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Abstract 

 

In recent times, due to prolific wind power penetration in many power systems, 

synchronous generators (SGs) are being substituted from the generation mix worldwide. Unlike 

the conventional SGs, variable speed Wind Turbine Generators (WTGs) do not participate in 

frequency regulation without additional control strategy. During prolific wind generation and 

interconnection import from an adjacent grid, number of online SGs in a network may reduce. 

In such situation, a large contingency can cause undesirable Rate of Change of Frequency 

(ROCOF) and frequency deviation. If  ROCOF exceeds 2 Hz/s, steam, hydro and wind turbine 

generators face difficulties to be in synchronism. Furthermore, if ROCOF is higher than 3 Hz/s, 

the under frequency load shedding relays may fail to respond quickly to shed loads, which can 

instigate a system-wide blackout. To overcome this problem, deployment of energy storage 

systems (ESS), namely, Superconducting Magnetic Energy Storage (SMES) and Battery 

Energy Storage System (BESS) can be a worthwhile solution. This is due to extremely rapid 

inertial response capability of SMES and ability of BESS to provide active power support for 

a fairly long duration. Since these devices are costly, their appropriate sizing is crucial. 

Although numerous sizing schemes of ESS are already investigated in recent literature, none 

of the existing works deploy and determine the sizes of the ESS separately for providing inertial 

support and primary frequency response respectively. Furthermore, when the system inertia is 

insufficient, a large contingency in the power importing zone may overload an AC 

interconnection. Consequently, the interconnection could trip due to loss of synchronism, 

which may lead to system-wide blackout. Although series capacitors can be utilized to solve 

this problem, they demonstrate several drawbacks such as little controllability and risk of sub-

synchronous resonance at high compensation levels. Therefore, further investigations are 

required to meet these research gaps. 

In the above perspective, analytical expressions to determine the appropriate sizes of 

Energy Storage Systems (SMES and BESS) will be formulated in this thesis. Also, a 

coordinated operational strategy for SMES and BESS to ensure frequency response adequacy 

will be developed. To avert the risk of cascading contingency and subsequent blackout, a 

frequency responsive Thyristor Controlled Series Capacitor (TCSC) will be modeled. To this 

end, optimal TCSC parameters will be determined to ensure minimum frequency deviation. 

Furthermore, an analytical expression to determine the maximum wind penetration level by 
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retaining a satisfactory frequency response will be established. Later on, enhancement of 

maximum wind penetration level after incorporating TCSC will also be estimated.  
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Chapter 1 

Introduction 

 

 Background 

Owing to the detrimental effects on the environment and limited accessibility of fossil 

fuels, a global trend of reliance on Renewable Energy Sources (RES) has emerged. Note that 

coal-based power plants are one of the most common sources of greenhouse gases [1]. Unlike 

these conventional fossil fuel driven generators, RES can offer green energy, which can be 

instrumental for abating the harmful effects of fossil fuels. Moreover, it can satisfy the 

burgeoning global power demand. It is anticipated that within next 30 year, the Denmark power 

system will be able to reach 100% RES penetration landmark [2]. The European union, United 

States and China have also set definite targets for RES integration in respective power systems 

[3]. Current renewable penetration levels and future targets of several countries are articulated 

in Figure 1.1. It shows that Ireland, China, Spain, India and Europe intend to include more than 

90% renewable resources in their power systems within 2050 [4].   

 

       Figure 1.1: Present and targeted renewable penetration levels by countries. 

Various RES- solar, wind, biomass, hydro, geothermal, ocean power etc. are being tried 

out by system operators around the world to fulfil the energy requirements set by respective 

regulatory bodies. Among them, wind power plants (especially Doubly Fed Induction 
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Generators: DFIG) have been one of the most promising one [5]. The total installed capacity 

for onshore and offshore wind energy globally is over 651 GW by the end of 2019 [6]. The 

proliferation of wind power generation capacity around the world in the last decade is shown 

in Figure 1.2.  

 

Figure 1.2: Growth of global installed wind generation capacity [6].  

Note that a wind energy conversion system converts the kinetic energy of wind into 

electricity by using a large wind turbine which consists of blades on a shaft. Since the shaft of 

the turbine is connected to a generator, the rotating motion of the shaft rotates the generator’s 

rotor. Consequently, an electromagnetic induction is created due to the rotational movement of 

the rotor inside the generator core, which ultimately produces electrical power.  

Wind turbine generators (WTGs) can be divided into four main types: Type 1 (Fixed 

Speed Induction Generator), Type 2 (Variable-Slip Induction Generator), Type 3 (Doubly-Fed 

Induction Generator: DFIG) and Type 4 (Full-Scale Converter) machines [7]. A squirrel-cage 

induction generator is used in a Type 1 WTG. Whereas a wound-rotor induction generator is 

deployed in Type 2 WTG [3]. A Type 3 WTG is a variable speed machine where an induction 

generator and power electronic converters are utilized. In a Type 4 WTG, the generator can be 

an induction generator or a synchronous generator. It is worthwhile to mention that the 

generator is connected to the grid via power electronic converters [7]. 

It must be noted that wind power plants suffer from the unprecedented disadvantage of 

intermittency or fluctuation. As a result, power system operators have to be concerned about 

variable generation as well as uncontrollable demand in future power systems. In addition, both 

121
159

198
238

283
319

370

433

488

540

591

651

0

100

200

300

400

500

600

700

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

G
lo

b
al

 In
st

al
le

d
 W

in
d

 P
o

w
er

 C
ap

ac
it

y 
(G

W
)

Year



 

3 

 

Type 3 and Type 4 wind generators are connected with the host power grid via power electronic 

converters. In case of conventional fossil fuel driven synchronous generators, their rotors are 

directly connected with the host grid and behave as spinning reserves. These spinning reserves 

can absorb or supply the stored kinetic energy in case of a power deficit or surplus [8]. This 

stored kinetic energy acts as inertia of the rotors and is an inherent property of conventional 

generators. As Type 3, 4 wind generators are decoupled from the host power systems, they do 

not necessarily contribute to system inertia without additional control mechanisms [9]. This 

system inertia could have arrested the change in speed of generator rotors (equivalent to system 

frequency). 

  

 Motivation 

As discussed above, wind-dominated power systems may suffer from inadequate 

system inertia due to retirement of conventional fossil-fuel driven synchronous generators. 

Furthermore, a load-rich area can import electricity from an adjacent generation-rich area 

through a high-voltage AC (HVAC) or high-voltage DC (HVDC) line in modern 

interconnected power systems. As a result, the number of conventional generators in a load-

rich region can be minimal. Loss of this interconnection can cause a major power imbalance 

and substantial deviation from nominal system frequency. Thus, frequency decline in a low 

inertia system can lead to cascaded trip, which can even lead to system-wide blackout. To 

mitigate these issues, deployment of energy storage systems (ESS), namely, Superconducting 

Magnetic Energy Storage (SMES) and Battery Energy Storage System (BESS) can be a 

worthwhile solution due to the extremely rapid inertial response capability of SMES and ability 

of BESS to provide active power support for a fairly long duration. This strategy can be 

regarded as frequency control from load perspective. Since these devices are costly, their 

appropriate sizing is crucial. Although numerous sizing schemes of ESS are already 

investigated in recent literature, none of the existing works deploy and determine the sizes of 

the ESS separately for providing inertial support and primary frequency response respectively. 

Furthermore, when the system inertia is insufficient, a large contingency in the power 

importing zone may overload an AC interconnection. Consequently, the interconnection could 

trip due to loss of synchronism, which may lead to system-wide blackout. Although series 

capacitors can be utilized to solve this problem, which is a frequency control strategy from 

generation perspective, they demonstrate several drawbacks such as little controllability and 
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risk of sub-synchronous resonance at high compensation levels. Therefore, further 

investigations are required to meet these research gaps. 

 

 Objectives 

The principal goal of this thesis is to enhance the system frequency response of a low 

inertia grid by the utilization of Energy Storage Systems and frequency responsive Thyristor 

Controlled Series Capacitor (TCSC). The specific objectives of this work are as follows: 

i. To formulate analytical expressions to determine the appropriate sizes of Energy 

Storage Systems (SMES and BESS). SMES rating will be determined using 

ROCOF limit due to its dominant participation during inertial response, and BESS 

rating will be decided by the allowable frequency deviation due to its major 

participation during primary frequency response. 

ii. To develop a coordinated operational strategy for SMES and BESS to ensure 

frequency response adequacy.  

iii. To model a frequency responsive Thyristor Controlled Series Capacitor (TCSC) to 

avert the risk of cascading contingency and subsequent blackout. To this end, 

optimal TCSC parameters are to be determined to ensure minimum frequency 

deviation. 

iv. To establish an analytical expression to determine the maximum wind penetration 

level by retaining a satisfactory frequency response. Later on, enhancement of 

maximum wind penetration level after incorporating TCSC will also be estimated.  

 Outcome of the Thesis  

The outcome of this thesis will provide the appropriate sizes of SEMS and BESS while 

retaining satisfactory frequency deviation and Rate of Change of Frequency (ROCOF). Also, 

the outcome will yield a frequency responsive TCSC model for preventing network separation 

and system-wide blackout. In addition, the thesis will provide an analytical formulation of the 

maximum wind penetration level for ensuring adequate frequency response. Therefore, the 
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outcome of this thesis work will help enabling large-scale integration of renewable generation 

and provide useful guidelines for system operators to improve frequency resilience.  

 

 Thesis Organization 

This thesis consists of five chapters. The structure of the thesis is as follows: 

• In chapter 1, a brief description of current and future global wind energy scenario is 

described. Then, motivation of the current work is presented along with the objectives.  

• In chapter 2, a thorough review of relevant recent works is narrated. Later on, the 

research gaps are identified. 

• In chapter 3, at first, the frequency responding modeling of SMES and BESS are 

discussed. Afterwards, analytical methodologies for determining the SMES and BESS 

size is established. Afterwards, a coordinated operational strategy for SMES and BESS 

to ensure frequency response adequacy is developed. Then, several simulation 

scenarios are formed to test the effectiveness of the proposed ESS sizing method. 

Afterwards, those scenarios are investigated by using a test low inertia power system 

to validate the proposed strategies. 

• In chapter 4, at first, a frequency responsive Thyristor Controlled Series Capacitor 

(TCSC) to avert the risk of cascading contingency and subsequent blackout is modeled. 

To this end, optimal TCSC parameters are determined to ensure minimum frequency 

deviation. Several simulation scenarios are investigated to prove the effectiveness of 

the abovementioned method. In addition, an analytical expression to determine the 

maximum wind penetration level is established. Later on, enhancement of maximum 

wind penetration level after incorporating TCSC is estimated.  

• Finally, in chapter 5, the key findings are summarized and the possibilities of future 

research work are mentioned. 
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Literature Review 

In this chapter, firstly, the major frequency control challenges caused by higher wind 

power penetration are shortly described.  Then, a comprehensive literature review on frequency 

control strategies and means for enhancing wind penetration levels are presented. Finally, 

research gaps are identified. 

 

 Frequency Control Challenges in Low Inertia Grids 

In recent times, increased integration of wind power plants have introduced several 

challenges regarding the frequency response adequacy, especially in low inertia power systems. 

The reason behind this is, as discussed in the previous section, nowadays wind power plants 

predominantly utilize Type 3 (Doubly Fed Induction Generator: DFIG) and Type 4 (Full-Scale 

Converter) machines. These variable speed machines are isolated from the grid through power 

electronic converters [10]. Therefore, they generally do not provide inertia and governor 

response (also known as primary frequency response) unless additional control strategy is 

implemented [11]. As such, frequency response after a major contingency is likely to become 

more vulnerable under high wind power penetration [12]. Situations can arise where a system 

has substantial wind penetration while it imports bulk amount of power through high voltage 

AC (HVAC) interconnection from adjacent grid. During this situation, a large contingency (e.g. 

tripping of an interconnection) may cause unacceptable frequency excursion with a high Rate 

of Change of Frequency (ROCOF) and frequency deviation. Consequently, significant Under 

Frequency Load Shedding (UFLS) may need to be applied to arrest the frequency decline. 

Note that when ROCOF exceeds 2 Hz/s, steam, hydro and wind turbine generators face 

difficulties to be in synchronism [13]. Furthermore, if ROCOF is higher than 3 Hz/s, the UFLS 

relays may fail to respond quickly enough to shed necessary amount of loads. It eventually 

could result in a system wide blackout [14]. Furthermore, while shedding loads, distributed 

generators can also get disconnected [15]. Such incident makes frequency response even worse, 

which ultimately leads to further load shedding. Therefore, necessary techniques need to be 

adopted to avoid high ROCOF and large frequency deviation to improve the frequency 

resilience of low inertia power grids. 

Moreover, the number of committed SGs can be scant when wind power generation is 

substantial in quantity and the system is importing power through high voltage AC (HVAC) 
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interconnection from an adjacent area. Accordingly, system inertia of that particular zone and 

governor responsive reserve for that area are considerably reduced. In such a situation, the 

system intends to draw more power via the HVAC interconnection following a contingency 

(For instance, a large generator trip). However, if the interconnection flow reaches the 

maximum limit, it incurs loss of synchronism. As a result, the interconnection trips, which can 

cause a cascading contingency for the power importing region. In this situation, the isolated 

network may encounter a blackout if the primary frequency control and the UFLS mechanism 

fail to stop the frequency decline. For instance, South Australia encountered a similar blackout 

in 2016, which was initiated by the loss of HVAC interconnection between South Australia 

and Victoria [14]. Therefore, necessary techniques need to be developed to prevent network 

separation and subsequent blackout in low inertia power systems under high wind penetration. 

Note that the adverse effects on modern grids created by the proliferation of renewable 

resources are preventing further integration of intermittent yet environment friendly energy 

resources. Therefore, additional regulation services need to be employed to continue the current 

trend of burgeoning renewable penetration. 

 

 Existing Frequency Control Strategies 

Extensive research is conducted to address the frequency control issues depicted in the 

previous subsection. This subsection intends to outline the recent studies regarding emulated 

inertia from energy storage systems for maintaining satisfactory frequency response with a 

tolerable ROCOF and frequency deviation. In addition, means for preventing network 

separation and subsequent cascaded contingency are also discussed. Furthermore, recent 

research works regarding techniques of enhancing wind and other renewable penetrations are 

depicted. 

 

  Frequency Control Techniques Regarding ESS 

Various strategies are explored in the existing literature to improve the frequency 

response of low inertia grids via load perspective using various storage technologies, for 

instance, synthetic inertia and governor like response from energy storage systems. For 

example, utilization of synchronous condensers is reported in [16], which can provide 

supplementary inertial response. Furthermore, synchronous condenser and synthetic inertia 

from wind power plants are jointly used in [17] to enhance frequency stability. Note that in 

both of these works, the ratings of synchronous condensers are chosen based on corresponding 
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simulated grid topology. Thus, no analytical methodology is developed to find the optimal size 

of additional frequency support device (i.e., synchronous condensers).  

A methodology is developed in [18] to incorporate virtual inertia support from wind 

plants into generation scheduling by utilizing the DC-link inertia control, the VCC strategy and 

power-frequency droop control. However, neither the competence of the proposed 

methodology is compared with any existing technology nor value proposition of the proposed 

methodology is illustrated in this work. Furthermore, various storage technologies are utilized 

for achieving fast frequency response [19]. Among them, Li-ion batteries are widely used as 

storage medium. Alternative lithium batteries [20], Ni-Cd, lead-acid, vanadium redox flow 

batteries, flywheels [21], Supercapacitor Energy Storage (SCES) [22] and Superconducting 

Magnetic Energy Storage (SMES) [23] are also employed for frequency support. Their 

response time, installation cost, operational cost, sustainability and life spans are described in 

[24]. However, none of these illustrated works emphasis on finding appropriate sizing of the 

aforementioned energy storages along with frequency response adequacy. For instance, in [22], 

the authors only demonstrate the competence of ultracapacitor installation under different load 

condition. Furthermore, effectiveness of supercapacitor installation is not compared with any 

existing technologies such as synchronous condenser, BESS, SMES and so on. In [25], 

ultracapacitor storage is used as a Dynamic Energy Storage System (DESS) to offer emulated 

inertial support. Nevertheless, the authors primarily focus on structure and control of the DESS 

instead of its sizing. In [26], an optimally sized Battery Energy Storage System (BESS) is 

incorporated to provide primary frequency response, where BESS size is determined solely 

based on economic aspect without taking frequency response adequacy in different conditions 

into account.  

In [27], a bi-level optimization model is developed for achieving maximum profit where 

the model is converted into a mixed-integer linear program. According to this algorithm, the 

optimal size of the energy storage depends on system fault condition, duration of load 

curtailment under various fault scenarios and enhancement of profitability in terms of unit 

income for distribution system. However, system resilience is neither investigated under 

altering renewable penetration level nor system operating conditions such as frequency and 

ROCOF are taken into account.   

In [28], authors propose a sizing scheme for energy storage systems to mitigate 

significant changes in power outputs of intermittent sources. The authors consider generator 

ramp-rate limits, the efficacy of storage system (State of Charge limits) and optimal dispatch 

of the energy storage systems along with curtailment of intermittent resources. The primary 
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objective of this work is to obtain an optimal energy storage size so that minimum curtailment 

of renewable sources is achieved. Nevertheless, the sizing strategy does not take any other 

system operating conditions into consideration and implementation of this algorithm does not 

depend on any system parameters. In addition, there is no indication that which storage device 

would be preferable to obtain maximum profitability. 

The authors propose a sizing scheme for Battery Energy Storages, which solely depends 

on optimizing operational cost of a microgrid and minimizing BESS charging and discharging 

capacity in [29]. This research work investigates the competence of the proposed method in 

three different scenarios depending on whether the microgrid is connected with the host grid 

and power can be sold to the host grid. Thus, system performance is not examined in terms of 

allowable frequency deviation and system ROCOF limits.  

 In [30], authors incorporated a multi-objective grey wolf optimizer to determine optimal 

Hybrid Energy Storage System size considering system operating cost and battery lifespan. 

Competence of the methodology has been scrutinized by comparing the obtained total energy 

loss with that of RF based Energy Management System. In [31], authors propose a sizing 

methodology of ESS to determine ESS rated power and energy capacity for providing inertial 

and primary frequency support by utilizing linearized swing equation.       

 

 Techniques for Preventing Network Separation 

To prevent network separation following a generation deficit in a load rich area, energy 

storage techniques can be utilized since they can provide fast frequency response [32, 33]. For 

instance, in [34], the authors proposed the utilization of hybrid energy storage system 

consisting of BESS and SCES, which is able to enhance the load frequency controllability of 

an interconnected system. This work mainly focuses on suppressing frequency deviation and 

tie-line flow fluctuations caused by load variability. Several recent works have suggested 

demand response strategies for renewable dominated power systems [35, 36]. In [35], the 

authors propose a fuzzy cascade controller with demand response, which has the capability of 

load disturbance rejection in an interconnected microgrid. The authors of [36] claim and justify 

that improving demand response is an efficient way of optimizing power imbalance in electric 

grids. Note that the above methods enhance frequency response of individual power systems. 

However, these approaches do not assure the prevention of network separation, especially for 

low inertia grids. In [37] and [38] the authors focus on quantifying the required zonal inertia to 

obtain satisfactory frequency response following network separation. Notably the zonal inertia 
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may be able to restrict the system ROCOF following the contingency. However, it may not 

guarantee the prevention of network separation and subsequent blackout. 

For preventing network separation, the power carrying capability of an interconnection 

needs to be increased. Providing series compensation can lower overall reactance of an 

interconnection and enhance power carrying capability of that line, which is a frequency 

control technique from generation perspective. For this purpose, mechanical switch controlled 

Fixed Series Capacitors (FSC) has been the traditional choice for years. However, they 

demonstrate several drawbacks that are summarized below [39]: 

• At higher compensation level (more than 50%), they lack effective controllability. 

• They do not offer smooth controllability when compensation levels are being altered. 

• While altering compensation levels, re-inserting capacitors may result in undesirable 

voltage offset across it. 

• At high compensation levels, risks of sub-synchronous resonance increase, especially 

in presence of variable speed WTGs.  Additional damping circuit will be required in 

such situations, which will increase network complexity and cost. 

Following the progress of power electronic devices and switching technology, Flexible 

AC Transmission Systems (FACTS) devices are deployed to increase the power transfer limits 

of interconnections. For instance, TCSC, which is a FACTS device, can be utilized to decrease 

the reactance of an AC transmission line [40]. As such, power carrying capacity of that line 

increases. Notably, TCSC has the ability to overcome all the drawbacks of FSC and have the 

capability to offer much more reliable system performance. In addition, TCSC can provide 

other benefits. These include damping of small signal oscillation [41], compensation of 

transmission line while minimizing the sub-synchronous resonance [42], frequency 

stabilization of interconnected power systems [43] and enhancement of transient stability [44]. 

In [45], Thyristor Controlled Series Capacitor (TCSC) is deployed for load following purpose 

in a two-area interconnected system with the objective of reducing inter area tie-line power 

error. Optimal parameters in this study are determined by Genetic Algorithm (GA) with the 

target of obtaining power exchange and area frequencies with the least overshoot and 

minimized settling time. However, this study does not concentrate on preventing network 

separation. In addition, although integral gains of TCSC model are optimally tuned in this 

paper, they are not tuned to yield minimum frequency deviation following a contingency.  
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 Means for Enhancing Wind Penetration Levels 

For enhancing wind and other renewable penetrations in modern grids, several means are 

reported in the literature. Energy storages are considered to be one of the most promising 

measures in this regard. To this end, authors in [46] suggest the utilization of Flywheel Energy 

Storage System (FESS) to provide spinning reserve in an isolated power grid. The results 

demonstrate that FESS installation results in increased system stability and enhanced the 

renewable penetration of the studied grid. Pumped storages are suggested to enhance wind 

penetration levels in autonomous islanded grids in [47]. In this study, operating policies and 

strategies are discussed for wind-hydro-pumped-storage hybrid stations with the target of 

enhancing wind penetration. In [48], novel strategies for Demand Response (DR) is employed 

for mitigating operational uncertainties of wind generation. In order to accomplish that, loads 

are classified in three categories- loads having virtual energy storage capabilities, loads having 

load shifting capabilities and loads having curtailment capability. However, with the increase 

of contingency size, the required sizes of energy storages increase. As a result, associated 

capital and operational costs increase. Authors in [49] introduce the utilization of FACTS 

devices for enhancing the penetration of wind and solar power. Due to their capability of 

delivering fast active and reactive power, this paper recommends deploying FACTS devices 

for mitigating power quality problems which are associated with intermittent wind and solar 

plants. However, in this work, FACTS devices are not incorporated with the objective of 

increasing wind penetration while maintaining the system frequency above preset threshold. 

Rather they focus on mitigating voltage swell, voltage sag, flickers, harmonics and electrical 

behaviors of switching operations. In [50], the authors demonstrate by load flow analysis that 

utilization of Static Synchronous Series Compensators (SSSC) can enhance power carrying 

capabilities of lines and accommodate enhanced renewable penetration. However, neither any 

analytical framework is proposed to quantify the amount of renewable penetration 

enhancement, nor any dynamic simulation is shown to bolster their claim. Also, no comparison 

with existing technology is demonstrated for enhancing power carrying capabilities of the 

interconnections. In [51], the author utilized SSSC for controlling the power flow through a 

transmission line in order to mitigate Ferranti effect on unloaded lines. Thus, this study mainly 

focuses on mitigating power quality issues, such as oscillation damping by dynamic control of 

FACTS devices. 
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 Research Gaps 

From the literature review regarding frequency control techniques related to ESS, the 

limitations of these research works are summarized below.  

• Some of the existing works do not concurrently consider frequency deviation, system 

ROCOF, inertial response and governor response for determining the ratings and 

competence of ESS.  

• Over-dependency on time-domain simulations and optimization algorithms is noticed, 

which consider only profit maximization and battery state of charge to determine ESS 

sizes. 

• Linearization of swing equation is done in many existing works to find optimal ratings 

of ESS. Consequently, the dynamic attributes of frequency excursion is not fully 

captured. 

• Limited analyses of value proposition of ESS considering their installation, operation 

and maintenance costs are reported. 

Lately, SMES has attracted the attention of researchers for its enormous charge/discharge 

cycles, rapid response time and high peak current handling capabilities [52]. Generally, SMES 

is utilized for providing short time storage support. In contrast, BESS is usually installed to 

deliver storage support for longer period. Consequently, combination of SMES and BESS is 

taken into account in various applications. These include compensating load variations in 

railway systems [53], mitigation of wind intermittency [52], electric vehicle operation [54] and 

so on. 

It is evident that SMES can be used for providing additional inertial response to limit 

ROCOF. In addition, BESS can be used for offering inertia support as well as primary 

frequency response (i.e., akin to governor response) to arrest the frequency excursion above a 

certain threshold. Therefore, a combination of SMES and BESS can be beneficial to reinforce 

the frequency resilience of a low inertia grid. However, coordinated action of SMES and BESS 

to improve frequency response of renewables dominated power systems remains unresolved in 

the recent literature. Note that SMES and BESS are costly devices. Hence, their appropriate 

sizing and operational approach are crucial. Yet, the existing works lack the analytical 

determination of the sizes of these storage devices in perspective of frequency response 

adequacy.  

Furthermore, from the literature review regarding network separation prevention, it is 

evident that TCSC has numerous applications in power system. However, the existing works 
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have not implemented a frequency responsive TCSC model to reduce frequency deviation and 

blackout mitigation in an interconnected low inertia grid. Even though FSC can be utilized to 

solve this issue, it comes with numerous disadvantages as depicted in subsection 2.2.2. In 

addition, no recent literature  that the candidate is aware of illustrates system performance 

comparison between FSC and TCSC in preventing network separation. Also, the maximum 

wind penetration level is likely to increase when TCSC is deployed to enhance the power 

carrying capability of the interconnection. Nevertheless, no recent study elaborates on the 

deployment of TCSC in that regard while developing any analytical framework.  

Therefore, further investigations are still required to meet these important yet 

unaddressed research gaps. 

 

 Summary 

In this chapter, a comprehensive insight into the frequency response challenges 

associated with the prolific wind penetration in power systems is presented. Notably, extensive 

research has been conducted regarding frequency response improvement strategies. 

Subsequently, frequency control techniques regarding energy storage systems and means for 

preventing network separation are discussed in this chapter. Afterwards, drawbacks of the 

existing literature is outlined and research gaps are depicted. In the above context, in the 

upcoming chapters, an analytical tool to determine the minimum ratings of ESS is proposed 

along with a coordinated operational strategy for SMES and BESS to ensure frequency 

response adequacy. Afterwards, a frequency responsive TCSC to avert the risk of network 

separation and subsequent cascading contingency is modeled in this thesis. To this end, optimal 

TCSC parameters are determined to ensure minimum frequency deviation. In addition, an 

analytical expression to determine the maximum wind penetration level is established. Later 

on, enhancement of maximum wind penetration level after incorporating TCSC is estimated. 

In the following chapters of this thesis, necessary theoretical background, developed 

methodologies and relevant investigations are thoroughly presented. 
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Deployment of Energy Storage Systems for 

Frequency Response Improvement 

In this chapter, firstly, a brief insight into grid frequency response characteristics is 

outlined. Later on, frequency responsive SMES and BESS models are discussed. Subsequently, 

the proposed methodology is outlined. Afterwards, simulation scenarios are formed and 

investigated accordingly to prove the competence of the proposed method.  

 

 Grid Frequency Response Characteristics 

Following an imbalance between load and generation, system frequency exhibits 

different stages. Just after a contingency, stored kinetic energy from the rotors of synchronous 

generators is inherently released. This is known as inertial response (IR). Duration of this stage 

is very low- typically within first few seconds after a contingency. The next stage is primary 

frequency response (PFR). In this stage, generators increase their output according to their 

droop characteristics and headroom (i.e. governor responsive reserve) for stabilizing the system 

frequency. IR and PFR persist for around 10 – 30 s from the contingency [55]. Quantity and 

duration of IR and PFR affect the ROCOF (i.e. df/dt) and frequency nadir. Subsequently, 

secondary frequency response (SFR) comes in action and PFR is relieved. SFR persist for 

around 15 minutes and can be controlled both automatically and manually. Finally, tertiary 

frequency response (TFR) brings back the system frequency to its nominal value by re-

dispatching the generators. Figure 3.1 demonstrates the above-mentioned stages with necessary 

annotations.  
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Figure 3.1: Stages of power system frequency response  

 

 Frequency Responsive Modeling of SMES 

Electric Power Research Institute (EPRI) CSMEST model is considered in this thesis for 

SMES modeling [56]. Here, SMES is modelled via a Current Source Converter (CSC). AC 

side of SMES is linked to the grid, whereas the DC side is directly connected to 

superconducting coil. A general configuration of CSC-based SMES is demonstrated in Figure 

3.2. Here, the capacitors are deployed for buffering the stored energy in line inductances while 

commuting the direction of grid current. In addition, these capacitors have the capability of 

filtering out higher order harmonics of the grid current. Fast transfer of active power between 

SMES and the grid is viable as the modelled SMES in this paper uses CSC. Eventually, it 

enables SMES to provide emulated inertial response following a contingency. 
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Figure 3.2:  General configuration of a CSC-based SMES 

Active power control block of SMES is portrayed in Figure 3.3(a). In Figure 3.3(a), 𝑃𝑖𝑛𝑖𝑡 

denotes the initial active power of the SMES (in p.u.), 𝐼𝐷𝐶0 is the initial DC current (in p.u.), 

𝐼𝐷𝐶 refers to the coil DC current (in p.u.), 𝑉𝐷𝐶 is the coil DC voltage (in p.u.) that depends on 

coil DC input power 𝑃𝐷𝐶 (in p.u.), 𝐾𝑅 denotes DC current gain and 𝑃𝑀𝐴𝑋 is the rated power (in 

p.u.). It is also equal to the minimum current (in p.u.) at which rated power can be delivered 

(when the maximum DC voltage applied to the coil terminal is 1 p.u.). Maximum voltage 

capability of the coil and converter is controlled by 𝑉𝐷𝐶𝑀𝐴𝑋 and 𝑉𝐷𝐶𝑀𝐼𝑁 (in p.u.) [56]. Note that 

𝐼𝐷𝐶 is an independent variable and 𝑉𝐷𝐶 is a function of 𝐼𝐷𝐶.  𝐼𝐷𝐶𝑀𝐼𝑁 and 𝐼𝐷𝐶𝑀𝐴𝑋 are the coil 

current limits, which prevent the coil overcharging or undercharging. For the upper saturation 

limit, the value of 𝐼𝐷𝐶 should be a subset of 𝐼𝐷𝐶𝑀𝐼𝑁1. For the lower saturation limit, the chosen 

value of 𝐼𝐷𝐶 should be a superset of 𝐼𝐷𝐶𝑀𝐴𝑋1. 

In this block, converter current limit is modeled by 𝐼𝐴𝐶𝑀𝐴𝑋 (in p.u.). Lower limit of 

current coil of CSC is indicated by 𝐾𝑉𝐴𝐶𝐼𝐷𝐶, where VAC is the grid AC voltage (in p.u.) and K 

is a constant gain. Also, 𝑀𝐵𝐴𝑆𝐸 (in p.u.) is calculated by maximum coil voltage times 

maximum coil current. The value of SMES coil inductance L (in H) can be derived using power 

and energy rating of the SMES. Rated energy 𝐸𝑟𝑎𝑡𝑒𝑑 is calculated using (1) and the 

corresponding inductance can be derived using (2) [56].  

                                    𝐸𝑟𝑎𝑡𝑒𝑑 = 𝑃𝑀𝐴𝑋𝑇                                                                 (1) 

                       
1

2
𝐿(𝐼2 − 𝑃𝑀𝐴𝑋

2 ) = 𝑃𝑀𝐴𝑋𝑇                                                    (2) 

where T is defined as maximum time duration for delivering power (in s) and 𝐼 is the 

maximum coil current (in p.u.). 
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Input of the active power block is 𝑃𝐴𝑈𝑋, which is a ROCOF sensitive auxiliary power 

signal. This auxiliary signal block is shown in Figure 3.3(b). It comprises low pass filter, time 

delay block, constant gain and max-min limiter block.  Therefore, when ROCOF exceeds a 

preset threshold, this block generates an auxiliary power signal. This auxiliary power signal 

changes (increase/ decrease) the active power output of SMES. 

 
(a) 

 
(b) 

 

Figure 3.3: (a) Active power control block of CSC-based SMES (b) ROCOF sensitive 

auxiliary signal model.  

 

 Frequency Responsive Modeling of BESS 

EPRI CBEST model [57] is utilized in this thesis for BESS modeling. This model uses 

Voltage-Source Converter (VSC) for grid interfacing. In this topology, grid AC voltage 𝑉𝐴𝐶 is 

considered as battery terminal voltage. The amount of power going into and out of the battery 

is controlled by this voltage. Active power control strategy of BESS is demonstrated in Figure 

3.4(a). Here 𝑃𝐴𝑈𝑋,𝑃𝐼𝑁𝐼𝑇,𝐼𝐴𝐶𝑀𝐴𝑋 and 𝑃𝑀𝐴𝑋 indicate the same quantities as of Figure 3.3(a).  

Figure 3.4(b) illustrates the auxiliary power signal model of BESS, where various 

notations have same meaning as of Figure 3.3(b). The auxiliary power signal block of BESS is 

triggered by frequency deviation. The block generates an auxiliary power signal when 

frequency deviation exceeds a specified value. Eventually, the active power output of BESS is 

changed (increase/decrease) via this auxiliary power signal.   
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(a) 

 
(b) 

 

Figure 3.4: (a) Active power control block of BESS (b) Frequency deviation sensitive 

auxiliary signal model. 

The amount of energy absorbed or supplied by the BESS 𝐸𝑂𝑈𝑇 (in p.u.) depends on input 

and output efficiencies as shown in Fig. 5. The retrieval efficiency (𝑂𝑈𝑇𝐸𝐹𝐹) is set to be 1.1 

and storage efficiency (𝐼𝑁𝑃𝐸𝐹𝐹) is chosen to be 0.9 for achieving a turnaround efficiency of 

80% [57]. 

 

Figure 3.4:  Energy control strategy of BESS. 

 

 Proposed Methodology 

In this section, at first, analytical expressions are developed to find the sizes of SMES 

and BESS to ensure an adequate frequency response. Later on, a methodology is presented for 

coordinated action of these two ESS. 

 

 Sizing of SMES 

Since SMES is utilized for short term storage support (i.e. inertial response only), the 

purpose of utilizing SMES is to restrict the value of ROCOF below the magnitude of maximum 

allowable limit 𝑅𝑚𝑎𝑥  (in Hz/s) after a contingency. This condition can be expressed using (3).  

                          𝑅𝑂𝐶𝑂𝐹 < 𝑅𝑚𝑎𝑥                                                             (3) 
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Note that for a generation loss, ROCOF (df/dt) and maximum allowable ROCOF, both 

are negative since frequency declines with time. Thus, (3) can be rewritten considering signs 

of ROCOF and maximum allowable ROCOF. 

−𝑅𝑚𝑎𝑥 < −𝑅𝑂𝐶𝑂𝐹                                                                 (4) 

According to the swing equation, following a contingency, ROCOF can be denoted using (5). 

                                
𝑑𝑓

𝑑𝑡
=

𝑓𝑜

2𝐼𝑅
(∆𝑃𝑔 − ∆𝑃𝐿)                                                           (5) 

where 𝑓𝑜 is the nominal system frequency (in Hz), 𝐼𝑅 denotes the system inertia (in MWs), ∆𝑃𝑔 

means the change in generation (in MW) and ∆𝑃𝐿 refers to the change in system load (in MW). 

When 𝑛 number of synchronous generators are committed, the total inertia IR can be quantified 

using (6) [58]. 

𝐼𝑅 =  ∑(𝑆𝑖 × 𝐻𝑖)

𝑛

𝑖=1

                                                                   (6) 

where 𝑆𝑖 specifies the rated MVA of i-th synchronous generator and 𝐻𝑖 indicates the inertia 

constant of i-th synchronous generator (in s). 

 Further, following a loss of generation, ∆𝑃𝑔 can be expressed by (7), where 𝑆𝑀𝐸𝑆𝑠𝑖𝑧𝑒 is the 

required rated size of SMES (in MW) and g is the contingency size (in MW).  

                    ∆𝑃𝑔 =  −𝑔 + 𝑆𝑀𝐸𝑆𝑠𝑖𝑧𝑒                                                            (7) 

Note that SMES is activated to provide inertial response only. Therefore, governor response 

(refer to Figure 3.1) is disregarded in this situation.  

In addition, ∆𝑃𝐿 can be written using (8).  

                       ∆𝑃𝐿 =  −𝑘𝑝𝑃𝐿 (1 −
𝑓

𝑓𝑜
)                                                           (8) 

where 𝑃𝐿  is the system load including loss (in MW) and 𝑘𝑝  is load frequency relief. 𝑘𝑝 provides 

the percentage of load change for every 1% change in system frequency [59]. Using (7) and (8) 

in (5), the swing equation becomes, 

   
𝑑𝑓

𝑑𝑡
=

𝑓𝑜

2𝐼𝑅
(𝑘𝑝𝑃𝐿  (1 −

𝑓

𝑓𝑜
) − 𝑔 + 𝑆𝑀𝐸𝑆𝑠𝑖𝑧𝑒  )                                       (9)  

Combining (4) and (9),  

−𝑅𝑚𝑎𝑥 <  
𝑓𝑜

2𝐼𝑅
(𝑘𝑝𝑃𝐿  (1 −

𝑓

𝑓𝑜
) − 𝑔 + 𝑆𝑀𝐸𝑆𝑠𝑖𝑧𝑒 )                              (10)  

By further simplifying, (10) can be rewritten as (11). 



 

20 

 

𝑆𝑀𝐸𝑆𝑠𝑖𝑧𝑒  > [ 𝑔 −
2𝑅𝑚𝑎𝑥𝐼𝑅

𝑓𝑜
− 𝑘𝑝𝑃𝐿  (1 −

𝑓

𝑓𝑜
)]                                  (11) 

Therefore, (11) needs to be satisfied while determining the SMES size for rendering 

supplementary inertial response. 

 

 Sizing of BESS 

As stated earlier, BESS can contribute to both IR and PFR following a power imbalance. 

However, in presence of a SMES, the BESS has relatively higher contribution in the primary 

frequency response segment compared to inertial response part (demonstrated later in results 

and analyses section). Accordingly, it is rational to consider frequency deviation thresholds for 

determining the optimal size of BESS. Thus, the objective of incorporating BESS according to 

this methodology is to keep the frequency above a predefined threshold 𝑓𝑚𝑖𝑛 (in Hz). This 

condition can be expressed as (12). 

𝑓 > 𝑓𝑚𝑖𝑛                                                               (12) 

where f is instantaneous system frequency (in Hz). When BESS is in action, it can provide 

primary frequency response along with inertial support. Thus, governor response functionality 

is also included in ∆𝑃𝑔. Hence, ∆𝑃𝑔 is modified as shown in (13). 

      ∆𝑃𝑔 =  −𝑔 + ∑
𝑓𝑜 − 𝑓

𝑅

𝑛𝑔

𝑗=1

+ 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒                                               (13) 

where 𝑛𝑔 denotes the number of generators with active governors, which can provide primary 

frequency response according to droop R (in %). 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒 is the required rated size of BESS 

(in MW) to keep system frequency above a certain value. Using this modified expression of ∆𝑃𝑔 

in (4), swing equation can be rewritten as (14). 

      
𝑑𝑓

𝑑𝑡
=

𝑓𝑜

2𝐼𝑅
[𝑘𝑝𝑃𝐿  (1 −

𝑓

𝑓𝑜
) − 𝑔 + 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒  +    𝑓𝑜 ∑

1

𝑅

𝑛𝑔
𝑗=1 (1 −

𝑓

𝑓𝑜
) ]              (14)  

For quantifying  f, at first, expression of 𝑡 is obtained by integrating both side of (14) with respect 

to 𝑑𝑡.  

𝑡 = −
2𝐼𝑅

𝑘𝑝𝑃𝐿+(𝑓𝑜 ∑
1

𝑅

𝑛𝑔
𝑗=1

)
ln [1 − (1 −

𝑓

𝑓𝑜
)

𝑘𝑝𝑃𝐿+(𝑓𝑜 ∑
1

𝑅

𝑛𝑔
𝑗=1 )

𝑔−𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒
]                            (15)  

Further, analytical expression of system frequency f can be obtained by solving (15). It is given 

by (16). 
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𝑓 = 𝑓𝑜 [1 −
𝑔−𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒

(𝑘𝑝𝑃𝐿+𝑓𝑜 ∑
1

𝑅

𝑛𝑔
𝑗=1

)
(1 − 𝑒− 

𝑡(𝑘𝑝𝑃𝐿+ 𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑗=1

)

2𝐼𝑅 )]                              (16)  

In (16), system equivalent time constant Ts  (in s) can be expressed by (17). 

    𝑇𝑠 =
2𝐼𝑅

(𝑘𝑝𝑃𝐿 + 𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑗=1 )

                                                                 (17) 

Using the expression of 𝑇𝑠 in (16), system frequency can be further represented by (18).  

          𝑓 = 𝑓𝑜 [1 −
(𝑔 − 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒)𝑇𝑠

2𝐼𝑅
(1 − 𝑒

− 
𝑡

𝑇𝑠)]                                          (18) 

Let, frequency deviation following a contingency is 𝜙 (in p.u.), which can be expressed by (19).  

    𝜑 = (1 −
𝑓

𝑓𝑜
)                                                                                   (19) 

Combining (18) and (19), frequency deviation is provided by (20). 

                    𝜑 = −
(𝑔 − 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒)𝑇𝑠

2𝐼𝑅
(𝑒

− 
𝑡

𝑇𝑠 − 1)                                                      (20) 

In (20), the lowest value of 𝑒
− 

𝑡

𝑇𝑠 can be zero when t approaches infinite. When 𝑒
− 

𝑡

𝑇𝑠 = 0, the 

highest value of frequency deviation after a contingency (𝜑𝑚𝑎𝑥) is found. Hence, 𝜑𝑚𝑎𝑥 is 

expressed via (21). 

   𝜑𝑚𝑎𝑥 =
(𝑔 − 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒)𝑇𝑠

2𝐼𝑅
                                                                   (21) 

The minimum value of system frequency after a contingency i.e., frequency nadir (in Hz) is thus 

yielded by (22).  

    𝑓𝑛 = 𝑓𝑜 − 𝜑𝑚𝑎𝑥𝑓𝑜 = 𝑓𝑜(1 −
(𝑔 − 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒)𝑇𝑠

2𝐼𝑅
)                                    (22) 

Note that for keeping the system frequency above 𝑓𝑚𝑖𝑛, 𝑓𝑛 > 𝑓𝑚𝑖𝑛 needs to be satisfied. 

Accordingly, highest allowable frequency deviation, denoted as 𝜑𝑚𝑎𝑥′ can be expressed using 

(23). 

    𝜑𝑚𝑎𝑥′ = (1 −
𝑓𝑚𝑖𝑛

𝑓𝑜
)                                                                  (23) 

Thus, for satisfying (12), 𝜑𝑚𝑎𝑥′ must be greater than 𝜑𝑚𝑎𝑥. It results in, 

               −𝜙max  ′ <
(−𝑔 + 𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒)𝑇𝑠

2𝐼𝑅
                                                      (24) 
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Further modifying (24), expression of required BESS size can be found as follows. 

             𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒 > (𝑔 −
2𝐼𝑅𝜙max  ′

𝑇𝑠
)                                                (25) 

Using the expression of Ts in (25), analytical expression of required size of BESS can be 

derived. It is given by (26). 

       𝐵𝐸𝑆𝑆𝑠𝑖𝑧𝑒 > [𝑔 − 𝜙max′ (𝑘𝑝𝑃𝐿 + 𝑓𝑜 ∑
1

𝑅

𝑛𝑔
𝑗=1 )]                                 (26)  

Therefore, (26) has to be satisfied while evaluating the BESS size for catering the 

desirable primary frequency response.  

 

 ESS Scheduling and Energy Rating 

For scheduling the abovementioned ESS (i.e., SMES and BESS) in a power grid, certain 

constraints need to be satisfied. At first, State of Charge (SoC) values of these ESS are kept 

within a minimum and maximum range as shown in (27). This prevents the ESS to drain out 

completely. Violation of this safety limit can impact their lifetime and efficiency. 

𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶𝑡 ≤ 𝑆𝑜𝐶𝑚𝑎𝑥    ∀𝑡                                               (27) 

where 𝑆𝑜𝐶𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑚𝑎𝑥 are the minimum and maximum SoC limits respectively. Also, 𝑆𝑜𝐶𝑡 

is the SoC at any instant, which is defined by (28). 

𝑆𝑜𝐶𝑡 = 𝑆𝑜𝐶0 −
1

𝑄𝑐
∫ 𝐼𝐷𝐶𝑑𝑡                                                       (28)  

where 𝑆𝑜𝐶0 refers to initial State of Charge, 𝑄𝑐 is amount charge (in C). 

  Next, ESS charging and discharging bounds need to be maintained. These conditions 

are given by (29)-(32) [60]. 

0 ≤ 𝑃𝐵𝐸𝑆𝑆,𝑡
𝑐ℎ ≤ 𝑃𝐵𝐸𝑆𝑆

𝑐ℎ𝑚𝑎𝑥   ∀𝑡                                                       (29) 

0 ≤ 𝑃𝑆𝑀𝐸𝑆,𝑡
𝑐ℎ ≤ 𝑃𝑆𝑀𝐸𝑆

𝑐ℎ𝑚𝑎𝑥   ∀𝑡                                                       (30) 

0 ≤ 𝑃𝐵𝐸𝑆𝑆,𝑡
𝑑𝑐ℎ ≤ 𝑃𝐵𝐸𝑆𝑆

𝑑𝑐ℎ𝑚𝑎𝑥   ∀𝑡                                                     (31) 

0 ≤ 𝑃𝑆𝑀𝐸𝑆,𝑡
𝑑𝑐ℎ ≤ 𝑃𝑆𝑀𝐸𝑆

𝑑𝑐ℎ𝑚𝑎𝑥   ∀𝑡                                                    (32) 

where 𝑃𝐵𝐸𝑆𝑆,𝑡
𝑐ℎ  and 𝑃𝐵𝐸𝑆𝑆,𝑡

𝑑𝑐ℎ  are the instantaneous amount of charge and discharge of BESS, 

𝑃𝑆𝑀𝐸𝑆,𝑡
𝑐ℎ  and 𝑃𝑆𝑀𝐸𝑆,𝑡

𝑑𝑐ℎ  are the instantaneous amount of charge and discharge of SMES. Further, 

𝑃𝐵𝐸𝑆𝑆
𝑐ℎ𝑚𝑎𝑥   and 𝑃𝑆𝑀𝐸𝑆

𝑐ℎ𝑚𝑎𝑥   denote the charging limits of BESS and SMES respectively. In addition, 

𝑃𝐵𝐸𝑆𝑆
𝑑𝑐ℎ𝑚𝑎𝑥   and 𝑃𝑆𝑀𝐸𝑆

𝑑𝑐ℎ𝑚𝑎𝑥   refer to the discharging limits of BESS and SMES respectively.  
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By integrating the area under the power curve between ESS triggering instance and the 

first zero crossing, the amount of energy delivered by ESS can be obtained. Considering 10% 

tolerance margin and taking retrieval efficiency and storage efficiency into account, energy 

rating of an ESS can be expressed by (33). 

𝐸𝐸𝑆𝑆 = [∫ 𝑃𝑜𝑢𝑡(𝑡)𝑑𝑡 𝑂𝑈𝑇𝐸𝐹𝐹 + ∫ 𝑃𝑜𝑢𝑡(𝑡)𝑑𝑡
1

𝐼𝑁𝑃𝐸𝐹𝐹
] 1.1 𝐸𝑆𝑆𝑠𝑖𝑧𝑒                (33)

𝑡2

𝑡1

𝑡2

𝑡1

 

where 𝑡1 is the triggering instance (in s), 𝑡2 is the first zero crossing instance (in s), 𝐸𝐸𝑆𝑆 is the 

energy rating of ESS (in J), 𝑃𝑜𝑢𝑡 is the active power output of ESS (in p.u.) and 𝐸𝑆𝑆𝑠𝑖𝑧𝑒 is the 

rated size of ESS (in MW). Note that both SMES and BESS are designed to provide 90% of 

the respective full capacities as the maximum output.  

 

 Proposed Strategy for Coordinated Action of ESS 

In this subsection, a strategy is proposed for coordinated operation of SMES and BESS. 

In this strategy, SMES is activated by ROCOF and BESS is triggered by frequency deviation. 

A system operator can select the appropriate thresholds of ROCOF and frequency deviation 

based on system requirement.  

The main objective of utilizing SMES is to preserve ROCOF within the maximum 

acceptable value 𝑅𝑚𝑎𝑥. Thus, SMES needs to be triggered before ROCOF reaches 𝑅𝑚𝑎𝑥. In 

addition, the target behind deploying BESS is to maintain system frequency above a certain 

threshold 𝑓𝑚𝑖𝑛. As such, the triggering frequency deviation of BESS, 𝜙𝑡 has to be less than the 

maximum allowable frequency deviation 𝜑𝑚𝑎𝑥′. 

The proposed algorithm for coordinated operation of SMES and BESS consists of 

multiple steps. For ease of understanding, the algorithm is depicted in Figure 3.5. The steps are 

described as follows. 

Step-1: Model a low inertia power system having significant renewable penetration. 

Step-2: Apply a considerably large contingency such as an interconnection trip or loss of a 

major generator. 

Step-3: For a specific load scenario, via unit commitment scheduling, obtain the generation 

profile. Use this generation profile to calculate inertia using (6).  

Step-4: Using this inertia value, calculate ROCOF via (5) for the applied contingency.  

Step-5: Check if ROCOF exceeds the SMES triggering threshold 𝑅𝑡, where 𝑅𝑡 < 𝑅𝑚𝑎𝑥. If 

yes, activate the SMES. If no, proceed to step 6. Note that ROCOF, 𝑅𝑡 and 𝑅𝑚𝑎𝑥 all denote 

magnitudes of corresponding rate of change of frequency. 
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Step-6: Calculate system frequency 𝑓using (18). Use BESSsize = 0 MW while calculating f. 

Note that this is the system frequency before including BESS.  

Step-7: Calculate frequency deviation 𝜙  (in p.u.) using (19).  

Step-8: Check if 𝜙  exceeds the BESS triggering frequency deviation 𝜙𝑡 (in p.u), where 

𝜙𝑡 < 𝜑𝑚𝑎𝑥′. If yes, activate BESS. Otherwise, conclude the process. 

 

 Figure 3.5: Proposed strategy for coordinated operation of SMES and BESS. 

Note that this algorithm will be used by the transmission System Operator (TSO) to 

activate the ESS in case of a contingency. The values of frequency deviation and ROCOF 

thresholds are also under the jurisdiction of concerned TSO as these thresholds can vary 

depending on systems requirements, grid codes and energy policies of respective power 

systems. 

To validate the competency of the proposed methodology, it entails to be verified through 

simulations. To this end, in the next section, the effectiveness of the proposed methodology is 

explored by applying it to the 59-bus South-East Australian power system.   
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 Studied Power Grid and Simulation Scenarios 

 Studied Power System 

The effectiveness of the proposed methodology is examined in a 50-Hz, 59 bus test 

network shown in Figure 3.6. This network is formed according to the South-East Australian 

14-Generator Model [61]. Area-5 in Figure 3.6 depicts the low inertia grid, which virtually 

represents the equivalent high voltage transmission network of South Australia.  

The number of conventional power plants has significantly reduced in South Australia 

due to substantial wind power penetration. Consequently, it can be treated as a classic case of 

a low inertia grid. A 275 kV HVAC interconnection links Area-5 with its adjacent network 

Area-3 (referred to Victoria).  

Two conventional power plants are present in Area-5. These are called TPS_5 and 

PPS_5, which have multiple generating units. All the generating units have active governors. 

Table 3.1 outlines the necessary data of the conventional power plants.  

Table 3.1: Conventional powerplant information 

Power plant 

name 

No. of 

units 

Unit 

capacity 

(MW) 

Unit MVA 

rating 

Unit inertia 

constant (s) 

TPS_5 4 250 333.0 4.0 

PPS_5 6 125 166.6 7.5 

The total installed wind generation capacity of Area-5 is assumed to be 1800 MW [62]. 

In the simulation network, wind power plants are placed at two locations – bus 508 and bus 

509 to preserve similarity with the actual geographical positions of South Australian wind 

power plants. Wind power plants are modelled using Type 3 (DFIG) machines. In addition, 

SMES and BESS are connected to bus 501. All the dynamic simulations are performed using 

PSS®E software [63]. This software is extensively used all over the world to study the dynamic 

responses of power systems. The simulations are carried out using a computer with the 

following specifications: Intel® core™ i5-8250 CPU@ 1.7-3.4 GHz. 
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Figure 3.6: Single-line diagram of simulated power system. 

 

 Simulation Scenarios 

To take into account various operating conditions, four different scenarios are 

investigated (denoted by Case study-I to Case study-IV). Note that during low load situation, 

a few synchronous generators are usually committed. Therefore, the frequency response 

deteriorates following a disturbance. As such, the total load in Area-5 is presumed to be 1450 

MW in all simulation cases to represent a typical low load condition.  
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 During simulation, it is assumed that Area-5 imports power from Area-3 via the 

interconnection. Frequency response of Area-5 is investigated following the interconnection 

trip. The number of committed synchronous generators in Area-5 is assumed to be 4 and 3 in 

various cases. In addition, power import through the interconnection is separately considered 

as 200 MW and 300 MW. Also, wind generation is varied to simulate different wind 

penetration levels. The simulation scenarios are outlined in Table 3.2. 

Table 3.2: Simulation scenarios 

Case 

study 

 

No. of online 

synchronous 

generators 

Synchronous 

generation 

(MW) 

Wind 

generation 

(MW) 

Inertia 

(MWs) 

Interconnection 

import (MW) 

I 4 679 625 5168 200 

II 3 450 875 3834 200 

III 4 679 525 5168 300 

IV 3 450 775 3834 300 

 

In addition, frequency response performances after adopting the proposed methodology 

are compared to that of two existing approach: Synchronous Condenser (SC) and “Only BESS”. 

For both of these systems, their rating is considered to be equal to the combined rating of SMES 

and BESS. Case studies I–IV are analyzed in three separate conditions, viz. without ESS, with 

ESS and with SC. For comparison purpose, it is assumed that the rating of SC is equal to the 

cumulative ratings of SMES and BESS. Simulation results and analyses are presented in the 

next section.  

  

 Results and Analyses 

 ESS Ratings 

Using the proposed methodology, the ratings of SMES and BESS can be evaluated for 

any case studies. However, to keep the ratings reasonable yet worthwhile for low inertia 

situation, case study-II is considered as a baseline. Thus, the required SMES and BESS sizes 

are determined considering 3 online synchronous machines while the contingency size is 200 

MW. Later on, the frequency response performances are analyzed after incorporating the 

estimated ESS.  
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 SMES Size 

The required SMES size can be determined from (11). The magnitude of maximum 

allowable ROCOF 𝑅𝑚𝑎𝑥 is considered to be 1 Hz/s [64]. In case study-II, IR= 3834 MWs, g= 

200 MW, 𝑘𝑝 = 1.5% 𝑃𝐿 = 1450 𝑀𝑊 and 𝑓𝑜 = 50 Hz. Hence, by using these values in (11), 

the minimum SMES rating is found to be around 47 MW.  

 BESS Size 

The required BESS size can be determined from (26). The maximum allowable frequency 

deviation is assumed to be 1 Hz [65]. Subsequently, 𝜙𝑚𝑎𝑥′ is 0.02 p.u. using the base frequency 

of 50 Hz. The BESS size is also determined for case study-II. Thus, by using g= 200 MW, 𝑓𝑜 = 

50 Hz, R=5%, 𝑘𝑝= 1.5% and 𝑃𝐿= 1450 in (26), the minimum BESS rating is around 97 MW. 

Based on the above ratings of SMES and BESS, the SC rating is found to be 144 MVA. 

Thus, a 144 MVA SC is assumed to be connected to the grid for frequency response comparison. 

Similarly, for “Only BESS” system, the rating of the BESS is considered to be 144 MW. 

 

 Improvement of Frequency Response 

Following the contingency, frequencies of online generators are noted. Then, center of 

frequency (f) is determined using (34) to eliminate small variation in frequencies of different 

generators.  

𝑓 =
∑ (𝑓𝑖 × 𝑆𝑖 × 𝐻𝑖)

𝑖=𝑛
𝑖=1

∑ (𝑆𝑖 × 𝐻𝑖)𝑖=𝑛
𝑖=1

                                                          (34) 

where 𝑓𝑖 is the frequency of 𝑖 − 𝑡ℎ synchronous generator (in Hz). 

 For all case studies, it is assumed that SMES (rated capacity: 47 MW) is activated when 

ROCOF after the contingency exceeds 0.5 Hz/s. Further, BESS (rated capacity: 97 MW) is 

activated when the frequency goes below 49.9 Hz, i.e., frequency deviation exceeds 0.1 Hz (i.e., 

0.002 p.u.).  

When frequency falls below a certain threshold, the UFLS mechanism is triggered. In this 

work, it is assumed that the UFLS scheme consists of three stages. The corresponding activation 

frequencies of these stages are 49 Hz, 48.75 Hz and 48.5 Hz. Also, the UFLS scheme is set to 

shed 5%, 10% and 15% of the total load at the 1st, 2nd and 3rd stages respectively. Frequency 

response performances in various case studies are presented as follows. 
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 Case Study-I 

In this case study, 4 synchronous machines are online and the interconnection is tripped 

while importing 200 MW power from Area-3. The frequency response curve is shown in Figure 

3.7(a). Following this contingency, ROCOF is quantified to be 0.96 Hz/s. Hence, ROCOF 

crosses the 0.5 Hz/s threshold and SMES with a rated capacity of 47 MW is activated. SMES 

output power is depicted in Figure 3.7(b), which necessarily represents an emulated inertial 

response. 

Frequency nadir is 48.98 Hz (without ESS) as depicted by the red trace in Figure 3.7(a). 

Thus, the frequency deviation is 0.0204 p.u., which surpasses the activation threshold of BESS. 

Consequently, BESS with a rated capacity of 97 MW is activated as shown in Figure 3.7(c). It 

is seen that the BESS output power increases at first when frequency declines. Afterwards, 

BESS output decreases slowly due to increase in frequency after the nadir point. When the 

frequency stabilizes completely (not shown in Figure 3.7(c)), then the BESS output also 

becomes constant. After around 15-30 minutes, Tertiary Frequency Response (TFR) re-

dispatches the generator outputs and brings the system frequency to its nominal value. At that 

instance, BESS output becomes zero. Figure 3.7(c) also justifies the sizing of BESS by 

considering its PFR contribution. It can be seen that BESS provides around 63 MW active power 

during IR and 91 MW during PFR when a SMES is also online. Note that a BESS of 97 MW 

capacity can certainly deliver 63 MW power but not vice-versa. 

As UFLS initiates at 49 Hz, system encounters load shedding before utilizing SMES and 

BESS. The amount of load shedding is 73 MW without ESS. After incorporating both ESS, 

ROCOF becomes 0.50 Hz/s and frequency nadir becomes 49.61 Hz. Thus, the ROCOF stays 

below the allowable limit of 1 Hz/s. Furthermore, the frequency excursion stops well above 49 

Hz. Consequently, load shedding can be fully avoided after deploying the ESS. 

Note that according to (20), the lowest point in the frequency response curve should occur 

when t is too larger than 𝑇𝑠. However, in Figure 3.7(a), the frequency starts to increase after 

around 4.6s. The reason behind this is after reaching the frequency nadir point, due to additional 

active power support from SMES and BESS, the total generation surpasses the system load. As 

a result, the frequency starts to rise before load-generation balance is achieved.  

If a synchronous condenser is incorporated instead of ESS, the ROCOF becomes 0.87 

Hz/s due to inertial support from SC. However, frequency nadir still stays below 49 Hz (depicted 

by the blue trace) and system encounters 73 MW load cut. Thus, frequency response 

significantly improves when the proposed strategy is implemented.  
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 Figure 3.7: (a) Frequency response in case study - I (b) SMES output in case study - I (c) 

BESS output in case study – I. 

 Case Study-II 

In this case, 200 MW interconnection trip is applied as a contingency while 3 machines 

are online. For this contingency, ROCOF becomes 1.29 Hz/s. Thereby, ROCOF exceeds the 

SMES triggering threshold of 0.5 Hz/s. Accordingly, SMES gets activated. 

In addition, the frequency nadir without ESS is 48.82 Hz as shown by the red line in 

Figure 3.8(a). Hence, frequency deviation is 0.0236 p.u., which is more than the BESS activation 

threshold. As a result, BESS is enabled. Consequently, frequency response improves as depicted 

by the green trace in Figure 3.8(a), and frequency nadir becomes 49.50 Hz. Also, ROCOF is 

found to be 0.57 Hz/s, which stays below the safety limit. The SMES output power is shown in 

Figure 3.8(b) and BESS output power is illustrated in Figure 3.8(c).  

Note that before activating ESS, frequency falls below 49 Hz. As a result, system incurs 

73 MW load shedding. However, frequency excursion stops above 49 Hz after including ESS.  

Consequently, load shedding is completely averted. When SC is connected instead of ESS, 
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ROCOF is found to be 1.13 Hz/s and frequency nadir is found to be 48.85 as depicted by the 

blue trace in Figure 3.8(a). Hence, neither the ROCOF stays above the 1 Hz/s safety limit, nor 

the UFLS is averted. Therefore, unlike proposed ESS, inclusion of SC does not provide 

satisfactory frequency response performance. In other words, the proposed method outperforms 

the existing approach.  

 

Figure 3.8: (a) Frequency response in case study- II (b) SMES output in case study- II (c) 

BESS output in case study –II. 

 Case Study-III 

In this case, the number of committed synchronous machines is 4 and 300 MW 

interconnection trip is applied as a contingency. After the loss of interconnection, ROCOF 

becomes 1.44 Hz/s. In addition, frequency nadir is 48.68 Hz (red line in Figure 3.9) when no 

ESS is incorporated. Thus, the frequency deviation is 1.32 Hz (0.0264 p.u.). As both ROCOF 

and frequency deviation exceed the respective triggering thresholds, SMES and BESS are 

activated. After enabling both ESS, ROCOF is quantified to be 0.81 Hz/s. Thus, ROCOF is 

confined to the maximum limit. In addition, the frequency nadir becomes 48.98 Hz as illustrated 
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by the green trace in Figure 3.9. SMES and BESS outputs have the same shapes as of Figures. 

3.8(b) and 3.8(c).  

Before activating ESS, the network experiences 217 MW load shedding. However, it 

becomes 73 MW when both ESS are enabled. Note that load shedding is not fully stopped 

because ESS ratings are determined considering 200 MW contingency. Nevertheless, significant 

reduction in load shedding (144 MW) is achieved when SMES and BESS are instigated. It is to 

be pointed out that to completely avoid UFLS, ESS sizes needs to be re-estimated for 300 MW 

contingency. However, ratings would increase in this case, which may cause financial concern 

for system operators.  

 

Figure 3.9: Frequency response in case study- III. 

Further, when SC is deployed instead of ESS, ROCOF becomes 1.30 Hz/s and frequency 

nadir becomes 48.73 Hz. Hence, ROCOF exceeds the safety limit and system incurs 217 MW 

UFLS. Thus, incorporation of SC provides unsatisfactory frequency response. 

 Case Study-IV 

In this case, 3 synchronous machines are committed and the contingency size is 300 MW. 

Following the interconnection trip, when no ESS is present, ROCOF is found to be 1.94 Hz/s. 

Also, frequency nadir is 48.63 Hz (which corresponds to 0.0274 p.u. frequency deviation) as 

depicted by the red line in Figure 3.10. Since both ROCOF and frequency deviation surpass 

respective activation thresholds, both ESS are triggered. Due to supplementary inertia and 

primary frequency response, frequency excursion improves as shown by the green trace in 

Figure 3.10. It is found that ROCOF reduces to 0.98 Hz/s and the frequency nadir improves to 

48.94 Hz after including ESS. Furthermore, load shedding amounts are 217 MW and 73 MW 
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without and with ESS respectively. Therefore, load shedding reduces by 144 MW when SMES 

and BESS are simultaneously deployed. 

 

Figure 3.10: Frequency response in case study- IV. 

In addition, inclusion of SC as an alternative to ESS yields a ROCOF of 1.70 Hz/s and 

frequency nadir of 48.64 Hz. As a result, system incurs 217 MW load shedding. Thus, neither 

ROCOF stays below the safety limit nor UFLS is mitigated by SC incorporation. 

 

 Comparison With “Only BESS” 

In this subsection, the performance of the proposed strategy is compared with “Only 

BESS” where a BESS of 144 MW capacity is installed instead of the proposed ESS. For the 

four cases illustrated in Table 3.2, system frequency response is studied for proposed ESS and 

“Only BESS”. 

 Case Study-I 

As stated earlier, in this case study, 4 synchronous machines are online and the 

interconnection is tripped while importing 200 MW power from Area-3. The frequency 

response curves for this case are shown in Figure 3.11. The frequency response curves illustrate 

that following the contingency, with proposed ESS, ROCOF is 0.50 Hz/s and frequency nadir 

is 49.61 Hz (Red trace). Whereas with an “Only BESS”, the ROCOF is found to be 0.52 Hz/s 

and frequency nadir is found to be 49.51 Hz (Black trace). Thus, the proposed strategy yields 

slightly better performance than that of  “Only BESS”.  
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Figure 3.11:  Frequency response in case study- I. 

 Case Study-II 

The frequency response curves for case study-II are portrayed in Figure 3.12. The 

frequency response curves show that following the trip of the 200 MW interconnection, with 

proposed ESS, ROCOF is 0.57 Hz/s and frequency nadir is 49.50 Hz (Red trace). Nevertheless, 

with “Only BESS”, the ROCOF is found to be 0.58 Hz/s and frequency nadir is found to be 

49.48 Hz (Black trace). Thus, the proposed strategy yields almost similar performance compared 

to that of “Only BESS”.  

 

Figure 3.12:  Frequency response in case study- II. 
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 Case Study-III 

As articulated in the previous subsection, in this case study, 4 synchronous machines are 

online and the interconnection is tripped while importing 300 MW power from Area-3. The 

frequency response curves for this case are shown in Figure 3.13.  

 

Figure 3.13:  Frequency response in case study- III. 

The frequency response curves illustrate that following the contingency, with proposed 

ESS, ROCOF is 0.81 Hz/s and frequency nadir is 48.98 Hz (Red trace). When “Only BESS” is 

considered instead of the proposed strategy, the ROCOF is found to be 0.87 Hz/s and frequency 

nadir is found to be 48.94 Hz (Black trace). In case of both strategies, 73 MW of load is shed. 

Thus, again the proposed strategy yields a slightly better system response than that of “Only 

BESS”.  

 Case Study-IV 

In this case study, 3 synchronous machines are online and the interconnection is tripped 

while importing 300 MW power from Area-3 as stated in the earlier subsection. According to 

the frequency response curves shown in Figure 3.14, following the loss of 300 MW power 

import, with proposed ESS, ROCOF is 0.98 Hz/s and frequency nadir is 48.94 Hz (Red trace). 

However, if “Only BESS” is incorporated, the ROCOF is found to be 1.02 Hz/s and frequency 

nadir is found to be 48.92 Hz (Black trace). Note that for “Only BESS”, the system ROCOF 

goes beyond the 1 Hz/s safety limit. Nevertheless, for both strategies, again 73 MW of UFLS is 

occurred. Therefore, the case studies illustrates that the proposed methodology renders slightly 

superior system response compared to that of “Only BESS”. 
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Figure 3.14:  Frequency response in case study- IV. 

For ease of comparison, simulation results and quantities of load shedding are 

summarized in Table 3.3 and Table 3.4 respectively. 

It is evident from the above analyses that the proposed strategy significantly improves the 

frequency response of the low inertia grid. As such, ROCOF is restricted below the maximum 

allowable limit and the amount of load shedding considerably reduces when SMES and BESS 

are activated in a coordinated manner. In addition, the proposed methodology outperforms both 

SC and “Only BESS” strategy in terms of frequency response adequacy. 

 

Table 3.3: Summary of the simulation results 

Case 

study 

No. of online  

synchronous 

generators 

Contingency 

size MW) 

ROCOF magnitude 

(Hz/s) 

Frequency nadir 

(Hz) 

Witho

ut  

ESS 

With 

SC 

With 

only 

BESS 

With 

ESS 

Witho

ut 

ESS 

With 

SC 

With 

only 

BESS 

With 

ESS 

 

I 4 200 0.96 0.87 0.52 0.50 48.98 48.99 49.51 49.61 

II 3 200 1.29 1.13 0.58 0.57 48.82 48.85 49.48 49.50 

III 4 300 1.44 1.30 0.87 0.81 48.68 48.73 48.94 48.98 

IV 3 300 1.94 1.70 1.02 0.98 48.63 48.64 48.92 48.94 
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Table 3.4: Summary of the load shedding amounts 

Case study I II III IV 

 

Load shedding 

(MW) 

Without ESS 73 73 217 217 

With SC 73 73 217 217 

With only BESS 0 0 73 73 

With ESS 0 0 73 73 

 

 Further Discussions 

 Benefits of The Analytical Approach 

The benefits of the proposed analytical derivations to find the minimum ratings of BESS 

and SMES are as follows. 

• The developed analytical expressions take into account the crucial system parameters 

such as system frequency deviation, system ROCOF, inertial response and governor 

response of online synchronous generators for determining minimum ratings of ESS. 

• It reduces the dependency on time consuming time-domain simulations and complex 

optimization algorithms. These algorithms mainly focus on profit maximization instead 

of power system dynamics while evaluating the ratings of ESS. 

• Unlike existing approaches, no linearization of swing equation is done to determine the 

system frequency. As such, the dynamic attributes of frequency excursion is captured 

in the proposed analytical derivations. 

 

 Applicability of The Proposed Method 

It is to be noted that SMES and BESS both have the capacity to charge and discharge at 

a very rapid rate. In this thesis, the ESS is utilized for under frequency situation where 

additional active power support is provided by the ESS by discharging rapidly. However, 

situations can arise where a system is exporting a significant amount of power to its adjacent 

area and suddenly the interconnection among these two areas trips. As a result, frequency of 

the power-exporting area can increase and even cross the safety limits [65]. In that case, ESS 

will be charged to absorb the surplus active power [66]. Thus, the proposed methodology can 

resolve over frequency issue in renewable dominated grids.  

It is to be noted that the proposed methodology will be applied by the TSO during the 

planning stage to determine the ratings of ESS. According to the grid code, the TSO will choose 
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the threshold values of ROCOF and frequency nadir, which are required for calculating the 

minimum ratings of the ESS. Afterwards, the ESS can be installed and dispatched accordingly. 

However, the strategy illustrated in Figure 3.6 will be applied by the TSO during operational 

stage of a power grid. As stated previously, the threshold values for activating SMES and BESS 

are under the jurisdiction of the concerned TSO. These threshold values can be altered 

according to the grid requirements. In addition, the thresholds may need to be modified for 

conforming to the constraints imposed by regulatory bodies. 

In this thesis, variable speed wind turbine generators are considered, which are decoupled 

from the grid via converters. Therefore, these wind generators usually offer insignificant inertia 

and governor response when no additional control algorithm is adopted. Likewise, solar 

photovoltaic (PV) generators are isolated from the network via power electronics interfaces. 

Hence, a power system under high PV penetration faces similar frequency response challenges 

as of a wind dominated grid. Therefore, the methodology demonstrated in this paper can also be 

applied to PV-rich power systems. 

 Factors Influencing ESS Response 

It is necessary to ensure that the installed ESS will work properly maintaining its 

expected response speed. However, few factors can influence the ESS performance and can 

lead to undesirable response. The following requirements need to be fulfilled for ensuring safe 

and effective performance of the ESS [67]. 

• The ESS should be able to fulfill the requirements of enhanced frequency response and 

PFR, which can vary according to the regulation imposed by concerning TSO [68]. By 

maintaining the SOC management among service windows, according to the National 

Grid, the ESS should be able to respond within 1 s of the disturbance to provide 

frequency response [69]. In addition, dedicated ESS for PFR should be able to respond 

within 10 s of an under-frequency event [69].  

• The ESS must be able to deliver or absorb active power thus ensuring delivery in either 

direction (import to/ export from the host grid). 

• The service provider should be able to deliver 100% capacity of the ESS for a minimum 

of 15 minutes (Supplementary frequency support duration). 

• Material quality and cost, energy contents and condition of cell degradation of 

concerning storages must be analyzed properly. 

• The ESS must be able to fulfill its service capability by effectively managing its SoC. 
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 Summary 

In this chapter, extensive investigations are carried out to explore the roles of SMES and 

BESS for improving the frequency response of a low inertia grid. To this end, analytical 

expressions are developed for evaluating the minimum ratings of SMES and BESS. Notably, 

the proposed sizing scheme for ESS has some advantages over its recent counterparts such as 

reduced dependency on time-domain simulations and time consuming heuristic optimization 

algorithms and consideration of crucial system operating parameters. Also, a methodology is 

proposed for coordinated operation of these two ESS. The ratings of SMES and BESS are 

assessed considering 3 online synchronous machines while the interconnection tripping size is 

200 MW. For this contingency, the minimum SMES and BESS ratings are found to be 

approximately 47 MW and 97 MW respectively to keep ROCOF and frequency deviation within 

the given acceptable limits.   

Frequency response performances are analyzed in four different case studies following 

the loss of interconnection. Without incorporating ESS (i.e., SMES and BESS), ROCOF is close 

to or more than 1 Hz/s. Also, the frequency nadirs are less than 49 Hz. Consequently, system 

encounters significant under frequency load shedding. In contrast, when ESS are activated, 

ROCOF is confined to the maximum allowable limit of 1 Hz/s. Furthermore, the frequency 

nadirs are above 49 Hz (in 200 MW contingency) or very close to 49 Hz (in 300 MW 

contingency). As a result, load shedding is either fully averted or significantly minimized.  

When synchronous condenser (SC) is placed instead of ESS, the ROCOF shows an 

improving trend due to additional inertial support. However, in three case studies, SC fails to 

keep ROCOF below the safety threshold. In addition, inclusion of SC does not reduce the 

amount of load shedding in any case study. When only BESS is incorporated, it yields slightly 

inferior system performance than that of the proposed methodology. Therefore, it can be 

revealed that the proposed methodology yields adequate frequency response to make a low 

inertia grid more secure and resilient. Finally, it is worth stating that the developed technique 

can be applied to any power system to enhance renewable power penetration by retaining 

satisfactory frequency response.  
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Modeling and Utilization of TCSC for Enhancing 

Frequency Response 

 

In this chapter, firstly, a brief insight into the frequency responsive modeling of TCSC 

is outlined. Later on, the proposed methodology to determine the optimal TCSC parameters to 

avert the risk of cascading contingency as well as subsequent blackout is discussed. 

Furthermore, an analytical methodology to determine maximum wind penetration level is 

discussed. Afterwards, simulation scenarios are formed and investigated accordingly. 

Performance comparison with an existing technology is also provided afterwards. 

 

 Frequency Responsive Modeling of TCSC 

TCSC is typically placed in series with a transmission line to reduce the reactance of the 

line [40]. A TCSC essentially consists of a series compensator, which includes a fixed capacitor 

in parallel with a thyristor and a controllable reactor [42, 45]. Basic configuration of this device 

is illustrated in Figure 4.1. The reactance can be decreased by altering the thyristor firing 

angles. As such, the real power carrying capacity of the transmission line improves. 

 

Figure 4.1: Basic configuration of TCSC 

In general, TCSC is placed in series with the interconnection (i.e., tie-line) between two 

adjacent areas. Let us assume that the associated buses are – bus 2 (sending end) and bus 1 

(receiving end). Suppose V2 is the sending end voltage magnitude (in p.u), V1 is the receiving 

end voltage magnitude (in p.u), δ2 is the sending end voltage angle (in degree),  δ1 is the 

receiving end voltage angle (in degree), δ is angle difference between sending and receiving 

end voltages (in degree), XL is the inductive reactance (in Ω) and XC is the capacitive reactance 
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of TCSC (in Ω), 𝑋𝐿𝑖𝑛𝑒 is the total reactance of the tie-line without TCSC (in Ω), 𝑋𝑇𝐶𝑆𝐶 is the 

total reactance of TCSC (in Ω). Thus, tie-line power flow in presence of TCSC can be 

expressed by (35) and (36) [45]. 

                 𝑃𝑡𝑖𝑒 − 𝑗𝑄𝑡𝑖𝑒 = 𝑉2
∗𝑖𝐿𝑖𝑛𝑒                                                        (35) 

                                             𝑃𝑡𝑖𝑒 − 𝑗𝑄𝑡𝑖𝑒 = [|𝑉2|∠ − 𝛿2] [
|𝑉2|∠𝛿2 − |𝑉1|∠𝛿1

|𝑋𝐿𝑖𝑛𝑒 − 𝑋𝑇𝐶𝑆𝐶|∠90°
]                     (36) 

From (37), the real power flow through the tie-line can be obtained as follows. 

                                                  𝑃𝑡𝑖𝑒 =
|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 − 𝑋𝑇𝐶𝑆𝐶)
sin(𝛿2 − 𝛿1)                                       (37) 

Let, 𝑘𝑐 =
𝑋𝑇𝐶𝑆𝐶

𝑋𝐿𝑖𝑛𝑒
  be the compensation factor of the TCSC. Using the value of 𝑘𝑐 and applying 

partial decomposition method, (37) can be rewritten as (38).  

                     𝑃𝑡𝑖𝑒 =
|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
sin(𝛿2 − 𝛿1) + (

𝑘𝑐

1 − 𝑘𝑐
)

|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
sin(𝛿2 − 𝛿1)                       (38) 

Note that changes in 𝛿2, 𝛿1 and 𝑘𝑐 are small from their initial values – 𝛿2
0, 𝛿1

0  and 

 𝑘𝑐
0 respectively. Here, ‘initial’ implies the operating condition before TCSC is activated. 

Therefore, (38) can be rearranged as (39). 

𝛥𝑃𝑡𝑖𝑒 = [
|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
cos(𝛿2

0 − 𝛿1
0)(𝛥𝛿2 − 𝛥𝛿1)]   + (

𝛥𝑘𝑐

1 − 𝛥𝑘𝑐
)

|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
sin(𝛿2

0 − 𝛿1
0)    (39) 

Assuming, 𝑇𝐿𝑖𝑛𝑒
0 =

|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
𝑐𝑜𝑠(𝛿2

0 − 𝛿1
0) and A=

|𝑉2||𝑉1|

(𝑋𝐿𝑖𝑛𝑒 )
sin(𝛿2

0 − 𝛿1
0), Eq. (7) can be 

rewritten as (40). 

                                                     𝛥𝑃𝑡𝑖𝑒 = 𝑇𝐿𝑖𝑛𝑒
0(𝛥𝛿2 − 𝛥𝛿1) +

𝛥𝑘𝑐 𝐴

1 − 𝛥𝑘𝑐
                                     (40) 

By definition, 𝛥𝛿2 = 2𝜋 ʃ(𝑓2𝑑𝑡) and 𝛥𝛿1 = 2𝜋 ʃ(𝑓1𝑑𝑡). Thus, after Laplace transform, (40) 

can be expressed by (41). 

                                          𝛥𝑃𝑡𝑖𝑒(𝑠) = 2𝜋𝑇𝐿𝑖𝑛𝑒
0 (𝛥𝑓2(𝑠) − 𝛥𝑓1(𝑠))

𝑠
+

𝛥𝑘𝑐 𝐴

1 − 𝛥𝑘𝑐
                         (41) 

Applying Taylor series expansion and modifying, 

                                                 𝛥𝑃𝑡𝑖𝑒(𝑠) = 𝛥𝑃𝑡𝑖𝑒
0(𝑠) + 𝛥𝑃𝑇𝐶𝑆𝐶(𝑠)𝐴                                            (42) 

Thus, total change in tie-line flow can be expressed as a summation of change in initial tie-line 

flow and change in tie-line flow due to TCSC installation. The real power flow through the tie-

line (i.e., interconnection) can be controlled based on (42). For this purpose, a frequency-

responsive TCSC model can be utilized. To this end, the transfer function representation of 

TCSC as shown in Figure 4.2 is taken into consideration.  
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Figure 4.2: Block diagram of a frequency responsive TCSC 

The input ∆𝜈 is the normalized speed deviation (i.e., frequency deviation) of a 

synchronous machine, which is connected to a nearby bus where TCSC is placed. The output 

signal 𝑥 is the final reactance of the tie-line. The tunable parameters of TCSC are T2, T3 and k. 

The max-min limiter is used for confining the reactance value within a specific range selected 

by a system operator.  

The TCSC model can be expressed by the following set of state equations. when washout 

stage is neglected [70]. 

                                                     𝛥�̇� = −
𝛥𝛼

𝑇3
−

𝑘

𝜔𝑆

1

𝑇3

(∆𝜔) −
𝑘

𝜔𝑆

𝑇2

𝑇3

(∆�̇�)                               (43) 

                                                            �̇� = −
∆𝛼

𝑇1
−

1

𝑇1
𝑥                                                             (44) 

where ∆α is the change in firing angle (in degree), T1, T2, and T3 are time constants (in s), 𝜔𝑠 

is the rated speed of the machine (in rad/s) and ∆ω is the speed deviation following a 

contingency (in rad/s). 

The firing angle can alter the equivalent reactance of the TCSC according to (45) [71]. 

      𝑋𝑡𝑐𝑠𝑐 = −𝑋𝑐 + 𝐶1(2(𝜋 − 𝛼) + sin(2(𝜋 − 𝛼)))                                                           

−   𝐶2 cos2(𝜋 − 𝛼) × ( 𝜔 tan(𝜔(𝜋 − 𝛼))

− tan(𝜋 − 𝛼))                                                                                                         (45) 

where 𝑋𝐿𝐶 =
𝑋𝐶𝑋𝐿

𝑋𝐶−𝑋𝐿
, 𝐶1 =

𝑋𝐶+𝑋𝐿𝐶

𝜋
 , 𝐶2 =

4𝑋𝐿𝐶
2

𝜋𝑋𝐿
 𝑎𝑛𝑑 �̅� = √𝑋𝑐/𝑋𝐿 . From (45), the linearized 

TCSC equivalent reactance can be expressed by (46) [51].  

   Δ𝑋𝑡𝑐𝑠𝑐 = −2𝐶1(1 + cos(2𝛼))                                                                            

+ 𝐶2 sin(2𝛼) (𝜔 tan(𝜔(𝜋 − 𝛼)) − 𝑡𝑎𝑛 𝛼)                                             

+ 𝐶2 (𝜔2
 (cos2(𝜋 − 𝛼))

cos2(𝜔(𝜋 − 𝛼)
− 1) Δ𝛼                                                                     (46) 

Depending on frequency deviation, firing angle changes as suggested by (46). Change in 

firing angle ultimately controls the TCSC equivalent reactance, which is evident from (46). 

Eventually, the frequency responsive design of TCSC is achieved which can be utilized to avert 

the risk of network separation. 
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In the subsequent section, the procedure for optimally selecting the TCSC parameter is 

discussed. In addition, an analytical expression is developed to determine the enhancement of 

maximum wind penetration level after incorporating TCSC.  

 

 Proposed Methodology 

In this section, at first, a strategy is established to find the optimal parameters of the 

TCSC. Afterwards, an analytical expression is derived to evaluate the increase in maximum 

wind power penetration level when TCSC is incorporated.  

 

 Finding Optimal Parameters of TCSC 

For determining the most appropriate parameters of the TCSC, Particle Swarm 

Optimization (PSO) algorithm [72] is utilized in this study. In the beginning of this algorithm, 

it initializes M number of random swarm particles, having R number of unknown parameters 

to be optimized. Here, each particle refers to a potential solution. After every iteration, 

according to the given fitness equation, fitness of every particle is evaluated. Every particle is 

given a definite velocity and the particles flow through the problem space. While travelling 

through the problem space, the particles keep the memory of its previous best position (denoted 

by Pbest) and fitness. The particle, for which the maximum fitness value is obtained, is called 

global best (Gbest) of the swarm. The target is to accelerate the particles towards Pbest and 

Gbest locations. The velocity and position of each particle is governed by (47) and (48) 

respectively. 

            𝑣𝑖𝑑(𝑚) = 𝑤𝑣𝑖𝑑(𝑚 − 1) + 𝑎𝑐𝑐1𝑟𝑎𝑛𝑑1(𝐺𝑏𝑒𝑠𝑡 − 𝑃𝑖𝑑(𝑚 − 1))

+ 𝑎𝑐𝑐2𝑟𝑎𝑛𝑑2(𝑃𝑏𝑒𝑠𝑡𝑖 − 𝑃𝑖𝑑(𝑚 − 1))                                                                 (47) 

𝑃𝑖𝑑(𝑚) = 𝑃𝑖𝑑(𝑚 − 1) + 𝑉𝑖𝑑(𝑚)                                                          (48) 

Where  𝑣𝑖𝑑 means the velocity of the 𝑖 − 𝑡ℎ particle. Also, 𝑃𝑖𝑑 denotes the position of that 

particle in a 𝑑 dimensional space for m-th iteration. The particles are accelerated by 𝑎𝑐𝑐1 and 

𝑎𝑐𝑐2 towards 𝑃𝑏𝑒𝑠𝑡𝑖 and 𝐺𝑏𝑒𝑠𝑡 positions. In addition, w is the weightage with a value ϵ(0,1), 

and rand1 and rand2 are random numbers having a value between 0 to 1 [73]. 

The tunable parameters of the TCSC are T2, T3 and k. Hence, the aim is to find the values 

of these parameters for which the maximum frequency deviation after a contingency 

(corresponding to nadir point) remains the lowest. Therefore, the objective function is given 

by (49). 
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                                            𝑂𝐹 = ∆𝑓(𝑡, 𝑋)                                                              (49) 

where ∆𝑓(𝑡, 𝑋) denotes the maximum amount of deviation from the nominal frequency. In 

(49), t means time and X is composed of optimization variables, which are T2, T3 and k. Thus, 

the optimization problem is formulated as follows. 

                                                 
min 𝑂𝐹(𝑡, 𝑋)

𝑋                
                                                              (50) 

Subject to, 

                                                        𝑇2 𝑚𝑖𝑛 ≤ 𝑇2 ≤  𝑇2
𝑚𝑎𝑥                                                    (51) 

                                     𝑇3
𝑚𝑖𝑛 ≤ 𝑇3 ≤  𝑇3

𝑚𝑎𝑥                                                    (52) 

                                       𝑘𝑚𝑖𝑛 ≤ 𝑘 ≤  𝑘𝑚𝑎𝑥                                                       (53) 

where T2
min, T3

min and kmin are the minimum allowable  values of the corresponding variables, 

and T2
max, T3

max and kmax are the maximum allowable values.  

For executing PSO algorithm to find the optimized TCSC parameters, a joint platform of 

pyswarm [73] and PSS®E [74] is formed. PSO algorithm is developed in python and PSS®E 

command prompt is used for code execution. The proposed method is illustrated in Figure 4.3. 

The steps of this method are as follows. 

 Step-1: Model a low inertia power system in PSS®E. Also, initialize TCSC parameters.  

 Step-2: Execute dynamic simulation and record the maximum frequency deviation (i.e., 

frequency deviation corresponding to frequency nadir) after a large contingency. 

 Step-3: Provide the maximum frequency deviation as objective function in PSO 

algorithm.  

 Step-4: If the alteration in successive objective function value is less than 10-4 for 

consecutive iterations, stopping criterion is assumed to be fulfilled. Also, completion of 100 

iterations is taken as another stopping criterion in this problem. Variables found from the latest 

iteration are the optimized TCSC parameters. 

   Step-5: If step-4 is not satisfied, necessary changes in particle velocity and position are 

made and TCSC parameters are updated. Then, the whole process is repeated until one of the 

stopping criteria is satisfied. 

Note that dispatch scenario of the respective system will be known beforehand. Using 

this market information, PSO will calculate the optimized parameters accordingly before 

dispatch. These optimized parameters will be subsequently utilized to set the physical 

parameters (i.e., L and C) of TCSC in a physical power system. 
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Figure 4.3: Flowchart to obtain optimised TCSC parameters 

The main reason to choose Particle optimization Algorithm (PSO) for determining 

optimized TCSC parameters is its ability to solve complex real-world continuous non-linear 

problems. Since modern power systems are much more complex and larger in dimension, these 

attributes make PSO a convenient tool as PSO allow us to obtain high-quality solutions for 

these complex systems that would have been difficult to solve using Artificial neural networks 

or Fuzzy systems [75]. In addition, compared to traditional methods, PSO can yield better 

quality of solutions in shorter computing times. Also, it shows low sensitivity to noisy and 

missing real time data [75]. Another advantage of using PSO is, to apply PSO, the optimization 

problem does not need to be differentiable as is required by classical optimization methods 

(For example: Quasi-Newton and Gradient descent methods). 

 

 Enhancement of Wind Penetration Level 

Wind penetration level (WPL) at any instant is defined by Eq. (54) [76]. 

     𝑊𝑃𝐿 =
𝑃𝑤𝑖𝑛𝑑

𝑃𝑤𝑖𝑛𝑑 + 𝑃𝑠𝑦𝑛𝑐 + 𝑃𝑖𝑚𝑝𝑜𝑟𝑡
                                                           (54) 

where Pwind is the total wind power (in MW), Psync denotes the total synchronous generation (in 

MW) and Pimport refers to the total interconnection import (in MW). 

Maximum WPL corresponds to the highest amount of wind power that can be dispatched 

in a specific load condition by keeping the system frequency above a certain value following a 
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contingency. In this section, a mathematical relationship between frequency nadir and wind 

penetration level is developed. The detailed derivation is articulated below. 

As discussed in chapter 3, based on the swing equation, the ROCOF (in Hz/s) following 

a contingency can be presented by (5) and system inertia for n number of online synchronous 

generators is quantified using (6). 

If the change in generation is 𝑔, ∆𝑃𝑔 can be written as (55). 

                    ∆𝑃𝑔 =  −𝑔 + ∑
𝑓 − 𝑓𝑜

𝑅

𝑛𝑔

𝑖=1

                                                                   (55) 

where 𝑛𝑔 is the number of generators with active governors and R is the governor droop (in 

%). Furthermore, ∆𝑃𝐿 can be expressed by (8) as depicted in the previous chapter.  

Using (55) and (8) in (6), 

   
𝑑𝑓

𝑑𝑡
=

𝑓𝑜

2𝐼𝑅
(𝑘𝑝𝑃𝐿  (1 −

𝑓

𝑓𝑜
) − 𝑔 + 𝑓𝑜 ∑

1

𝑅

𝑛𝑔

𝑖=1

(1 −
𝑓

𝑓𝑜
) )                                (56) 

This provides the following expression for t.  

𝑡 = −
2𝐼𝑅

𝑘𝑝𝑃𝐿 + (𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑖=1 )

ln [1 − (1 −
𝑓

𝑓𝑜
)

𝑘𝑝𝑃𝐿 + (𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑖=1 )

𝑔
]                        (57) 

Solving (57), system frequency can be expressed by (58). 

𝑓 = 𝑓𝑜 [1 −
𝑔

(𝑘𝑝𝑃𝐿 + 𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑖=1 )

(1 − 𝑒
−

𝑡
𝑇𝑠)]                                           (58) 

where system equivalent time constant Ts  is given by (59). 

    𝑇𝑠 =
2𝐼𝑅

(𝑘𝑝𝑃𝐿 +  𝑓𝑜 ∑
1
𝑅

𝑛𝑔
𝑖=1 )

                                                      (59) 

Using Eq. (59) in (58), system frequency can be expressed by,  

                      𝑓 = 𝑓𝑜 [1 −
𝑔𝑇𝑠

2𝐼𝑅
(1 − 𝑒

− 
𝑡

𝑇𝑠)]                                                     (60) 

Following a contingency (generator or interconnection trip), the system frequency deviation 

(in p.u.) can be represented as, 

𝜑 = (1 −
𝑓

𝑓𝑜
)                                                                 (61) 

Combining (60) and (61), frequency deviation is given by, 

                              𝜑 = −
𝑔𝑇𝑠

2𝐼𝑅
(𝑒

− 
𝑡

𝑇𝑠 − 1)                                                       (62) 
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In (62), the lowest value of 𝑒
− 

𝑡

𝑇𝑠 can be zero. When 𝑒
− 

𝑡

𝑇𝑠 =0, the highest value of frequency 

deviation (𝜑𝑚𝑎𝑥) can be obtained. It is given by Eq. (63). 

𝜑𝑚𝑎𝑥 =
𝑔𝑇𝑠

2𝐼𝑅
                                                                       (63) 

After frequency excursion, the minimum value, at which system frequency can reach i.e., 

frequency nadir (in Hz), can be expressed by (64).  

𝑓𝑛 = 𝑓𝑜 − 𝜑𝑚𝑎𝑥𝑓𝑜 = 𝑓𝑜(1 −
𝑔𝑇𝑠

2𝐼𝑅
)                                                 (64) 

If the amount of synchronous generation changes, it is likely that the number of 

committed synchronous generators change. In other words, the amount of synchronous 

generation (Psync) usually varies with system inertia (IR). In this paper, a linear relationship 

between Psync and IR is assumed for simplicity, which is given by,  

                                      𝑃𝑠𝑦𝑛𝑐 = 𝑏𝐼𝑅 + 𝑐                                                                   (65) 

where b is the slope and c is the constant. Note that any functional relationship can also be 

formed instead of (65) based on actual dispatch data in a power system.  Now, the total wind 

power generation can be written as, 

                            𝑃𝑤𝑖𝑛𝑑 = 𝑃𝐿 − 𝑃𝑠𝑦𝑛𝑐 − 𝑃𝑖𝑚𝑝𝑜𝑟𝑡                                                      (66) 

Using (65) and (66) in (54), WPL is given by,  

                     𝑊𝑃𝐿 =
𝑃𝐿 − (𝑏𝐼𝑅 + 𝑐) − 𝑃𝑖𝑚𝑝𝑜𝑟𝑡

𝑃𝐿
                                                 (67) 

By combining (63) and (67), WPL can be expressed by (68). 

                  𝑊𝑃𝐿 = 1 −
𝑏𝑔𝑇𝑠

2𝑃𝐿𝜑𝑚𝑎𝑥
−

𝑐

𝑃𝐿
−

𝑃𝑖𝑚𝑝𝑜𝑟𝑡

𝑃𝐿
                                                (68) 

Using (64) in (68) and solving, the following analytical relationship is found between fn and 

WPL.  

        𝑓𝑛 = 𝑓𝑜 [1 −
𝑏𝑔𝑇𝑠

2𝑃𝐿 (1 − 𝑊𝑃𝐿 −
𝑐

𝑃𝐿
−

𝑃𝑖𝑚𝑝𝑜𝑟𝑡

𝑃𝐿
)

]                                       (69) 

To better understand (69), it is graphically illustrated in Figure 4.4 for a sample operating 

condition in a test network (described in the next section). For instance, a system operator 

chooses the lowest acceptable frequency threshold following a contingency to be 48 Hz (after 

allowing load shedding). From Figure 4.4, the maximum wind penetration level is around 29%. 

If another value is chosen as the lowest acceptable frequency threshold, the maximum WPL 
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would be accordingly modified. By using (69) in ‘without TCSC’ and ‘with TCSC’ cases, and 

comparing them, the increase in the maximum WPL can be determined. 

 
Figure 4.4: Relationship between frequency nadir and WPL 

When TCSC is not active, because of cascading tripping of a large synchronous generator 

and interconnection, contingency size becomes larger. Consequently, frequency nadir declines 

(i.e., frequency deviation increases). However, when TCSC is in place, it averts network 

separation. Hence, contingency size reduces. As a result, frequency nadir improves. Thus, the 

graph shown in Figure 4.4 moves upward. It implies that more wind penetration is possible 

when TCSC is deployed. 

 

 Network Overview and Simulation Scenarios 

 Overview of The Low Inertia Grid 

In this subsection, a test low inertia grid, similar to the one described in chapter 3 is 

considered to validate the efficacy of the proposed strategy. The area of interest, Area-5, as 

shown in Figure 4.5, is connected to its neighboring zone Area-3 via an HVAC interconnection. 

Area-3 is further connected to rest of the network. As discussed in the previous chapter, the 

test system is constructed based on South East Australian 14-Generator Model, which consists 

of total 5 Areas and 59 buses. In this chapter, the two major conventional power plants of Area-

5 are termed as Plant-1 and Plant-2. The nameplate data of these power plants are articulated 

in Table 4.1. Dynamic parameters of the synchronous generators are provided in Table A-1 in 

the Appendix. 
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Table 4.1: Conventional power plant information 

Power plant 

name 

No. of 

generating 

units 

Capacity of each 

unit (MW) 

MVA rating of 

each unit 

Inertia constant of 

each unit(s) 

Plant-1 4 300 333.3 4.00 

Plant-2 2 150 166.6 7.50 

 
 

Figure 4.5:  Network diagram of the simulated system 

In this chapter, the amount of installed wind generation is presumed to be around 2000 

MW. There are several wind power plants, which are combined in two groups, similar to the 
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previous chapter. Note that all the dynamic simulations are performed in PSS®E software, 

which is extensively used in power industries all over the world. Also, the network topology 

and generation profile are inspired from the South Australian power system, which is a typical 

example of a low inertia grid with prolific wind power penetration. 

 

 Simulation Scenarios 

To validate the effectiveness of the proposed approaches in different operating 

conditions, two typical load scenarios are considered in this chapter. These are – (i) High load 

scenario, where system load is 1925 MW and (ii) Low load scenario, where system load is 

1425 MW. All the investigated simulation scenarios are illustrated in Table 4.2. The number 

of SGs, which are committed at an instance, is varied from 5 to 3 for both load cases. Power 

import through interconnection is assumed to be 175 MW in all simulation cases. 

Table 4.2: Simulation scenarios 

Load 

scenario 

No. of 

committed 

synchronous 

generator 

Amount of 

generation 

from SGs 

(MW) 

Amount of 

generation 

from WTGs 

(MW) 

Total 

System 

Inertia 

(MWs) 

Wind 

penetration 

level (%) 

High load 5 695 1150 6584 56.93 

4 616 1250 5250 61.24 

3 531 1350 3917 65.06 

Low load 5 648 650 6584 44.12 

4 558 750 5251 50.57 

3 470 850 3917 56.85 

 

 Simulation Results and Analyses 

 Optimized TCSC Parameters 

Design data of TCSC, and upper and lower boundaries of TCSC parameters are 

respectively presented in Table A-2 and Table A-3 in the Appendix. For finding the optimized 

TCSC parameters, their allowable ranges are provided in the PSO algorithm. Typical ranges of 

these parameters are taken from [48]. The minimum values of T2, T3 and k are assumed to be 

0.05 s, 0.3 s and 0.5 respectively. The maximum values of these parameters are presumed to 

be 0.2 s, 1 s and 30 respectively. The optimal TCSC parameters will be determined and 
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implemented before the real-time operation by considering the maximum size of probable 

contingency (i.e. worst-case scenario). Since these optimized parameters are determined for 

the worst-case scenario, they are likely to be applicable to the other less severe contingency 

cases. 

To ensure global solution, PSO algorithm is executed several times until the optimization 

outputs start to repeat. These outputs are then used to calculate the objective function. The 

values of the optimization variables, which yield the minimum objective function, are 

eventually taken as the optimized TCSC parameters. Table 4.3 shows the final results. These 

values are accordingly used in TCSC design.   

Table 4.3: Optimised TCSC parameters  

Load 

Scenario 

No. of 

committed 

synchronous 

generators 

T2 

(s) 

T3 

(s) 

k 

 

High load 5 0.1507 0.6685 8.5441 

4 0.1801 0.3010 7.5608 

3 0.1730 0.5200 10.4103 

Low load 5 0.1549 0.7787 24.5500 

4 0.1368 0.8961 8.4788 

3 0.1068 0.3748 9.2102 

 

 Frequency Response in High Load Scenario 

 The frequency dependent model demonstrated in Section 4.2 and the obtained optimal 

parameters of the TCSC shown in Table 4.3 are utilized in this section to avoid network 

separation. System frequency is calculated using the concept of Centre of Frequency (CoF) as 

described in chapter 3.  

Note that the low inertia part of the considered grid, i.e., Area-5 resembles the equivalent 

high voltage transmission network of South Australian power system. As such, the grid code 

of Australian National Electricity Market is considered as the standard. According to this grid 

code, the tolerance band of normal operating frequency is 49 Hz - 51 Hz and extreme frequency 

excursion tolerance limits are 47 Hz - 52 Hz [78]. Accordingly, UFLS is initiated when system 

frequency goes below 49 Hz. Likewise, system experiences a blackout when the frequency 

goes below 47 Hz. Note that the UFLS model relies on the number of stages available in the 

load shedding process. Assume that 𝑚1, 𝑚2 and 𝑚3 percent of load is shed in three stages. 

Therefore, the total load is multiplied by Eq. (70) while load shedding is applied. 

  (1 − 𝑚1%) 

100
                             ∶ 1𝑠𝑡 𝑠𝑡𝑎𝑔𝑒, 𝑓 < 𝑓𝑇𝐻1            
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 (1 − 𝑚1% − 𝑚2%) 

1 − 𝑚1%
               ∶ 2𝑛𝑑 𝑠𝑡𝑎𝑔𝑒, 𝑓 < 𝑓𝑇𝐻2                                 (70) 

 (1 − 𝑚1% − 𝑚2% − 𝑚3%)  

1 − 𝑚1% − 𝑚2%
: 3𝑟𝑑 𝑠𝑡𝑎𝑔𝑒, 𝑓 < 𝑓𝑇𝐻3         

where 𝑓𝑇𝐻1, 𝑓𝑇𝐻2 and 𝑓𝑇𝐻3 indicate the frequency thresholds (in Hz) to activate the 1st stage, 

2nd stage and 3rd stage of load shedding respectively.  

In high load condition, 300 MW synchronous generation trip is applied for all cases. 

Figure 4.6 depicts overall system performance when 5 synchronous machines are available in 

Area-5. Following the loss of 300 MW generator, the interconnection intends to draw more 

power from the adjacent generation rich area. Eventually, the power flow through the 

interconnection crosses the maximum power carrying capability of the line. As a result, the 

interconnection trips due to loss of synchronism as shown in Figure 4.6(d). Due to this 

cascading contingency, the frequency decreases and eventually falls below 47 Hz. 

Consequently, all the generators in Area-5 get disconnected. It is worth mentioning that when 

the system frequency drops below 49 Hz, the UFLS scheme given by (70) is activated. 

However, even after three stages of load cut, the frequency excursion does not stop. Eventually, 

system undergoes blackout if TCSC is not utilized as shown in Figure 4.6(a) (Blue trace). When 

the frequency reduces, the TCSC operation is enabled if proposed technique is undertaken. 

Consequently, the total reactance of the interconnection decreases as shown in Figure 4.6(b). 

It essentially increases the maximum power transfer capability. As a result, interconnection 

power flow does not cross the maximum limit as shown in Figure 4.6(c). The maximum power 

flow through the interconnection is found to be 458 MW from Figure 4.6(c). Accordingly, the 

network separation is prevented. It is noticed from Figure 4.6(a) (Red trace) that the frequency 

nadir for this case is 48.45 Hz. Therefore, the possibility of blackout is mitigated by 

incorporating TCSC with the interconnection for 5 machines case.  
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Figure 4.6:  System performance for 5 machines case in high load scenario 

Before the interconnection trip due to loss of synchronism, the Area-5 along with its 

adjacent areas constitutes a synchronous system. Therefore, before the interconnection trip, the 

frequency responses of Area-5 and Area-3 are the same. However, after the interconnection 

trip, Area-3 encounters over-generation. As a result, the frequency starts to increase and goes 

above 50 Hz.  

Following the interconnection trip, Area-3 is still synchronously connected to Area-1, 

Area-2 and Area-4. In this whole network, numerous synchronous generators are committed. 

Therefore, the inertia and governor responsive reserve are high. Eventually, the frequency of 

Area-3 is arrested at 50.2 Hz. Later on, the frequency starts to decrease and settles down close 

to the nominal value. Figure 4.7 depicts the frequency response of Area-3 after the 

interconnection trip. 
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Figure 4.7:  Frequency response of Area-3 for 5 machines case in high load scenario 

The simulated grid undergoes system-wide blackout for 4 machines and 3 machines case 

as well when TCSC is not in action. However, after TCSC incorporation, frequency nadirs are 

found to be 48.13 Hz and 48.05 Hz for 4 machines and 3 machines cases as shown in Figure 

4.8(a) and Figure 4.8(b) respectively. Variation of line reactance and power flow through 

interconnection are not shown for these two cases as they are identical as that of 5 machines 

case. It is to be clarified that in Figure 4.8, for both 4 machines and 3 machines case, when 

TCSC is not incorporated, UFLS is activated and 30% of the total load is shed. In these cases, 

system inertia and governor responsive reserve are low. Also, due to the network separation, 

the contingency size becomes large. As a result, even after substantial load cut, the system 

frequency drops below 47 Hz. Consequently, the system encounters blackout when TCSC is 

not incorporated. 

Utilizing (70), the amounts of load shedding after utilizing TCSC are found to be 94 MW, 

103 MW, 111 MW in 5 machines, 4 machines and 3 machines case respectively. Therefore, it 

is revealed that in high load case, the frequency responsive TCSC averts network separation 

and blackout. However, the system faces reasonable quantities of load shedding.  
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Figure 4.8: System performance for 4 machines case and 3 machines case in high load 

scenario 

 

 

 Frequency Response in Low Load Scenario 

In this scenario, the same contingency as of high load case is applied. Without TCSC, 

the interconnection trips due to loss of synchronism. As a result, the system incurs blackouts 

in all cases. Figure 4.9 depicts the frequency response curves.  

When TCSC is connected, network separation is averted. As such, system frequency is 

rescued after applying reasonable amounts of load shedding.  The frequency nadirs become 

48.08 Hz, 48 Hz and 47.95 Hz in 5 machines, 4 machines and 3 machines cases respectively. 

Hence, the frequency response is more vulnerable in low load scenario compared to high load 

scenario. The corresponding load shedding amounts are found to be 134 MW, 143 MW and 

154 MW using (70). Therefore, the system wide blackout can be stopped by using the 

frequency responsive TCSC. 
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Figure 4.9: Frequency response for low load scenario 

 

 Performance Comparison with An Existing Technique 

To compare the obtained results with existing technology for preventing network 

separation i.e., FSC, two scenarios are considered: i) 100 MW contingency ii) 300 MW 

contingency. It is assumed that 5 machines are present in the system and system load is 1925 

MW. For both cases, FSC is designed to provide 20% compensation. On the contrary, 

compensation level can be varied from 0% to 50% by TCSC incorporation. The obtained results 

for both scenarios are as follows: 

 100 MW Contingency 

In this scenario, it is assumed that a generator of 100 MW capacity has tripped. If no 

compensation is provided, network separation takes place and system encounters blackout. 

However, if the FSC comes into action and provides 20% compensation, the power carrying 

capability of the interconnection increases. As a result, network separation is avoided and 

frequency excursion reaches 49.21 Hz according to Figure 4.10 (Green trace). If TCSC is 

incorporated instead of FSC, again network separation is circumvented and system does not 

undergo blackout. Frequency nadir is found to be 49.22 Hz according to Figure 4.10 (Red 
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trace). Thus, FSC and TCSC perform almost identically in this scenario and prevent system-

wide blackout. 

 

Figure 4.10: Frequency response comparison with existing technique for 100 MW 

contingency 

 300 MW Contingency 

In this scenario, the typical case of 300 MW generator trip is considered. Note that FSC 

is supposed to provide 20% compensation as its compensation level is not changeable. Higher 

compensation level is also not acceptable for FSC as it would increase the risk of Sub-

Synchronous Resonance (SSR). On the contrary, as TCSC is supposed to provide a variable 

compensation level depending on the contingency size, it will provide a higher compensation 

in this scenario than the previous one. Simulation results show that system undergoes blackout 

when no compensation scheme is undertaken. Also, FSC incorporation fails to prevent network 

separation and system-wide blackout as shown in Figure 4.11. However, TCSC incorporation 

results in a frequency nadir of 48.25 Hz, and risk of blackout are averted. Thus, even though 

FSC performs adequately in case of small contingencies, it fails to avert the risk of blackout in 

case of larger contingencies. 
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Figure 4.11: Frequency response comparison with existing technique for 300 MW 

contingency 

 

  Improvement of Maximum Wind Penetration Level 

To estimate the improvement of the maximum wind penetration level after compensating 

the interconnection via TCSC, the analytical expression of (69) is applied. In (69), the 

contingency size depends on whether the TCSC is in place. Note that before connecting TCSC, 

cascading contingency takes place. A trip of 300 MW synchronous generation causes the 

interconnection to reach its maximum limit of around 240 MW. Thus, the total contingency 

size becomes 540 MW. If a FSC of 20% compensation level is considered, it is found that for 

around 180 MW generator trip, the enhancement of the power carrying capability of the 

interconnection by FSC becomes inadequate. As a result, the overall contingency level 

becomes 420 MW when FSC is utilized instead of TCSC. Note that for a 300 MW generation 

loss, the FSC fails to prevent network separation and subsequent blackout. Thus, there exist no 

visible difference in maximum wind penetration level for FSC utilization and no TCSC 

incorporation.  However, when TCSC is connected, the interconnection does not trip following 

the loss of 300 MW synchronous generation. Therefore, the contingency size remains 300 MW. 

Figure 4.12(a) depicts the plot between frequency nadir and WPL in 5 machines case under 

high load scenario. Without TCSC, the maximum WPL is estimated as 29.4% by assuming the 

lowest acceptable frequency threshold to be 48 Hz. When FSC is utilized, the maximum WPL 

is found to be 42.5%. On the contrary, when TCSC is utilized, the maximum WPL becomes 

58.8%. It is to be clarified that in this paper, “without TCSC” refers to without any 
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compensation, “with FSC” means with only FSC, “with TCSC” means with only TCSC and 

maximum WPL enhancement means difference in maximum WPL when TCSC is in place and 

when no compensation is utilized.    

Similarly, Figure 4.12(b) graphically illustrates the relationship between frequency nadir 

and WPL in 5 machines case under low load scenario. Before connecting TCSC, the maximum 

WPL is found to be 20.4%. When FSC is utilized, the maximum WPL is found to be 32.1%. 

However, it rises to 50.7% when the interconnection is compensated by TCSC. Notably, after 

deploying TCSC, the maximum WPL improves by 29.4% and 30.3% in 5 machines case during 

high load and low load scenarios respectively. 

 

Figure 4.12: Maximum WPL without and with TCSC in 5 machines case (a) High load 

scenario (b) Low load scenario 

Table 4.4 enumerates the maximum WPL in different operating scenarios. It can be seen 

that the maximum WPL improves by 29.4% to 31.3% in various cases. Therefore, significant 

increase in wind penetration level is achieved when TCSC is used to compensate the 

interconnection.  

In addition, from Table 4.4, the maximum WPL without TCSC varies from 29.4% to 

40% in high load condition. Referring to Table 4.2, WPL in this scenario is 56.93% to 65.06%. 
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Noticeably, these values are higher than the maximum permissible limits. The same remark 

can be drawn for low load scenario as well. Essentially, these high WPLs lead to system wide 

blackout. It basically indicates the need of compensating the interconnection via TCSC to 

improve frequency resilience and wind penetration level. 

Table 4.4: Enhancement in Maximum WPL 

Load 

scenario 

No. of 

committed 

synchronous 

generators 

Maximum 

WPL 

without TCSC 

(%) 

Maximum 

WPL 

With FSC 

(%) 

Maximum 

WPL 

with TCSC 

(%) 

Increase in 

maximum 

WPL (%) 

High load 5 29.4 42.5 58.8 29.4 

4 35.9 49.8 65.8 29.9 

3 40.0 54.2 70.1 30.1 

Low load 5 20.4 32.1 50.7 30.3 

4 24.1 37.2 55.1 31.0 

3 29.7 42.8 61.0 31.3 

 

 Further Discussions 

In this thesis,  two different types of frequency control strategies are explored. The first 

one is frequency control via Energy Storage Systems (ESS), which is a frequency control 

technique from the load perspective. Another one is controlling system frequency via TCSC 

where TCSC controls the power import for the adjacent area. Thus, it can be considered as a 

frequency control technique from generation perspective. To compare between this two 

techniques when they are applied in a low inertia grid, a detailed investigation is carried out in 

this subsection. Here, 300 MW generator trip is considered as the contingency for comparing 

the system performance where the number of synchronous generators is varied from 4 to 3. For 

both of the scenarios, it is assumed that system load is 1425 MW (Low load scenario) and 

interconnection import is 175 MW. In this subsection, “With ESS” means that only the Energy 

Storage System (Consisting of SMES and BESS) is incorporated and “With TCSC” denotes 

that only TCSC is being utilized. 

When there are 4 synchronous machines are online, without TCSC or ESS, network 

separation occurs and system encounters blackout. When there is only ESS present in the 

system, following the contingency, network separation cannot be avoided. However, due to 

additional active power support from SMES and BESS, the system manages to escape blackout. 

The ROCOF and frequency nadir are found to be  1.39 Hz/s and 47.52 Hz respectively. On the 

contrary, when TCSC is incorporated, network separation is avoided. Subsequently, blackout 

is also mitigated. The ROCOF and frequency nadir are found to be  0.52 Hz/s and 48.00 Hz 
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respectively for this scenario. Note that although ESS can avert blackout, it yields very high 

ROCOF and inferior system frequency response than that of with TCSC. 

Furthermore, when 3 synchronous generators are committed, the system inertia is 

relatively low. Thus, without TCSC or ESS, the system encounters network separation and 

subsequent blackout. When ESS is incorporated to provide additional active power support, 

after considerable load shedding, it averts the risk of blackout. The ROCOF and frequency 

nadir are found to be  1.87 Hz/s and 47.05 Hz respectively. However, when TCSC is being 

incorporated, the frequency nadir is 47.95 Hz and system ROCOF is 0.78 Hz/s. Thus, again 

TCSC incorporation yields relatively superior system frequency response compared to that of 

with ESS.  

Therefore, it can be deduced from this aforementioned investigation that frequency 

control via generation perspective yields a better system frequency compared to frequency 

control techniques via load perspective in general.  

Table 4.5: Comparison of system frequency response 

No. of online  

synchronous 

generators 

Conting

ency 

size 

MW) 

ROCOF magnitude 

(Hz/s) 

Frequency nadir 

(Hz) 

Without  

ESS or 

TCSC 

With 

ESS 

With 

TCSC 

Without  

ESS or 

TCSC 

With 

ESS 

With 

TCSC 

4 300 2.59 1.39 0.52 Blackout 47.52 48.00 

3 300 3.06 1.87 0.78 Blackout 47.05 47.95 

 

 Summary 

This chapter comprehensively investigates the utilization of frequency responsive TCSC 

to enhance frequency resilience and wind penetration level in a low inertia interconnected 

power system. To this end, at first, optimal TCSC parameters are determined using PSO 

algorithm. Afterwards, TCSC is incorporated with the target of avoiding network separation 

and the risk of cascaded contingency. 

Without TCSC, after the loss of a large synchronous generator, the interconnection 

reaches its maximum limit and subsequently trips due to loss of synchronism. Consequently, 

the low inertia system has to rely on its own primary frequency control capability and UFLS 

to stop the frequency excursion. However, due to huge contingency size, the frequency drops 

below 47 Hz, and the network encounters a blackout. It is revealed that the frequency 
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responsive TCSC successfully compensates the interconnection and increases the power 

transfer limit. Therefore, the network separation is prevented and the frequency is rescued after 

deploying the frequency responsive TCSC in all simulation cases. In high load condition, 

frequency nadirs become 48.45 Hz, 48.13 Hz and 48.05 Hz in 5 machines, 4 machines and 3 

machines cases respectively. The corresponding load shedding amounts are found to be 94 

MW, 103 MW, 111 MW. Furthermore, during low load condition, the frequency nadirs are 

48.08 Hz, 48 Hz and 47.95 Hz in 5 machines, 4 machines and 3 machines cases respectively. 

Also, the corresponding load shedding quantities are 134 MW, 143 MW and 154 MW. Hence, 

the frequency response is more vulnerable and the system incurs higher amount of load cut in 

low load scenario. It is revealed that the proposed technique yields superior system 

performance than that of existing technology (i.e., fixed series capacitors).  

In addition, an analytical tool is developed to determine the increase in wind power 

penetration level. It is demonstrated that wind penetration level (WPL) increase substantially 

after embedding the TCSC in the interconnection. Using the analytical expression, it is found 

that for high load case, the maximum WPL enhances by 29.4%, 29.9% and 30.1% in various 

operating conditions. Subsequently, it is noticed that enhancement in maximum WPL are 

30.3%, 31% and 31.3% for different machine case in low load condition. Therefore, the 

deployment of frequency responsive TCSC not only improves the frequency resilience but also 

allows more wind resources to be integrated in a low inertia network.  

At the last part of this subsection, a comparative analysis is done to determine which one 

among frequency control technique via load perspective and generation perspective yields 

superior system performance. Simulation results show that frequency control from generation 

perspective yields a superior grid frequency response than that of from load perspective. 
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Conclusions and Recommendation for Future 

Research 

 Conclusion 

Wind-dominated power systems may suffer from inadequate system inertia due to 

retirement of conventional fossil-fuel driven synchronous generators. Extensive analyses were 

carried out in chapter 3 to investigate the utilization of ESS in frequency response improvement 

of low inertia systems. To this end, a mathematical framework of determining minimum sizes 

of SMES and BESS was developed and an operational strategy for these ESS was outlined.  

The major findings of this portion of the thesis are summarized as follows.  

i. The ratings of SMES and BESS were assessed considering 3 online synchronous 

machines while the interconnection tripping size was 200 MW.  

ii. For 200 MW contingency, the minimum SMES and BESS ratings were found to be 

approximately 47 MW and 97 MW respectively to keep ROCOF and frequency 

deviation within the given acceptable limits.   

iii. Frequency response performances were analyzed in four different case studies 

following the loss of interconnection. It was found that when ESS are activated, 

ROCOF was confined to the maximum allowable limit of 1 Hz/s. Furthermore, the 

frequency nadirs were above 49 Hz (in 200 MW contingency) or very close to 49 Hz 

(in 300 MW contingency). Consequently, load shedding was either fully averted or 

significantly minimized. 

iv. Although the ROCOF showed an improving trend due to additional inertial support 

when synchronous condenser (SC) is placed instead of ESS, in three case studies, SC 

failed to keep ROCOF below the safety threshold. In addition, inclusion of SC did not 

reduce the amount of load shedding in any case study. 

v. When only BESS was incorporated, it yielded slightly inferior system performance 

than that of the proposed methodology. 

vi. Therefore, it was revealed that the proposed methodology yields adequate frequency 

response to make a low inertia grid more secure and resilient.  

It is already discussed that when the system inertia is insufficient, a large contingency in 

the power importing zone may overload an AC interconnection. Consequently, the 
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interconnection could trip due to loss of synchronism, which may lead to system-wide blackout. 

In this thesis, frequency responsive TCSC was utilized in this respect. Furthermore, an 

analytical method of determining maximum wind penetration level was proposed. The key 

findings of this portion are summarized as follows.  

i. Firstly, optimal TCSC parameters were determined using PSO algorithm. Afterwards, 

TCSC was incorporated with the target of avoiding network separation and the risk of 

cascaded contingency. 

ii. Without TCSC, after the loss of a large synchronous generator, the interconnection 

reached its maximum limit and subsequently tripped due to loss of synchronism. Due 

to huge contingency size, the frequency dropped below 47 Hz, and the network 

encountered a blackout. 

iii. The frequency responsive TCSC successfully compensated the interconnection and 

increased the power transfer limit. Therefore, the network separation was prevented 

and the frequency was rescued after deploying the frequency responsive TCSC in all 

simulation cases.  

iv. The frequency response was more vulnerable and the system incurred higher amount 

of load cut in low load scenario than that of high load scenario.  

v. It was revealed that the proposed technique yielded superior system performance than 

that of existing technology (i.e., fixed series capacitors). 

vi. It was demonstrated that wind penetration level (WPL) increased substantially after 

embedding the TCSC in the interconnection.  

vii. Therefore, it can be concluded that the deployment of frequency responsive TCSC not 

only improved the frequency resilience but also allowed more wind resources to be 

integrated in a low inertia network.  

 

 Recommendations for Future Works 

The following scopes can be recommended for future researchers and engineers. 

i. A comparative analysis among the results obtained by the proposed sizing 

methodology and an optimal sizing algorithm using any heuristic method can be 

carried out in the future. 

ii. A techno-economic analysis of incorporating frequency responsive TCSC can be 

performed in future. Such an analysis can provide important insights on the 

affordability of this solution. 
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iii. The combination of zonal inertia constrained dispatch and frequency responsive TCSC 

can further enhance the frequency resilience of renewable rich networks. Such an 

approach can be investigated in future. 

iv. Other FACTS devices such as Unified Power Flow Controller (UPFC) and Energy 

Storage Systems (ESS) can be deployed for averting the risk of network separation in 

renewable prolific power systems. Performance comparison and value proposition of 

various solutions can be of great interest and can be investigated in future. 

v. Enhancement of wind penetration level can be determined using heuristic optimization 

algorithms under certain constraints. As such, analytical method presented in this paper 

can be validated against the optimal solution in future works. 
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Appendix A: Test System Data 

 

Table A-1. Synchronous generator dynamic parameters  

𝑇𝑑𝑜
′  𝑇𝑑𝑜

′′  𝑇𝑞𝑜
′  𝑇𝑞𝑜

′′  H D 𝑋𝑑 

7.5 0.04 3.0  0.20 4.0/7.5 0 2.0 

𝑋𝑑 𝑋𝑞 𝑋𝑑′ 𝑋𝑞′ 𝑋𝑑
′′ 𝑋𝑞′′ 𝑋𝑙 

1.5 0.3 0.8   0.3   0.22 0.22 0.2 

 

Table A-2. TCSC dynamic parameters  

𝑇1 𝑇2 𝑇3 𝑇𝑤 𝐾 

0.1 0.1 0.4 100.0 0.75 

𝑋𝑀𝐴𝑋 𝑋𝑀𝐼𝑁 𝐼𝑁𝑀𝐴𝑋 𝐼𝑁𝑀𝐼𝑁  

0.05 0.005 1.0 0  

 

Table A-3. Upper and lower bounds of TCSC parameters 

𝑇2𝑚𝑖𝑛 𝑇2𝑚𝑎𝑥 𝑇3𝑚𝑖𝑛 𝑇3𝑚𝑎𝑥 𝐾𝑚𝑎𝑥  𝐾𝑚𝑖𝑛 

0.05 0.2 0.3 1.0 0.5 30 
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