 

fluctuation during any transient event affected by wind power variation and EVs as 

mentioned in [122]. 

The SMES system is integrated with EVs in [129], where the authors have proposed a 

coordinated control technique to achieve power balance and frequency control. However, 

this control method is based on the SMES system, which is utilized to mitigate the transient 

fluctuation of wind power generation only; meanwhile, a reduction in the load changes 

during steady state is the responsibility of EVs. A current source converter (CSC) and a 

DC-DC chopper are used with the SMES to alleviate the EV charging station’s voltage to 

improve EV battery life and charge efficiency on the grid; the FLC signals are voltage and 

its deviation [130]. The SMES system is merged with the distribution system to improve 

its stability in the presence of PBEVs; the DC reference current is used to control the power 

of the SMES [131]. In [132], the authors proposed a PI with a power feed-forward control 

strategy for SMES to maintain the DC bus voltage constant; the SMES is connected to the 

DC-bus with the EV to preserve the voltage value. The power magnitude and power change 

rate of the fast-charging station can be restricted using SMES based regulation control and 

a battery system [133]. The authors in [134] proposed the wavelet packet decomposition 
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method to compute the power of wind systems, EVs, and a super-capacitor. Moreover, the 

authors in [135] have proposed an improved commercial peak-load management algorithm 

that used with a bidirectional vehicle to grid (V2G) technique to reduce the peak load and 

energy cost and improve load factor in the presence of battery and PV systems. An 

improved decision-tree-based algorithm is used in [136]. The PV system is combined with 

a battery and EVs to study the impact of the curved roof surface of vehicles on the PV 

output power [137]. The ESSs and RESs may be integrated with the different integration 

approaches of EVs to increase the reliability and sustainability of the system. Table 1.4 

presents a review of EV integration approaches. 

Table 1.4. Review of EV integration approaches. 

Reference 

The integration 

approach 
EV Battery 

Type of 

ESS 

Type of 

RES 

Control 

method 

proposed and 

model 

Main target 
UCC

IA 

CC

IA 

CC/D

IA 

[138]    
Nissan 

Leafs 
̶ ̶ 

Stochastic 

model 

Reduce 

peak 

demand 

[139]    

Mitsubishi 

i-MiEV, 

Nissan 

Leaf, 

Toyota 

Prius, and 

Chevrolet 

Volt 

̶ ̶ 

Modeling 

framework 

and algorithm 

by 

DIgSILENT 

Power 

Factory 

Reduce 

energy loss 

[140]    
Lead-acid 

battery 

parameters 

Unknown ̶ 

Voltage 

Oriented 

Control 

(VOC) based 

on dual PI 

closed-loop 

Increase 

voltage/loa

ding 

limitations 

[141]    

BMW Mini 

E, Chevy 

Volt, 

Mitsubishi 

i-MiEV, 

Nissan 

LEAF, 

Tesla 

Roadster, 

and Think 

City 

̶ ̶ Game theory 

Regulate 

PHEVs’cha

rging, and 

discharging 

activities 

based on 

microgrids’ 

day-ahead 

load curves 

[142]    Unknown ̶ PV 

A classic 

coordinated 

charging 

strategy and a 

local 

controller 

To transfer 

power from 

highly 

loaded to 

less loaded 

phases, 

without 

overloading 
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Reference 

The integration 

approach 
EV Battery 

Type of 

ESS 

Type of 

RES 

Control 

method 

proposed and 

model 

Main target 
UCC

IA 

CC

IA 

CC/D

IA 

inverter or 

charger 

[143]    Unknown Flywheel ̶ 

Objective 

function with 

a modified 

probabilistic 

PHEV 

modeling 

Improveme

nt of 

voltage 

profile and 

power 

factor 

[144]    
Nissan 

Leaf 

battery 

̶ ̶ 

Introducing 

random start 

times during 

the off-peak 

hours 

Evaluates 

the impacts 

on feeder 

demand and 

grid voltage 

instability 

[129]    Unknown SMES Wind 

Coordinated 

control to 

perform 

power 

balancing 

and 

frequency 

control 

Perform 

power 

balancing 

under both 

the 

transient 

and steady 

states 

[145]    

Li-ion 

battery 

characterist

ics and 

lithium-ion 

batteries 

̶ Wind 

Fuzzy logic-

based 

autonomous 

controller 

To avoid 

under-

voltage 

issues 

[146]    Unknown Battery 
Solar 

panels 

Optimization 

techniques 

for the rated 

power rated 

capacity and 

the charging-

discharging 

regime of the 

storage unit 

To 

minimize 

the 

investment 

cost, 

operational 

cost, peak 

load 

cutting, and 

drivers’ 

comfort at 

the same 

time 

[147]    
Li-ion 

battery 
̶ ̶ 

Proposed 

vacant 

resource 

allocation 

algorithm and 

dynamic 

power 

adjusting 

algorithm 

To 

minimize 

EV battery 

charging 

degradation 

cost 

[148]    Unknown Fuel cell 
Solar 

panels 

Stochastic 

optimization 

programming 

Minimizes 

the 

investment 

and 

operational 

costs of 
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Reference 

The integration 

approach 
EV Battery 

Type of 

ESS 

Type of 

RES 

Control 

method 

proposed and 

model 

Main target 
UCC

IA 

CC

IA 

CC/D

IA 

solar and 

diesel 

systems 

[149]    

BMWi3, 

Nissan 

Leaf, and 

Kia Soul 

EV 

̶ ̶ 

An agent-

based 

approach 

using 

NetLogo 

To 

implement 

an optimal 

charging 

infrastructu

re 

[55]    Unknown ̶ ̶ 

A 

hierarchical 

game 

approach 

Attracting 

EVs to 

charge at 

off-peak 

hours and 

saving the 

time of EV 

owners 

with real-

time 

navigation 

[150]    

Nissan 

Leaf, 

BMW i3, 

Smart Ed 

̶ ̶ 

A meta-

heuristic 

solution in 

the form of 

an ant colony 

optimization 

Ensures the 

minimum 

charging 

time, travel 

time and 

charging 

cost 

[151]    Unknown Battery Wind 

Stochastic 

mixed-integer 

linear 

programming 

and solved by 

GAMS 

toolbox 

To obtain 

the optimal 

rated 

powers of 

multi-level 

charging 

facility 

[152]    Unknown ̶ ̶ 

A multi-

leader multi-

follower 

Stackeberg 

game 

Lowest 

charging 

cost 

[153]    Unknown Unknown ̶ 
The proposed 

algorithm 

To 

calculate 

the optimal 

charging 

powers 

[154]    
BMW 

MiniE 
̶ ̶ 

Dispatch 

algorithms 

Measure 

and analyze 

the power 

losses of a 

Grid-

Integrated 

Vehicle 

system 

[155]    Unknown ̶ ̶ 

Linear 

programming 

based the 

Scheduling 

of EVs on a 

peak load 
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Reference 

The integration 

approach 
EV Battery 

Type of 

ESS 

Type of 

RES 

Control 

method 

proposed and 

model 

Main target 
UCC

IA 

CC

IA 

CC/D

IA 

heuristic 

algorithm on 

a time-space 

network 

model 

[156]    
Nissan 

Leaf 
̶ PV 

Fuzzy C-

means (FCM) 

clustering 

To reduce 

the forecast 

uncertaintie

s and 

improve the 

predictabilit

y of PV 

power 

[157]    
lithium iron 

phosphate 

battery 

̶ ̶ 
Stochastic 

methods 

To manage 

high power 

demands at 

peak times 

using 

vehicle-to-

grid 

technologie

s 

[158]    Unknown ̶ 
Solar 

power 

nonlinear 

stochastic 

programming 

To reduce 

renewable 

energy 

intermittenc

y and 

energy cost 

and avoid 

battery 

degradation 

[159]    
Lithium-

ion battery 
̶ ̶ 

Multi-control 

vehicle-to-

grid charger 

with bi-

directional 

power 

capability 

using the PI 

controller 

Design an 

EV charger 

to control 

the 

charging/di

scharging 

process and 

improve the 

power 

system 

performanc

e 

[160]    Unknown Battery PV 

A correlated 

probabilistic 

model for EV 

charging 

coordinated 

with a PV 

To 

minimize 

the 

probability 

of voltage 

and current 

noncomplia

nce and 

maximize 

the quality 

of service 
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Reference 

The integration 

approach 
EV Battery 

Type of 

ESS 

Type of 

RES 

Control 

method 

proposed and 

model 

Main target 
UCC

IA 

CC

IA 

CC/D

IA 

[161]    

Lithium-

ion and 

NiMH 

battery 

̶ 

Wind 

energy 

and PV 

Hull moving 

average and 

gravitational 

search 

algorithm 

To smooth 

voltage 

fluctuations 

As presented in Table 1.4, in reference [138] only the uncontrolled charging integration 

approach (UCCIA) case is considered to reduce the peak demand period by neglecting the 

integration of any type from the RESs and ESSs. The UCCIA and controlled charging 

integration approach (CCIA) cases are taken into the account in references [139], [144] but 

they neglect the controlled charging/discharging integration approach CC/DIA case, RESs, 

and the ESSs. Meanwhile, reference [160] takes into account the battery and PV systems 

to minimize the probability of voltage and current noncompliance and maximize the quality 

of service. There are many researchers who discussed the CCIA case only without the 

integration of RESs and ESSs to obtain the optimal charging for time and cost as in 

references [55], [147], [149], [150], [152]. The CCIA and CC/DIA are considered in 

references [141], [154], [155], [159] in the absence of the RESs and ESSs to study the 

voltage stability issue, compute power loss, improve the power system performance, and 

define the EV charging period respectively. The authors in [158] use nonlinear stochastic 

programming by the GAMS software to reduce PV power intermittency and energy cost 

and avoid EV battery degradation with CC/DIA only. Furthermore, in [161] the authors use 

hull moving average and gravitational search algorithm techniques to smooth voltage 

fluctuations resulting from the intermitted power generated by wind turbine and PV. 

Moreover, the three cases are studied in reference [157] without considering the RESs and 

ESSs solutions.  

The RESs are taken into the consideration with the UCCIA and CCIA cases in 

references [142], [145], while reference [142] discusses the integration of a PV system. 

Reference [145] studies the impact of wind turbine but both of them neglect the impact of 

ESSs. The effect of the forecast uncertainties and the predictability of PV power are 

analyzed in [156] with CCIA and CC/DIA scenarios without the integration of ESSs.  

The ESSs are presented taking into account all approaches of EV integration into the 

power system without RESs in [140] to increase the limitation of voltage/loading. A 

flywheel is used with CCIA only in reference [143] to enhance the voltage response and 
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power factor. Moreover, the ESS is utilized with CCIA and CC/DIA in reference [153] to 

compute the optimal charging power. 

The installation of RESs and ESSs with EVs are used in references [129], [146], [148], 

[151]. Wind turbine is integrated with SMES unit in all cases of EV integration to achieve 

power balancing under both the transient and steady states events [129] but, no comparisons 

are presented, and the SMES is used only to improve the transient period. Moreover, only 

the CCIA is discussed with different ESSs and RESs in [146], the authors used the battery 

as ESS and solar panel as RES to enhance the load performance and minimize the costs. A 

fuel cell is used with a solar panel in reference [148] to minimize the system costs, 

meanwhile, the battery and wind energy are studied in reference [151] to obtain the optimal 

charging rated power.  

1.3.4.3 SMES with VSG  

Indeed, choosing the appropriate ESS in VSGs is important. Therefore, it is highly 

desirable that fast responsive energy storage technologies be used to improve the operating 

performance of the system. The SMES system is considered as one of the favorable forms 

of ESSs, and it has gotten a lot of attention despite its high cost. In comparison to other 

ESSs, the SMES system can extend an enormous number of charging/discharging 

processes with rapid service and has the longest lifespan as presented in the previous 

sections. These noteworthy merits are well suited to stabilizing the frequency and voltage 

of power systems, particularly with the high loads/RESs fluctuations. 

In [162], authors investigated a coordination control of battery/ultracapacitor to achieve 

the power management of VSGs. The droop control and reheat turbine model are used with 

a battery/ultracapacitor. The ultracapacitor is utilized to overcome the fast-varying power 

presented by virtual inertia; meanwhile, the battery is utilized to deal with long-term power 

fluctuations with slow dynamics. However, the proposed method is based on two types of 

ESSs that increase the cost of the overall system. Moreover, the kind of RESs and their 

effects were not investigated. Another study surveyed in [163], where the self-tuning 

algorithms are used to optimize the VSG parameters during the VSG operation to reduce 

the rate of change and the amplitude of the frequency variations. The battery is utilized 

with a PV- diesel microgrid system, tested under load variations; however, the battery state 

of charge is not coordinated. The authors in [164] used the eigenvalues analysis method 

and synchronous power oscillation  (SPO) to indicate the impact of the control parameters 

based on cascaded multilevel converter battery on the power oscillation. Also, in [165], the 

hybrid ESSs consists of battery and supercapacitor are used with backtracking search 
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optimize algorithm (BSA) to tune and adjust the parameters of VSG (J, D) in order to 

handle the stochastic PV output power and minimizing the maximum overshoot of 

frequency deviation. 

Meanwhile, in [166], the authors designed an S-domain model combined with PV/wind 

to validate the proposed VSG control method based on the SMES using the PI controller. 

In [167], the VSGs concerning the mismatch among the power supply and load of the 

system is used as an interface between the grid and PV battery to regulate the system's 

frequency. The VSG control is based on the droop controller, whose parameters are 

optimized using the advanced genetic algorithm optimization. To clarify the disparities 

among the different addressed studies better, Table 1.5 summarizes the literature and state-

of-the-art review for VSG work. 

Table 1.5. Review of VSG. 

Ref. RESs ESSs Main 

concept of 

VSG  

Main 

controller 

Domain 

type 

Complexity Cost Contributions 

[162] Not 

defined 

Battery 

and an 

ultraca

pacitor 

Presents a 

battery/ult

racapacito

r HESS to 

achieve 

the power 

managem

ent of 

VSGs 

Droop 

control 

and reheat 

turbine 

model, 

S-

domain 

Low High - Reduces the 

release time 

of stored 

energy 

- Suppress the 

influence of 

high 

frequency 

- Realize the 

power 

management 

of 

VSGs 

[163] PV Battery Self-

tuning 

(ST)-VSG 

Hierarchic

al control 

S-

domain 

High Low - Minimize 

frequency 

deviation in 

an 

autonomous 

photovoltaic-

diesel 

microgrid 

with ESS 

- Decrease the 

amplitude and 

rate of change 

of the 

frequency 

deviations 

[164] - Battery Cascaded 

multilevel 

converter 

based ESS 

Eigenvalu

e’s 

analysis 

method 

and 

synchrony 

power 

S-

domain 

high Low - Improve the 

system inertia 

-Investigation 

of a resonance 

mechanism 
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Ref. RESs ESSs Main 

concept of 

VSG  

Main 

controller 

Domain 

type 

Complexity Cost Contributions 

oscillation 

(SPO) 

[165] PV Battery

/superc

apacito

r 

The 

adjustable 

parameter

s of VSG 

(J, D) 

Backtrack

ing Search 

Optimize 

Algorithm 

(BSA) 

S-

domain 

Medium High - To handle 

the stochastic 

power output 

of 

Photovoltaic 

- Reducing 

the maximum 

overshoot of 

frequency 

deviation 

[166] Wind 

and PV 

SMES The 

proposed 

control 

strategy 

relies on 

the virtual 

controller 

PI 

controller 

S-

domain 

Low High - Alleviating 

the system 

frequency 

fluctuations at 

different 

disturbances 

[167] PV Battery Three 

parallel 

VSG 

based PV 

systems 

integrated 

with 

battery 

The droop 

controller 

is based 

on 

advanced 

genetic 

algorithm 

optimizati

on 

Time-

domain 

High High - To regulate 

the frequency 

of grid-

connected PV 

system 

1.4 Contribution and Significance of Research 

The main objective of this research is to develop an efficient, simple, easy 

implementation, and robust control algorithm for SMES applications. The contributions 

and significance of this study that fulfill the main objectives and follow the main research 

goals can be highlighted as follows. 

1.4.1 Application of SMES Technology in Power Levelling Strategy of 

Wind Gust  

The main goal is to feed constant active power from the wind connected with the 

balanced/unbalanced distribution system during weather changes. A FLC-SMES has been 

applied to achieve active power sharing. The damping of voltage fluctuation depends on 

the SMES reactive power, which is controlled by VSC. The proposed control method is 

also used to mitigate the intermittent power generated from RESs. The FLC has two inputs 

and one output:  the first input is the power variation, wind speed variation, or PV irradiance 

variation that based on the application type. The second input is based on the SMES current, 

which preserve on the SMES current within allowed limits. The output is the SMES duty 
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cycle, which controls the charging/discharging process of the SMES coil through a DC-DC 

chopper. The proposed control technique was effective in keeping the real power transfers 

to the microgrid at constant value during weather changes. This resulted in minimizing the 

fluctuation of the microgrid frequency and smoothing the output power from the DSGs and 

the grid. Moreover, the voltage profiles were successfully kept within the prespecified 

limits during weather changes. 

1.4.2 Application of SMES Technology in Microgrid-Grid-Connected 

Mode during Various Events  

Microgrid is considered the optimal solution for supplying remote areas with the 

required electrical power. Microgrid systems apply one or more RESs, such as wind 

turbines and PV systems, etc. Due to the intermittent nature of RESs, power and voltage 

fluctuations have appeared accordingly at the connection point with the utility power grid. 

Moreover, the transient events such as an increase in the loads causes fluctuation of 

frequency and voltage of power systems.  In addition, there is a special type of load called 

PPL. When PPL is integrated into the power system, it leads to high fluctuations in the 

frequency and voltage at the PCC. Moreover, the DFIG and PMSG are used for improving 

the power system stability in the presence of the SCIG as existing generation unit. This can 

be used to increase the penetration level of the generation better than using SCIG only. 

Also, this method demonstrates the application of SMES to enhance the voltage and 

frequency stability of power systems fed from SCIG, PMSG, and DFIG wind turbines 

during transiently load events. By using PMSG, DFIG and SMES with SCIG, the power 

system stability can be improved and the performance is still more reliable without 

removing the SCIG from the system. A two-quadrant DC-DC chopper using an IGBT 

achieved the SMES active power control technique. A FLC is used to determine the duty 

cycle to control the charging/discharging process of the SMES coil through a DC-DC 

chopper. The proposed control method is examined under various events such as load 

transition, and wind power variations, and PPL. Multiple types of wind generators are 

utilized in this study like SCIG, DFIG, and PMSG. 

1.4.3 Application of SMES Technology in Adaptive Coordination Control 

with EVs 

Due to the enormous increase in the interconnection of EVs into utility power grids, 

more and more challenges are arising in modern power systems. To handle these 

challenges, many attempts have been proposed to achieve the satisfactory performance of 
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EV charging/discharging, the improvement of utility power grids operation, and an 

adaptive coordination strategy for the EV–grid connection. The SMES unit plays a vital 

role in this process by injecting/absorbing the energy into/from the grid, including EVs. 

The proposed coordination method can achieve a better performance of EV 

charging/discharging. Moreover, the cooperative operation with SMES and the reliability 

improvement of the utility power are preserved using the proposed coordination strategy. 

The EVs charging/discharging with SMES operation category is proposed to optimize the 

characteristics of EVs charging/discharging. Where, an adaptive coordination method 

based on FLC for EVs and SMES to enhance the charge and discharge processes of EVs 

during off and on peak loading periods. FLC is utilized to organize the 

charging/discharging process for both EVs and SMES. The SoC of SMES and EVs is 

considered as the input for the FLC of EVs besides the electricity price (EP) signal. The 

controlled charging/discharging with SMES achieves the best performance, which 

minimizes power loss, injects reactive power to the grid, reduces the reactive power 

required from the grid, keeps the voltage at 1.0 pu, reduces peak power, and reduces the 

active power required from the grid. 

1.4.4 Application of SMES Technology in Energy Management with EVs 

and RESs 

To achieve the advantages of EVs, they can be fueled through the RESs such as PV and 

wind systems to reduce fuel costs and pollution. A PV system and a wind system can be 

used as power sources for electrical appliances and a charger for EVs. To face the growing 

load demand with a continuous reduction in fossil fuels, the PV and wind systems offer an 

alternative solution. The proposed study considers the targeted renewable energy powered 

utility grids with installed ESSs. PV and wind energy has been utilized in a case study for 

the RES with considering its stochastic characteristics and its continuous fluctuations with 

irradiance and wind speed. The various aspects of PCC voltage fluctuations, reactive power 

support, leveling active power of the peak period, and power losses are considered. 

Moreover, FLC systems are proposed for controlling EVs and the SMES device. The 

energy management between the installed EVs, SMES, wind turbine, PV, and utility grid 

side is achieved through the coordination of the FLC systems. The main problem is the 

difference in thinking and purposes between the EV owners and the grid side. From the 

point of view of the EV owner, it is essential to provide the electricity to charge the EV at 

an acceptable price at any time. Meanwhile, from the point of view of the electricity grid, 
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the energy management will face more challenges because of the probability of overlap 

between the peak residential load period and the EV charging period. Therefore, it is 

necessary to propose coordinated control charging techniques for EVs. 

1.4.5 Application of SMES Technology in VSG  

In the light of SMES considerations, the SMES system is used with VSG power 

management technology. In this application, the SMES is used to imitate the needed inertia 

power from the VSG in a short period to handle the issues that result from the high 

penetration levels of RESs. The implementation of the SMES-based VSG can 

charge/discharge large amounts of power in a short amount of time, thus compensating for 

the unbalanced power as well as frequency/voltage fluctuations. As a result, advanced 

RESs will achieve greater flexibility and stability. As the load fluctuates significantly, the 

frequency and voltage fluctuations can be very high, forcing power systems into an 

unpredictable state. As a result, using a VSG-based SMES is important to compensate for 

the power system and eliminate frequency and voltage fluctuations. 
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Chapter 2: Modeling of RESs, EV, SMES and Control 

System 

2.1 Introduction  

This chapter introduces the detailed model of wind generation systems based on a 

squirrel-cage induction generator (SCIG), a doubly fed induction generator (DFIG), and a 

permanent magnetic synchronous generator (PMSG). Moreover, the detailed mechanical 

and electrical models are presented. In addition, the model and the control system of a 

photovoltaic (PV) system are discussed in this chapter in addition to the model of the 

electric vehicle (EV). The comprehensive analysis of the main components and modes of 

superconducting magnetic energy storage (SMES) are discussed. Power conditioning 

systems that include the voltage source converter (VSC) and DC-DC chopper circuit for 

each element are highlighted in this chapter. The design of fuzzy logic control (FLC) 

system that was used with SMES is extensively discussed. 

2.2 Wind Turbine Technologies  

The wind power plant depends on the wind speed, as it converts the kinetic energy to 

electrical energy. Various types of generators are used to achieve this. 

2.2.1 Modeling of SCIG Based-Wind Turbine  

The general structure of the SCIG based wind turbine model is depicted in Figure 2.1 

[168]. A wind speed model is depicted where the output is a wind speed sequence. The 

wind speed sequence is converted into mechanical power by the rotor model. This 

mechanical power serves as an input for the shaft model or the drive train where, the second 

input is the rotational speed of the generator. The shaft model output is the mechanical 

power. The inputs of the generator model are the mechanical power from the rotor model 

and the grid voltage and frequency. Meanwhile, the outputs of the generator model are the 

active and reactive powers supplied to the grid. For each of the blocks depicted in Figure 

2.1, models are already available in the literature [169], [170]. A detailed description of 

these models are presented in the following subsections. Figure 2.2 shows the complete 

system configuration of the SCIG wind turbine system. The detailed parameters of SCIG 

and mechanical turbine characteristics are listed in Appendix, Table 0.4. 
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Figure 2.1. The general structure of the SCIG based on wind turbine model [168]. 
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Figure 2.2. Single line diagram of the SCIG wind turbine system. 

2.2.1.1 Aerodynamics Model 

Wind turbines capture the airflow and convert its energy into a rotational movement, 

which subsequently drives a conventional generator to produce electricity. Since the energy 

contained by the wind is in the form of kinetic energy, its magnitude depends on air density 

and wind velocity. The output power of the turbine is given by Equation (2.1) [171]. 

𝑃𝑚 = 0.5 𝐶𝑝(𝜆𝑡 , 𝛽)𝜋𝜌𝑅
2𝑣𝑤

3  (2.1) 

where Pm is the mechanical power from the wind (W), ρ is air density (kg/m3), Cp is the 

power coefficient, λt is the tip speed ratio, β is the pitch angle (degree), R is the radius of 

the blade (m), and υw is wind speed (m/s). Tip speed ratio is calculated from (2.2). For 

SCIG, Cp is a function of both λt and β [172]. The equations used to model Cp(λt ,β), based 

on the modeling turbine characteristics and the values of constants c1 to c6 for SCIG, are 

presented in [173], [174], Appendix, Table 0.4. 

𝜆𝑡 =
𝜔𝑚𝑅

𝑣𝑤
 (2.2) 

𝐶𝑝(𝜆𝑡, 𝛽) = 𝐶1 (
𝐶2
𝜆𝑖
− 𝐶3𝛽 − 𝐶4) 𝑒

−𝐶5/𝜆𝑖 + 𝐶6𝜆𝑖 (2.3) 

1

𝜆𝑖
=

1

𝜆𝑡 + 0.08𝛽
−
0.035

𝛽3 + 1
 (2.4) 

2.2.1.2 Electrical System 

An induction generator can be represented in different ways, depending on the level of 

details. A very detailed model, which includes all dynamic states is a possibility. 

Nevertheless, such a detailed model may not be beneficial for all types of studies, because 

it increases the complexity of the model and requires time-consuming simulations [175]. 
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The following model is the one available in MATLAB/Simulink. In this model, the 

induction generator of a fixed speed wind turbine is represented by the voltage equation of 

a SCIG in direct-quadrature (dq) reference frame. The complete set of equations can be 

found in [176]–[178]. The electrical part of the machine is characterized by a fifth-order 

dynamic model, which is presented in [179]. The model of SCIG is shown in Figure 2.3 

and characterized by (2.5) to (2.9). The active and reactive powers of SCIG are represented 

by (2.10) and (2.11), respectively [180]. 

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜓𝑑𝑠
𝑑𝑡

+ 𝜔𝜓𝑞𝑠   (2.5) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜓𝑞𝑠

𝑑𝑡
+ 𝜔𝜓𝑑𝑠   (2.6) 

𝑣′𝑑𝑟 = 0 = 𝑅′𝑟𝑖𝑑𝑟 +
𝑑𝜓′

𝑑𝑟

𝑑𝑡
+ (𝜔 − 𝜔𝑟)𝜓

′
𝑞𝑟

   (2.7) 

𝑣′𝑞𝑟 = 0 = 𝑅′𝑟𝑖𝑞𝑟 +
𝑑𝜓′

𝑞𝑟

𝑑𝑡
+ (𝜔 − 𝜔𝑟)𝜓

′
𝑑𝑟

   (2.8) 

𝑇𝑒 =
3

2
𝑝(𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠)   (2.9) 

𝑃 = 𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠 (2.10) 

𝑄 = 𝑣𝑞𝑠𝑖𝑑𝑠 − 𝑣𝑑𝑠𝑖𝑞𝑠 (2.11) 

where: v is the voltage, i is the current, R is the resistance of induction generator,  is 

the speed, ψ is the flux, d, q are subscripts for direct and quadrature components, 

respectively, r, s are subscripts for rotor and stator, respectively, 𝑇𝑒 is the electrical torque, 

and p is the number of pair poles. 
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Figure 2.3.  Equivalent circuit model of SCIG. 

2.2.1.3 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 
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secondary importance, because the oscillation magnitude generated by these dynamics is 

negligible. Hence, only dynamics on the drive train are taken into account [175]. The 

mechanical system equations used in this work are [168]: 

𝑑𝜔𝑚
𝑑𝑡

=
1

2𝐻
(𝑇𝑒 − 𝐹𝜔𝑚 − 𝑇𝑚) (2.12) 

𝑑𝜃𝑚
𝑑𝑡

= 𝜔𝑚 (2.13) 

where: 𝜔𝑚 is the angular velocity of the rotor (rad/s), H is the inertia constant, 𝑇𝑚 is 

mechanical torque (N.m), F is the viscous friction coefficient, and 𝜃𝑚 is the rotor angular 

position (rad). 

2.2.2 Modeling of DFIG Based-Wind Turbine  

When a spinning engine converts mechanical input power into electrical output power, 

it is called a generator. When induction machines are run faster than their synchronous 

speeds, they become generators. DFIGs work on the same principles as traditional wound-

rotor induction generators (WRIGs), but add external power electronic circuits to the rotor 

and stator windings to improve wind turbine efficiency. These circuits aid in the extraction 

and regulation of mechanical power from sufficient wind resources [181]. Figure 2.4 shows 

a schematic representation of a DFIG wind turbine system. This consists of a WRIG and 

an AC/DC/AC converter using an insulated-gate bipolar transistor (IGBT)-based pulse 

width modulation (PWM). The rotor is connected through the AC/DC/AC converter, but 

the stator winding is connected directly to the grid. At low wind speeds, the DFIG operation 

allows extracting maximum energy by adjusting the turbine speed. The power converter of 

DFIG is rated at about 30% of the conventional type wind turbine rated power [182] (i.e. 

2.7 MW in this case). During wind gusts, the DFIG operation helps to minimize the 

mechanical stresses on the turbine [183]. The equivalent circuit model of DFIG is shown 

in Figure 2.5, the complete set of equations are listed in [181]. The electrical equations are 

listed from (2.14) to (2.17), and the mechanical equation is (2.18). The following model is 

the one available in MATLAB/Simulink [184].  

DFIG
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Gear-box
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AC

DC AC

DC

RSC MSC

Control System

 

Figure 2.4. Single line diagram of the DFIG wind turbine system. 
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Figure 2.5. Equivalent circuit model of DFIG. 

𝑣′𝑑𝑞𝑠 = −𝑅
′
𝑠𝑖𝑑𝑞𝑠 +

1

𝜔𝑠

𝑑𝜓′𝑑𝑞𝑠

𝑑𝑡
+ 𝑗𝜓′

𝑑𝑞𝑠
                                                                       (2.14) 

𝑣′𝑑𝑞𝑟 = −𝑅
′
𝑟𝑖𝑑𝑞𝑟 +

1

𝜔𝑠

𝑑𝜓′𝑑𝑞𝑟

𝑑𝑡
+ 𝑗𝑠𝜓′

𝑑𝑞𝑟
                                                                     (2.15) 

𝜓′
𝑑𝑞𝑠

= −𝑋′𝑠𝑖𝑑𝑞𝑠
′ − 𝑋′𝑚𝑖𝑑𝑞𝑟

′                                                                                        (2.16) 

𝜓′
𝑑𝑞𝑟

= −𝑋′𝑟𝑖𝑑𝑞𝑟
′ − 𝑋′𝑚𝑖𝑑𝑞𝑠

′                                                                                       (2.17) 

𝑇𝑒 =
𝑝

𝜔𝑠
𝑃𝑒                                                                                                                      (2.18) 

where: v is the voltage, i is the current,  is the speed, ψ is the flux, d, q are subscripts for 

direct and quadrature components, respectively, r, s are subscripts for rotor and stator, 

respectively, 𝑇𝑒 is the electrical torque, and p is the number of pair poles. 𝑋𝑚 is the mutual 

inductance. 

2.2.3 Modeling of PMSG Based-Wind Turbine  

PMSGs were commonly used in variable-speed wind turbines with power ratings 

varying from a few kilowatts to megawatts. This offers great versatility in realistic wind 

energy systems to satisfy the various technological requirements [185]. PMSGs can be 

constructed with a large number of poles, and run at a speed that matches the turbine blade 

speed directly without using a gearbox. It is powered by full capacity converters for variable 

speed operation, ensuring maximum power output [186]. The system will meet various grid 

codes with full-capacity power converters, including leading/lagging reactive power 

control and fault ride-through operation in particular, without additional equipment. [187]. 

The block diagram of the overall studied system is depicted in Figure 2.6 [188].  

The PMSG model is the one available in MATLAB/Simulink, where it contains the 

synchronous generator coupled with a diode rectifier, a AC-DC IGBT-based PWM 

converter (machine side converter (MSC)), and DC/AC IGBT-based PWM converter (grid 

side converter (GSC)) [189]-[190]. The mathematical model of PMSG in dq reference 

frame is shown in [191]. The dynamic model of PMSG was represented using the 
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synchronous frame reference [188]-[192]. The equivalent circuit model of PMSG is shown 

in Figure 2.7. This model consists of two electrical differential equations, for the stator 

voltages and one mechanical differential equation. The electrical equations, expressed in 

the direct-quadrature (dq) reference frame rotating at synchronous speed, are given by 

equations (2.19) to (2.26). The PMSG machinery lets to extract the maximum energy from 

the wind for low wind speeds by optimizing the turbine speed, whereas minimizing 

mechanical stresses on the wind turbine at high wind speeds.  

PMSG

Wind Speed 
Grid

DC-Link
AC

DC AC

DC

MSC GSC

Control System

 

Figure 2.6. Single line diagram of the PMSG wind turbine system. 
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Figure 2.7. Equivalent circuit model of DFIG. 

𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑 + 𝜆
.
𝑑 – 𝜔𝑒𝜓𝑞                                                                                                    (2.19) 

𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞 + 𝜆
.
𝑞 –𝜔𝑒𝜓𝑑                                                                                                       (2.20) 

where the symbols of V, I, R, 𝜓 and ω refer to voltage, current, resistance, linkage flux, and 

angular shaft speed, respectively. The subscripts d, q, s, and e refer to direct, quadrature, 

stator, and electrical, respectively. The components of the stator flux connection can be 

calculated as: 

𝜓𝑑 = 𝐿𝑑𝐼𝑑 + 𝜓𝑝𝑚                                                                                                                      (2.21) 

𝜓𝑞 = 𝐿𝑞𝐼𝑞                                                                                                                                     (2.22) 

𝜆𝑑 = −𝐿𝑑𝐼𝑑  + 𝜓𝑝𝑚                                                                                                                   (2.23) 

where L refers to inductance, and the subscript 𝜓𝑝𝑚 refers to the permanent magnet flux 

linkage. The Te can be stated as follows: 
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𝑇𝑒 =
3

2
 𝑛𝑝(𝜆𝑑𝐼𝑞 − 𝜓𝑞𝐼𝑑) =

3

2
 𝑛𝑝 (𝜓𝑝𝑚𝐼𝑞 − 𝐼𝑑𝐼𝑞(𝐿𝑑 − 𝐿𝑞))                                          (2.24) 

For the surface-mounted permanent magnets type, the d and q axis inductances have the 

same value (Lq = Ld). So, Te of the PMSG is identified by the following equation: 

𝑇𝑒 =
3

2
 𝑛𝑝(𝜓𝑝𝑚𝐼𝑞)                                                                                                                 (2.25) 

where np is the number of pole pairs. The torque of the PMSG can only be controlled by 

controlling the Iq variable. The Id is set to zero for maximal torque production and high 

efficacy, which leads to (Is = Iq). The dynamics equation of the PMSG connected directly 

to a wind turbine is given by the following equation: 

𝐽
𝑑𝜔𝑚

𝑑𝑡
 = 𝑇𝑒 − 𝑇𝑚 −  𝐹𝜔𝑚                                                                                                        (2.26) 

where J is the moment of inertia. 

2.3 PV System Model 

Generally, the PV system uses solar cells to convert sunlight into electricity. The PV 

generator is connected to the power system by a transformer. The mathematical model of 

the photovoltaic generator is composed of two stages, as shown in Figure 2.8. The first 

stage, the PV array, is devoted to generate the DC power output of the PV array under the 

given environmental conditions. The second stage of the model, the PV controller, is to 

convert the DC power output of the PV array to AC power injected to the utility grid. These 

two stages are discussed in the following subsections. 

PV arrays

Distribution 

system

Control

 system

Control Stage

Local load

Sun

 light

DC-DC DC-AC

Boost Inverter

 

Figure 2.8. Main components of the PV system. 

Optimally, a small PV system may provide energy to a single consumer, or to an 

isolated device like a lamp or a weather instrument. Large grid-connected PV systems can 

provide the energy needed by many customers. A PV array is composed of series and 

parallel connections of solar modules. The number of modules connected in series and 

parallel is based on the voltage requirements of the system and the desired power output of 
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the array. The basic component of the PV system is the PV cell. Multiple cells are connected 

in series and parallel to form solar panels or modules. Figure 2.9 shows the equivalent 

circuit of a PV cell and the equation (2.27) describes the I–V characteristics of an ideal PV 

cell [193]. 

I

+

-

Ipv
Rp

Rs

G
T Id

V

 

Figure 2.9. Equivalent circuit of the PV cell. 

𝐼 = 𝐼𝑝𝑣 − 𝐼0 [𝑒𝑥𝑝 (
𝑉+𝑅𝑠𝐼

(𝑘𝑇/𝑞)𝑎
) − 1] −

𝑉+𝑅𝑠𝐼

𝑅𝑝
                                                                     (2.27) 

where: V, I are the terminal voltage (V) and current (A) for the PV cell, respectively, Ipv is 

the current generated by the incident light (A), I0 is the leakage current of the diode (A), Rs 

and R are equivalent series and parallel resistance (Ω), q is electron charge (1.60217646 × 

10−19 C), k is the Boltzmann constant (1.3806503 × 10−23 J/K), T is the temperature of 

the p–n junction (K), and a is the diode ideality factor. 

It is noticeable that these parameters mainly depend on solar irradiance (G) and the cell 

surface temperature (T). The Sun-power SPR-305-WHT-U (305W) panel is used to 

determine the appropriate output DC voltage and current, the operating data of commercial 

PV module, under standard test conditions (irradiance of 1000 W/m2, cell temperature of 

25 oC), are provided [194], [195]. The equation of the PV cell power can be written as: 

𝑃𝑐𝑒𝑙𝑙 = 𝑉 (𝐼𝑝𝑣 − 𝐼0 [𝑒𝑥𝑝 (
𝑉+𝑅𝑠𝐼

(
𝑘𝑇

𝑞
)𝑎
) − 1] −

𝑉+𝑅𝑠𝐼

𝑅𝑝
)                                                         (2.28) 

Cells can be connected in parallel to increase the current and in series to provide greater 

output voltage. Thus, the output power of the PV array can be controlled by the number of 

the PV cells. 

 𝑃𝑎𝑟𝑟𝑎𝑦 = 𝑁𝑡 𝑃𝑐𝑒𝑙𝑙                                                                                                            (2.29) 

where:  Nt is the total number of PV cells connected in series and parallel in a PV array. 

2.3.1 Configuration of MPPT algorithm for PV Array  

The PV cells or panels generate DC power. The PV controller stage consists of the 

maximum power point tracker (MPPT) and the DC to AC inverter. The MPPT control 

algorithm is an electronic system that operates the PV architecture in a manner that allows 
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the PV architecture to generate all power it is capable of. The electronic system of the 

MPPT part can be optimized by implementing the PV unit in conjunction with the DC-DC 

power converter. The DC-DC converter can change the electrical output impedance shown 

by the PV cell in a manner that extracts the maximum power by modulating its duty cycle. 

The interfaced converter is used to boost the low voltage generated from the PV array to 

the high DC bus voltage at the inverter. The incremental conductance (INC) algorithm, 

shown in Figure 2.10, has superior performance in tracking the peak power of the PV 

module and in improving the dynamic performance in rapidly varying conditions [196], 

[197]. The algorithm of INC starts with measuring the voltage and current at the PV array 

terminals. Then the algorithm generates the reference value of the inductor current ILref_PV 

of the boost converter based on the signs of the changes in the voltage and power compared 

to the previous step. The incremental value ∆E to update the value of ILref_PV in the INC 

algorithm is selected as a trade-off between the speed of tracking the MPP and power 

oscillation.  

The discrete model for the inductor current in the boost converter iL_PV needs to be 

defined to predict its trajectory in the future at the two possible states of the switch Sbc, i.e., 

ON (binary 1) or OFF (binary 0). In the ON state, the inductor has a positive voltage and 

the diode Dbc is reverse biased. Thus, the inductor begins to charge in a linear fashion. In 

the OFF state, the inductor voltage is negative and the stored energy in the inductor releases 

to the grid side inverter. The differential equations of iL_PV when the switch is ON and OFF 

according to the circuit configuration are given in (2.30) and (2.31), respectively, where 

LPV is the inductance of the boost converter, RL_PV is the equivalent series resistance (ESR) 

of the inductor, LPV, VPV (t) is the PV array voltage, and Vdc_PV (t) is the DC link voltage at 

the output of the boost converter. 

𝐿𝑃𝑉
𝑑𝑖𝐿_𝑃𝑉(𝑡)

𝑑𝑡
= 𝑉𝑃𝑉(𝑡) − 𝑅𝐿_𝑃𝑉𝑖𝐿_𝑃𝑉(𝑡)                                             𝑖𝑓 𝑆𝑏𝑐 𝑂𝑁                (2.30) 

𝐿𝑃𝑉
𝑑𝑖𝐿_𝑃𝑉(𝑡)

𝑑𝑡
= (𝑉𝑃𝑉(𝑡) − 𝑉𝑑𝑐_𝑃𝑉(𝑡)) − 𝑅𝐿_𝑃𝑉𝑖𝐿_𝑃𝑉(𝑡)                  𝑖𝑓 𝑆𝑏𝑐 𝑂𝑁                  (2.31) 

Figure 2.11 shows the DC-DC boost converter and VSC controller used in this thesis. 

The DC-DC boost converter increases voltage from PV natural voltage to 500 V DC. This 

MPPT system automatically varies the duty cycle in order to generate the required voltage 

to extract maximum power. The DC voltage results after the boost converter becomes the 

input voltage of VSC. The VSC converts the 500 V DC link voltage to 260 V AC that will 

be stepped up by transformer to grid voltage.  
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Figure 2.10. Flowchart of the MPPT based on the incremental conductance (INC) algorithm. 

2.3.2 Configuration of Voltage Source Cnverter for PV Array  

The VSC control system uses two control loops: an external control loop, which 

regulates DC link voltage to 500 V and an internal control loop, which regulates Id and Iq 

grid currents (active and reactive current components). Id current reference is the output of 

the DC voltage external controller, and Iq current reference is set to zero in order to maintain 

unity power factor. Vd and Vq voltage outputs of the current controller are converted to three 

modulating signals to be used by the PWM [198]. The complete data of PV system used is 

presented in the Appendix, Table 0.8. 
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Figure 2.11. The DC-DC boost converter and VSC controller. 
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2.4 Electric Vehicle (EV) 

The battery type of the EV model used here is Nissan Leaf lithium-ion (Li-ion) battery 

with an energy capacity equal to 24 kWh [199]. At the instant of connecting EVs to charge 

stations, the initial state of charge (SoC) equals 20% with 90% efficiency and 6.6 kW power 

rating [200]. According to the Gaussian distribution method, the connection start time of 

each EV is specified as shown in equation (2.32) and Figure 2.12. This study takes the 

mean (μ) to be 18, and takes a standard deviation (σ) to be 5 [201]. The number of EVs 

(No. EVs) is chosen based on the penetration level and the number of residential loads (No. 

loads) as in equation (2.33), where the penetration level is 50% and each building has 12 

apartments (8 buildings, each building has 12 apartments, total of 96), so the number of 

EVs is 48. 

𝑓(𝑡, 𝜇, σ) =
1

√2𝜋𝜎2
𝑒
−(𝑡−𝜇)2

2𝜎2                                                                                                          (2.32) 

𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐿𝑒𝑣𝑒𝑙 % =  
𝑁𝑜.𝐸𝑉𝑠

𝑁𝑜.𝑙𝑜𝑎𝑑𝑠
× 100                                                                             (2.33) 

 

Figure 2.12. The connection start time of EVs to a charger. 

2.5 Modeling of Superconducting Magnetic Energy Storage 

(SMES) System 

SMES is a device that stores electricity from the grid within the magnetic field of a coil 

comprised of superconducting wire with near-zero loss of energy. SMES should be 

maintained within a superconductive state through immersion in liquid helium at boiling 

temperature of 4.2 K in a vacuum-insulated cryostat [202], [203].  

Strategic injection of brief bursts of power can play a crucial role in maintaining grid 

reliability, especially with today’s increasingly congested power lines and the high 



Chapter 2: Modeling of RESs, EV, SMES and Control System 
ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــ  

42 
 

penetration of renewable energy sources (RESs). The energy content in an electromagnetic 

field is determined by the flow of current through the N turns of the magnet coil. When an 

electric current is flowing in a magnet coil, there is some energy stored in the magnetic 

field. Considering a magnet coil L, the SMES power (Psmes), which must be supplied to the 

current in the inductor, is expressed in Equation (2.34). The energy input to build to a final 

current I is given by the integral expression in Equation (2.35). The energy density 

(energy/volume) stored in the magnetic field is expressed in Equation (2.36). 

𝑃𝑠𝑚𝑒𝑠 = 𝐼𝑠𝑚𝑒𝑠𝑉𝑠𝑚𝑒𝑠 = 𝐿𝑠𝑚𝑒𝑠𝐼𝑠𝑚𝑒𝑠
𝑑𝑖𝑠𝑚𝑒𝑠

𝑑𝑡
                                                                         (2.34) 

𝐸𝑠𝑚𝑒𝑠 = ∫ 𝑃𝑠𝑚𝑒𝑠𝑑𝑡 =
1

2
𝐿𝑠𝑚𝑒𝑠𝐼𝑠𝑚𝑒𝑠

2𝑡

0
                                                                                 (2.35) 

1

2
𝐿𝑠𝑚𝑒𝑠𝐼𝑠𝑚𝑒𝑠

2

𝐴𝑙
=

1

2

𝜇𝑁2𝐴

𝑙

𝐵2𝑙2

𝜇2𝑁2

𝐴𝑙
=

𝐵2

2𝜇
                                                                                             (2.36) 

where: Lsmes is the inductance of the coil (H), Ismes is the DC current flowing through the 

SMES coil (A), Vsmes is voltage across the SMES coil (V), Esmes is the stored energy in the 

SMES unit (J), N is the number of turns, 𝑙 is length of the coil (m), A is the geometric area 

of the coil (m2), B is the magnetic flux density (Wb/m2), and μ is permeability (Wb/A.m). 

Therefore, it seems reasonable to assume that high values of energy density are possible 

only with such media as air or vacuum with very high current values. However, regardless 

of the media, the electrical resistance of the coil is always a limiting factor [204], which in 

superconducting coils is nearly zero. The critical temperature is the point at which the 

electrical resistance drops drastically. By using liquid helium, one can bring all 

superconductors’ states close to 4.2 K. Practical SMES systems installed to date use a 

superconducting alloy of niobium and titanium (Nb-Ti), which requires operation at 

temperatures near the boiling point of liquid helium, about 4.2 K (-269 °C or -452 °F) 

[205]. 

2.5.1 Schematic diagram of Typical SMES Components 

A SMES system always includes a superconducting coil, a refrigerator, a power 

conditioning system (PCS), and a control system [206], as shown in Figure 2.13.  

• Superconducting coil: the heart of the SMES system, stores energy in the magnetic 

field generated by a circulating current.  

• Cryogenic refrigerator: to keep the superconducting coil at a temperature 

sufficiently low to maintain a superconducting state in the wires. For commercial 

SMES today, this temperature is about 4.2 K.  
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• PCS: to provide an interface between the stored energy and the AC in the power 

grid, and control the charging and discharging of SMES coil. Differently from that 

of other storage technologies, the coil carries current in one direction at any state of 

charge. The PCS produces positive voltage across the coil when energy is to be 

stored, which causes the current to increase. On the other hand, PCS produces 

negative voltage causing the current to decrease when the coil is to discharge 

energy.   

• Control system: to establish a link between power demands from/to the grid and 

power flows to/from the SMES coil, as FLC. 
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Figure 2.13. Schematic diagram of a typical SMES system. 

2.5.2 Voltage Source Converter (VSC) of SMES  

There are two different converter types: VSC and current source converter (CSC). A 

DC-link capacitor is essential for VSC to maintain the voltage across the DC-link at a 

constant value. VSCs are preferred over CSCs in many applications due to several reasons, 

such as, they can be connected to weak grids, since they do not rely on the AC system to 

support their operation or, for instance, they have less filter requirements, enabling a 

reduction in the size of the substation [207]. Also, utilizing IGBT is more valuable in 

contrast to a gate turn-off (GTO) thyristor, because an IGBT has a switching frequency 

range between 2 and 20 kHz, compared to a maximum switching frequency of 1.0 kHz for 

a GTO thyristor [208]–[209]. Therefore, VSC is preferred over the CSC from the 

viewpoints of economy, performance, and harmonic pollution. 
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Figure 2.14 shows the VSC with its controller, which has two IGBT parallel-connected 

bridges to produce small harmonics. A proportional-integral (PI) control technique is used 

with VSC to control the microgrid voltages inside the prescribed limits, and the reactive 

power is changing accordingly. The operation strategy of VSC is as follows: VDC (actual 

value) is compared with VDC,ref (reference value) to produce an error signal, and the same 

thing is done for VAC and VAC,ref. Each error signal enters into a proportional–integral (PI) 

controller to specify reference currents in the d-q-axis. Figure 2.14 contains the parameters 

of PI utilized with VSC. The difference between reference d-q axis currents and their 

detected values enters into the PI controllers to specify voltages in the d-q-axis, which are 

transformed to three-phase sinusoidal wave and generate a PWM signal for IGBT 

switching. Phase-locked loop (PLL) is used to synchronize the VSC with AC side [210]. 

PLL is a feedback loop that locks two different waveforms having the same frequency but 

differing in phase shift. Fundamentally, PLL works by comparing frequencies of two 

waveforms and then adjusting the frequency of the waveform in the loop to exactly match 

the frequency of the input waveform. The block diagram describing the principle concept 

of PLL is shown in Figure 2.15. 

 

Figure 2.14. VSC with its controller. 
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Figure 2.15. Block diagram of PLL. 
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2.5.3 DC-DC Chopper of SMES 

The main function of the DC-DC chopper is to ensure that the SMES follows the active 

power command from the control system and to control the SMES real power 

charging/discharging processes. Equations (2.34) and (2.35) express the SMES power 

(Psmes) and SMES energy (Esmes) by considering a magnet coil inductance (Lsmes). The coil 

of the SMES starts charging when the switches are turned on, and a positive voltage is 

applied across the coil terminal; while it starts discharging when the switches are turned off 

with a negative voltage. The relation between Vsmes and Vdc is given by (2.37), Vsmes may be 

positive or negative or zero. The duty cycle (D) is the output of the DC-DC chopper 

controller. By applying high frequency switching between these voltage levels (comparing 

D with a triangular signal), the mean value of the output voltage can be controlled 

continuously in the range -Vdc  ≤ Vsmes ≤  +Vdc. In the charging mode, T_1 and T_2 are 

turned on (on pulsation period is greater than off pulsation period) hence, a positive current 

and a positive voltage appeared across SMES coil and 0.5 < D ≤ 1, as shown in Figure 2.16. 

However, in the discharging mode, T_1 and T_2 are turned off (off pulsation period is 

greater than on pulsation period) hence, a negative voltage appeared across SMES coil and 

0 ≤ D < 0.5. Furthermore, Vsmes is zero in standby mode and D = 0.5. The corresponding 

equation in the time-domain of the SMES coil during the ON and OFF state can be 

expressed as in (2.38). Equation (2.39) shows the three modes of (D) for DC-DC chopper 

operation; meanwhile, the equation (2.40) presents the active power behaviour during the 

three modes of operation where the Psmes is positive in charging mode, Psmes is negative in 

discharging mode, and it equals zero in standby mode.  

There are a lot of control techniques that have been applied in the relative literature 

such as PI, sliding mode control, and FLC, the FLC has found its way for power system 

application due to its promising advantages. So, in the next section (section 2.6) the FLC 

technique is discussed which is designed with different applications of SMES systems and 

EVs. 

𝑉𝑠𝑚𝑒𝑠 = (2𝐷 − 1)𝑉𝑑𝑐                                                                                              (2.37) 

𝐿𝑠𝑚𝑒𝑠
𝑑𝐼𝑠𝑚𝑒𝑠(𝑡)

𝑑𝑡
= {

+𝑉𝑑𝑐(𝑡)                                                  𝑖𝑓 𝑇_1 𝑂𝑁 𝑎𝑛𝑑 𝑇_2 𝑂𝐹𝐹 
𝑧𝑒𝑟𝑜                          𝑖𝑓 𝑇_1 𝑎𝑛𝑑 𝐷_1 𝑜𝑟 𝑇_2 𝑎𝑛𝑑 𝐷_2 𝑎𝑟𝑒 𝑂𝑁 

−𝑉𝑑𝑐(𝑡)                                                 𝑖𝑓 𝑇_1 𝑂𝑁 𝑎𝑛𝑑 𝑇_2 𝑂𝐹𝐹 
     (2.38) 

𝐷 = {

0.5 < 𝐷 ≤ 1.0                                                                            𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 
0.5                                                                                                   𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑚𝑜𝑑𝑒
 0.5 < 𝐷 ≤ 1.0                                                                     𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒

     (2.39) 
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𝑃𝑠𝑚𝑒𝑠 = {

+𝑉𝑠𝑚𝑒𝑠𝐼𝑠𝑚𝑒𝑠                                                                         𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒
𝑧𝑒𝑟𝑜                                                                                         𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑚𝑜𝑑𝑒
−𝑉𝑠𝑚𝑒𝑠𝐼𝑠𝑚𝑒𝑠                                                                   𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒

      (2.40) 
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Figure 2.16. Operation modes of the DC-DC chopper; (a) charging mode, (b) discharging mode, and (c) 

standby mode. 

2.6 Fuzzy Logic Control (FLC)  

In 1965, Lotfi Zadeh presented the main concepts of (FLC) technique, which deals with 

linguistic constructs such as “Large”, “Small”, “Medium”. Moreover, FLC introduces a 

detection mechanism that offers suitable human reasoning capabilities, also suitable for 

approximate reasoning [211]. Furthermore, the response of FLC is smooth, less complex, 

and fast compared to conventional control systems [212]. Figure 2.17 provides the overall 

theoretical idea of the FLC system; the main component, the profits, the designing steps, 

and the main types of membership functions (MFs) [213], [214]. Moreover, conceptually, 

FLC is quick to understand where the ideas of FLC are basic, FLC is flexible where it can 

emerging fuzzy structures to be used to their features by utilizing new information to set 

rules, the impact of incorrect data on FLC is not large where the calculation accuracy errors 

influence device efficiency little, FLC is suitable for nonlinear systems of subjective 

complexity, FLC is based on the experience and actions of the system, FLC can be used 

easily with conventional control systems to improve efficiency, FLC is built on the normal 

human language and lets new rules be introduced, exceptions and new behaviors to set 

fuzzy structures.  

In this thesis, the triangular MFs, trapezoidal MFs and Gaussian MFs are used. Figure 

2.18 and equation (2.41) or simple equation (2.42) give a theoretical description for the 

triangular MFs. Meanwhile, Figure 2.19 and equation (2.43) give a theoretical description 

for the trapezoidal MFs, Figure 2.20 and equation (2.44) give a theoretical description for 

the Gaussian MFs. The FLC tool found in the MATLAB-software tools is used for 

designing the types. In this thesis, to control the power transfer between the SMES coil and 
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the AC system, a DC-DC chopper is used and FLC is selected to control its D. Moreover, 

the FLC is used to control the different integration approaches of EV. 

(𝑥, 𝑎, 𝑏, 𝑐) =

{
 
 

 
 

0,        𝑥 ≤ 𝑎
𝑥−𝑎

𝑏−𝑎
,       𝑎 ≤ 𝑥 ≤ 𝑏

𝑐−𝑥

𝑐−𝑏
,       𝑏 ≤ 𝑥 ≤ 𝑐

0,       𝑑 ≤ 𝑥 }
 
 

 
 

                                                                                      (2.41) 

𝑓(𝑥, 𝑎, 𝑏, 𝑐) = 𝑚𝑎𝑥 [𝑚𝑖𝑛 [
𝑥−𝑎

𝑏−𝑎
,
𝑐−𝑥

𝑐−𝑏
] , 0]                                                                               (2.42) 

where the parameters a and c locate the “feet” of the triangle and the parameter b locates 

the peak. 

𝑓(𝑥, 𝑎, 𝑏, 𝑐, 𝑑) = 𝑚𝑎𝑥 [𝑚𝑖𝑛 [
𝑥−𝑎

𝑏−𝑎
, 1,

𝑑−𝑥

𝑑−𝑐
] , 0]                                                                      (2.43) 

where a and d locate the “feet” of the trapezoid and b and c locate the “shoulder” 

𝑓(𝑥, 𝜎, 𝑐) = 𝑒
−(𝑥−𝑐)2

2𝜎2                                                                                                                    (2.44) 

where c locates the distance from the origin and σ indicates width of the curve 
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Figure 2.17.  The main principles of the FLC method. 



Chapter 2: Modeling of RESs, EV, SMES and Control System 
ــ ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ــــــــــــــــــــــــــــــ  

48 
 

 
Figure 2.18. Triangular membership function type 

of FLC. 
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Figure 2.20. Gaussian membership function type of FLC. 
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Chapter 3: Application of SMES Technology in Power 

Levelling Strategy of Wind Gust   

3.1 Introduction 

In this chapter, a developed fuzzy logic controller (FLC)-superconducting magnetic 

energy storage (SMES) has been applied to achieve active power sharing. The damping of 

voltage fluctuation depends on SMES reactive power, which is controlled by a voltage 

source converter (VSC). The proposed control method is also used to mitigate the 

intermittent power generated from renewable energy sources (RESs). The FLC has two 

inputs and one output: the first input is the power variation, or wind speed variation. The 

second input is based on the SMES current. The output is the SMES duty cycle, which 

controls the charging/discharging process of SMES coil through a DC-DC chopper. The 

studied system comprises the main grid, 33 nodes, a diesel synchronous generator (DSG), 

and a wind turbine based-squirrel cage induction generator (SCIG) type at 30% penetration 

level. The main contributions of this chapter are summarized as follows: 

• Alleviate frequency and voltage fluctuations of large-scale isolated microgrid 

connected with high wind power penetration during wind speed gusts by 

controlling both real and reactive powers transfer to/from the microgrid.  

• Smoothing the real power output during intermittent power generated from RESs. 

• SMES reactive power utilizes PWM and voltage source converter based on PI 

controllers to minimize the voltage flctuation during intermittent power generated 

from RESs. 

• Improving the performance of three-phase balanced and unbalanced IEEE 33 bus 

distribution systems considering high wind gusts and large unbalanced loading 

conditions. 

• Improve the frequency and voltage profile of balanced and unbalanced IEEE 33 

bus distribution system resulting from the intermittent generations of wind systems. 

3.2 Problem Description  

3.2.1 Impact of Intermittent Generation of Wind Turbines 

Nowadays, the world is directing to the RESs to generate electricity. However, these 

sources have an intermittent nature, which leads to fluctuation in the voltage and frequency, 

so, it became necessary to use controlled energy storage systems (ESSs).  
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3.2.2 Frequency Control 

Frequency all over a synchronous power grid is the same in steady state. Maintaining 

near constant frequency is considered an important requirement of power system operation. 

Frequency in a power system is intimately related to the electrical speed of synchronous 

generators. The difference between mechanical and electrical torques governs the rotor 

acceleration of a generator. Therefore, to maintain a constant speed, mechanical input and 

electrical output powers need to be continually matched.  

The issue of maintaining constant system frequency is commonly known as automatic 

load frequency control (ALFC). It has got other names such as LFC, power frequency 

control, and automatic generation control. The basic roles of ALFC are: 

• To maintain the desired megawatt output power of a generator matching with the 

changing load, 

• To assist in controlling the frequency of larger interconnection, and 

• To keep the net interchange power between pool members, at the predetermined 

values. 

3.2.3 Voltage Control 

The voltage of the generator is proportional to the speed and excitation (flux) of the 

generator. When the speed is constant, the excitation is used to control the voltage. The 

control of voltage and reactive power is a major issue in power system operation. A 

particular interest is taken to develop control schemes to avoid voltage collapse, which can 

result in widespread outages. The control of voltage and reactive power should meet the 

following requirements: 

• Voltages at all buses of the system are within acceptable limits, and 

• System stability is enhanced to maximize utilization of the transmission system. 

Several voltage control methods are employed in power systems to keep the voltage 

levels within the desirable limits. Some of these methods are:  

• Using excitation control and voltage regulators at generating stations, and 

• Using tap changing transformers at the sending and receiving ends of the 

transmission lines,  

• Switching in shunt reactors during light loads or while energizing long, extra high 

voltage (EHV) lines (above 345 kV),  

• Switching in shunt capacitors during high loads or low power factor, and 

• Using a series capacitor in long EHV transmission lines and distribution lines in 

case of load fluctuations,  
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• Using static shunt compensation with shunt capacitors and thyristorized control for 

step-less control of reactive power,  

• Using synchronous condensers at the receiving end substations for reactive power 

compensation, and 

• Controlling the stored energy of ESSs. 

3.3 Proposed Control Technique of DC-DC Chopper and VSC  

The SMES active power control is achieved by a two-quadrant DC-DC chopper using 

an insulated-gate bipolar transistor (IGBT). A FLC is used to determine the duty cycle (D) 

and to control the charging/discharging process of SMES coil through DC-DC chopper. 

The choice of the FLC input based on one of three applications will discussed in this 

chapter. The proposed control of SMES reactive power utilizes pulse width modulation 

(PWM) and VSC based on proportional–integral (PI) controllers for all the different 

applications in this chapter. 

3.3.1 VSC Description  

To keep the voltage inside the specified limits during wind gusts, VSC is utilized to 

control the reactive power injected/absorbed to/from the microgrid. SMES reactive power 

should be controlled accordingly. Figure 3.1. shows the VSC with its controller, which has 

two IGBT parallel connected bridges to produce small harmonics. PI control technique is 

used with VSC to control the microgrid voltages inside the prescribed limit, and the reactive 

power is changing accordingly.  

The operation strategy of VSC is as follows: Vdc (actual value) is compared with Vdc,ref 

(reference value) to produce an error signal, and the same thing is done for Vac and Vac,ref. 

Each error signal enters to PI controller to specify reference currents in the d-q-axis. Figure 

3.1 contains the parameters of PI utilized with VSC. The difference between the d-q axis 

currents reference and their detected values enter into the PI controllers to specify voltage 

in the d-q-axis, which are transformed to a three-phase sinusoidal wave and generate PWM 

signal for IGBT switching. Phase-locked loop (PLL) is used to synchronize the VSC with 

the AC side [210].  
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Figure 3.1. VSC with its controller. 

3.3.2 Proposed DC-DC Chopper Description of 33-bus Connected with 

DSGs and Wind Turbine  

The principle of operation is to feed constant active power from the WECS during wind 

gusts. Firstly, the average wind power is calculated from the predicted wind speed curve. 

Secondly, the wind speed corresponding to this average wind power is calculated and taken 

as a reference wind speed (Vw_Ref). Finally, the wind speed deviation, dVw (the difference 

between Vw_Ref , and the actual wind speeds Vw_actual), enters as the first input to the FLC, as 

shown in Figure 3.2. At high wind speeds, the power output of the WECS is higher than 

the average wind power, so the excess power is stored in the SMES. On the contrary, at 

low wind speeds, the power output from the WECS is smaller than the average wind power, 

so real power will be drawn from the SMES to maintain constant real power supplied from 

the wind turbine to the microgrid. The change in the SMES current, dIsmes (Ismes_Ref - Ismes) 

enters as the second input to the FLC, as shown in Figure 3.2. The D is the output of the 

FLC, and the relation between Vsmes and Vdc is given by (3.1). Vsmes may be positive or 

negative or zero. 

 𝑉𝑠𝑚𝑒𝑠 = (2𝐷 − 1)𝑉𝑑𝑐                                                                                                    (3.1) 

By applying high frequency switching between these voltage levels (comparing D with 

a triangular signal), the mean value of the output voltage can be controlled continuously in 

the range -Vdc ≤ Vsmes ≤ +Vdc. In the charging mode, T_1 and T_2 are turned on (the 

pulsation period is more than the off pulsation period) hence, a positive current and a 
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positive voltage appeared across the SMES coil and 0.5 < D ≤ 1, as shown in Figure 3.2. 

However, in the discharging mode, T_1 and T_2 are turned off (off pulsation period is more 

than on pulsation period) hence, a negative voltage appeared across SMES coil and 0 ≤ D 

< 0.5. Furthermore, Vsmes is zero in standby mode and D = 0.5. Figure 3.3 indicates the 

variables of FLC (dVw, dIsmes, and D) which have five sets of MFs (Gaussmf-type). dVw, 

dIsmes, and D have variation ranges to develop a set of fuzzy logic rules. IF–AND–THEN 

are the statements to transform fuzzy control rules into crisp control actions, Table 3.1 

indicates the rules of inputs and output variables. 

 

Figure 3.2. DC-DC chopper with its controller. 

 

(a) 
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(b) 

 

(c) 

Figure 3.3. (a) MFs of the FLC variables for dIsmes, (b) dVw, and (c) D. 

Table 3.1. The rules of input and output variables. 

dIsmes 
dVw 

N SN Z SP P 

N SB SB SB HD HD 

SN LC SB SB HD HD 

Z HC LC SB LD HD 

SP HC HC LC LD LD 

P HC HC LC SB LD 

N = negative, SN = Small Negative, Z = Zero, SP = Small Positive, P = Positive, LC = Low Charge, HC 

= High charge, LD = Low Discharge, HD = High discharge, SB =Standby. 

3.3.2.1 Simulation processes of the proposed technique 

The flowchart describing the steps of the proposed method is shown in Figure 3.4. 

These steps can be summarized as follows: 

Step1: sense and compute DSGs active and reactive powers (PDSGs, QDSGs), the wind power 

(Pw), load active and reactive powers (Pl and Ql), and wind speed (Vw). 

Step2: compute the relation between the active and reactive powers of DSGs, wind and 

load according to (3.2) and (3.3). 
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𝑃𝐷𝑆𝐺𝑠 = 𝑃𝑙𝑜𝑎𝑑−𝑃𝑤𝑖𝑛𝑑                                                                                                        (3.2) 

𝑄𝐷𝑆𝐺𝑠 = 𝑄𝑙𝑜𝑎𝑑 + 𝑄𝑤𝑖𝑛𝑑                                                                                                     (3.3) 

Step3: check the relation between wind speed and rated wind speed. At this time, the 

proposed FLC technique will give the decision for SMES to charge or discharge or stay in 

standby mode. 

Step4: check the value of voltage response to give order to the SMES to deliver/absorb 

reactive power to/from the Microgrid.  

Sensing SGs active and reactive power (PDSGs, QDSGs) load power (Pl), reactive load power (Ql),  and 

wind power (Pw)

Start

SMES absorbs active 

power (Psmes= Positive)

Yes

No

No

Complete simulation then End

Yes

0.95   Voltage   1.05 

Pw+Psmes = Pw_rated 

SMES stand by (Psmes= 0)

SMES supplies active 

power (Psmes= Negative) 

Pw+Psmes = Pw_rated 

Yes

SMES supplies reactive 

power (Qsmes= Negative) 

Yes

No

Active Power ProcessReactive Power Process

Measure Vw 

Vw < Vw_rated Vw = Vw_rated Vw > Vw_rated 

 

Figure 3.4. Flowchart for the simulation process. 

3.3.2.2 Results and Discussion 

The presence of wind turbine and DSGs lead to a considerable challenge for power 

system stability. The studied microgrid, shown in Figure 3.5, consists of IEEE 33 buses 

and two diesel SGs as the main power supply. Since buses 18 and 33 display the worst 

voltage profiles, the controlled-SMES systems and the WEs are connected at these buses 

[215]. Buses and lines data are found in [216], which are also listed in Table 0.1 in the 
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Appendix, and the parameters recorded in Table 0.2 in the Appendix show specifications 

of each SG. Each DSG has an excitation control to adjust the generator terminal voltage 

during starting and to keep the voltage of its terminal bus at 1.0 pu. Moreover, a governor 

for speed and frequency control, during the power mismatch between the load and 

generation, is provided with each DSG. The control system and associated variables of the 

governor are shown in Figure 0.2 and Table 0.2 in the Appendix, respectively [217]. The 

terminal voltage of the SGs is stepped up by a transformer whose parameters are given in 

Table 0.2 in the Appendix. Data for the SCIG are recorded in Table 0.4 in the Appendix. 

Table 0.4 in the Appendix presents the coefficients values [218]. The SMES parameter is 

listed in Table 0.4 in the Appendix.   

 

Figure 3.5. The studied hybrid-energy isolated microgrid system. 

The behaviour of SMES during wind gusts was tested on a wind speed sequence 

displayed in Figure 3.6 [219]. The response of the real power supplied at buses 18 and 33, 

and the microgrid frequency with the wind speed gusts are illustrated in Figure 3.7 and 

Figure 3.8, respectively. Figure 3.7 shows that due to the proposed control strategy of 

SMES, real power was successfully injected nearly constant real power to the microgrid at 

buses 18 and 33 during the wind gust. The injected real power was approximately around 

0.6 MW, while it was fluctuating between 0.3 and 1.1 MW without using SMES. The 

injection of constant real power to the microgrid helps to decrease the frequency 

fluctuations from 0.9 Hz deviation (between 49.55 and 50.45 Hz) without SMES to 0.1 Hz 

deviation (between 50 and 50.1 Hz) with SMES, as shown in Figure 3.8. 
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Figure 3.6. Wind speed at wind gust. 

 

(a) 

 

(b) 

Figure 3.7. Wind farm real power at (a) bus 18 and (b) bus 33. 

 

Figure 3.8. Microgrid frequency response. 

 

Figure 3.9. DSGs real power. 

The real power transfers from the DSGs are illustrated in Figure 3.9. In addition to 

controlling the active power transfers to the microgrid from the wind farm, Fig. 16 shows 

that the real power output of the DSGs became constant at about 2.8 MW when using SMES 

instead of varying between 1.8 and 3.3 MW without using SMES. Figure 3.10 illustrates 

the SMES real power, SMES energy, and the DC-link voltage. The SMES real power, 

shown in Figure 3.10 (a), illustrates that the SMES absorbs real power at high wind speeds 

and injects real power at low wind speeds. This makes the sum of power from the SMES 

and the wind farm approximately constant, whatever the variation of wind speed is. 
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Decreasing and increasing the energies of SMES, shown in Figure 3.10 (b) illustrates the 

charging and discharging of these units. Figure 3.10 (b, blue curve) shows that the SMES 

discharged from  1.17 MJ to 1.13 MJ (i.e.,  3.5% in  4 s) in the first lower peak of 

wind speed. This energy was enough to compensate for the decreasing power from wind 

during this time. Contrarily, Figure 3.10 (b, blue curve) shows that the SMES charged from 

1.13 MJ to  1.17 MJ (i.e. 3.5% in  4 s) in the upper peak of wind speed. This energy 

was enough to compensate for the increasing power from wind during this time. The second 

lower peak of wind speed is similar to the first lower peak. The constant DC-link voltage, 

shown in Figure 3.10 (c), indicates the robustness of the control process. 

 

 (a) 

 

 (b) 

 

(c) 

Figure 3.10. (a) SMES real power, (b) SMES energy, and (c) DC-link voltage. 

Because the wind farm is connected at buses 18 and 33 to the grid, the buses will be the 

most affected by wind speed gusts. Controlling the voltage profile of these two buses means 

the other buses in the microgrid will have a better voltage profile, and this was found in the 

obtained simulation results. Voltage profiles of buses 18 and 33 are illustrated in Figure 

3.11 to show the effectiveness of SMES reactive power control on these buses. The other 

buses are not displayed, to avoid redundancy. The SMES reactive power is illustrated in 

Figure 3.12. Figure 3.11 shows that voltages at buses 18 and 33 are successfully maintained 
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approximately constant at 0.97 pu when SMES is used instead of varying approximately 

between 0.92 and 0.96 pu without using SMES. This effect is the results of reactive power 

injection from the SMES units, as shown in Figure 3.12. The higher reactive power is 

injected from SMES at bus 33, because the voltage of this bus is lower than that of bus 18 

without using SMES. Finally, Table 3.2 presents a normalized comparative performance 

between the current study and other references for voltage and frequency control. 

 

 (a) 

 

 (b) 

Figure 3.11. Voltage profiles at (a) bus 18 and (b) bus 33. 

 

Figure 3.12. Reactive power of SMES units. 

Table 3.2. Normalized comparative performance between the current study and some references for voltage 

and frequency control of isolated microgrid. 

 Event Type of ESS 
Smoothing of SGs real 

power  
Type of control 

Current 

study Wind gusts SMES 

Smoothed at 2.8 MW 

instead of varying from 

1.8 to 3.2 MW 

FLC for DC-DC 

chopper and PI 

control for VSC 

[220] 
Load/generation 

connection 

Battery and 

ultra-

capacitor 

Not presented PI control 

[221] 

Load increasing, and 

generation 

disconnection 

Unknown 

Increased from 830 to 

1050 kW, and  

the transient was not 

improved 

Decoupled f–V 

controller and Q–V 

droop control 

based PID gain 

[222] Switching loads Battery Not presented 
FLC with GSC-I, 

GSC-II and RSC 

[223] Connecting loads Not indicated 

Only the sharing active 

power between two 

DSGs are presented 

Integrate a DCVC 

with droop control  
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3.3.3 Proposed DC-DC Chopper of 33-Bus Connected with Wind Turbine 

and Grid 

Figure 3.13 depicts the overall control of the SMES, which has two key phases. The 

first phase is the bidirectional VSC to control the injected/absorbed reactive power to/from 

the grid by the SMES unit. The control of VSC depends on the PI controller. The second 

phase is the DC-DC chopper, which controls the active power injected/absorbed to/from 

the grid by the SMES unit. The FLC is used with SMES to state the charging and 

discharging process. The FLC has two inputs and one output. The first input (dVwind) is the 

difference between the actual wind speed and the nominal wind speed; the second input 

(dIsmes) is the difference between the SMES actual current and its reference value. The 

output is the D compared with high switching frequency to fire the DC-DC chopper 

switches. 

So, the SMES DC-DC has three modes, as shown in Figure 3.13. The first mode is the 

charging mode; when the D achieves the condition 0.5 < D ≤ 1, a positive voltage appears 

across the coil of the SMES. The second mode is the standby mode when the voltage across 

the coil is zero and D = 0.5. The third mode is the discharging mode; a negative voltage 

appears across the SMES coil and 0 ≤ D < 0.5. The variables of FLC each have five sets of 

membership functions (MFs). IF–AND–THEN are used to transform rules of the fuzzy 

control into crisp control actions. The overall proposed control of the DC-DC chopper is 

shown in Figure 3.14. The first input (dVwind) and the second input (dIsmes) have five sets of 

MFs (NL = Negative Large, NS = Negative Small, Z = Zero, PS = Positive Small, PL = 

Positive large) meanwhile, the output (D) has five sets of MFs (DL = Discharge Large, DS 

= Discharge Small, NOA = No Action, CS = Charge Small, CL = Charge Large). 
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Figure 3.13. The overall SMES control system. 
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Figure 3.14. The control system of the DC-DC chopper. 

3.3.3.1 Results and Discussion 

Figure 3.15 shows the studied system used as a case study, consisting of a 33-bus 

connected to the grid as the primary power source. The wind turbine and the SMES systems 

are connected at buses 18 and 33, because these buses represent the weakest point from the 

voltage profile point of view [224]. Table 0.4 in the Appendix presents the data of the SCIG 

system and Table 0.5 for the SMES system. The proposed FLC-SMES is examined in the 

balanced and unbalanced cases to improve the IEEE 33 bus distribution system’s voltage 

and frequency and to achieve the power leveling from the wind system in the presence of 

wind-based SCIG during wind gusts, as shown in Figure 3.16. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25 26 27 28 29 30 31 32 33

SCIG

SMES

Grid

SCIG

12.66 kV
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12.66/

0.480kV

 
Figure 3.15. The studied system. 
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Figure 3.16. Wind gust. 

 Balanced case 

In this section, the performance of the IEEE 33 bus balanced distribution system will 

be discussed. The voltages at buses 18 and 33 are displayed in Figure 3.17 (a) and (b), 

respectively. The voltage in the SMES case at buses 18 and 33 is improved and maintained 

within the acceptable levels. At bus 18, the voltage enhanced from less than 0.94 pu to 

around 1.02 pu, and at bus 33 from less than 0.94 pu to 1.0 pu. In addition to the voltage 

improvement, the frequency fluctuations are mitigated successfully by utilizing the SMES 

system with its controller, as shown in Figure 3.18. 

 

(a) 

 

(b) 

Figure 3.17. The voltage response at balanced case (a) bus 18 (b) bus 33. 

 

Figure 3.18. The frequency response in a balanced case. 

The powers injected at bus 18 and 33 are shown in Figure 3.19 (a) and (b), and are 

smoothed successfully, where the proposed FLC-SMES achieves the power leveling 
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strategy to aid the system to be more stable. Moreover, the power injected from the grid is 

minimized and smoothed as a reason for charging (positive sign) and discharging power 

(negative sign) from the SMES, as shown in Figure 3.20 and Figure 3.21. 

 

(a) 

 

(b) 

Figure 3.19. The active power injected at (a) bus 18, (b) bus 33. 

 

Figure 3.20. The grid active power. 

 

Figure 3.21. The SMES active power. 

The grid reactive power is reduced, as shown in Figure 3.22, because the SMES injects 

reactive power into the grid and the wind system, as shown in Figure 3.23, which helps to 

improve the power factor and grid performance. The operational characteristics of SMES 

are shown in Figure 3.24, Figure 3.25, and Figure 3.26, respectively. Figure 3.24 and Figure 

3.25 present the charging and discharging operation of SMES during a wind gust. Figure 

3.26 shows the DC-bus voltage, which is constant during the overall time and validates the 

control system process. 

Table 3.3 lists a numerical result of the balanced case with and without SMES-FLC, 

where the voltage values during the wind gust at bus 18 and 33 have been improved when 

the SMES-FLC system was applied. When the wind speed is lower than the nominal value, 

the voltage at bus 18 reaches 0.922 pu without SMES and 1.01 with SMES; the voltage at 

bus 33 reaches 0.923 pu if the SMES is deactivated and 1.001 if the SMES is activated. 

However, when the wind speed is more than the nominal value, the voltage response at bus 

18 and 33 reaches 0.960 and 0.948, respectively without the SMES system. Meanwhile, in 
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the presence of SMES, the voltage response at buses 18 and 33 reaches 1.024 and 1.004, 

respectively. The SMES system has the ability to support the grid by reactive power to 

mitigate the voltage fluctuation during a wind gust; the reactive power control is utilized 

with VSC based on a PI controller. Therefore, the SMES supported the grid by reactive 

power around 0.4 MVAR at bus 18 and 1.85 MVAR at bus 33. Consequently, the maximum 

value of reactive power supplied from the grid is reduced from 3.75 MVAR (without SMES 

case) to 1.00 MVAR (with SMES case). At the same time, the minimum value of grid 

reactive power is reduced from 2.95 MVAR (without SMES case) to 0.75 MVAR.  

Besides supporting the grid by reactive power, the SMES system is able to inject active 

power to the grid during low wind speed and absorb active power during high wind speed. 

This helps to achieve the power leveling strategy at buses 18 and 33, and at the grid. The 

difference between the maximum and minimum value of active power at buses 18 and 33 

is 0.4 MW without using SMES system and 0.03 MW with using SMES system. At the 

grid, the difference between the maximum and minimum value of active power reached 

0.23 MW (with SMES case) instead of 1.4 MW (without SMES case). This in turn, led to 

an improvement in the frequency response, where the maximum value is minimized from 

50.038 Hz to 50.005 Hz and the minimum value is minimized from 49.965 Hz to 50.00 Hz. 

Moreover, the number of oscillation cycles is reduced. 

 

Figure 3.22. The grid reactive power. 

 

Figure 3.23. The SMES reactive power. 

 

Figure 3.24. The SMES energy. 

 

Figure 3.25. The SMES current. 
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Figure 3.26. The DC-bus voltage. 

Table 3.3. The numerical results of the balanced case. 

 
Without SMES With SMES 

Maximum Minimum Maximum Minimum 

Voltage at bus 18 (pu) 0.960 0.922 1.024 1.010 

Voltage at bus 33 (pu) 0.948 0.923 1.004 1.001 

Frequency (Hz) 50.038 49.965 50.005 50.000 

Active power at bus 18 (MW) 0.650 0.250 0.420 0.390 

Active power at bus 33 (MW) 0.650 0.250 0.420 0.390 

Grid active power (MW) 3.300 1.900 2.890 2.660 

Grid reactive power (MVAR) 3.750 2.950 1.000 0.750 

 Unbalanced case 

The proposed control method is verified by the unbalanced case, where the loads are 

divided between three phases, a, b, and c, by 30%, 20%, and 50% of total load, respectively. 

In this case, the voltage response of phases a, b, and c are improved. Phase c is considered 

to have the largest load value, so the voltage of phase c is the worst one. The voltage 

response at buses 18 and 33 for three phases are illustrated in Figure 3.27 (a) and (b); all 

the phases at buses 18 and 33 successfully stayed within limits during the presence of the 

SMES system, which leads to keeping the stability of the electrical power system. The 

frequency fluctuations are also damped in the unbalanced case in the SMES system’s 

presence, as shown in Figure 3.28. This, in turn, makes the power system more stable 

during the wind gust in the case of an unbalanced load. The power system becomes more 

reliable and stable as a result of voltage and frequency control using FLC-SMES. 

The SMES with its controller at bus 18 and 33 achieve the power leveling strategy at 

these buses, as displayed in Figure 3.29 (a) and (b), respectively, while in the case without 

using SMES, the active power fluctuates between 0.25 MW and 0.65 MW. Meanwhile, in 

the case of using SMES, this value is around 0.4 MW. This strategy leads to a positive 

impact on the grid, while the active power fed into the system from the grid has a smooth 

response, as indicated in Figure 3.30. The injected power fluctuates from 1.9 MW to 3.3 
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MW without a SMES case. When the SMES is activated, the grid active power fluctuates 

between 2.7 MW and 2.9 MW. 

 

(a) 

 

(b) 

Figure 3.27. The voltage response in the unbalanced case (a) bus 18, (b) bus 33. 

 

Figure 3.28. The system frequency in the unbalanced case. 

The reduction of injected active power from the grid comes from using the SMES, 

where the SMES injects active power to the grid as presented in Figure 3.31. The negative 

sign means the discharging mode of SMES and the power is absorbed from the grid during 

high wind speed variation. The positive sign indicates the charging mode of the SMES, and 

the active power is injected into the grid during low wind speed variation. 

 

(a) 

 

(b) 

Figure 3.29. The active power injected at (a) bus 18, (b) bus 33. 
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Figure 3.30. The grid active power. 

 

Figure 3.31. The SMES active power. 

According to the voltage, control is applied by using the VSC based on the PI controller. 

The voltage response of the three phases is improved. This is achieved because the reactive 

power supplied from the grid is reduced, as shown in Figure 3.32, where the reactive power 

injected from the grid is around 3.7 MVAR while using SMES, the grid reactive power 

reaches approximately 0.8 MVAR. The SMES injects reactive power to the grid, as 

presented in Figure 3.33, to improve the voltage response, as well as the reduction of 

reactive power absorbed from the grid, which improves the power factor. The SMES energy 

and SMES current are displayed in Figure 3.34 and Figure 3.35, respectively, which show 

the mode of SMES operation. To prove the effectiveness of the proposed control method, 

the voltage of the DC-bus is maintained constant during the wind gust, as presented in 

Figure 3.36.  

The numerical results of the unbalanced case with and without FLC-SMES are shown 

in Table 3.4. There, the PI-VSC reactive power control successfully achieves the control 

and improvement of the voltage. When the SMES is energized, the maximum and minimum 

values of reactive power supplied from the grid are minimized from 3.750 MVAR to 1.020 

MVAR and from 2.950 MVAR to 0.670 MVAR, respectively. Accordingly, the unbalanced 

three phase voltages have an enhancement; at bus 18, the voltage minimum values of phases 

a, b, and c are improved from 0.950 pu, 0.920 pu, and 0.890 pu to 1.019 pu, 1.012 pu, and 

0.993 pu, respectively, when the SMES is turned on. At bus 33, the voltage minimum 

values of phases a, b, and c are improved from 0.950 pu, 0.927 pu, and 0.890 pu to 1.017 

pu, 1.011 pu, and 0.977 pu, respectively, when the SMES is turned on. The overshoot and 

undershoot of the system frequency are minimized with the presence of the SMES system; 

moreover, the frequency fluctuations are reduced. The overshoot is minimized from 50.038 

Hz (without SMES) to 50.005 Hz (with SMES). The undershoot is minimized from 49.965 

Hz (without SMES) to 50.00 Hz (with SMES). This improvement of the frequency is a 
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result of the SMES active power control, during which the SMES injects/absorbs active 

power to/from the grid based on the wind speed compared to the nominal wind speed. 

Moreover, the power leveling strategy is achieved by the FLC-SMES, and the difference 

between the maximum and minimum value of active power at buses 18, 33, and the grid is 

reduced. 

 

Figure 3.32. The grid reactive power. 

 

Figure 3.33. The SMES reactive power. 

 

Figure 3.34. The SMES energy. 

 

Figure 3.35. The SMES current. 

 

Figure 3.36. The dc-bus voltage. 

Table 3.4. The numerical results of the unbalanced case. 

 
Without SMES With SMES 

Maximum Minimum Maximum Minimum 

Voltage at bus 18 (pu), phase a 0.990 0.950 1.036 1.019 

Voltage at bus 18 (pu), phase b 0.960 0.920 1.035 1.012 

Voltage at bus 18 (pu), phase c 0.920 0.890 1.007 0.993 

Voltage at bus 33 (pu), phase a 0.980 0.950 1.015 1.017 

Voltage at bus 33 (pu), phase b 0.953 0.927 1.014 1.011 
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Without SMES With SMES 

Maximum Minimum Maximum Minimum 

Voltage at bus 33 (pu), phase c 0.916 0.890 0.980 0.977 

Frequency (Hz) 50.038 49.965 50.005 50.000 

Active power at 18 (MW) 0.650 0.250 0.420 0.390 

Active power at 33 (MW) 0.650 0.250 0.420 0.390 

Grid active power (MW) 3.270 1.880 2.890 2.660 

Grid reactive power (MVAR) 3.750 2.950 1.020 0.670 

3.4 Conclusions  

In this chapter an effective control strategy was presented to improve the frequency and 

voltage profile of the IEEE 33 bus radial distribution system resulting from the intermittent 

generation of a wind system. Moreover, an FLC technique of SMES was discussed to 

control the real power transfers to a hybrid-energy-based isolated microgrid coupled with 

wind turbine during wind gusts. Moreover, PI control strategy was used to control the 

reactive power transfers from the SMES. The effectiveness of the proposed method was 

examined in the following cases. 

• A FLC technique of SMES is designed to control the real power transfers to a 

hybrid-energy-based isolated microgrid coupled with wind turbines during wind 

speed gusts. The studied microgrid consisted of balanced IEEE 33 bus and fed 

by two DSGs. Primary control was used with the DSGs to balance the 

generation and demand powers. The wind turbines were connected at buses 18 

and 33, at 30% overall penetration level. The SMES systems was connected at 

the same buses of wind turbines. The results showed that the proposed control 

technique was effective in keeping the real power transfers to the microgrid at 

constant value during wind gusts. This resulted in minimizing the fluctuation of 

the microgrid frequency and smoothing the output power from the DSGs. 

Moreover, the voltage profiles were successfully kept within the prespecified 

limits during the wind gusts. 

• An FLC-SMES technique is proposed to improve the balanced and unbalanced 

IEEE 33 bus distribution system performance in grid-connected coupled with 

wind-based SCIG. The proposed method has successfully mitigated the voltage 

and frequency fluctuations during the wind gust. Moreover, the proposed 

method achieved the power leveling strategy for the grid and common buses (18 

and 33). Furthermore, the active and reactive power of the grid is reduced to 

help grid stability. 

The results of this chapter have been published in [J4] and [J11]. 
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Chapter 4: Application of SMES Technology in 

Microgrid-Grid-Connected Mode during Various Events  

4.1 Introduction 

In this chapter, fuzzy logic control-superconducting magnetic energy storage (FLC-

SMES) is proposed to improve the power system stability during various events in the 

presence of a wind-power based squirrel cage induction generator (SCIG), doubly fed 

induction generator (DFIG), or permanent magnetic synchronous generator (PMSG. The 

proposed method helps to preserve the stability of the power system through damping the 

frequency and voltage fluctuations during various events as load insertion and rejection, 

variation of the wind speed, or pulse loads. The FLC-SMES is predicted to successfully 

maintain the voltage and frequency within limits. The FLC is used to define the mode of 

operation for the DC-DC chopper to charge/discharge active power from/to the grid-

connected system. Meanwhile, the bi-directional voltage source converter (VSC) is used to 

control the reactive power and inject reactive power to loads, consequently reducing the 

reactive power required from the main grid.        

4.2 Problem Description  

Microgrid systems are considered the optimal solution for supplying remote areas with 

the required electrical power, Microgrid systems contain one or more renewable energy 

sources (RESs), such as wind energy systems (WEs) and PV generation systems, etc. Due 

to the intermittent nature of RESs, power and voltage fluctuations have appeared 

accordingly at the connection point with the utility power grid. Hence, energy storage 

systems (ESSs) can play an effective role in mitigating power and voltage fluctuations 

caused by RESs. Moreover, the transient events such as an increase in the loads causes 

fluctuations of frequency and voltage of power systems. So, it is necessary to use controlled 

energy storage units to improve the stability of WEs based on SCIG, DFIG, or PMSG. In 

addition, there is a special type of load called pulsed power load (PPL): when PPL is 

integrated into the power system, it leads to high fluctuations in the frequency and voltage 

at the point of common coupling (PCC). The SMES system is considered an effective 

solution to overcome all of these issues that has the features of high-power capability and 

fast response. 
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4.3 Proposed DC-DC Chopper of SMES for Power Stability 

Enhancement of SCIG and DFIG Based Wind Turbine   

This section presents the application of DFIG for improving the power system stability 

in the presence of the SCIG. It can be used to increase the penetration level of the generation 

better than using SCIG only. Also, this section demonstrates the application of SMES to 

enhance the voltage and frequency stability of power systems which are fed from SCIG 

and DFIG wind turbines during transiently load events. By using DFIG and SMES with 

SCIG, the power system stability can be improved and the overall cost is minimized, while, 

without removing the SCIG from the system, the performance is still more reliable. The 

SMES active power control technique was achieved by two-quadrant DC-DC chopper 

using an insulated-gate bipolar transistor (IGBT). A FLC is used to determine the duty 

cycle to control the charging/discharging process of the SMES coil through a DC-DC 

chopper. 

As shown in Figure 4.1, the SMES controller has two main parts, the first part is the 

VSC with its control, which is used as a power electronic interface between the SMES coil 

and the AC side (with 3 MW rated power in this study) and having the two parallel IGBT 

bridges to reduce the source harmonics. This control depends on a proportional–integral 

(PI) controller. Fundamentally, a phase-locked loop (PLL) is used to synchronize the VSC 

with AC side. The AC voltage regulator can be obtained by comparing the AC voltage 

reference value and AC voltage actual value and produce the quadrature reference current, 

the DC voltage regulator can be obtained by comparing the DC voltage reference value and 

DC voltage actual value and produce the direct reference current. The current regulator can 

be obtained by comparing the quadrature reference current and its actual value and between 

the direct reference current and its actual value, the extracted value is used to control pulse 

width modulation (PWM) to pulsate the IGBT. 

The second part is the DC-DC chopper and its controller, which is responsible for 

charging/discharging the SMES power. This control depends on the FLC as an advanced 

control technique. The steps of designing an FLC for DC-DC chopper can be showed in 

the following stages:  

(i) Determine and state the inputs and the output that should be reached, as shown in 

Figure 4.1. The FLC has two inputs and one output, the first input is the SCIG rotor speed 

deviation (dNr), which is the difference between the reference rotor speed and the actual 

rotor speed. It has five sets of Gauss-type memberships functions (MFs) as presented in 
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Figure 4.2. The dNr named as (NL = Negative Large, NS = Negative Small, Z = Zero, PS 

= Positive Small, PL = Positive Large) as presented in Figure 4.2 (a). By similarity, the 

other input is the SMES current deviation (dISMES), it is the difference of the SMES 

reference and actual current. Also, the MFs of the second input can be named as (NL = 

Negative Large, NS = Negative Small, Z = Zero, PS = Positive small, PL = Positive Large) 

as shown Figure 4.2 (b), the output of the FLC is the duty cycle (D), the MFs can be called 

as (CS = Charge Small, CL = Charge Large, DS = Discharge Small, DL = Discharge Large, 

SB =Standby) as presented in Figure 4.2 (c).  

(ii) Design rules are based on the state of the FLC inputs, which can be used under any 

conditions. This can be easier if the design of the rules follows the true table model as 

recorded in Table 4.1.  

(iii) Determine the statement which should be used to transform fuzzy control rules into 

crisp control actions, the statement used in this study is (IF–AND–THEN). This is also part 

of the defuzzification stage of the fuzzy output. The FLC output signal is compared with a 

sawtooth signal to produce the required pulses for the DC-DC chopper switches. This, in 

turn, can be achieved to apply a positive voltage (S1 and S2 are on), in the charging process 

(i.e. D > 0.5) or negative voltage (S1 and S2 are off) in the discharging process (i.e. D < 0.5) 

or zero voltage (D1 and S1 are on) in case of the standby process of the SMES coil, that is 

means D is equal to 0.5. The surface viewer shows the inputs and output relation as shown 

in Figure 4.2 (d). 
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Figure 4.1. The complete control of the DC-DC chopper and VSC. 



Chapter 4: Application of SMES Technology in Microgrid-Grid-Connected Mode during 
Various Events 

ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

73 
 

 

(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 4.2. MFs for: (a) dNr, (b) dIsmes, (C) D, (d) and relation between inputs and output in 3-D. 

Table 4.1. Fuzzy logic SMES rules. 

dISMES 

dNr 

NL NS Z PS PL 

NL SB SB SB SB SB 

NS CS SB SB DL DL 

Z CL CS SB DS DL 

PS CL CL CS SB DS 

PL CL CL CS SB DS 

4.3.1 Simulation results and discussion 

Figure 4.3 shows the system, which was used as a case study during the load transition 

events. The main components of the system are SCIG-based WE, DFIG-based WE, SMES, 

and domestic loads. All these components are connected at a common bus, named (BUS) 

to study the performance of the test system. To indicate the impact of DFIG and controlled-

SMES on the power system stability in the presence of SCIG, the load can be connected 

and disconnected according to the scenario, which is highlighted in Table 4.2. The wind 

speed is assumed to be constant. The DFIG and SMES systems are connected to the power 
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network to compensate for the load demand and improve power system stability as well as 

the SCIG performance. The parameters of SCIG, DFIG, and SMES systems are listed in 

Table 0.6 in the Appendix. 

Table 4.2. The scenario of load state. 

Load connection t(s)=3 

Load disconnection t(s)=4 

 

  30 km T.L
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120 kV/ 25 kV

 

Figure 4.3. The configuration of the studied system. 

Figure 4.4. shows the voltage response at the common point BUS. It seems that during 

the transient event (load connection and load disconnection), the voltage value dropped to 

approximately 0.875 pu in the case of SCIG only while it is regulated to 0.95 pu after 

connecting the DFIG to the system. After installing SMES, the voltage is mitigated to 0.99 

pu, approximately. SMES and DFIG can be used to reduce the value of overshoot and 

undershoot fluctuation of frequency deviation as shown in Figure 4.5. The oscillations of 

SCIG speed are damped fast by using the SMES with DFIG and SGIG, as shown in Figure 

4.6. Figure 4.7 and Figure 4.8 present the response of SMES reactive and active powers, 

respectively. The SMES can inject reactive power to compensate for voltage variation and 

to supply the required reactive power for the SCIG as well. Also, SMES active power can 

be changed positively and negatively to damp effectively the oscillation in the system 

frequency, as shown in Figure 4.7. 
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Figure 4.4. Voltage response at point “BUS”. 

 
Figure 4.5.  The frequency deviation response. 

 
Figure 4.6. SCIG speed variation. 

 
Figure 4.7. SMES reactive power response. 

 
Figure 4.8. The behavior of SMES active power. 

 

Figure 4.9. The duty cycle performance. 

The response of the duty cycle of the chopper circuit is discussed in Figure 4.9. It can 

be seen that the value of the duty cycle changes less than or greater than 0.5 according to 

discharging and charging modes, respectively. This, in turn, helps to mitigate the voltage 

variation as well as rapidly damping the frequency oscillations. The response of the voltage 

across the SMES coil which has a positive, negative or zero value according to the SMES 

modes as shown in Figure 4.10. Furthermore, the SMES current and SMES energy response 

are presented in Figure 4.11 and Figure 4.12, respectively. Finally, Figure 4.13 shows the 

response of the DC-linked voltage, which is linked between the chopper circuit and the 

VSC. The value of the voltage is regulated to an approximately constant value at 2400 V 

during all modes of the SMES operation, which can prove and validate the robustness and 

the reliability of the proposed control method. 
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Figure 4.10. SMES Voltage. 

 

Figure 4.11. SMES Current. 

 
Figure 4.12. SMES energy response. 

 
Figure 4.13. The DC link voltage. 

4.4 Proposed DC-DC Chopper of SMES for Power Stability 

Enhancement of SCIG and PMSG Based Wind Turbine 

PMSG based wind turbine is utilized to improve the stability of the power system 

connected with SCIG-based wind turbine by increasing the penetration level of the 

generated power. The SMES-based FLC is used to improve the voltage and frequency 

response of the power system coupled with SCIG and PMSG based wind turbines during 

insertion and rejection of load.  

The complete control system of SMES is presented in Figure 4.1, with replacing the first 

input of FLC with the change of frequency (df). Gaussian MFs are utilized in this study and 

five sets of them are used with output and inputs, as presented in Figure 4.14, where (NFB 

= negative frequency big, NFS = negative frequency small, ZF = zero frequency, PFS = 

positive frequency small, PFB = positive frequency big, NCB = negative current big, NCS 

= negative current small, ZC = zero current, PCS = positive current small, PCB = positive 

current big, LD= large discharge, SD = small discharge, NoA = No action, SC = small 

charge, LC = large charge). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.14. (a) MFs of input df (b) MFs of input dIsmes (c) MFs of output D (d) 3-D graph. 

4.4.1 Simulation results and discussion 

The system used as a case study is presented in Figure 4.15 to study the effect of the 

load insertion and rejection on the stability of the power system. The studied system 

consists of SCIG and PMSG based WE. SMES and loads are connected to the common bus 

point (CBP). The parameter of PMSG, SCIG, and SMES are listed in Table 0.6 in the 

Appendix. MATLAB/Simulink tools with sample time 50 µs achieve all the simulation 

results. The load event is performed on steady-state period from 3 to 6 seconds of time 

simulation. 

To examine the performance of PMSG and controlled SMES on the electrical network 

stability in the presence of SCIG; a scenario of load insertion and rejection is performed, 

as shown in Table 4.3. The speed of PMSG based WE is assumed constant. Therein, PMSG 

and controlled SMES are coupled with the electrical network to cover the load demand and 

enhance the stability of the electrical network besides the performance of SCIG-based WE. 

Table 4.3 Load scenario. 

Load insertion t(s) = 4 

Load rejection t(s) = 5 
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Figure 4.15. Structure of the studied system. 

Figure 4.16 shows the response of voltage at CBP. Figure 4.16 shows that when a 

transient event occurred (load insertion and load rejection) the magnitude of the voltage at 

CBP sagged to 0.88 pu in the SCIG case. While in the presence of PMSG the magnitude of 

voltage at CBP sagged to 0.93 pu, this proved that PMSG improves the voltage response. 

Meanwhile, installing SMES leads to regulating voltage at CBP to 0.98 pu. Moreover, 

PMSG and SMES can improve the frequency response by reducing the value and number 

of frequency oscillations, as presented in Figure 4.17. Voltage regulation is a result of the 

reactive power injected from SMES, as shown in Figure 4.18. Figure 4.19 depicts the active 

power supplied from SMES. Figure 4.19 shows that SMES active power oscillates between 

positive and negative values in a way to mitigate the frequency oscillations. The response 

of the duty cycle, which indicates the charging, and discharging modes of SMES, is 

illustrated in Figure 4.20. SMES current and energy are presented in Figure 4.21 and Figure 

4.22, respectively, which show the performance of SMES in the different modes of 

operation. The DC link voltage is presented in Figure 4.23; the constant value of DC link 

voltage proves the robustness of the adopted control strategy. 
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Figure 4.16. Voltage at CBP. 

 

Figure 4.17.  Frequency deviation. 

 

Figure 4.18. SMES reactive power. 

 

Figure 4.19. SMES active power. 

 

Figure 4.20. Duty cycle. 

 

Figure 4.21. SMES current. 

 

Figure 4.22. The behavior of SMES energy. 

 

Figure 4.23. The behavior of DC-link voltage. 
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4.5 Proposed DC-DC Chopper of SMES for Mitigation of Pulsed 

Power Load Effect on Power System 

Integration of PPL into the power system leads to high fluctuations in the frequency and 

voltage at the PCC. The choice of a robust control approach plays a vital role in the case of 

SMES to improve the impact of the PPL on the power system. The FLC is proposed to 

control the SMES DC-DC chopper to compensate for the effect of the PPL on the power 

system. The PPL is connected for 0.1s with 5.7 MW to examine the proposed method’s 

effectiveness in mitigating the frequency and voltage fluctuations. Moreover, the proposed 

method achieves the compensation of PPL, where it can inject active power and reduce the 

power delivered from the utility grid. This, in turn, leads to maintain the stability of the 

power system and decreases the power loss of the system.  

The complete control system of the SMES unit is presented in Figure 4.1, with using the 

power at PCC (dPPCC) and SMES current (dISMES) as FLC inputs.  

Figure 4.24 shows the structure of the proposed control method of the DC-DC chopper. 

There, Figure 4.24 (a) and (b) indicate the first input of FLC (dPPCC) and the second input 

of FLC (dISMES), respectively. Each FLC input has five sets of membership functions 

(MFs); the prefixes of “H-” expresses “high negative”, “-” expresses “negative”, “0” 

expresses “zero”, “+” expresses “positive”, and “H+” express “high positive”. Figure 4.24 

(c) indicates the FLC’s surface graph, which shows the relationship between the inputs and 

the output. The prefixes of output (D) are the following; “DH” expresses “discharge high”, 

“D” expresses “discharge”, “NO” expresses “no action”, “C” expresses “charge”, and 

“CH” expresses “charge high” as presented in Figure 4.24 (d). The statement of IF–AND–

THEN is taken to convert rules into crisp control actions. 

4.5.1 Simulation results and discussion 

Figure 4.25 shows the simulated system for this case study, containing a PPL, a switch, 

and a SMES. The SMES system and the PPL are connected to the PCC. A step-down 

transformer is used to regulate the voltage level at the PCC, and the utility grid has a voltage 

of 120 kV. The model of the transmission line has been incorporated with a length of 30 km. 

Figure 4.26 indicates the model of the PPL that is used in this study. Generally, the PPL 

can be modeled as two parallel resistive elements with different values (i.e., ROFF >> RON). 

The switch is used to control connecting and disconnecting the PPL into/from the power 

system. When the switch is on, the PPL is represented by a very low resistance (RON), and 

it operates similarly to the short-circuit fault during the on-time (the PPL is on-time state). 
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Meanwhile, when the switch is off, a high resistance (ROFF) is applied, and it seems like an 

open-circuit (the PPL is off-time state). The duration of on-time for the switch is chosen as 

0.1 s [22]. The parameters of SMES are listed in  Table 0.7 in the Appendix. 

Measure total active power, ISMES 

END

Set Charge/Discharge/Standby mode of the SMES coil

Check Power 
Leveling , Frequency, 

and Voltage at PCC

Yes

No

Start

Use dPPCC and dISMES  as inputs to the FLC
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Fuzzifications

Apply rules

Defuzzifications

 

Figure 4.24. The proposed control process of the SMES DC-DC chopper. 
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Figure 4.25. Configuration of the studied system 
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Figure 4.26. Single-phase model of the PPL. 

The simulation is performed based on the MATLAB/Simulink software to check the 

feasibility of the proposed system with the SMES unit to mitigate the effect of the PPL on 

the power system. The PPL is activated at the instant 3 s and deactivated at the instant 3.1 s. 

The power of the PPL reaches 5.7 MW approximately during 0.1 s, which is considered to 

be a high load value during a short time. This fast change leads to a disturbance in the 

voltage and frequency at the PCC. Therefore, it is advisable to use the proposed method 

with SMES to mitigate the negative impact of the PPL.  

Figure 4.27 shows the frequency response during the connecting and disconnecting of 

the PPL. It is clear that the undershoot of the frequency deviation from the reference value 

(at 60 Hz) reaches 0.15 Hz during the on-state of the PPL, when the SMES system is not 

present. Meanwhile, the frequency deviation reaches approximately 0.05 Hz in the case of 

using the proposed FLC-SMES. In addition, the overshoot of the frequency reaches 0.2 Hz 

during the transition to the off-state of the PPL without using the proposed FLC-SMES; 

meanwhile, it reaches approximately 0.03 Hz in the presence of FLC-SMES. This means 

that the proposed FLC-SMES successfully reduced the undershoot and overshoot of the 

frequency during the on/off transition of the PPL. It can be noted that the voltage fluctuation 

at the PCC has been decreased in the presence of the SMES system as shown in Figure 

4.28. The proposed control method can decrease the voltage undershoot when the PPL is 

connected to the utility grid. The voltage recovery is achieved as the VSC of the SMES 

begins to inject the required reactive power into the power system.  

The active power supplied by the utility grid at the PCC with and without the SMES 

system is presented in Figure 4.29. The SMES has reduced the active power supplied from 

the grid from 5.7 MW to 2.9 MW. Figure 4.30 shows the active power injected from the 

SMES to the system to cover the requirements of the PPL. It is clear that the SMES unit 

injects active power into the power system, and the required active power from the grid is 

reduced during the PPL connection. This, in turn, preserves the reliability of the power 
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system. The SMES energy is presented in Figure 4.31, which indicates the discharging 

mode during the connection period of the PPL and the standby mode during disconnecting 

the PPL. It is noteworthy that the losses in the converters of the SMES system are neglected. 

As a result of reducing the delivered power from the utility grid to the PPL, the power loss 

in the transmission lines and the transformer has reduced from 200 kW to around 70 kW, 

as indicated in Figure 4.32. 

 

Figure 4.27. The response of system frequency. 

 

Figure 4.28. The voltage at the PCC. 

 

Figure 4.29. The active power of the power utility. 

 

Figure 4.30. The SMES active power. 

 

Figure 4.31. SMES energy. 

 

Figure 4.32. The active power loss in the system. 

4.6 Conclusions 

In this chapter, the proposed control method based on FLC-SMES is examined under 

various events such as load transition, PV and wind power variations, and PPL. Multiple 
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types of wind generators are tested in this study like SCIG, DFIG, and PMSG. Firstly, the 

effective control technique is presented to improve the stability of the power system. 

Furthermore, the SCIG performance has been enhanced by installing the DFIG, PMSG and 

controlled-SMES. The SMES energy is controlled by FLC applied to the bi-directional DC-

DC converter of a SMES unit. FLC uses two inputs; the SCIG rotor speed deviation and 

the SMES current deviation. SMES is maintained at standby mode during the normal 

operation of the system, otherwise, it charges/discharges its stowed energy during irregular 

events that occur in the system, such as load insertion/removal. The main contributions that 

can be summarized from this case study are, the proposed FLC applied to the SMES 

succeeded in maintaining the stability of the system. Moreover, the PI control strategy was 

used to control the reactive power transfers from the SMES. Using the proposed control 

method, both the PCC voltage and frequency are improved during load insertion/removal 

events.  

In general, the SCIG has low cost and simple construction; therefore, the combining of 

DFIG, PMSG and SMES is considered to be the best solution to improve the SCIG 

performance. Finally, this concept can gather between the economical solution and the 

better performance of the power system operation. Secondly, the application of FLC-SMES 

with the PPL is discussed to minimize the frequency and voltage fluctuations of the power 

system that results from the PPL. The FLC is based on the load power at the PCC and 

SMES current as inputs; meanwhile, the output represents the duty-cycle of the SMES DC-

DC chopper. The proposed control technique has effectively reduced the overshoot and 

undershoot in the system frequency during connecting the PPL. The proposed control 

method can control the three modes of SMES operation. Moreover, the power supplied 

from the utility grid to the PPL is reduced, and thus the power loss has decreased. 

Furthermore, the voltage at PCC successfully improved compared to the case of not using 

the FLC-SMES. Thirdly, in a hybrid grid connected PV/wind/SMES MG system, a control 

technique to mitigate the fluctuations in voltage and power of grid connected hybrid 

renewable energy system due to weather conditions using SMES has been proposed.   

The results of this chapter have been published in [J3], [J12], and [C1].
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Chapter 5: Application of SMES Technology in 

Adaptive Coordination Control with EVs  

5.1 Introduction 

Nowadays, electric vehicles (EVs) have a considerable effect on the electrical system, 

thus their analysis based on different EV integration approaches is necessary. This chapter 

exhibits four case studies for EVs with the grid to exhibit their influence on the electrical 

network and reduce power loss and voltage fluctuation. Furthermore, the growing load 

demand matters, management and support of active and reactive power, and load balancing 

will be discussed in this chapter. In the first operation category, EVs are connected to the 

electrical distribution systems with a 50% penetration level and charging in the 

uncontrolled charging mode. In the second operation category, the EVs are charging 

according to the fuzzy logic control charge. In the third operation category, the EVs are 

charging/discharging according to fuzzy logic control charge/discharge level. Where, an 

adaptive coordination method based on FLC for EVs and SMES to enhance the charge and 

discharge processes of EVs during off and on peak loading periods is also proposed. 

5.2 Problem Description 

Due to the enormous increase in the interconnection of EVs into utility power grids, 

more and more challenges are arising in modern power systems. To handle these 

challenges, many attempts have been proposed to achieve the satisfactory performance of 

EV charging/discharging, the improvement of utility power grid operation, and an adaptive 

coordination strategy for the EV–grid connection. The SMES unit plays a vital role in this 

process by injecting/absorbing its energy into/from the grid, which includes EVs. The 

proposed coordination method can achieve a better performance of EV 

charging/discharging. Moreover, the cooperative operation with SMES and the reliability 

improvement of the utility power are preserved using the proposed coordination strategy. 

5.3 Proposed Methods 

The EVs charging/discharging with SMES operation category is proposed in this 

chapter where, an adaptive coordination method based on FLC for EVs and SMES to 

enhance the charge and discharge processes of EVs during off and on peak loading periods. 

FLC is utilized to organize the charging/discharging process for both EVs and SMES. The 

SoC of SMES and EVs is considered as the input for EVs’ FLC besides the electricity price 
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(EP) signal. The parameters of the test system are given in Table 0.3 in the Appendix. The 

parameters of SMES are presented in Table 0.6 in the Appendix. The EV specifications are 

discussed in Section 2.4 in Chapter 2. 

5.3.1 Proposed FLC-SMES-EV Method  

Figure 5.1 describes the coordination strategy between the SMES and EVs. The FLC 

technique controls both the SMES and EVs with two input and one output variables. The 

common control input signal is EP between the SMES and EVs, while the second input of 

the SMES FLC is its SoC, and the difference between EV and SMES SoC is considered as 

the second input of EVs control. The output signals of the coordinated control FLC are the 

charging/discharging rates of SMES and EVs, respectively. Moreover, the coordinated 

control permits EVs to discharge power during their plugged period into the grid, and 

SMES can release its energy for charging the EVs at the loading period and the high EP 

period as well. This, in turn, can improve the reliability of the grid, as well as the behavior 

of the EV charging process. 
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Figure 5.1. The complete methodology of the proposed coordination method. 

5.3.1.1 Solution Process Method 

The steps of the proposed coordination method are presented in Figure 5.2. The SMES 

and the EVs are controlled with the FLC technique, where two inputs and one output are 

applied, as discussed in the previous section in detail. The solution processes of the 

proposed coordination method are summarized in the following steps. 

Step 1: Measuring the input data such as total load power (i.e., EVs’ load and 

residential loads), SoC of SMES and EVs, and the EP rate. The input signals are sent to the 

FLC of both the EVs and the SMES, then the output signals from the FLC are received. 

Both SMES and EV SoC are recorded to apply in the next step, where it can be chosen as 

one of the charging/discharging categories. 
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Step 2: If Case 2 (without SMES) is chosen, EVs SoC and EP are tested. Then the EP 

rate is checked; if the EP rate is low, EVs can charge from the utility grid until their full 

charging capacity. On the other hand, at a high EP rate and if EVs are charged more than 

20%, EVs can discharge into the utility grid until their SoC reaches 20%. This procedure 

in this step can be summarized as the following equations: 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉     at EV charging mode                                                      (5.1) 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 + 𝑃𝐸𝑉    at EV discharging mode                                                  (5.2) 

where positive/negative value of the grid output power (PG) means the 

injected/absorbed power to/from the distribution system, respectively. On the other hand, 

the positive/negative value of the EV power (PEV) means the discharging /charging power 

to/from the distribution system, respectively.   

Step 3: By choosing Case 3 (charging/discharging with SMES), the SMES SoC and 

the EP rate are checked. If the grid power is larger than the total load power during low EP 

events, SMES can charge from the utility grid until is fully charged. While the EVs and 

SMES discharge into the grid if the total load power is larger than the grid power. The 

proposed algorithm in this step can be discussed as follows: 

At a low rate of EP and if grid power is larger than total load power (PG > PRL): 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉 − 𝑃𝑆𝑀                                                                                    (5.3) 

At a low rate of EP and if total load power is larger than grid power (PRL > PG):  

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 + 𝑃𝐸𝑉 + 𝑃𝑆𝑀                                                                                    (5.4) 

where the positive/negative value of the SMES output power (PSM) means the 

discharging/charging power to/from the distribution system, respectively. 

Step 4: In case of high-rate EP, EVs charge from the SMES until they reach their full 

capacity. Additionally, the SMES can discharge into the grid after reaching its full capacity. 

Besides, EVs can help the SMES by discharging their energy into the grid if they have an 

SoC larger than 20%, and they will still be plugged into the grid. This, in, turn improves 

the reliability of the grid, especially during peak load periods. This procedure can be 

summarized as follows: 

EVs charge from SMES regarding (5.5). 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 + 𝑃𝐸𝑉 − 𝑃𝑆𝑀                                                                                  (5.5)  

SMES and EVs can be discharged into the grid regarding (5.6). 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉 − 𝑃𝑆𝑀                                                                                   (5.6) 
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Figure 5.2. Flowchart of the proposed coordinated control method with and without SMES. 

5.3.1.2 Results and Discussions 

In this study, the MATLAB Simulink Software is utilized to examine the case study. 

The selected test system is considered as a microgrid, which contains a residential building 

of 96 flats, 48 electric vehicles, and the SMES system is located to feed the residential loads 

and EVs. The rest of the system is connected to the utility grid through a transformer and a 

transmission line at the point of common coupling (PCC), as shown in Figure 5.3. The 

active and reactive power daily load curve level is presented in Figure 5.4. The coordinated 

control system is based on FLC, and the simulation period is one day. There are three tested 

scenarios as follows. Case 1 is the uncontrolled charging case, in which the EVs can charge 

the needed power without any control and restriction whatever the grid status and at any 

time. While Case 2 is controlled charging/discharging without using the SMES system, in 

which the EVs can charge/discharge power based on EP and their SoC signals. Finally, 

Case 3 (proposed method) is the controlled charging with a SMES system, in which the 

EVs can charge/discharge power via the coordinated control between the EVs and SMES. 

The power flow that passes in the transmission line can be calculated using (5.12) at the 

PCC. 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 ± 𝑃𝑆𝑀 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉                                                                                        (5.7) 

where 𝑃𝐺  is the injected/absorbed power of the grid, 𝑃𝑆𝑀 is the injected/absorbed power 

by the SMES system, 𝑃𝑅𝐿 is the absorbed power by residential loads, 𝑃𝐸𝑉 is the 

injected/absorbed power by the EV. 
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Figure 5.3. The complete system configuration. 

 

(a) 

 

(b) 

Figure 5.4. Daily load curve (a) active power, and (b) reactive power. 

The obtained results and a comprehensive study will be discussed in this section to 

indicate the adaptive coordination method based on FLC for EVs and SMES in enhancing 

charge and discharge processes of EVs during off and on peak loading periods. The 

MATLAB Simulink® toolbox is used to perform all modules in this work. The comparison 

between three different cases is listed to show the effect of the adaptive coordination 

method based on FLC and SMES on the reliability of the utility power. Figure 5.5 shows 

the total load active power (EVs and residential loads) in the three cases. In Case 1, the 

value of the peak period power is high compared to the other two cases, because there are 

no restrictions on EV operation; hence the EVs take the required power whatever of the 

state of the grid, which leads to a harmful effect for the grid. In contrast, Case 2 displays 

the lowest value peak period power with some restrictions for EV operation. Case 3 

provides reliability for the grid by inserting a SMES system to inject active power into the 

system, in which the EVs can charge the necessary power, and in the same situation, the 

reduction in the grid power peak period is achieved as shown in Figure 5.6. 
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Figure 5.5. Total active power load. 

 

Figure 5.6. Grid active power. 

In Cases 1 and 2, the active power is supplied totally from the grid, so the restriction is 

applied to the EVs charging/discharging to reduce the peak period power. But after utilizing 

the SMES in Case 3, the EVs charging power is increased, and the grid power during the 

peak period is decreased. Moreover, the SMES supplies active power to the system during 

the shortage of power wanted by components of the electrical system. This action is evident 

in the period of peak load, as shown in Figure 5.7, which leads to the improvement of the 

grid performance and reduces the EV restrictions with increasing the charging power 

availability of EVs, as shown in Figure 5.8, Figure 5.9, and Figure 5.10. 

Figure 5.8 shows a sample of five EV SoC in the three different cases. In Figure 5.8 

(a), the EVs reach 100% SoC because there are no restrictions on the EV charging 

processes, so this case satisfies the EV requirements. However, this case does not support 

reliable grid operation. Meanwhile, Case 2 helps in reducing the peak period power and 

enhancing reliable grid operation. Still, it forces a restriction on the EV requirements, as 

shown in Figure 5.8 (b). The best choice for the grid and the EV owners is Case 3, where 

the SMES system with coordinated control can achieve grid reliability by reducing the grid 

peak power. Moreover, this case meets the EV requirements through the reduction of the 

restrictions and the provision of an additional energy source. This case is presented in 

Figure 5.8 (c), where the SoC values are higher than in Case 2. Figure 5.9 (a) and (b) display 

a sample for SoC of EVs in the three cases at 5 p.m. and 7 p.m. The power loss is a vital 

part of the power system, which indicates to what extent the grid performance is improved. 

Figure 5.11 displays the power loss in the proposed system. It is obvious that Case 3 has 

the lowest value of power loss, although in this case, the EVs charge more power than in 

Case 2, as shown in Figure 5.10, where SMES and the coordinated control system help to 

minimize total power loss. 
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Figure 5.7. The SMES active power. 

 

(a) 

 

(b) 

 

(c) 
Figure 5.8. EV SoC (a) Case 1, (b) Case 2, (c) Case 3. 

 

(a) 

 

(b) 
Figure 5.9. SoC of (a) EV at 5 p.m., (b) EV at 7 p.m. 

 

Figure 5.10. Total EV power. 

 

Figure 5.11. Total power loss. 

The voltage response is presented in Figure 5.12, where the voltage is successfully 

maintained at 1.0 pu in Case 3, because the SMES injects reactive power into the utility 
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grid, as shown in Figure 5.13. This, in turn, leads to the reduction of the reactive power 

required from the grid, as shown in Figure 5.14, which helps to keep the reliability of the 

utility grid operation. Figure 5.15 indicates the SMES energy; it is clear that SMES 

discharges energy to EVs and the grid. Figure 5.16 shows the DC-link voltage; this is 

approximately constant, which validates the control process. Table 5.1 shows a comparison 

of Case 2 and Case 3 with Case 1 as a reference case. The proposed method achieved the 

main target of our research, i.e., reducing the grid active and reactive power during the peak 

period, moreover, minimizing the power loss during this period. The presence of SMES 

makes the grid more comfortable besides the reactive power support and voltage regulation. 

 

Figure 5.12. The response of PCC voltage. 

 

Figure 5.13. The SMES reactive power. 

 

Figure 5.14. Grid reactive power. 

 

Figure 5.15. The SMES energy. 

 

Figure 5.16. DC-Link voltage. 
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Table 5.1. Comparison of Case 2 and Case 3 with Case 1 as reference 

 Case 2 Case 3 

Grid active power at peak 

load 

Reduced by 30% compared to 

Case 1 

Reduced by 55% compared to case 1 

and 36.3% compared to Case 2 

Grid reactive power at 

peak load 
Not supported 

Reduced by 83% compared to case 1 

and Case 2 

Power loss at peak load 
Reduced by 48% compared to 

Case 1 

Reduced by 69.3% compared to 

Case 1 and 40.8% compared to Case 

2 

Grid restrictions Yes No 

Voltage regulation Not considered Considered 

Reactive power support Not applied Applied  

5.4 Conclusions 

This chapter presented a comprehensive study of the different EV integration approaches. 

Different EV integration approaches were discussed and compared: uncontrolled charging 

approach, controlled charging approach, controlled charging/discharging approach, and 

controlled charging/discharging with SMES approach. A new method for reliable operation 

for the utility grid in the presence of EVs and SMES is presented. FLC is used to make a 

coordination control between the EVs and SMES. The EVs have two FLC inputs and one 

output. The SoC of the EVs and SoC of the SMES are considered as the primary signals. 

The coordinated control with FLC is applied to identify and examine the 

charging/discharging process of the SMES and the EVs. Through the comparison between 

the different types, controlled charging/discharging with SMES achieves the best 

performance, which minimizes power loss, injects reactive power to the grid, reduces the 

reactive power required from the grid, keeps the voltage at 1 pu, reduces peak power, and 

reduces the active power required from the grid, but needs a communication and 

information system.  

The results of this chapter have been published in [J5]. 
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Chapter 6: Application of SMES Technology in Energy 

Management with EVs and RESs  

6.1 Introduction 

The impacts of electric vehicles (EVs) on the electrical power network in the presence 

of renewable energy sources (RESs) and energy storage systems (ESSs) is a field to be 

studied in depth. Especially because in recent years the installation of electric vehicles has 

increased considerably in order to reduce the emission of Carbon dioxide (CO2) and fossil 

fuel consumption to reach environmental cleanliness. This chapter presents a comparison 

between the different integration methods of electric vehicles subject to the availability of 

photovoltaic (PV) systems, wind turbine, and superconducting magnetic energy storage 

(SMES) systems. Moreover, it analyses and explains the issues of power loss, voltage 

fluctuation, load levelling and reactive power support in the different approaches. Besides 

that, this study explores the role of SMES systems in different cases. A fuzzy logic control 

(FLC) algorithm is proposed to estimate the charging and discharging process of SMES 

systems and EVs. In addition, a coordinated control system is proposed to manage the 

power between the PV system, wind turbines, the EVs and SMES, as well as to boost the 

power system performance. A whole coordinated control system based on fuzzy logic 

control is proposed to make the energy management of the grid, EVs, SMES, and PV, wind 

turbine in an all-integration approach of EVs to achieve the improvements in the power 

system performance and maintain the reliability of the all-system components. 

6.2 Problem Description 

In recent years, EVs have made remarkable impacts on reducing pollution and have 

proven their suitability for utilizing RESs instead of fossil fuels. The continuously 

increasing number of installed EVs has encouraged their employment for performing 

additional functionalities in utility grids. To achieve the advantages of EVs, they can be 

fueled by RESs such as PV and wind turbines to get energy-independent and to reduce fuel 

costs and pollution. The PV system and the wind turbine can be used as a power source for 

electrical appliances and for EVs. To face the growing load demand with a continuous 

reduction in fossil fuels, the PV and wind turbines offer an alternative solution. The 

proposed study considers the targeted renewable energy powered utility grids with installed 

ESSs. PV and wind energy have been examined as a case study for the RES with 

considering their stochastic characteristics and the continuous fluctuations in irradiance and 
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wind speed. The various aspects of point of common coupling (PCC) voltage fluctuations, 

reactive power support, leveling active power of the on-peak period, and power losses are 

considered here. Moreover, FLC systems have been proposed for controlling EVs and the 

SMES device.  

The energy management between the installed EVs, SMES, wind system, PV, and 

utility grid side is achieved through the coordination of the FLC systems. The main problem 

is the difference in thinking and purpose between the EV owners and the grid side. From 

the point of view of the EV owner, it is essential to provide the electricity to charge the EV 

at an acceptable price at any time. While, from the point of view of the electricity grid, the 

energy management will face more challenges because of the probability of overlap 

between the on-peak residential load period and EV charging period. Therefore, it is 

necessary to propose coordinated control charging techniques for EVs. 

6.3 Proposed Coordination Control System 

This chapter presents a comprehensive analysis of different integration approaches of 

EVs into the power system in the presence of a PV system or wind system and a SMES 

unit with coordinated control via the FLC technique. The improved control technique 

proposed for the SMES device relies on the FLC to provide the power levelling strategy 

through taking the power at PCC as a control signal for the FLC, and taking into the 

consideration the state of charge (SoC) for the SMES device to keep on the coil through 

taking the SMES current as a control signal for FLC. Meanwhile, the price signal and SoC 

of EV are taken as control signals to provide the benefits for the EV owner and the grid. 

The power system status is compared in all types of EV integration approaches with a 

proposed coordination technique in the presence of PV or wind system and SMES. The 

charging price of EVs is proposed as the main aspect of the control process, besides the 

power at the PCC to improve the power system performance and optimize the charging and 

discharging process of EVs and SMES. The possible integration approaches of EVs are 

studied in this chapter; in the first case UCCIA, two scenarios are presented with/without 

SMES, in the second case CCIA, two scenarios are presented with/without SMES, in the 

third case CC/DIA two scenarios are presented with/without SMES. A statistical analysis 

of the results is presented for all types of EV integration approaches. The results prove that 

the proposed coordinated control technique improves the power system performance to 

reduce power loss, reduce voltage fluctuation, and avoid congestion in the peak period.  
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Two proposed control systems will be presented in this chapter which have the same 

steps with the one difference related to the type of RESs that used PV or wind system. In 

this chapter, a coordination control technique is proposed which has two main control parts, 

as presented in Figure 6.1. The first control process is applied to control EV charging or 

discharging. This process is based on FLC, which has two inputs and one output. 

Meanwhile, the other control process is applied to control SMES charging or discharging. 

This process is based on FLC, which has two inputs and one output. The grid market and 

information communication room are responsible for feeding the control inputs with 

signals of electricity price and power at the PCC, which provides coordination between 

EVs and SMES. 

 

Figure 6.1. The proposed coordination control system. 

6.3.1 Proposed Energy Management Control Method for Grid, PV, 

SMES, and EVs 

The operation design for EVs has three modes. The first one is the uncontrolled 

charging process for EVs (UCCIA). The second one is the controlled charging process for 

EVs (CCIA), and the third one is the controlled charging and discharging process for EVs 

(CC/DIA). Meanwhile, the fourth control method is related to the charging/discharging of 

SMES. 

6.3.1.1 Uncontrolled Charging Operation of EV 

Figure 6.2 shows the flowchart of the UCCIA process. The power flow at PCC during 

UCCIA will be defined by equation (6.1). 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝑈𝐶𝐶𝐼𝐴                                                                                 (6.1) 
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where PG is power from/to grid, PPV is power from the PV system, PRL is the power to 

residential loads, and PEV, UCCIA is the power to EVs at UCCIA. 

 

Figure 6.2. Flowchart describing the proposed UCCIA algorithm. 

6.3.1.2 Controlled Charging Operation of EV 

The FLC is responsible for defining the charging power rate of each EV based on the 

market (the price of electricity) and information communication between the grid side and 

EVs (SoC). The power flow at the PCC during CCIA will be defined by equation (6.2). 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝐶𝐶𝐼𝐴                                                                                  (6.2) 

where PG is power from/to grid, PPV is power from the PV system, PRL is the power to 

residential loads, and PEV, CCIA is the power to EVs at CCIA. 

The SoC of EV and electricity price are used as inputs for FLC to determine the 

charging rate of EVs. The EV SoC will be fuzzified to three sets of triangular membership 

functions (MFs) as small (S), medium (M), and high (H); and two sets of trapezoidal MFs 

as very small (VS) and very large (VL). Meanwhile, the price rate will be fuzzified to three 

sets of trapezoidal MFs as price low (PrL), price medium (PrM) and price high (PrH). The 

charging rate, which is presented as the output, will be fuzzified to three sets of triangular 

MFs as low charge (LC), medium charge (MC), and high charge (HC), and two sets of 

trapezoidal MFs as very low charge (VLC) and very high charge (VHC). In this study, the 

statement (IF-AND-THEN) is applied to examine the relation between the rules of 

variables. The whole CCIA process is described in Figure 6.3, and the fuzzy rules between 

the inputs and output are listed in Table 6.1. This proposed control process aims to motivate 

the EV owners to charge power during the off-peak period with low prices, which leads to 

the mitigation of loading in the peak period. 
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Figure 6.3. Flowchart describing the proposed CCIA algorithm. 

Table 6.1. CCIA fuzzy rules. 

Price rate 
SoC 

VS S M H VL 

PrL VHC VHC VHC HC HC 

PrM HC HC MC MC MC 

PrH LC LC VLC VLC VLC 

6.3.1.3 Controlled Charging/Discharging Operation of EV 

As EVs have the ability to charge power from a charging station and to discharge power 

to the grid, a control method exploiting this can be designed. CC/DIA based on FLC is 

proposed in this chapter to state the charging and discharging rate of each EV. In this 

technique, the FLC has three variables; two for input and one for output as shown in Figure 

6.4 (a), (b), and (c), respectively. The FLC output is specified to state the charging and 

discharging rate of EVs, which will be fuzzified to three sets of triangular MFs as low 

discharge (LD), medium case between charge and discharge (M), and low charge (LC); 

and two sets of trapezoidal MFs as high discharge (HD) and high charge (HC). Figure 6.4 

(d) shows the three-dimensional (3-D) graph which describes the input and output 

relationship of the FLC process in this case. The whole CC/DIA process is illustrated in 

Figure 6.4, and the fuzzy rules between the inputs and output are shown in the Table 6.2. 

This proposed control process aims to motivate the EV owners to charge power during the 

off-peak period with low price and discharge power during the on-peak period with a high 
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price, taking into account the SoC. This leads to the mitigation of loading in the on-peak 

period and an increase in the reliability of the system. The assumption should take the EVs 

into account; when the SoC of EVs is below 20%, the EVs have no permission to discharge 

power. The power flow at PCC during CC/DIA will be calculated by equation (6.3). 

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉,𝐶𝐶/𝐷𝐼𝐴                                                                                (6.3) 

where PG is power from/to grid, PPV is power from the PV system, PRL is the power to 

residential loads, and PEV is power from/to EVs at CC/DIA. 

 

Figure 6.4. Flowchart describing the proposed CC/DIA algorithm. 

Table 6.2. CC/DIA fuzzy rules. 

Price rate 
SoC 

VS S M H VL 

PrL HC HC LC LC LC 

PrM LC M M LD LD 

PrH LC M LD LD HD 

6.3.1.4 Charging/Discharging Operation of SMES 

Figure 6.5 shows the overall control process of the SMES system, in which the FLC is 

an advanced control technique used to control the SMES charging and discharging process. 

The power at the PCC is used as an input for FLC-SMES, which represents the whole 

power generation and consumption system. At the PCC point, it contains powers of PV, 

residential loads, EVs, and grid to leveled power transfer as possible. This input is fuzzified 

to five-sets of Gaussian MFs as big negative (BN), negative (N), zero (Z), positive (P), and 
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big positive (BP). The other input is SMES current which is fuzzified to five-sets of 

Gaussian MFs as big negative (BN), negative (N), zero (Z), positive (P), and big positive 

(BP). To determine the charging and discharging rate of SMES is the responsibility of the 

output signal. The output is a duty cycle (D) which has three scenarios; (i) when the D 

value equals 0.5, it means that the SMES unit is in standby mode and the electrical network 

is in normal operation state. (ii) When the D value is between zero and 0.5, it means that 

the SMES unit is in discharge mode and the electrical network has a low level of power. 

(iii) When the D value is between 0.5 and unity, the SMES unit is in the charging mode 

and the network has a high level of power. This output is fuzzified to five-sets of Gaussian 

MFs as fast discharge (FD), discharge (D), no action (NO), charge (C), and fast charge 

(FC). The fuzzy rules between the inputs and output are recorded in Table 6.3. Equation 

(6.4) computes the power at PCC with different EV integration approaches in the presence 

of a SMES unit. 

 

Figure 6.5. Flowchart describing the proposed SMES control algorithm. 

Table 6.3. SMES control fuzzy rules. 

∆Ismes Pline 

BN N Z P BP 

BN NO C FC FC FC 

N NO NO C FC FC 

Z NO NO NO C C 

P FD FD D D NO 

BP FD FD FD D NO 
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𝑃𝑃𝐶𝐶 = {

±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝑈𝐶𝐶𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆    𝑓𝑜𝑟 𝑈𝐶𝐶𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆

±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝐶𝐶𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆    𝑓𝑜𝑟 𝐶𝐶𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆

±𝑃𝐺 + 𝑃𝑃𝑉 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉,𝐶𝐶/𝐷𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆   𝑓𝑜𝑟 𝐶𝐶/𝐷𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆  

         (6.4) 

6.3.1.5 Simulation Results and Statistical Analysis 

Figure 6.6 presents the structure of the system used in this study, which consists of the 

electrical substation as the main grid, connected to PCC through the transmission line, at 

the PCC bus point the PV system and SMES unit supply power to EVs and residential 

loads. The power flow through the transmission line at the PCC bus can be calculated by 

equation (6.5).  

𝑃𝑃𝐶𝐶 = ±𝑃𝐺 + 𝑃𝑃𝑉 ± 𝑃𝑆𝑀𝐸𝑆 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉                                                                             (6.5) 

where PG is power from/to grid, PPV is power from the PV system, PSMES is power from/to 

SMES unit, PRL is the power to residential loads, and PEV is power from/to EVs. The 

parameters of PV are listed in Table 0.8 in the Appendix. The parameters of the test system 

are listed in Table 0.3 in the Appendix. The parameters of SMES are presented in Table 0.6 

in the Appendix. The EVs specifications are discussed in Section 2.4, Chapter 2. 

 

Figure 6.6. The system structure. 

In order to show the effect of different EV integration approaches discussed in the 

previous sections, the simulation results and their statistical analysis will be presented in 

this section. All the modules were performed using the MATLAB/SIMULINK software 

toolbox. The different EV integration approaches are tested alone and with SMES as the 

storage device, the comparison between all these cases will be presented below to show 

how the SMES system improves the power system performance, and to clarify 

convergences and divergences between all cases.  

Figure 6.7 shows the line active power EV integration approaches with and without 

SMES. The results in Figure 6.7 can be divided into two groups: the first group includes 
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the EV integration approaches without SMES. In this group, it is obvious that the CC/DIA 

has the best performance compared to CCIA and UCCIA, because the on-peak power has 

the lowest value in the case of CC/DIA, and CCIA has a value lower than UCCIA which 

has the worst performance. Regarding the EV integration approaches with SMES, all the 

cases have a good performance and all are better than the first group. In all these cases, the 

SMES unit injects the active power into the grid when there is a shortage in the power 

available to feed the system components, which is obvious in the peak load period. 

However, it can charge power from the grid when there is a surplus in the power provided 

by system components, which is obvious in the PV generation power period as shown in 

Figure 6.8 (positive sign indicates the charging mode, while a negative sign indicates the 

discharging mode). This data proves that the CC/DIA helps to reduce power in the peak 

period, when the SMES can discharge power value less than in the case of CCIA and 

UCCIA.  

By comparing these three cases in the presence of SMES, the CC/DIA with SMES setup 

has a better performance than the two other cases because it has the lowest on-peak value, 

then CCIA with SMES, and then lastly UCCIA with SMES. In general, these results prove 

that the CC/DIA is better than CCIA and UCCIA, and CCIA is better than UCCIA. Table 

6.4 shows the statistical analysis for the line active power providing computational results 

of minimum, maximum, the difference between maximum and minimum, mean, and 

standard deviation. It is observed that the CC/DIA with SMES can reduce the supplied 

power from the grid where it has the lowest maximum value, and helps to reach a power 

leveling strategy where it has the lowest value of the difference between maximum and 

minimum. The negative value of mean criteria means that the mean active power during 

the day is injected to the grid. 

 

Figure 6.7. The line active power at the PCC. 

 

Figure 6.8. SMES active power. 
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Table 6.4. Statistical analysis for line active power (kW). 

Statistics UCCIA 
UCCIA 

with SMES 
CCIA 

CCIA with 

SMES 
CC/DIA 

CC/DIA 

with SMES 

Min -248.8 -97.02 -250.8 -98.6 -248 -95.86 

Max 461.3 136.8 359.9 112.9 244 70.98 

Max-Min 710 234 611 212 492 167 

Mean 80.8 16.75 68.49 13.62 23.87 -1.921 

Std 207 65.89 191.6 63.7 160.5 51.62 

Figure 6.9 below shows the total power loss of the electrical network, which indicates 

the importance of the presence of SMES and proposed control methods. In the without the 

SMES group, the power loss has a high value in all the three cases in the peak period 

compared with the presence of the SMES group. In the first group, the UCCIA has the 

highest value of power loss, but the CCIA case reduced it by 40% compared to UCCIA. 

Meanwhile, in the CC/DIA case it is reduced by 65.7% compared with UCCIA and 42.8% 

compared with CCIA. In the second group, the profile of power loss in the three cases have 

very close values as shown in Figure 6.9, so this group can be compared with the first group 

for each case. In the second group, the SMES reduced power loss by approximately 73%, 

compared with UCCIA, by approximately 55% compared with CCIA, and by 

approximately 21% compared with CC/DIA. Table 6.5 shows the statistical analysis for 

the power loss. 

 

Figure 6.9. The response of system power loss. 

Table 6.5. Statistical analysis for total power loss (W). 

Statistics UCCIA 
UCCIA 

with SMES 
CCIA 

CCIA with 

SMES 
CC/DIA 

CC/DIA 

with SMES 

Min 25.25 76.5 26.52 80.73 26.44 79.59 

Max 1321 349.8 791.4 372.4 452.2 351.3 

Max-Min 1295.75 273.3 764.88 291.67 425.76 271.71 

Mean 313.5 154.9 269 149.2 184.6 141 

Std 310.6 41.37 213.4 42.91 102.9 35.98 

Moreover, the SMES can charge or discharge active power, it can inject reactive power 

into the system to reduce the reactive power required from the system and thus improve 
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the voltage response and system performance. Figure 6.10 shows the line reactive power 

of the system in all cases. It is obvious that the SMES system reduces the reactive power 

from the grid. The SMES injects reactive power into the grid as shown in Figure 6.11 to 

help the grid, which leads to the improvement of the system voltage as shown in Figure 

6.12. Furthermore, Figure 6.13 shows the SMES current and SMES energy in different 

cases that describe the SMES processes. 

 

Figure 6.10. The line reactive power. 

 

Figure 6.11. SMES reactive power. 

 

Figure 6.12. Voltage response at the PCC. 

 
(a) 

 
(b) 

Figure 6.13. The response of SMES (a) current and (b) energy. 
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A comparison of the different EV integration approaches in the absence and presence 

of SMES in each case is presented in this chapter. Regarding the different EV integration 

approaches, the EV owners are absolutely free to choose the method that is most 

appropriate to them. So, from this study, the most useful technique for the EV owners is 

CC/DIA, because they will save the money on condition that there is enough energy. If the 

EV owners did not have enough energy, in this case, the CCIA will be the best choice to 

save money. Also, choosing CC/DIA will help the grid to become stable, and achieve the 

distribution system operator benefits according to the market requirements and security of 

supply and quality of service. Moreover, increasing sustainable development as possible 

by saving fossil fuel. 

Using the SMES unit will help the different aspects such as EVs owners, distribution 

system operators, and sustainable development. The use of SMES with CC/DIA is 

considered to be the best technique, because it provides the lowest price for the EV owner 

to charge power regardless of whether they have enough energy or not, and they can 

discharge at a good price when they have surplus energy. Moreover, this method offers 

several advantages to the distribution system operator such as keeping a high level of the 

security of supply and quality of service and meet the market requirements. It is a very 

important aspect to achieve sustainable development, using the SMES with CC/DIA will 

provide a sufficient energy storage source and encourage electricity use in transportation 

and save and reduce fossil fuel consumption. Additionally, it minimizes power loss, voltage 

fluctuation and achieves power-leveling strategy.  

6.3.2 Proposed Energy Management Control Method for Grid, Wind 

Turbine, SMES, and EVs 

The operation design for the proposed energy management algorithm is discussed in 

Section 6.3, but in this section, the wind system is inserted to the grid instead of PV system 

with SMES and EVs. 

6.3.2.1 Solution Process Method 

In this section, a cooperative energy management strategy is presented for controlling 

the various devices in the utility grids at the PCC. Each of the connected devices can 

participate in improving the performance of the power system. Moreover, the coordination 

between the SMES and the EVs can be achieved, in addition to adding more functionalities 

to the EV system. Each of the connected SMES and EVs has its local controller, which 

performs the regulation function of the measured voltages/currents so as to follow the 
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requirements. Whereas, there is an additional central controller that manages the share of 

active/reactive power among the connected devices. The main objectives and priorities for 

the management algorithm can be summarized as follows. 

• Minimizing the absorbed active and reactive electrical powers from the utility 

power grids so as to preserve local power supply for the residential loads. 

• Operation of the connected devices in a cooperative way to mitigate the continuous 

fluctuations of wind energy and electrical loads. 

• Controlling the voltage at PCC to be within the predefined limits and constraints by 

the utility grid operators. 

• Studying various impacts of the different control approaches of EVs in utility grids. 

• Achieving more economical operation for the owners of EVs to encourage them to 

cooperate interactively with the utility grid performance management. 

• Achieving reliable power supply operation by considering the intermittent wind 

generated power with different loading and EV control approaches. 

Figure 6.14 shows the flowchart for the proposed energy management algorithm. The 

proposed algorithm is divided into two parts, including active power management and 

reactive power management. The proposed algorithm is organized as follows. 

Step 1: The various measured signals are collected and fed into the proposed central 

energy management algorithm through the available metering infrastructures. The 

measured parameters include: load active power PRL and load reactive power QRL, the 

connected EVs and their SoC, the SoC of the SMES, the generated wind power PWT, and 

the voltage at the PCC. 

Step 2: The control of active power flow is achieved to provide control for the loading 

curves, local power supply, and economical operation of EVs. When the wind power is 

higher than the required residential load, the extra power is utilized to charge the EVs and 

the SMES according to the electricity prices. A priority is given to the EV charging 

operation when their SoC is lower than the minimum predetermined limit until reaching 

the maximum limit of SoC. Then, the SMES is controlled to charge so as to absorb the 

extra power from the wind generation. Therefore, reduced stresses are achieved from the 

electrical grids. When the EVs and the SMES reach their full charge, the extra power is 

sold to the utility grids to maximize the benefits from the generated wind power. 

Step 3: The algorithm also controls the system when the generated wind power is lower 

than the required load power. When the electricity price is high and exceeds the threshold 
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economical value, the required loading power is fed from the EVs when their SoC is higher 

than the minimum value. If the EVs are not charged enough, the SMES is discharged to 

cover the required loading power. If the SMES and EVs are not charged enough, the 

required active power for the load is bought from the utility grid to cover the load demand. 

Step 4: If the required loading power exceeds the wind power and the electricity price 

is low, the EVs and the SMES are given priority to charge during the low-price rate from 

the utility grids. Then, the required additional loading power is bought from the utility grid 

to benefit from the low-price rate from the utility grid. 

Step 5: The response of the system is determined according to the employed control 

approach for EVs. According to the three previously discussed control approaches for EVs, 

the PCC power PPCC can be represented without SMES as follows: 

𝑃𝑃𝐶𝐶 = {

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝑈𝐶𝐶𝐼𝐴        𝑓𝑜𝑟 𝑈𝐶𝐶𝐼𝐴 

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝐶𝐶𝐼𝐴       𝑓𝑜𝑟 𝐶𝐶𝐼𝐴 

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉,𝐶𝐶/𝐷𝐼𝐴         𝑓𝑜𝑟 𝐶𝐶/𝐷𝐼𝐴   

                                        (6.6) 

where PG represents the grid active power at the PCC, and PEV the active power 

absorbed/injected by EVs. Whereas, the PCC power with SMES can be expressed as 

follows: 

𝑃𝑃𝐶𝐶 = {

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝑈𝐶𝐶𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆    𝑓𝑜𝑟 𝑈𝐶𝐶𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 − 𝑃𝐸𝑉,𝐶𝐶𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆    𝑓𝑜𝑟 𝐶𝐶𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆

±𝑃𝐺 + 𝑃𝑊𝑇 − 𝑃𝑅𝐿 ± 𝑃𝐸𝑉,𝐶𝐶/𝐷𝐼𝐴 ± 𝑃𝑆𝑀𝐸𝑆  𝑓𝑜𝑟 𝐶𝐶/𝐷𝐼𝐴 𝑤𝑖𝑡ℎ 𝑆𝑀𝐸𝑆  

         (6.7) 

Step 6: Additionally, the reactive power is controlled so as to achieve a local supply 

from the SMES inverter as a priority. The active power of SMES and the capacity of the 

SMES inverter are used to calculate the available possible reactive power supply from the 

SMES inverter. The available SMES inverter reactive power Qa_SMES can be estimated as 

follows: 

𝑄𝑎_𝑆𝑀𝐸𝑆 = √𝑆𝑆𝑀𝐸𝑆
2 − 𝑃𝑆𝑀𝐸𝑆

2                                                                                                (6.8) 

Step 7: The load reactive power supply is locally fed from the SMES inverter when the 

estimated available reactive power supply from the SMES is higher than the required load 

reactive power. If the required load reactive power exceeds Qa_SMES, then the SMES 

inverter supplies the load with its available reactive power supply Qa_SMES and the 

difference is absorbed from the utility grid. 
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Figure 6.14. Flowchart of the proposed energy management algorithm. 

6.4 Results and Discussion 

The simplified single line diagram representation of the considered power system in 

this section is shown in Figure 6.15. The considered power system includes the connected 

wind energy generation system, the SMES device, residential loads, and EVs. The 

connection of the different devices to the PCC is achieved through step-up power 

transformers. The coordination control systems have to read the measured output power 

from the connected devices and the electricity price and the other required signals related 

to the devices, and then generate the control commands in accordance. In addition, the 

reactive power has to be controlled so as to provide local supply through the connected 

devices. This in turn eliminates the need for absorbing reactive power from the grid that 

results in reducing the losses of transmission lines.  
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Figure 6.15. Single line diagram for the considered system with wind generation, SMES, residential loads, 

and EVs. 

The considered case study has been simulated using the MATLAB/SIMULINK 

program to study the different impacts of the integration approaches of EVs on the power 

system performance. Moreover, the proposed FLC methods for EVs and SMES are 

validated. The parameters of the wind system are shown in Table 0.4 in the Appendix with 

rated power equal to 0.5 MW. Also, the parameters of the test system are listed in Table 

0.3 in the Appendix. The parameters of the SMES unit are presented in Table 0.6 in the 

Appendix. Meanwhile, the EV specifications are discussed in Section 2.4, Chapter 2. 

Figure 6.16 (a) and (b) show the daily load profiles of active and reactive power, 

respectively. The load profiles fluctuate during the scenario due to customer loads. The 

loading has its peak value after the customers return home in the evening. Moreover, with 

the simultaneous existence of EVs during the night, it is important to study their impacts, 

and develop various integration approaches.  

The behavior of daily profiles of the wind generation side for 24 hours is shown in 

Figure 6.17. The wind speed profile in the system is given in Figure 6.17 (a). It can be seen 

that the wind speed has continuous fluctuations during the whole day. The generated active 

power from the wind follows the behavior of the wind speed profile (see Figure 6.17 (b)).. 

The fluctuating output power from wind generation represents one of the most critical 

issues for high penetration levels of wind systems. The reactive power profile of wind 

generation is depicted in Figure 6.17 (c). The reactive power also fluctuates during the 24 

hours of the day. The daily profile of the voltage (in pu) at the wind generation terminal is 

shown in Figure 6.17 (d). The fluctuations in the active and reactive power cause the 

fluctuation of the terminal voltage during the daily profile in the case study. 
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(a) 

 

(b) 
Figure 6.16. The daily load profiles of the studied scenarios for one day. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 6.17. The daily profiles of the wind generation side. 

Figure 6.18 shows the daily profiles for the SMES side. Figure 6.18 (a) depicts the daily 

profiles of the active power of SMES at the different integration approaches of EVs. It can 

be seen that the profile of the active power fluctuates during the 24 hrs with the different 

EV integration techniques. The profiles of the active power during the day time are the 

same due to the working hours. Whereas, the profiles are different during the night time 

due to the return of owners. The UCCIA imposes the worst behavior of the SMES output 

power profile due to the charging of the EVs without any control from the utility. Whereas, 

the CCIA improves the active power profile of the SMES compared to the UCCIA. The 

peak active power discharge of SMES is reduced in this approach. Whereas, the CC/DIA 
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represents the best approach regarding the active power profile of the SMES. The 

charging/discharging currents of SMES are controlled in this approach in addition to the 

reduction of the peak discharged power from the SMES unit. 

Figure 6.18 (b) shows the profile of the reactive power of the SMES inverter. It can be 

seen that the SMES inverter contributes to the local supply for the required load reactive 

power. Additionally, the various EV integration approaches possess the same profiles of 

the reactive power of the SMES inverter. The SMES energy and current profiles for the 

different integration approaches are shown in Figure 6.18 (c), and Figure 6.18 (d), 

respectively. The UCCIA approach results in the highest energy and discharging process 

for the SMES due to the absence of the control of the charging time/amount of EVs. It can 

also be seen that the CCIA improves the energy and current profiles of the SMES. This is 

a direct result of the control of the charging times of SMES after the owners return home 

in the evening. The CC/DIA can effectively improve the profiles of the SMES energy and 

current due to the share of EVs in the active power control, in addition to the control of the 

charging times and amounts. The profiles show the improvements in the stress reduction 

of the SMES according to the EV integration approach. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 6.18. The daily profiles of the SMES side. 

Figure 6.19 illustrates the daily profiles at the PCC side. Figure 6.19 (a) shows the line 

active power profiles for the different EV integration approaches with/without SMES. It 
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can be seen that the utilization of SMES can reduce effectively the line active power, 

especially during the peak load periods. The SMES also helps in regulating the line active 

power, regardless of the existence of EVs during the fluctuating wind and loads during the 

day time. Moreover, the utilization of various control approaches for EVs during the night 

period reduces the line active power at CC/DIA compared to the other methods. 

Figure 6.19 (b) shows the daily profiles for the line reactive power for the EV 

integration approaches with/without SMES. The existence of SMES has a great influence 

on the line reactive power. The SMES side inverter contributes to the local reactive power 

supply for the connected residential loads. However, the various EV integration approaches 

do not affect the reactive power performance, as they do not contribute to the reactive power 

support. The ability of the SMES inverter to achieve local reactive power supply for the 

connected loads can effectively reduce the stress on the utility grid for the reactive power 

supply. 

Figure 6.19 (c) shows the profiles of the PCC voltage for the EV integration approaches 

with/without SMES. It can be seen that the cooperative operation of SMES and EVs 

achieves a near unity pu voltage profile. The various fluctuations due to wind speed 

fluctuations in addition to residential and EV loads are effectively mitigated with the 

cooperative operation between the SMES and EVs. Moreover, the CC/DIA has little 

improvements compared to the other approaches in the cases without SMES due to the 

control of EV charging/discharging operation. 

Figure 6.19 (d) depicts the active power losses at the line side for the studied approaches 

with/without SMES. The efficient operation of the power system is shown here with 

reduced line power losses by the management algorithm between the SMES and EVs. The 

absence of SMES leads to increased line power losses due to the absorption/injection of the 

active/reactive power from/to the utility grids. The local active/reactive power supply of 

loads using the SMES and EV integration approaches is advantageous from this point of 

view. The reliability of the supply power and various components is improved accordingly. 

Additionally, statistical analysis of the various obtained results is made to evaluate the 

energy management and different integration methods. Table 6.6 shows the estimated mean 

and peak values for the obtained results of the total power losses and the line active power. 

The peak values are employed for determining the maximum loading of the system 

components. In addition, the mean value provides a reflection of the consumed energy 

losses in the studied system. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 6.19. The daily profiles at the PCC side of the different studied approaches. 

Table 6.6. The statistical analysis of the results of total power losses and the line active power. 

The total power loss (W) 

Statistics UCCIA 
UCCIA 

with SMES 
CCIA 

CCIA with 

SMES 
CC/DIA 

CC/DIA 

with SMES 

Max 6628 331.4 6154 292.7 6024 281.2 

Mean 2193 134.2 2159 127.2 2081 119.6 

The line active power (kW) 

Max 628.5 186.8 599.3 163 571.2 154.6 

Mean 147.9 35.81 141 32.35 112.2 23.91 

It has become clear that the current study provides a straightforward solution for the 

decision-making process for planning and developing various control methods of EVs 

integrated in a system with RESs and ESSs. The proposed analysis and the obtained results 

are crucial for the policy makers for evaluating the status and future trends of EV 

integration on the power systems. This in turn can be employed for more economic, secure, 

and efficient operation of future smart grids. In particular, the proposed study considers the 

following aspects: 

• The nature of the RESs and their dependency on the weather conditions. 

• The wide extension of the ESSs in power systems. 

• The increased and future installations of EVs and hence their possible contribution 

in power system control and management. 
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• The nature of the installed loads and their variability with time as active and reactive 

power demands. The various criteria of electrical power systems is evaluated based 

on the following criteria: 

o The voltage fluctuations at the PCC. 

o The reactive power flow and the possibility of its local supply. 

o The estimations of power losses due to the various integration methods of 

EVs. 

Hence, the aforementioned considerations and the evaluated metrics are very important 

guiding factors for the decision-making process and the policy makers. Moreover, 

coordinated control of the FLC of energy storage and EVs is proposed here. The various 

economic, reliable, and efficient operation strategies can be considered in the proposed 

design through defining the weights and priorities of different criteria. For instance, the 

priority of the charging/discharging operation and constraint limits can be considered in the 

proposed power management strategy. Moreover, the various integration methods and 

economic encouragements can be employed within the fuzzy rules in the proposed method. 

The various integration approaches and operating modes can be incorporated in the 

decision-making process. 

6.5 Conclusion 

This chapter presents a comprehensive study for the various impacts of different 

integration/control approaches of EVs on the enhancement of utility grid performance, 

taking into consideration the stochastic properties of PV and wind power generations and 

residential loads based on practical daily load profiles. Moreover, it presents the effects of 

cooperative operation of ESSs with installed EVs in the utility grids. Two FLC methods 

are proposed in this chapter for the SMES and EVs, respectively. The share of the different 

devices is achieved through the proposed management algorithm for supporting the local 

active/reactive power supply for the connected loads. A coordinated control mechanism 

based on FLC is used to state the charging and discharging level of EVs and the SMES 

systems. The EV integration approaches presented here are UCCIA, CCIA, and CC/DIA. 

UCCA is without control, meanwhile, CCIA is with FLC which has two inputs (i) SoC of 

EV and (ii) electricity price, and one output, the charging rate. The CC/DIA is designed 

with FLC which has two inputs (i) SoC of EV and (ii) electricity price and one output, the 

charging and discharging rate of EV. All previous cases are combined with SMES based 

on FLC, which have two inputs (i) power at PCC and (ii) change of SMES current and one 
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output, the duty cycle, which states the charge or discharge rate or standby mode of SMES 

operation. 

A comparison between the EV integration approaches with or without SMES is 

presented. The obtained results explained the differences between the different EV 

integration approaches regarding the peak power reduction, reactive power injection to the 

grid. The system keeps the voltage at 1.0 pu, reduces the reactive power required from the 

grid, minimizes power loss, and reduces the active power required from the grid. Moreover, 

this chapter discussed the best technique for the EVs owners, distribution system operator, 

sustainable development, and the power system performance.  Furthermore, the 

encouragement of the owners to have EVs leads to a reduction of fossil fuel consumption, 

diminishes pollution, and increases the share of cleaner sources in the world to keep on the 

environmental cleanliness and support sustainability.  

The results of this chapter have been published in [J6], [J8], and [C2]. 
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Chapter 7: Application of SMES Technology in VSG  

7.1 Introduction 

Recently, with the increasing utilization of renewable energy sources (RESs) in modern 

power systems using converters, the inertia response will be decreased, and the system 

stability will be prone to collapse. Therefore, it is urgent to save a source for virtual 

synchronous generator (VSG) to compensate for the reduction in conventional sources and 

to maintain frequency and voltage stability. Therefore, this chapter proposes a VSG 

accompanied by a superconducting magnetic energy storage (SMES) unit. The proposed 

method feeds the modern power system with inertia during unpredictable events and 

improves the frequency and voltage response. The command active power of the SMES 

system is computed according to the state of the frequency deviation in the VSG model 

with a PI-controller, considering the virtual inertia and damping factors. Meanwhile, the 

reactive power control is achieved by Q-Droop control. The MATLAB/Simulink software 

performs the overall system components. The obtained results prove the effectiveness of 

the proposed method to support the modern power system with inertia, and improving the 

transient and steady state behavior of frequency and voltage.  

7.2 The Proposed Method  

7.2.1 Proposed SMES Model and Control 

In order to support the utility grid with the required inertia property using the SMES 

power conversion system, the VSG technique is proposed to make an impression of a 

synchronous generator. The overall diagram of the VSG is presented in Figure 7.1 where it 

has three main control blocks; the first one is VSG rules, which contains on the main 

equations that include the VSG parameters (J, D) and its relation with the system frequency. 

Then the power calculation model that has two control blocks, the active power control 

block that include the SMES role and the reactive power control block that based on the 

voltage control. The third block is VSI control that based on the current decoupling control. 

The f, i, and v represents the system frequency, current, and voltage respectively and the 

TL is the transmission line of the system. 
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Figure 7.1. The overall diagram of VSG system. 

Figure 7.2 shows the structure of the proposed VSG-based SMES system. The VSG 

can be expressed by equations (7.1) that state the value of inertia-damping active power 

(𝑃). It is calculated according to the state of the frequency deviation (𝑓), 𝑃  is the 

inertia-damping active power that regulates the frequency deviation as a function of 

frequency deviation, damping factor (𝐷), and virtual inertia factor (𝐽), where this inertia 

equation is used to control frequency in the VSG system. 

𝑃(𝑡) = 𝑓(𝑡) [𝐷 +
𝑑𝐽

𝑑𝑡
]                                                                                                                                 (7.1) 

+f 

f_ref 

-

d 
dt 

D 

J
+ ΔPΔf

Limiter
+

Derivative 

Damping Factor 

Inertia Factor PSMES_Max

PSMES_Min

Virtual Synchronous Generator (VSG)

 
Figure 7.2. The proposed VSG-based SMES system. 

The active power control diagram is explained in Figure 7.3 that reasonable about 

extracting the reference d-axis current (Id_ref) and utilized it in the VSI control, the value of 

the PI controller is listed in Table 7.1. The reference d-axis current (Id_ref) value can be 

calculated from equation (7.2). The reference d-axis current (Id_ref)  value based on the 

inertia-damping active power (𝑃) and the SMES reference power (PSMES_ref) and SMES 
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actual current (PSMES) where the SMES system can be charging and discharging the active 

power based on the MPC that is discussed in detail in [225].   

𝐼𝑑_𝑟𝑒𝑓 = (𝑃𝑆𝑀𝐸𝑆_𝑟𝑒𝑓 − 𝑃𝑆𝑀𝐸𝑆 − 𝑃) ∗ (𝐾𝑝 +
𝐾𝐼

𝑠
)                                                               (7.2) 

ΔP

error Kp

KI

PSMES_ref

PSMES

Id_ref To VSI 
Control

Active power control

 

Figure 7.3. The active power control structure of VSG. 

Meanwhile, the reactive power control is achieved by voltage control as presented in 

Figure 7.4 that reasonable about extracting the reference q-axis current (Iq_ref) and utilized 

it in the VSI control, the value of the PI controller is listed in Table 7.1. The equation (7.3) 

[67], expresses the relation between the voltage and the reference q-axis current (Iq_ref), 

where 𝑉𝑃𝐶𝐶 is the voltage magnitude at PCC , 𝑉𝑃𝐶𝐶_𝑟𝑒𝑓 is the reference voltage at PCC (1.0 

pu. So, by activating the VSG and voltage control, the voltage and frequency are maintained 

within a limit, and consequently, the power balance is achieved. This leads to making an 

electrical power system more stable during load variation. The current decoupling 

controller is used to control of the PWM that energize the switches of VSI as presented in 

Figure 7.5. The VSI is connected to the DC-DC chopper of the SMES system through dc-

link capacitor. The PI parameters are listed in Table 7.1. 

𝐼𝑞,𝑟𝑒𝑓 = (𝑉𝑃𝐶𝐶_𝑟𝑒𝑓 − 𝑉𝑃𝐶𝐶) ∗ (𝐾𝑝 +
𝐾𝐼

𝑠
)                                                                                       (7.3) 

error Kp

KI

Iq_ref 

Voltage control
1.0 pu

Mag. V 

To VSI 
Control

 

Figure 7.4. The voltage control structure. 
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Figure 7.5. The current decoupling control structure. 

Table 7.1. The PI parameters of the studied system. 

Active power control parameters 

Kp 0.0005 

KI 0.01 

Voltage control parameters 

Kp 600 

KI 10000 

Current decoupling control parameters 

Kp 100 

KI 100 

To investigate the effect of damping and virtual inertia factors on the frequency 

characteristics, the rotor motion equation should be investigated (7.4). The damping and 

virtual inertia factors are defined as the stored kinetic energy that computes the frequency 

and active power dynamics. As presented in Figure 7.2 and the rotor motion equation (7.4), 

the damping factor significantly affects the frequency deviations. In contrast, the virtual 

inertia factor is related to the frequency derivative. Figure 7.6 indicates the influence of the 

different damping and virtual inertia factors on the frequency characteristics [67]. 

𝑃𝑚 − 𝑃𝑒 = 𝐽𝜔𝑚
𝑑𝜔𝑚

𝑑𝑡
+ 𝐷𝜔𝑚(𝜔𝑚 − 𝜔0)                                                                                         (7.4) 

where 𝐷 is the damping factor, 𝐽 is the virtual inertia factor,  𝑃𝑚 is the mechanical power, 

𝑃𝑒 is the electromagnetic power, 𝜔𝑚 is the mechanical angular frequency, 𝜔0 is the rated 

angular frequency.       

Figure 7.6 indicates the influence of various virtual inertia factors on the frequency 

deviation, wherein the damping factor is constant (D = 1.2). It is noted from Figure 7.6 (a) 

when the event occurs (i.e., the load change), the frequency deviation will fluctuate and 

have a large over-under shoot before reaching the steady-state region. As long as the virtual 
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inertia factor rises, the overshoot/undershoot will be reduced, but it does not have effective 

impact on the steady-state case. 

Similar to the virtual inertia factor, the damping factor behavior is studied. As displayed 

in Figure 7.6 (b), the frequency deviation resulting from the transient event will be reduced 

by increasing the damping factor at the constant virtual inertia factor (J = 1.6). The 

frequency deviation will reach the steady-state value faster, as the damping factor increases. 

So, by comparing the damping and virtual inertia factors, the frequency response will be 

improved and the overshoot/undershoot will be reduced, and it will reach to the steady-

state value fastly. 

 
(a) 

 
(b) 

Figure 7.6. Impact of inertia and damping factors on system frequency deviation. (a) different values of 

virtual inertia J at (D = 1.2) (b) different values of damping D at (J = 1.6). 

7.3 Results and Discussion  

The studied system represents a microgrid configuration as shown in Figure 7.7. It 

consists of a photovoltaic (PV) system with rated power 0.5 MW, a SMES system with 

5.0 kA rated current, load, DC-DC chopper, and DC-AC converters with their controller 

[225]. To validate the robustness and effectiveness of the proposed technique, the 

simulation model in the time domain is designed using the MATLAB/Simulink software. 

The parameters of the whole studied system are presented in Table 0.9 in the Appendix. 

The proposed control technique is tested in two scenarios. Firstly, at load change while the 

SMES reference power is set to zero; secondly, at load change with the SMES reference 

power equal to 1.0 MW. 

7.3.1 Scenario 1 

In this scenario, the reference power of the SMES inverter equals zero. A step load 

change is utilized with the proposed system. The active power load is changed from 

1.0 MW to 3.0 MW, as shown in Figure 7.8, where it is connected at t = 3 s and 

disconnected at t = 6 s. Two working states are simulated to show the importance of the 

VSG. The “with VSG” legend indicates that the SMES is controlled using the proposed 
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VSG and linked with the main grid to feed the load. The “without VSG” legend means the 

load power is injected from the main grid and SMES system based on its reference power. 
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Figure 7.7. Configuration of a studied system with the overall control system. 

Figure 7.9 (a) and (b) depict the active and reactive power of the utility grid without 

VSG and with VSG, respectively. Without using the VSG model, as soon as the load is 

connected to the grid, the power supplied from the grid changes quickly and directly. In 

addition to that, the SMES active power is approximately zero if there is no VSG controller, 

and the reference power of the SMES equals zero, as shown in Figure 7.10 (a). Meanwhile, 

if the proposed method is used, the power changes indirectly and slowly, because the SMES 

with a VSG controller helps to inject or absorb the power to/from the grid, as shown in 

Figure 7.10 (b); this, in turn, leads to smoothing the power from the utility grid during load 

transitions. 

 

Figure 7.8. Active and reactive power of the load. 
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(a) 

 

(b) 

Figure 7.9. Active and reactive power of utility grid during loading transitions “scenario 1” (a) without 

VSG (b) with VSG. 

 

(a) 

 

(b) 

Figure 7.10. Active and reactive power of SMES system during loading transitions “scenario 1” (a) 

without VSG (b) with VSG. 

As shown in Figure 7.11, at the instant of connecting the load, the maximum f without 

using the VSG technique is around 0.203 Hz. On the other hand, when the proposed VSG 

technique is applied, the maximum f can be restricted to be approximately 0.102 Hz, 

indicating a 49.8% refinement over the without the VSG technique case. Meanwhile, at the 

instant of taking out the load, the maximum f is around 0.195 Hz in the case without the 

VSG technique. In contrast, the maximum f can be regulated to be about 0.100 Hz using 

the proposed VSG technique, showing a 48.8% enhancement over the without VSG 

technique case. This leads to more stability, reliability and sustainability, and enhances the 

power quality of the electrical power system. 

Figure 7.12 illustrates the output power of the VSG; when the load increases and the 

utility grid frequency tend to decrease and vice versa. The VSG computes the variation of 

power within a limited range because of the frequency variation; then, the SMES can 

charge/discharge power from/to the utility grid. After getting the P, the reactive power 

can be controlled using the Q-Droop control method. As displayed in Figure 7.10, the 

SMES system can inject a reactive power to the utility grid in both cases with and without 

VSG around 1.1 MVAR. 0.5 MVAR is absorbed by the load as shown in Figure 7.8, and 

the remaining reactive power is absorbed by the utility grid as illustrated in Figure 7.9. As 
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a result of this, the voltage response at the PCC is successfully kept at 1.0 pu in both cases, 

as presented in Figure 7.13. The operation characteristics of the SMES system are 

represented by the SMES current and DC-bus voltage, as illustrated in Figure 7.14 (a) and 

(b), respectively. Figure 7.14 (a) presents the SMES current response. It changes according 

to the operating mode of the SMES, either charging or discharging during the load 

transition events as presented at t = 3 s and t = 6 s. The DC-bus voltage of the SMES, as 

presented in Figure 7.14 (b), proves the effectiveness of the proposed control method in 

maintaining the DC link voltage at the reference value during the load transients. 

 
Figure 7.11. Frequency responses of the systems during loading transitions with and without VSG 

“Scenario 1”. 

 
Figure 7.12. Inertia-damping power P of VSG 

during loading transitions “Scenario 1”. 

 
Figure 7.13. The voltage at the PCC during loading 

transitions “Scenario 1”. 

 
(a) 

 
(b) 

Figure 7.14. Operation characteristics of the SMES “Scenario 1” (a) SMES current, (b) DC-bus voltage. 
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7.3.2 Scenario 2 

In this case, the reference power of the SMES is estimated to be 1.0 MW with the same 

load profile as in Figure 7.8. The power injected from the PV system is 0.5 MW during the 

overall simulation time, so from t = 2 s to t = 3 s, the steady-state net power is around 

0.5 MW (0.5 MW from PV, 1.0 MW to load) supplied from the utility grid. Meanwhile, 

from t = 3 s to t = 6 s, the steady-state net power is around 1.5 MW (0.5 MW from PV, 

1.0 MW from SMES, 3.0 MW to load) supplied from the utility grid. Besides, from t = 6 s 

to t = 7 s, the steady-state net power is around -0.5 MW (0.5 MW from PV, 1.0 MW from 

SMES, 1.0 MW to load) supplied to the utility grid. On the other side, during the loading 

transitions (transient events) in the without VSG case, the power changes sharply and 

largely, as presented in Figure 7.15 (a). Moreover, the SMES injects reference active power 

from t = 3 s, as shown in Figure 7.16 (a). In contrast, when using VSG, the power changes 

little and smoothly, as shown in Figure 7.15 (b). In the presence of the VSG controller, the 

SMES system can mitigate the effect of loading transition events by injecting/absorbing 

power from/to utility grid as displayed in Figure 7.16 (b). 

 
(a) 

 
(b) 

Figure 7.15. Active and reactive power of utility grid during loading transitions “scenario 2” (a) without 

VSG (b) with VSG. 

 
(a) 

 
(b) 

Figure 7.16. Active and reactive power of SMES system during loading transitions “scenario 2” (a) 

without VSG (b) with VSG. 

As a result of the above dissociation, the frequency response can be mitigated during 

the load transition events, as shown in Figure 7.17. If the VSG controller is deactivated, the 

f reaches 0.142 Hz and 0.193 Hz during the load insertion and rejection, respectively. 
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Nevertheless, when the VSG controller is activated, the f reaches 0.074 Hz and 0.102 Hz 

during the load insertion and rejection, respectively. This means that the improvement in 

the presence of VSG is 47.9% and 47.2% during the load insertion and rejection, 

respectively. As seen, the mitigation of frequency is achieved, because the output power of 

the VSG operates as a feeding signal to the SMES controller. The P of the proposed VSG 

method is shown in Figure 7.18. 

As discussed in Scenario 1, the reactive power is controlled using a Q-droop controller. 

Therefore, the voltage response at PCC is kept approximately constant at 1.0 pu during the 

loading transition events, as shown in Figure 7.19. The SMES current and DC-bus voltage 

are presented in Figure 7.20 (a) and (b), respectively. The SMES current shows the charging 

and discharging mode during the load insertion and rejection. Meanwhile, the DC-bus 

voltage indicates the validation of the proposed control method to maintain in alignment 

with the reference value during the overall simulation time. 

 
Figure 7.17. The responses of frequency during loading transitions with and without VSG “Scenario 2”. 

 

Figure 7.18. P of VSG during loading transitions 

“Scenario 2”. 

 

Figure 7.19. The voltage at the PCC during loading 

transitions “Scenario 2”. 
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(a) 

 

(b) 

Figure 7.20. Operation characteristics of the SMES “Scenario 2” (a) SMES current, (b) DC-bus voltage. 

7.4 Conclusions 

This chapter examines the VSG-SMES control technique to mimic a synchronous 

generator in the modern power system. The mathematical model of the VSG-SMES 

controller relied on the time domain, and is designed to estimate the power required by the 

system to improve the frequency deviations during the load transition events and keep them 

within permissible limits. Moreover, as a result of the load variations, the voltage response 

will have disturbances. Therefore, the Q-droop control is proposed to suppress the voltage 

variations. Two scenarios are presented and discussed; the first one is to set the power 

reference of SMES to zero and examine the system with and without a VSG-SMES 

controller. The second one is to set the power reference of SMES to 1.0 MW and examine 

the system with and without a VSG-SMES controller. The MATLAB-Simulink software 

with time-domain was used to design the proposed control technique and analyse the 

results. The simulation results showed that the frequency and voltage fluctuations could be 

suppressed and improved during the load variations, while the voltage is approximately 

kept constant and within the allowed limits. Meanwhile, the frequency deviation is 

improved by 49.8% and 48.8% during load insertion and rejection, respectively, in Scenario 

1; and 47.9% and 47.2% during load insertion and rejection, respectively, in Scenario 2. 

Therefore, the effectiveness of the proposed method is proved and examined successfully. 

The results of this chapter have been published in [J1] and [J7]. 
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Chapter 8: Conclusion and Future Work 

8.1 Theses 

The following five theses outline the most crucial recent research findings of the current 

dissertation: 

8.1.1 Thesis 1 

I have proposed a developed fuzzy logic controller (FLC) technique with SMES to 

utilize the application of SMES in power levelling strategy of a distribution system in the 

presence of a wind system in the case of wind gusts. The proposed method is based on 

achieving the power balance between the load and generation during a wind gust. The DC-

DC chopper and VSC of SMES system are controlled to provide the power sharing, and 

consequently to minimize the voltage and frequency fluctuations. I have used the IEEE 33-

bus distribution system as a case study, once with a diesel synchronous generator (DSG) 

and once with grid. I proved the effectiveness of the proposed control method with SMES 

by achieving the target in the power levelling application of a balanced/unbalanced 

distribution system. Moreover, the proposed control technique was effective in keeping the 

real power transfers to the system at a constant value during weather changes. This resulted 

in minimizing the fluctuation of the microgrid frequency and smoothing the output power 

from the DSGs and grid. Moreover, the voltage profiles were successfully kept within the 

prespecified limits during the weather changes. 

This thesis has been published in [J4] and [J11].  

8.1.2 Thesis 2 

I have tested the impact of a various events such as the intermittent generation of RESs 

(i.e., wind systems based DFIG and PMSG), load step change, and pulsed power load (PPL) 

on microgrid with the proposed control method based on SMES and FLC. The SMES has 

proven highly effective in overcoming all these problems in the microgrid, by controlling 

the charging/discharging of the SMES system. Due to the various events, power and voltage 

fluctuations have appeared accordingly at the connection point of the microgrid and the 

utility power grid. In addition, I proposed control method based on FLC-SMES to 

demonstrate the application of SMES to enhance the voltage and frequency stability of 

power systems, which were fed from SCIG, PMSG, and DFIG based on wind turbines, and 

during transient load events and also PLL. I have used a different types of wind generators 
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such as PMSG, DFIG and SCIG with SMES system. I have proved that the power system 

stability can be improved and the overall system performance became more reliable. 

This thesis has been published in [J3], [J12], and [C1].     

8.1.3 Thesis 3 

I have proposed an efficient coordinated control method between EVs and SMES to 

achieve a satisfactory performance of EV charging/discharging, the improvement of utility 

power grid operation, and an adaptive coordination strategy for the EV–grid connection. I 

have demonstrated that the proposed coordination method can achieve a better performance 

of EV charging/discharging. Moreover, the cooperative operation with SMES and the 

reliability improvement of the utility power are preserved using the proposed coordination 

strategy. The controlled charging/discharging with SMES operation category has been 

proposed to optimize the characteristics of EVs charging/discharging. An adaptive 

coordination method based on FLC for EVs and SMES is proposed to enhance the charge 

and discharge processes of EVs during off and on peak loading periods. The state of charge 

(SoC) of SMES and EVs is considered as the input for the EVs’ FLC besides the electricity 

price signal. The results have proven that the proposed method can minimize power loss, 

injects reactive power into the grid, reduces the reactive power required from the grid, 

keeps the voltage at 1.0 pu, reduces peak power, and reduces the active power required 

from the grid. 

This thesis has been published in [J5]. 

8.1.4 Thesis 4 

I have applied a novel algorithm to achieve the energy management of a system 

integrating wind turbine, PV, SMES sources, also considering EVs coordinated by an FLC 

system. I have used the power at the PCC and the electricity price as signals for the 

proposed energy management control method. The PV system and the wind system can be 

used as power sources for electrical appliances and for EVs. The proposed study considers 

the targeted renewable energy powered utility grids with installed ESSs. The PV and wind 

energy have been analyzed as examples for the RESs, considering their stochastic 

characteristics and the continuous fluctuations of irradiance and wind speed. The various 

aspects of PCC voltage fluctuations, reactive power support, leveling active power of the 

peak period, and power losses have been improved with the proposed method. I have 

demonstrated that that the proposed algorithm is a suitable energy management technique 

for the PV, wind, SMES, and EV system, and achieve the best performance between them. 
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This thesis has been published in [J6], [J8], and [C2].   

8.1.5 Thesis 5 

In this thesis, I have proposed a novel control method with virtual synchronous 

generator (VSG) based on a SMES system in the time domain. The proposed method feeds 

the modern power system with inertia during unpredictable events and improves the 

frequency and voltage response. I have computed the command active power of the SMES 

system according to the state of the frequency deviation in the VSG model with a PI-

controller, considering the virtual inertia and damping factors. Meanwhile, the reactive 

power control is achieved by Q-Droop control. The obtained results prove the effectiveness 

of the proposed method to support the modern power system with inertia, and to improve 

the transient and steady state behavior of frequency and voltage. 

This thesis has been published in [J1] and [J7]. 

8.2 Broad Summary of All Used Studies 

To give a comprehensive summary for the all use studies in terms of system structure, 

grid operation criteria, applied control system, application, and points of strength and 

weakness, Table 8.1 summarize the comprehensive comparison. 

Table 8.1 Broad summary of all use studies. 

 System 

structure 

Grid 

operation 

criteria 

Application 

 

Strength Weakness 

1 IEEE 33 

bus with 

DSGs, 

wind 

turbine, 

and SMES 

Off-grid Power 

levelling 

- The real power transfers to 

the microgrid was preserved 

constant during wind gusts 

- Minimizing the fluctuation of 

the microgrid frequency  

- Smooth out the output power 

from the DSGs 

- The voltage profiles were 

successfully kept within the 

prespecified limits during the 

wind gusts. 

- Effect of 

temperature on 

superconducting 

state 

- The human 

knowledge and 

expertise for the 

systems influence 

on the controller 

performance. 

2 IEEE 33 

bus with 

wind 

turbine and 

SMES  

On-grid Power 

levelling 

- Improve the balanced and 

unbalanced distribution 

system performance 

connected to wind-based 

SCIG. 

- The voltage and frequency 

fluctuations were mitigated. 

- The active and reactive 

powers of the grid were 

reduced to help grid stability. 

- Effect of 

temperature on 

superconducting 

state 

- The human 

knowledge and 

expertise for the 

systems influence 

on the controller 

performance 

3 Microgrid 

including 

wind 

On-grid Stability 

enhancement 

- The SCIG performance has 

been enhanced by installing 

the DFIG, PMSG and 

controlled-SMES 

- Hight cost 

- MPPT of wind 

turbine was not 

applied 
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 System 

structure 

Grid 

operation 

criteria 

Application 

 

Strength Weakness 

turbine and 

SMES  

- Both the PCC voltage and 

frequency are improved during 

load insertion/removal events. 

- The human 

knowledge and 

expertise for the 

systems influence 

on the controller 

performance 

Microgrid 

including 

PPL and 

SMES 

 - Reduced the overshoot and 

undershoot in the system 

frequency during connecting 

the PPL. 

- The power supplied from the 

utility grid to the PPL was 

reduced, and thus the power 

loss was decreased. 

- The voltage at PCC was 

improved 

- The human 

knowledge and 

expertise for the 

systems influence 

on the controller 

performance 

Microgrid 

including 

wind 

turbine, PV 

and SMES 

 - Reduce the fluctuation of 

active and reactive power. 

- The voltage profile of the 

common point is regulated 

- MPPT of wind 

turbine was not 

applied 

- The human 

knowledge and 

expertise for the 

systems influence 

on the controller 

performance 

4 Microgrid 

including 

EVs and 

SMES 

On-grid Coordination 

with EVs 

- Four integration approaches 

were discussed and compared: 

uncontrolled charging 

approach, controlled charging 

approach, controlled 

charging/discharging 

approach, and controlled 

charging/discharging with 

SMES approach. 

- Controlled charging and 

discharging with SMES 

achieves the best performance, 

which minimizes power loss, 

injects reactive power to the 

grid, reduces the reactive 

power required from the grid, 

keeps the voltage at 1.0 pu, 

reduces peak power, and 

reduces the active power 

required from the grid. 

- Needs a 

communication 

and information 

system 

- Very complex 

control and 

implementation 

- High capital cost 

5 Microgrid 

including 

wind 

turbine, 

PV, SMES, 

and EVs 

On-grid Energy 

management 

- Electricity price was used as 

an input variable  

- The system keeps the voltage 

at 1 pu, reduces the reactive 

power required from the grid, 

minimizes power loss, and 

reduces the active power 

required from the grid 

- The optimal technique for the 

EVs owners, distribution 

system operator, sustainable 

development, and the power 

- Information and 

Communication 

Technologies 

are required 

- Need for the 

cooperation of 

EVs’ owners 

- Very complex 

control and 

implementation 

- High capital cost 
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 System 

structure 

Grid 

operation 

criteria 

Application 

 

Strength Weakness 

system performance was 

studied 

6 Microgrid 

including 

PV and 

SMES 

On-grid Virtual 

synchronous 

generator 

(VSG) 

-VSG-SMES control 

technique was used to mimic a 

synchronous generator in 

modern power system. 

- The Q-droop control is 

proposed to suppress the 

voltage variations. 

- Frequency and voltage 

fluctuations were suppressed 

and improved during the load 

variations 

- Very complex 

control and 

implementation 

8.3 Significance and Practical Applicability of the Results 

The use of ESSs with the modern power system has become a necessity due to their 

ability to reduce the side effects of the RESs and EVs integration, increase the stability of 

the modern power system, improve the power system performance, providing higher 

reliability, and improve overall efficiency. Moreover, the huge progress on the 

communication systems lead to making the measurements of the signals that were used in 

our study more easily such as currents, voltages, loads, generations, EVs SoC, and switches 

status. In addition to the environmental parameters as temperatures, irradiance, wind speed, 

which are used in the control systems. Moreover, the electricity prices that used with the 

control of EVs different integration into power system.  

The large integration of the RESs and EVs leads to face many challenges such as 

intermittence power generation, stochastic, and low inertia features, power loss, stability, 

reliability, etc. Therefore, the different applications of SMES were tested and proposed to 

overcome the challenges such as VSG application, power-leveling application, power 

management, and coordination between the SMES, PV, EVs, loads, and wind turbine. 

Moreover, in the existing power systems that contain different ESSs and some expansions 

by RESs integrations; the SMES system can be installed to cover the part of the expansions 

and avoid the RESs operational problems.   

8.4 Directions of Further Research 

There are several research points in the topic of application of energy storage in the 

modern power system that need more investigation. From the limitations of the work are 

the cost of the SMES system, the fault condition of the power electronic devices, and the 

temperature of the superconducting state. Emerging problems that come from this research 

include the following. 
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• Effect of temperature on superconducting state 

During the operation of the SMES system, the superconducting state must be 

maintained, so the effect of the temperature during various operation modes should be 

studied and taken into consideration with the controller.  

• Hybrid energy storage systems 

One of the recent trends of the ESSs is to apply multi-ESSs to achieve the best 

performance from each one. Moreover, the environmental and economic aspects can be 

achieved through the hybrid ESSs applications. 

• Recent optimization techniques with SMES and EVs 

Recent optimization techniques such as slap swarm, moth flame optimization and grey 

world optimizer can be employed for further optimizing the proposed control methods of 

SMES and EVs. 

• Auxiliary controller with the virtual inertia 

The future work related to this point will focus on using an auxiliary controller with the 

virtual inertia part to reduce the system frequency steady-state error as well as its rate of 

change. In addition, an auxiliary inertia-damping property of the PV system can be tested. 
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Appendix: Description of Test Systems 

In this appendix, detailed parameters and specifications of the test systems used in the 

dissertation are shown. The test systems are IEEE 33-bus radial distribution system 

connected with DSGs and microgrid in grid-connected mode. 

1. IEEE 33-Bus Radial Distribution System 

The IEEE 33-bus distribution system is a MV system comprises DSGs or grid with 

12.66 kV, 33-buses, and 32 branches. The total active and reactive loads are 3.715 MW 

and 2.3 MVAR, respectively. The complete system data are given in Table 0.1. The single 

line diagram of this system is shown in Figure 0.1. The parameter of diesel synchronous 

generator (DSG), governor, and transformer are presented in Table 0.2. Moreover, the 

governor construction is shown in Figure 0.2.    

DSG

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25 26 27 28 29 30 31 32 33

Tr. 2.4/12.66 kV

 

Figure 0.1. IEEE 33-bus radial distribution system. 
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Figure 0.2. Governor Model. 

Table 0.1. Line data and load data of 33-bus system. 

Branch no Sending end Receiving 

end 

R 

(ohm) 

X 

(ohm) 

PL 

(KW) 

QL 

(KVAR) 

1 1 2 0.0922 0.0477 100 60 

2 2 3 0.4930 0.2511 90 40 

3 3 4 0.3660 0.1840 120 80 

4 4 5 0.3811 0.1941 60 30 
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Branch no Sending end Receiving 

end 

R 

(ohm) 

X 

(ohm) 

PL 

(KW) 

QL 

(KVAR) 

5 5 6 0.8190 0.7000 60 20 

6 6 7 0.1872 0.6188 200 100 

7 7 8 0.7114 0.2351 200 100 

8 8 9 1.0300 0.7400 60 20 

9 9 10 1.0400 0.7400 60 20 

10 10 11 0.1966 0.0650 45 30 

11 11 12 0.3744 0.1238 60 35 

12 12 13 1.4680 1.1550 60 35 

13 13 14 0.5416 0.7129 120 80 

14 14 15 0.5910 0.5260 60 10 

15 15 16 0.7463 0.5450 60 20 

16 16 17 1.2890 1.7210 60 20 

17 17 18 0.7320 0.5740 90 40 

18 2 19 0.1640 0.1565 90 40 

19 19 20 1.5042 1.3554 90 40 

20 20 21 0.4095 0.4784 90 40 

21 21 22 0.7089 0.9373 90 40 

22 3 23 0.4512 0.3083 90 50 

23 23 24 0.8980 0.7091 420 200 

24 24 25 0.8960 0.7011 420 200 

25 6 26 0.2030 0.1034 60 25 

26 26 27 0.2842 0.1447 60 25 

27 27 28 1.0590 0.9337 60 20 

28 28 29 0.8042 0.7006 120 70 

29 29 30 0.5075 0.2585 200 600 

30 30 31 0.9744 0.9630 150 70 

31 31 32 0.3105 0.3619 210 100 

32 32 33 0.3410 0.5302 60 40 

Table 0.2. The parameter of system component. 

Parameter Unit Value 

Salient-pole SG parameters 

RMS voltage kV 2.4 

Power rating MVA 3.125  

Synchronous reactance, Xd pu 1.56  

Transient reactance, Xd’ pu 0.296  

Subtransient reactance, Xd’’ pu 0.177  

Synchronous reactance, Xq pu 1.06  

Subtransient reactance, Xq’’   pu 0.177  

Leakage reactance, Xl pu 0.052 

Transient short-circuit time constant, Td’ s 3.7 

Subtransient short-circuit time constant, Td’’ s 0.05 
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Parameter Unit Value 

Subtransient open-circuit time constant, Tqo’’ s 0.05 

Stator resistance, Rs pu 0.0036 

Inertia coefficient, H s 1.07 

Pole pairs, P  2 

Governor  

T1 s 0.01  

T2 s 0.02  

T3 s   0.2  

T4 s 0.25  

T5 s 0.009  

T6 s 0.0384  

K - 40  

TD s  0.024  

Tmax pu 1.1  

Tmin  0 

Transformer 

Power rating MVA 6.5 

RMS voltage kV 2.4/12.66 

R1    pu 0.0015  

L1   pu     0.03  

R2  pu 0.0015  

L2    pu     0.03  

Rm   pu     200  

Lm   pu     200  

2. Microgrid in Grid-Connected Mode 

Figure 0.3 displays the microgrid system in grid-connected mode. The microgrid 

system encloses EVs, RESs (i.e., PV and wind), ESS, and interconnected loads. All of them 

are connected at a common point (i.e., PCC), which is connected through a transmission 

line and a 25/120 kV utilization transformer to the utility grid. The complete parameter set 

of the utility power grid is shown in Table 0.3. 

Electrical Substation

120 kV

Tr. 120/25 kV

T.L 30 km

ESS EV Load PV Wind 

PCC

 

Figure 0.3. Microgrid system in grid-connected mode. 
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Table 0.3. The parameters of the microgrid system in grid-connected mode. 

Parameter Unit Value 

Grid 

RMS voltage kV 120 

Transmission Line  

length km 30 

Line resistance R1, R0 Ω/km 0.1153, 0.413 

Line reactance L1, L0  H/km 1.05 × 10-3, 3.32 × 10-3 

Line capacitance C1, C0  F/km 11.33 × 10-9, 5.01 × 10-9 

Transformer 

Power rating MVA 47 

RMS voltage kV 120/25 

Transformer resistance and inductance pu 0.003pu and 0.08  

3. Specifications of Simulated SCIG, DFIG, PMSG, PV, and 

SMES 

Table 0.4. Parameters of the simulated SCIG based-wind and SMES system. 

Parameter Unit Value 

SCIG 

RMS voltage kV 0.48 

Power rating MVA 0.6/0.9  

Rs  pu 0.01965  

Xs  pu   0.0397  

Rr  pu 0.01909  

Xr  pu  0.0397  

Xm  pu 1.354  

H  s 0.09526  

F pu 0.05479  

P  2 

Coefficients value of wind system  

C1  0.5176 

C2  116 

C3  0.4 

C4  5 

C5  21 

C6  0.0068 

SMES 

ESMES MJ 1.3  

LSMES H 0.5  

ISMES A 2300  

CDC-link mF 10  

VDC-SMES V 2400  

Table 0.5. Parameters of the simulated SMES system. 

Parameter Unit Value 

SMES system 

SMES energy, ESMES MJ 1.0 

SMES coil inductance, LSMES H 0.5 

SMES current, ISMES A 2000 

DC-bus LINK voltage, VDC-link V 2400 

DC-bus capacitance, CDC-link mF 10 

Table 0.6. Parameters of the simulated SCIG, DFIG, PMSG based-wind and SMES system. 

Parameter Unit Value 

SCIG 
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Parameter Unit Value 

RMS voltage kV 0.48 

Power rating MVA 6*1.5/0.9  

Rs  pu 0.01965  

Xs  pu   0.0397  

Rr  pu 0.01909  

Xr  pu  0.0397  

Xm  pu 1.354  

H  s 0.09526  

F pu 0.05479  

P  2 

DFIG  

RMS voltage kV 0.575 

Power rating MVA 6*1.5/0.9  

Rs  pu 0.023  

Xs  pu 0.18  

Rr  pu 0.016  

Xr  pu 0.16  

Xm  pu 2.9  

H  s 0.685  

F pu 0.01  

P  3 

PMSG  

RMS voltage kV 0.730 

Power rating MVA 5*2/0.9  

Rs  pu 0.006 

H  s 0.62  

F pu 0.01  

P  1 

SMES 

ESMES MJ 2.25  

LSMES H 0.5  

ISMES A 3000  

CDC-link mF 10  

VDC-SMES V 2400  

Table 0.7. Parameters of the simulated SMES system. 

Parameter Unit Value 

SMES 

ESMES MJ 9.0  

LSMES H 0.5  

ISMES A 6000  

CDC-link mF 1.0  

VDC-SMES V 2400  

Table 0.8. Parameters of the simulated PV and SMES system. 

Parameter Unit Value 

PV 

RMS voltage kV 0.26 

Power rating MW 0.5  

Number of series-connected modules per string  5 

Number of parallel strings  330 

Open circuit voltage Voc V 321  

Short-circuit current Isc A 1966.8 

Operating temperature Ta οC 25  

CIN µF 400  

C0 mF 70  

The voltage at maximum power point  V 273.5 
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Parameter Unit Value 

PV 

Current at maximum power point  A 1841.4 

VDC controller PI-1 [Kp Ki]  [7 800] 

Current controllers PI-2 [Kp Ki]  [0.3 20] 

SMES 

ESMES MJ 3.0  

LSMES H 1.5  

ISMES A 2000  

CDC-link mF 10  

VDC-SMES V 2400  

Table 0.9. Parameters of the simulated system. 

Parameter Unit Value 

Control sampling time, 𝑇𝑠 𝜇𝑠 10 

Base line-line RMS voltage 𝑘𝑉 25 

SMES 

SMES coil inductance, LSMES H 5 

SMES initial current, I0 A 5000 

DC-bus reference voltage, VDC_ref_SMES V 3000 

DC-bus capacitance, CSMES mF 5 

Filter inductance/phase, Lf_SMES 𝑚H 2 

Filter resistance/phase, Rf_SMES 𝜇Ω 10 

VSG 

Virtual inertia, J s 5.1 

Virtual damping, D  pu  1.7 

 


