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Abstract 

 

 

On the Use of Wind Power and Pumped-Storage Hydro for Blackout Restoration 

and Resilience 

 

Recently, natural disasters causing huge damages occur more frequently than ever 

before, and the electricity outages and blackouts potentially become more commonplace. 

It is necessary to develop an efficient and effective restoration strategy for ameliorating the 

grid-scale capability of restoration. With the increasing penetration of wind energy, wind 

power generators will play more and more important role on the system operation and 

restoration. In addition, due to their flexible characteristics, pumped-storage hydro (PSH) 

units can absorb redundant power from the system and assist in system operation or the 

restoration process during emergencies by supplying power into the system as needed.  

This thesis focuses on designing an optimal restoration strategy through the 

effective coordination of wind energy and PSH. A new optimization model for power grid 

restoration in the face of emergencies is established. The formulation can determine the 

generator start-up and transmission recovery sequence. With the participation of wind 

energy and PSH, the total load pickup significantly increases much faster than the base 

case scenario without such technologies during the restoration period. The model runs in 

the GAMS optimization environment and is a mixed-integer linear programming 

formulation; the developed strategy is comprehensively tested on the modified IEEE 57 

bus test system where the numerical results illustrate that the coordination of wind energy 

and PSH can significantly increase the load pickup and shorten the outage restoration time, 

thereby enhancing the grid resilience, and also reduce wind power curtailment. 
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Nomenclature 

 

 

Nomenclature 1: Chapter 3 

A. Sets 

t T  Set of restoration times. 

g G  Set of all generating units. 

BSg G  Set of black-start generating units. 

NBSg G   Set of non-black-start generating units. 

d D  Set of load demands. 

,i j B   Set of transmission buses. 

BSi B   Set of buses connected to the black-start generating unit g. 

NBSi B   Set of buses connected to the non-black-start generating unit g. 

ki B   Set of buses connected to transmission line k. 

di B   Set of system load points. 

k K   Set of transmission lines. 

ik K   Set of transmission lines connect to bus i. 

fk K   Set of transmission lines with the sending end as bus i. 

tk K   Set of transmission lines with receiving end as bus i.  

 

B. Decision Variables 

,g tn  Binary variable equal to 0/1 if generating unit g is off/on at time t. 

,

start

g tn   Binary variables equal to 0/1 if generating unit g is out/in start-up period.  
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( ),i j tn   Binary variables equal to 0/1 if bus i/j is de-energized/energized at time t.  

,k tn   Binary variables equal to 0/1 if line k is de-energized/energized at time t. 

,d tP  Amount of real restored load at the load point d at time t. 

,d tQ   Amount of reactive restored load at the load point d at time t. 

,g tP   Scheduled real power of generating unit g at time t.  

,g tQ   Scheduled reactive power of generating unit g at time t. 

,

start

g tP   Cranking power of generating unit g at time t. 

,k tP   Real power flow in transmission line k at time t. 

,k tQ   Reactive power flow in transmission line k at time t. 

( ),i j tV   Bus voltage magnitude in p.u. at bus i/j at time t. 

( ),i j tV  Bus voltage magnitude deviation from 1 p.u. at bus i/j at time t. 

,k t  Phase angle difference across transmission line k. 

 

C. Parameters 

max

gP  Maximum real power capacity of generating unit g. 

min

gP   Minimum real power capacity of generating unit g. 

max

gQ   Maximum reactive power capacity of generating unit g. 

min

gQ   Minimum reactive power capacity of generating unit g. 

start

gP  Cranking power of generating unit g. 

max

dP  Maximum restorable real load at load point d. 



xiii 
 

min

dP   Minimum restorable real load at load point d. 

max

dQ   Maximum restorable reactive load at load point d. 

min

dQ   Minimum restorable reactive load at load point d. 

max

kP   Maximum real power limit of transmission line k. 

min

kP   Minimum real power limit of transmission line k. 

max

kQ   Maximum reactive power limit of transmission line k. 

min

kQ   Minimum reactive power limit of transmission line k. 

d  Priority factor of demand d. 

sT  Start-up duration of generating unit g. 

gRR   Ramp rate of generating unit g. 

kb  Series admittance of transmission line k. 

0kb  Shunt admittance of transmission line k. 

kg  Conductance of transmission line k. 

g   Load pickup factor of generating unit g. 

 

Nomenclature 2: Chapter 4 

A. Sets 

w W   Set of wind farms. 

iw W   Set of wind farms connected to bus i. 

wi B   Set of buses connected to wind farm w.  
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B. Decision Variables 

,w tn   Binary variable equal to 0/1 if wind farm w is off/on at time t. 

,w tP   Wind farm’s scheduled real power at time t. 

,w tQ   Wind farm’s scheduled reactive power at time t. 

 

C. Parameters 

,

fore

w tP   Wind farm’s forecasted real power at time t. 

,

fore

w tQ   Wind farm’s forecasted reactive power at time t. 

 

Nomenclature 3: Chapter 5 

A. Sets 

h H   Set of PSH units. 

ih H   Set of PSH units connected to bus i. 

hi B   Set of buses connected to PSH unit h.  

 

B. Decision Variables 

,h tn   Binary variable equal to 0/1 if PSH unit h is off/on at time t. 

,

g

h tS   Binary variable represent PSH unit h is in generation mode at time t. 

,

p

h tS  Binary variable represent PSH unit h is in pumping mode at time t. 

,h tP   Net output power of PSH unit h at time t. 

,

g

h tP   Generation power of PSH unit h at time t. 
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,

p

h tP   Pumping power of PSH unit h at time t. 

tVol   Volume of water stored in the reservoir at time t. 

,h tq   Net discharge rate of PSH unit h at time t. 

,

g

h tq   Generation discharge of PSH unit h at time t. 

,

p

h tq   Pumping discharge of PSH unit h at time t. 

 

C. Parameters 

,maxg

hP   Maximum power limit of PSH unit h in generation mode. 

,ming

hP  Minimum power limit of PSH unit h in generation mode. 

,maxp

hP  Maximum power limit of PSH unit h in pumping mode. 

,minp

hP  Minimum power limit of PSH unit h in pumping mode. 

maxVol   Maximum reservoir volume. 

minVol   Minimum reservoir volume. 

max

hq   Maximum discharge rate of PSH unit h. 

min

hq   Minimum discharge rate of PSH unit h. 
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Chapter 1: Introduction 

 

1.1 Background 

Recently, a number of high-impact low-probability (HILP) incidents have 

threatened the security of the bulk electric power system more frequently than ever before. 

Whenever and wherever such kind of incidents occur, there will be operation violations in 

the grid and possibly a large loss of load electricity supply in the power system, which can 

potentially lead to a system-wide blackout. The causes of electricity outages in power 

systems include earthquake/tsunamis, weather-related HILP events, cyber-attacks and 

operations error [1]. Based on the database from the U.S. Department of Energy (DOE), 

nearly 78% of the reported 1,333 electric grid disruptions in the period from 1992 to 2008 

were weather-related (see Figure1) [2] - [5]. Similarly, there were a total of 178 weather-

related blackouts in the United State alone, which reached or exceeded 1 trillion U.S. 

dollars damages or costs [6].  Because the bulk electric power system owns the control 

systems for generation and transmission, it relies on modern communication technologies 

to collect data and software implementations to make informed decisions, such as 

Supervisory Control and Data Acquisition Systems (SCADA), Large Power Plant 

Distributed Control Systems, and Smart Grid Technologies. With such communication 

platforms in place, the system has a higher vulnerability to be exposed to failures, delays, 

and cyber-attacks. For example, in 2015, a successful cyber-attack happened on the 

Ukrainian power system (among the first of its kind) leaving almost 225,000 people 

without power for approximately 6 hours [1].   
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Figure 1 Significant weather-related U.S. electric grid disturbances [4]. 

When large-area blackouts occur, there are three consequences. Firstly, plenty of 

industries and companies are forced to suspend production for hours or days leading to 

significant economic loss. Secondly, these outages also cause water outages for dozens of 

people due to the loss of the electricity supply for normal operation of the water system. 

Note that the water distribution systems and power distribution systems are closely 

interdependent. Thirdly, those in need of specific health care at homes or hospitals would 

suffer health problem or even lose their lives because of the unserved electricity that was 

essential for their wellbeing [6] - [9]. Such long-duration damages, if not properly and 

swiftly recovered, will affect many sectors our lives depend on and all aspects of our 

economy [10] - [14]. Damages or costs of blackouts would actually be more severe, 

because the bulk electric system could not recover soon or spend several days on 

restoration. For instance, the 2003 blackout in North America left more than 50 million 

people without power up to 2 days, and estimated $4 to $10 million costs and 11 deaths 
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were reported. In certain outage areas, power was not restored even for 4 days [1] [15]. 

Similarly, during Hurricane Sandy striking the Eastern United States in 2012, 10 days of 

blackout in New York and New Jersey resulted in $26 million costs and 50 deaths due to 

lack of electricity [1].  

“Power delivery systems have a lot of parts, wires, transformers, and other 

components all nicely tied together – which means there are a lot of things that can go 

wrong,” explains Clark Gellings of the nonprofit Electric Power Research Institute (EPRI). 

“Pieces break down, and people make errors. A system is designed to tolerate a certain 

amount of disruption, but past a certain point it’s simply gone too far, and it falls apart.” 

EPRI has estimated that “across all business sectors, the U.S. economy is losing between 

$104 billion and $164 billion a year to outages.” [16]. Therefore, it is quite important to 

design effective strategies for system restoration to decrease the recovery time, reduce the 

costs from electricity outages and more importantly enhanced resilience against the grid-

scale blackouts [17] - [27]. 

 

1.2 General Review for Restoration 

After a large-area, long-duration blackout occurs, electric power system operators 

need to take a series of activities to return systems online as soon as possible. The process 

of recovering a power system from blackout is defined as restoration. Generally, a 

successful restoration procedure usually requires electricity providers to evaluate the extent, 

locations and severity of damage to the power system, provide the physical and human 

resources for stratifying requirements for repairs, set priorities for recovery based on the 

criticality of the load and the availability of resources to complete the needed repairs, as 
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well as implement the required repairs and reevaluate system status [1]. In fact, these 

general restoration processes would be executed at different scales by different electricity 

organizations. In other words, different organizations have their own restoration strategies, 

for example PJM (see Figure 2) [28].    

 

Figure 2 Restoration Process [28]. 

 

• Ascertain System Status: When a system blackout happens in a widespread area, it 

is important for system operators to find out the loss of generation and transmission, 

check equipment damage, and assess the extent of the service interruption. With 

the help of communications between the system operators as well as the Generation 

and Transmission Owners, operators can easily collect specific information after a 

system outage occurs. Utilizing the acquired information, PJM operators can 

determine the extent of outage, real-time generators status and transmission 

capabilities. Then, the system operators can move to the next step. 

• Determine Restoration Process: After determining generators and transmission 

system status, system operators begin to design and develop a restoration strategy. 

In the process of designing a restoration plan, system operators need to apply 
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Energy Management System (EMS) to evaluate any actual overloads while 

recovering the system. Also, operators may need to utilize a manual monitoring 

procedure to assess dispatch factors of load outages at different nodes. Next, PJM 

operators need to apprise established restoration strategy to the Generation and 

Transmission Owners through communication systems. 

• Disseminate Information on System Status: It is significant for system operators to 

provide updated information of the system status for all system restoration 

participants, because all participants need to execute the restoration strategy based 

on the real-time system conditions. In this step, PJM operators and Generation and 

Transmission Owners need to have closer cooperation and more frequent 

information exchange. For PJM operators, they would monitor generators and 

transmission system data for Generation and Transmission Owners, and coordinate 

the restoration strategy and system control for all participants. For Generation and 

Transmission Owners, they should update a real-time status of procedures for 

implementing the restoration plan to PJM operators. 

• Implement Restoration Procedure: After PJM operators establish a restoration plan 

and disseminate information related to the generation and transmission availability, 

the system must restart internal generators and resupply demands while maintaining 

the system load, scheduled frequency, reasonable voltage level, and enough 

reserves. In this step, the restoration strategy works on the individual Transmission 

Owner that is in a total isolated or blackout condition and must restore its system 

without having any help from the outside/neighboring systems. During the 

restoration procedure, operators need to control the system frequency which is 
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regulated between 59.75Hz and 61.0 Hz and maintain a suitable voltage level which 

is generally 90% to 105% of nominal.  

• Reestablish Interconnections: When Transmission Owners accomplish the 

restoration process, they should make a preparation strategy and follow specific 

criteria to interconnect with other Transmission Owners. Before synchronization, 

each Transmission Owner must regulate the frequency of the lower level system to 

match the frequency of the higher level system. Similarly, operators of 

Transmission Owners not only control the voltages of interconnected areas as 

closely as possible, but also supply adequate reserves which are able to cover the 

largest energy contingency within the interconnected areas. While satisfying these 

conditions, interconnections of different Transmission Owners would be rebuilt. 

• PJM Returns to Normal Operation: After restoration of individual Transmission 

Owner and reestablishment of interconnections, PJM operators would check 

permitted conditions for normal operation. When conditions permit, PJM operators 

identify all Generation/Transmission Owners returning to normal operation [28]. 

Similar to the PJM procedure, other electricity organizations such as the Cuivre 

River Electric Cooperative in Missouri (CREC), New York State Electric and Gas 

Corporation (NYSEG) and Rochester Gas and Electric Corporation (RGEC) possess their 

own restoration strategy following step by step procedures [1].  

 

1.3 Research Motivation 

Nowadays, large-scale electricity outages on power systems have become more 

commonplace as an alarming frequency and strength of natural disasters is reported more 
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frequently. In 2018, natural disasters which causes huge damages occurred every few 

weeks [29]. Hence, it is important to design and determine a more efficient and effective 

restoration strategy for a power system when a large-area, long-duration outage occurs. As 

mentioned in Section 1.2, several restoration processes should be executed sequentially in 

order to incrementally return the system back to its normal operating conditions. If power 

system operators could reduce the restoration time or decrease the economic losses at any 

step of the restoration procedure, an enhanced resilience would be then achieved in the face 

of such emergencies. For example, with an optimal generator start-up sequence or a 

transmission recovery path, electricity demands would be supplied faster at an implemented 

restoration procedure.  

As deployment of wind energy is rapidly increasing worldwide, system operators 

should consider the influence and contributions of wind power while designing the 

restoration strategies. The record published in 2015 claimed that more than 63 GW of new 

wind power was brought on line globally [30]. In 2008, DOE published a report that set a 

goal of achieving 20% wind energy supply of the country’s electricity by 2030 [31] [32]. 

In 2018, wind power generated 6.5% of the nation’s electricity and even delivered over 20% 

of the electricity produced in six states [33]. Because the wind power plays increasingly 

important role in today’s and tomorrow’s electric power systems, many researchers discuss 

about incorporating wind power in power system operation, such as unit commitment and 

economic dispatch [34] [35]. For power system restoration planning, it is also necessary to 

incorporate wind energy and its contributions into the problem [36]. 

With the rapid developments of the energy storage solutions, the application of 

energy storage systems (ESS) for restoration planning has been discussed frequently, such 
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as participation of plug-in hybrid electric vehicles (PHEVs) in the recovery process and 

scheduling of mobile power sources (MPS) for resilience enhancement [37] - [40]. 

However, PHEVs and MPS only have a positive impact on distribution system restoration, 

and they currently do not have the ability to supply enough energy to reach the needs of 

the bulk transmission system restoration. In transmission systems, pumped-storage hydro 

(PSH), a type of hydroelectric energy storage, can satisfy the requirement of the energy 

supply for system operation and restoration during and following the emergencies, thereby 

enhancing the system resilience. Therefore, the objective of this thesis is to design an 

advanced restoration strategy that coordinates the operation of wind energy with PSH.  

 

1.4 Thesis Outline     

   In this thesis, an advanced system restoration strategy for a power system 

following a blackout is proposed. There are three steps to develop such an advanced 

restoration strategy. Firstly, an optimal recovery path for the transmission system in a base-

case system configuration without wind farms and PSH units is developed. Secondly, 

incorporating wind farms into the proposed restoration process, the efficiency and 

effectiveness of the restoration strategy in different scenarios are studied and extensively 

analyzed. Finally, we discuss the influence of PSH integrated in the restoration process for 

a transmission system test case with wind farms. The developed restoration strategy is 

tested on the IEEE 57-bus test system with numerical results that justify and verify the 

roles of wind energy and PSH units for restoration and recovery. 

The remainder of this thesis is organized as follows. Chapter 2 reviews the past 

work and literature on the applications of different methods and techniques for the system 
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restoration and enhanced resilience. It also provides a brief review of several research 

efforts on considering the impact of renewable sources on the system restoration. 

Chapter 3 develops an optimization model for power grid restoration following an 

emergency. Several binary variables are introduced to represent a start-up sequence for 

generating units and an energization sequence for transmission buses and transmission 

lines. A mixed-integer linear programming (MILP) optimization model is utilized and 

solved in the GAMS optimization platform. The optimal generator start-up and 

transmission recovery sequence is achieved and the total load pickup curve during the 

restoration period is then presented. 

Chapter 4 discusses the impact and contribution of the wind energy in the system 

restoration. A wind farm is installed in the test system. Through integration of the wind 

farm characteristics into the optimization model, simulation of the restoration process with 

the addition of wind energy is proposed. The simulation results show that the wind farm 

setting in the system can increase the restoration capability significantly. Afterwards, the 

sensitivity analysis is demonstrated in this chapter. The analysis involves discussing the 

impact of wind energy penetration, studying the impact of the wind farm’s location, and 

describing the impact of the number of wind farms deployed in the grid.  

Chapter 5 presents the contribution of the PSH units to the system restoration. A 

model similar to that in previous chapters is established to demonstrate the system 

restoration efficiency when wind energy and the PSH operation is coordinated. There are 

three case studies proposed in this chapter, where the simulation results demonstrate that 

the PSH unit snot only can reduce the restoration time and enhance the system resilience 
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to HILP events, but also decrease the amount of wind curtailment to achieve a maximum 

wind power utilization. 

Chapter 6 finally provides the research conclusions and lays out the future research 

directions.        
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Chapter 2: Literature Review 
 

2.1 Introduction 

The black-start (BS) recovery plan is a common approach to recover the power 

system from a large-area, long-duration outage. A BS is the process of restoring a part of 

or the entire electrical grid to operation without relying on the energy from external electric 

power transmission networks [41] [42]. To develop an optimal BS recovery plan, there is 

extensive research and literature that have discussed several restoration methods based on 

the deployment and operation of BS units. In addition, as renewable resources increase 

their penetration in power systems, several research papers discussed the application of 

such resources during the system restoration process. In this chapter, we will introduce 

such restoration tools and mechanisms as well as the techniques that have been explored 

so far in the literature. 

 

2.2 Application of the Black-Start Generating Units for Restoration 

Most generators in the system require enough electricity for operation, so if these 

generators have gone offline, they must rely on energy from external electric power 

networks to return back to the normal operation [1]. These kinds of generators are called 

non-black-start (NBS) generating units. On the contrary, there are BS generators that do 

not require power from the external grid to function. When BS generators operate normally, 

they can supply power to a system and provide cranking power for NBS generators: the 

power that NBS need to start a successful operation. The restoration process with black-

start generators is called BS recovery plan. In fact, a BS recovery plan is difficult to practice 
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and implement, because of the complexity and nonlinearity in the system topology. When 

designing a BS recovery plan, operators have to identify priority loads and restoration of 

other NBS generation plants and emergency demands such as hospital services and military 

usages to determine an optimal recovery path, from high to low priority loads. 

During the restoration process, the operators need to take a series of activities 

including evaluating system conditions, starting BS generating units, establishing 

transmission paths to supply cranking power to NBS generating units, picking up necessary 

loads to stabilize the power system, and synchronizing electrical islands [43] [44]. The 

revised standards EOP-005-2 [45] and EOP-006-2 [46] proposed a new definition of BS 

resources and requirements for Transmission Operators (TOP), Generator Operator (GOP) 

and Reliability Coordinators (RC). These two standards require each TOP to have a 

restoration plan approved by its RC, and each GOP to have a BS procedure which can 

satisfy BS testing requirements of its TOP [47]. Therefore, it is important for operators to 

utilize the available BS capabilities during the restoration process. Maximizing generation 

capability for restoration is a promising way to employ available BS generating units for 

providing cranking power to NBS generating units.  

Generally speaking, the restoration process can be divided into three steps: starting 

generators, establishing transmission networks, and recovering load services [44]. In [48], 

authors provided a new algorithm to determine an optimal generator start-up sequence for 

BS restoration through global optimization process. The objective function of the proposed 

formulation is to maximize the generation capacity, and the constraints of the optimization 

model include binary variables to represent the status of generators. They developed a 

mixed-integer linear programming (MILP) model to solve the optimization problem and 
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achieve an optimal generator start-up sequence. After determining the generator start-up 

sequence, it is critical to find the shortest transmission recovery path. The paper [49] 

applies a similar MILP-based algorithm to determine an optimal transmission recovery 

path.  With an optimal generator start-up sequence and the shortest transmission recovery 

path, it is important to design a proper method to resupply the load services. However, 

recovering load services is not as simple as the former steps. 

Regulatory challenge is one of the restoration obstacles which are divided into three 

areas: regulatory, economic and technical challenges. Regulatory issues are associated with 

directives from the authorities in charge of determining the required level of service 

reliability to be supplied by utilities to the end users and customers [50]. Thus, many 

regulatory authorities, independent system operators (ISOs) and regional transmission 

organizations have proposed guidelines to ensure the service reliability during the 

restoration process [28] [45] [51] [52]. In [53], the authors describe that the ISO New 

England has addressed the system restoration regulatory, economic, and technical issues. 

They have also updated the change in restoration philosophy from a bottom-up to a top-

down restoration plan. 

The contributions in [53] inspired the authors in [54] and [55]. In [54], they 

concluded that it is critical to coordinate the generation and load pickup to ensure reliability 

during the load restoration process. This paper formulated a mixed-integer nonlinear load 

restoration (MINLR) model to determine a multi-stage decision process for load restoration. 

The simulation of the MINLR model is based on the BS restoration plan. Different from 

the algorithms in [48] and [49], the objective function of the suggested MINLR model is 

to maximize the load pickup subject to AC power flow and reserve constraints. Thus, this 
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methodology can assist the system operators to restore load services to the customers and 

conduct frequency/voltage control. Reference [55] proposes a decision support 

methodology for restoration of interconnected power systems through the application of 

tie lines (TLs). In this paper, authors formulated an optimization model to determine the 

optimal application of TLs and dispatch of available BS capabilities to NBS units. 

There is also further literature discussing the BS recovery strategy from different 

aspects. Reference [56] introduces a new method that can optimize the generator start-up 

sequence and the associated restoration paths simultaneously. In this paper, authors 

formulated a multi-objective optimization model with three optimization objectives which 

are to maximize the generation capacity, the reliability of restoration paths, and the 

importance of restoration paths. In [57], authors proposed the application of Voltage 

Source Converter – High Voltage Direct Current (VSC-HVDC) for BS scheme to avoid 

the inrush current and transient over voltage. As for [58], it presents two indices of capacity 

selection for BS generating units and builds the MATLAB/SIMULINK model for 

implementing the presented indexes. 

 

2.3 The Application of Renewable Resources for Restoration 

With the increasing penetration of variable renewable energy resources, changes in 

system restoration strategies would be required. Different from the traditional generation 

resources which process a relatively predictable operating performance, renewable energy 

resources are attributed more variability and uncertainty, which at times, may challenge 

the grid operation and control [19]. For example, forecasts of wind may not be always 

accurate and the wind power output of a wind farm might rapidly change from 0% to 100% 
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of the rated capacity of the wind farm. Such uncertainties bring new challenge to the system 

restoration. However, renewable energy resources can bring several benefits to system 

restoration [16]. The first benefit of deploying renewable resources in the restoration 

process is to increase the BS capacity. When the frequency deviation reaches the threshold 

values of the protection requirements for generation units, they are automatically 

disconnected from the grid. Thanks to the Smart Grid Technologies, renewable resources 

may be permitted to contribute to BS, because the disconnection of wind generation units 

connected to the distribution system is often less strict than for units connected to the 

transmission grid [16] [59]. The second benefit is to ameliorate the load pickup conditions 

during restoration. Renewable resources could provide power to restore loads, when they 

satisfy all general requirements. 

Reference [60] presents several aspects of power system restoration considering 

wind farms. The first aspect is the development of wind power technology. There are 

several technologies for wind generation that make a smooth wind control possible. These 

technologies involve a doubly fed induction generator (DFIG) based wind turbine and a 

permanent-magnet synchronous generator (PMSG) based wind turbine [61] - [64]. The 

second one is the target and constraints of wind farm restoration. The target of a wind farm 

is to determine whether to restore wind farms based on the amount of forecasted power, 

while the constraints of wind farms are to restrict the output power of the wind farms. This 

satisfies the power balance requirements. The third one is the influence on load restoration. 

Wind farms have a negative impact on load restoration, because of the DFIG characteristics 

which control the active power and reactive power independently [60]. 
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  In [63], authors developed a control system for the BS process with DFIG-based 

wind turbines. According to the simulations, it was concluded that the control system with 

DFIG can provide a strong capability for fast restoration of a network from BS. Similarly, 

reference [64] also designed a frequency control strategy for wind power generation (WPG) 

in the BS procedure (see Figure 3). The strategy in this paper is based on the PMSG-based 

wind turbines, where the authors presented that the application of PMSG-based WPG in 

the BS procedure can significantly enhance the resilience of the power systems. 

 

 

Figure 3 Coordinated frequency control for WPG participation in the BS procedure [64] 

 

The flexibility offered by large offshore wind farms with VSC-HVDC technology 

is utilized to support the restoration following a blackout in a typical transmission grid [65]. 

The simulation results in [65] show that after the energization of the offshore wind farm, 

the load pick up in the system is faster than in the scenarios where no wind farm exists. 

Thus, authors concluded that the conventional synchronous generating units would be 
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replaced by the large-scale integration of renewable generation, which could be ready to 

run in a short time to fully support the restoration phase. In [66], the authors proposed the 

utilization of a firefly algorithm to find the optimal restoration strategy with the help of 

renewable energy resources. 

Apart from the wind power, photovoltaic (PV) power is another resource of 

renewable energy. There are some research efforts on the effective utilization of the PV 

power in BS restoration. For example, reference [67] presents a BS scheme optimization 

model to maximize the total power provided by PV stations and energy storage units. The 

simulation results revealed that the full use of PV power and energy storage can recover as 

much traditional units and load as possible. Moreover, an allocation (sizing and siting) 

scheme is proposed in [20] that best allocates the PV and energy storage resources in 

transmission systems for maximum load pickup during emergencies, swift restoration and 

recovery following the HILP events, and an enhanced network resilience.  

 

2.4 Other Techniques for Restoration   

2.4.1 Topology Control for Restoration  

Power system topology control, often called transmission line switching (TLS), can 

change the way how electricity flows through the system, so it provides operators an 

opportunity to utilize the flexibility of the transmission system topology [6]. Through 

temporarily removing transmission lines out from service, TLS can be applied not only in 

normal operating conditions for economic gains and financial benefits, but also during the 

system restoration for enhanced reliability and resilience [68] - [72]. Here, we only 

introduce the research on the application of TLS for system restoration.  
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When employing TLS for restoration, most previous studies developed the 

topology control optimizations. There is a review of past research on the applications of 

topology control optimization presented in [73]. In [74], authors proposed an optimal 

topology control with AC power flow constraints to decrease the system operating cost 

during N-1 contingency. A DCOPF-based TLS model is implemented to recover the load 

outages in case of critical contingencies in [75]. The authors in [76] presented a flexible 

decision making support tool based on the DCOPF model for TLS that ensures a reliable 

implementation of TLS solutions, mostly for load outage recovery. When implementing 

TLS in practice, operators would face three important issues, including circuit breaker 

monitoring, relay setting coordination, and detection of relay miss-operations [77]. The 

framework presented in this paper can satisfy the AC feasibility, stability, and circuit 

breaker reliability requirements needed for practical implementation. Reference [77] 

utilized an adaptive topology control to address these three issues. 

 

2.4.2 Energy Storage for Restoration 

There are also a large number of research efforts discussing about the application 

of energy storage for restoration. Reference [37] presented a new healer reinforcement 

approach to enhance the self-healing capability of the smart grids. The approach introduces 

plug-in hybrid electric vehicles (PHEVs) as backup sources and storage units in the 

restoration process. The presented results in this paper showed that with the help of PHEVs, 

the system operators can reduce the total cost of reliability and system average interruption 

duration indices. Similarly, the authors in [38] also utilized the PHEVs for restoration. 

They proposed a nonhomogeneous Markov chain method for generation of synthetic 
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driving behavior of PHEV owners. A new and completely distributed algorithm for 

restoration with distributed energy storage is presented in [39], where following extensive 

simulations of the presented algorithm, it was concluded that the distributed energy storage 

have several benefits to support the distribution network restoration. Mobile power 

resources (MPSs) are introduced to improve the restoration capacities of power distribution 

systems [40]. With a two-stage robust optimization model, the paper shows that the MPSs 

can reduce restoration time and enhance the system resilience.  

The energy storage techniques mentioned above all work at the distribution level. 

At the transmission level, a complete dynamic model of the BS capable pumped-storage 

units is presented in [78].     

 

2.4.3 Other Paradigms for Recovery and Resilience 

In addition to the aforementioned techniques for restoration, there exist in the 

literature a wide-range of other approaches and considerations that individually or 

collectively help an improved system performance under normal operating conditions 

(enhanced situational awareness) and for resilience during emergencies. Such 

considerations range from the formation, deployment, operation and control of microgrids 

in distribution systems [79] - [81], advanced preventive and corrective maintenance 

strategies in generation, transmission and distribution systems [82] - [103], distributed 

generations (DGs) and remote-terminal units (RTUs) [104] - [112], advanced control and 

operation of EVs [113] - [119], and harnessing the data analytics on sensors and phasor 

measurements [120] - [127], among others.   
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Chapter 3: Formulations for System Restoration 

under the Base Case Scenario 

 

3.1 Introduction 

Utilizing black-start (BS) generating units to resupply electricity services from a 

huge blackout is a common and reliable approach for system restoration. Especially, BS 

generating units are indispensable parts of the self-healing smart power grids. The 

restoration strategy in this chapter is based on the utilization of BS generating units. 

In this chapter, an optimization model for enhanced system restoration is developed 

and solved in a mixed-integer linear programming (MILP) model. According to the 

presented restoration strategy, an optimal generators start-up sequence and the shortest 

transmission recovery path would be achieved. The simulation result also would show the 

total load pickup during the restoration process. The case studies presented in this chapter 

are focused on the IEEE 57-bus test system. 

 

3.2 Problem Formulation 

The procedure of BS restoration in a transmission system includes the following 

four steps (see Figure 4): 

• BS generating units begin to operate and produce the electric power. 

• Transmission network is energized by BS generating units and recovered 

based on its topology. 
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• Non-black-start (NBS) generating units obtain cranking power through 

transmission lines from BS generating units and supply the electric power 

to transmission network when they are back to the normal operation. 

• Electricity services for demands are supplied by the power transferred 

through transmission network. 

 

Figure 4 BS Restoration Process 

 

An optimization model will be developed to simulate the BS restoration process. 

With the review of the past literature on the role of the BS generating units in the restoration 

process [47], system operators can optimize the use of available capacities in BS generating 

units by maximizing the total generation capability. Apart from maximizing the available 

BS capacities, increasing the load pickup at each time step during the restoration period 

should be also concerned. Thus, the objective function in the model is to maximize the total 

generation capability and minimize unserved load during restoration, as formulated below: 

                      ( ) ( )max max

, ,max start

g g g t d d d t

t T g G t T d D

P P n P P
   

 
− −  − 

 
                            (3.1) 
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Where, binary variable ,

on

g tn   represents the status of generating unit g at restoration 

time t, and decision variable 
,d tP  represents the amount of restored load d at restoration 

time t. Parameters max

gP  and 
start

gP  denote the maximum generation capacity and the 

amount of required cranking power for the generating unit g. max

dP  is the maximum amount 

of restorable demand load d and d  is the load priority factor of load d. Here, we use 10 

minutes to denote one time step during the restoration process. To represent the restoration 

process, multiple constraints should be considered. The optimization constraints involve 

the initial conditions constraints, energization sequence constraints, components 

characteristics constraints, power balance constraints, and load pickup constraints. 

 

3.2.1 Initial Conditions Constraints 

In this thesis, it is assumed that the transmission system suffers a blackout because 

of the disturbance from other transmission systems which are affected by a large natural 

disaster (i.e., HILP events). Based on this assumption, there are no physical damages to the 

system components and major infrastructure, but the system suffers from an electricity 

blackout. All generating units readily participate in the restoration process. At the 

beginning of the restoration, none of the components in the system are energized. 

Constraints (3.2)-(3.5) imply that all generating units are off, and transmission buses and 

lines are de-energized at the initial time. Constraint (3.6) illustrates that the BS generating 

units begin to start operation at the first time step. 

                                                  , 0 0,start

g tn g G= =                                                               (3.2) 

                                                  , 0 0,g tn g G= =                                                               (3.3) 
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( ), 0 0,i j tn i B= =                                                                 (3.4) 

                                                  
, 0 0,k tn k K= =                                                                (3.5) 

                                                  , 1 1,start

g t BSn g G= =                                                              (3.6) 

Where, binary variables 
,g tn  , 

( ),i j tn  and 
,k tn  represent the status of generating unit 

g, bus i and transmission line k. When these binary variables are equal to 1, then the 

generating unit g is online, bus i and transmission line k are energized. Binary variable 

,

start

g tn  denotes whether the generating unit g is in the start-up period. If generating unit g is 

in start-up period, it is equal to 1. 

 

3.2.2 Energization Sequence Constraints 

During the system restoration, the recovery path of transmission network should 

obey a logical energization sequence (see Figure 5), which requires transmission buses and 

lines being re-energized one by one. This is enforced by the energization constraints. 

 

Figure 5 Illustration of logical sequences for transmission path 
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Energization sequence constraints can be divided into two parts: generating units’ 

start-up and transmission buses/lines re-energization. In the generation units’ start-up part, 

BS generating units have different start-up sequences with NBS generating units. As for 

the BS generating units, when they operate normally, the buses connected to them would 

be energized, which is represented in constraints (3.7). Because NBS generating units 

require cranking power from an outside network, the NBS can start only after the buses 

connected to them receive the electric power in (3.8).  

                                            , , , ,g t i t BS BSn n g G i B                                                        (3.7)  

                                            , , , ,start

g t i t NBS NBSn n g G i B                                                     (3.8) 

For all off-line generation units, they need to spend time on returning back to a 

normal operation after the required cranking power is delivered. The consumed time in the 

start-up period is determined depending on the type of the generators. Hydro generators 

can be started quickly without outside sources (i.e., BS unit), while combustion turbines 

(CT) would take 10 minutes to 1 hour in start-up period depending on their capacities. For 

steam turbines, they typically spend 1 to 20 hours on start-up relying on their status. 

Constraint (3.9) denotes that generating unit g is on line after the start-up period, and sT  

represents the start-up duration of generating unit g.  

                                               , , ,
s

start

g t T g tn n g G+                                                           (3.9) 

In transmission buses/lines re-energization part, they also need to follow a logical 

transmission path. If connected buses are de-energized at time t, the transmission line is 

also de-energized at time t. In other words, a transmission line is energized, only when any 

buses connected to it is energized. Constraint (3.10) denotes this relationship. After a bus 

is energized, it will take one time step to energize the line connected to this bus. Constraint 
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(3.11) illustrates that if a line is energized at t+1, then at least one of the buses connected 

to it is energized at time t.  

                                                   
, ( ), , ,k t i j t kn n i j B                                                      (3.10) 

                                               
, 1 , , , ,k t i t j t kn n n i j B+  +                                                  (3.11) 

For a bus connected to the NBS generating units, if all transmission lines connected 

to this bus are de-energized at time t,  this bus is also de-energized at time t. Constraint 

(3.12) shows that a bus connected to NBS generating unit is energized, when any 

transmission lines connected to this bus is energized. 

                                                  , , , /
i

i t k t BS

k K

n n i B B


                                                         (3.12) 

Constraints (3.13) and (3.14) present that once a bus or transmission line is 

energized, it won’t be de-energized again. 

                                                           , , 1i t i tn n +                                                            (3.13) 

                                                           , , 1k t k tn n +                                                           (3.14)    

 

3.2.3 Components Characteristics Constraints 

In this section, constraints characterized by the component characteristics are taken 

into account which consist of generator parameters, generator start-up characteristics, 

transmission line characteristics and load characteristics. The output power of a generator 

should be limited by its real and reactive power capacity. Constraints (3.15) and (3.16) 

show the minimum and maximum boundary of the real and reactive power output of 

generating unit g. The output power of each generator is restricted by its ramping rate – the 

rate at which a generator can increase or decrease its output, as shown in constraint (3.17). 
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Similarly, constraints (3.18) and (3.19) illustrate the real and reactive power limitation of 

transmission lines, while constraints (3.20) and (3.21) present the capability of real and 

reactive loads.  

                                                    
min max

, , ,g g t g t g g tP n P P n                                              (3.15) 

                                                    
min max

, , ,g g t g t g g tQ n Q Q n                                             (3.16) 

                                                   , 1 ,g g t g t gRR P P RR+−  −                                             (3.17) 

                                                    
min max

, , ,k k t k t k k tP n P P n                                               (3.18) 

                                                    
min max

, , ,k k t k t k k tQ n Q Q n                                              (3.19) 

                                              
min max

, , , ,d i t d t d i t dP n P P n i B                                             (3.20) 

                                              
min max

, , , ,d i t d t d i t dQ n Q Q n i B                                            (3.21) 

The generator start-up characteristics illustrate the amount of energy consumption 

by the NBS generating units. During the start-up period, the NBS generating units require 

cranking power from external transmission systems. Constraint (3.22) represents the 

required cranking power for generating unit g at time t. 

                                            ( ), , , ,start start start

g t g g t g t BSP P n n g G= −                                                  (3.22) 

 

3.2.4 Power balance constraints 

Real and reactive power generation and load have to be balanced at all times in 

each bus, as shown in constraints (3.23) and (3.24). Constraints (3.25) and (3.26) represent 

the power flow balance at each transmission line. 

                                 , , , , ,( )
i i f t

start

g t g t d t k t k t

g G d D k K k K

P P P P P
   

− − = −                                   (3.23) 
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, , , ,

i i f t

g t d t k t k t

g G d D k K k K

Q Q Q Q
   

− = −                                          (3.24) 

                                ( ), , , , , ,cos sink t i t k i t j t k k t k k tP V g V V g b = − +                                   (3.25) 

                          ( ) ( )2

, , 0 , , , ,cos sink t i t k k i t j t k k t k k tQ V b b V V b g = − + + −                           (3.26) 

However, AC power flow constraints (3.25) and (3.26) are nonlinear, so a 

linearized model for AC power flow is included in constraints (3.27) and (3.28). This 

approach is introduced in [128], and the details are presented in Appendix 1. Typically, the 

bus voltage magnitude has a range from 0.95 p.u. to 1.05 p.u. and absolute value of phase 

angle difference across transmission line k is lower or equal than o90 . Constraints (3.29) 

and (3.30) illustrate the boundary for the bus voltage magnitude and phase angle. 

                                             ( ), , , ,k t i t j t k k k tP V V g b =  −  −                                          (3.27) 

                             ( ) ( ), , 0 , , ,1 2k t i t k i t j t k k k tQ V b V V b g = − +  −  −  −                             (3.28) 

                                               , , ,0.05 0.05i t i t i tn V n−                                                  (3.29) 

                                                  
, , ,

2 2
k t k t k tn n

 
−                                                      (3.30) 

Where, ,i tV  denotes the voltage magnitude deviation from 1 p.u. at bus i, and ,k t  

represents phase angle difference across transmission line k. Parameters kb  and 0kb  are 

series admittance of transmission line k and shunt admittance of transmission line k, while 

parameter kg  is the conductance of the transmission line k.  
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3.2.5 Load Pickup Constraints 

During restoration, operators should consider the amount of dynamic reserve that 

is available in order to preserve the system during a frequency disturbance, which in turn, 

allows the system to survive the loss of the largest outages [28].  The required amount of 

dynamic reserve should be determined by “load pickup factors” which are the maximum 

amount of load a generator can pick up without resulting in a reduction of frequency below 

the prescribed safe operation level (57.5Hz). The values of load pickup factors are 

dependent on the type of generators. The factor is assumed to be 5% of the generation 

capacities in steam turbines, 15% of the generation capacities in hydro generators, and 25% 

of the generation capacities in combustion turbines. Constraint (3.31) presents the 

maximum load pickup capacity at each restoration time. Once the load buses are supplied 

by the required electricity, they would not lose their load again as enforced in (3.32). 

                                                   
, 1 , ,d t d t g g t

d D d D g G

P P P+

  

−                                           (3.31) 

                                                          , 1 , 0d t d tP P+ −                                                       (3.32) 

 

3.3 Case Study 

A modified IEEE 57-bus test system has been adopted in this chapter, the one-line 

diagram of which is illustrated in Figure 6. The system has 7 generators, and the total 

amount of load outage is 1250 MW. The data for the IEEE-57 bus system is provided in 

Appendix 2. The base power is assumed to be 100 MW and each restoration time step is 

10 minutes (1 p.u.). The total restoration period is 5 hours (30 p.u.). The formulated MILP 

model is simulated in the GAMS optimization platform. 
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Figure 6 IEEE 57 Bus system 

 

3.3.1 Optimal Generator Start-up Sequence 

According to Table 1, all generators are operating normally (online) after 3 hours 

(18 p.u. time). The cranking power supply path corresponding to the generator 5 is the 

longest, as shown in Table 2. 

Table 1 Optimal Start-up Time for Generators 

Gen. No. Time (p.u.) Type Gen. No. Time (p.u.) Type 

G1 2 Hydro turbine G5 18 Steam turbine 

G2 9 Steam turbine G6 8 Steam turbine 

G3 10 Steam turbine G7 16 Combustion turbine 

G4 9 Combustion turbine    

 

Table 2 Cranking Power Supply Path 

NBS gen. Supply Path 

G2 Bus: 1➔2 

G3 Bus: 1➔2➔3 

G4 Bus: 1➔2➔3➔4➔6 

G5 Bus: 1➔15➔13➔9➔8 

G6 Bus: 1➔15➔13➔9 

G7 Bus: 1➔16➔12 
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3.3.2 Optimal Transmission Re-energization Path 

Figure 7 shows the restoration path for the IEEE 57-bus test system during each 

time interval. In this figure, the solid lines represent the transmission buses/lines that are 

energized, while the dashed lines denote the transmission buses/lines that are de-energized. 

Based on this figure, it takes 12 p.u. time (2 hours) to energize all transmission buses and 

lines. Although the studied transmission network can be recovered within 2 hours, the total 

demand loads need more time to restore. The reason lies in the fact that some NBS 

generating units spend more than 2 hours for start-up. Table 3 illustrates the amount of 

restored loads at each time interval during the transmission network recovery. 

 

Table 3 The Amount of Demand Loads at Each Time Step 

T (p.u.) 1 2 3 4 5 6 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 0 50 99 137 181 217 

Outages (MW) 1250 1200 1151 1113 1069 1033 

T (p.u.) 7 8 9 10 11 12 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 267 373 569 766 887 977 

Outages (MW) 983 877 681 484 363 273 
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(a) 

 
(b) 
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(c) 

 
(d) 
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(e) 

 
(f) 
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(g) 

 
(h) 
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(i) 

 
(j) 
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(k) 

 
(l) 

Figure 7 (a)~(l) Transmission restoration path from 1 p.u. time to 12 p.u. time 
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Figure 8 depicts the total generation and load pickup curves of the system when 

considering this base case scenario. Based on this figure, the demand loads are restored 

completely at 18 p.u. time. In other words, after a blackout occurs, the studied system can 

return back to the normal operation within 3 hours. As one can see, although the 

transmission network recovers at 12 p.u. time, the total restored load is 1002 MW until 16 

p.u. time. As mentioned earlier, this is because two generators are not able to operate 

normally and supply power into the system, the amount of generation cannot satisfy the 

required demand load, and hence the full load outage recovery cannot be achieved earlier. 

When the remaining generators begin to offer generating power to the system at 16 p.u., 

the pickup loads continue to increase and reach the maximum at 18 p.u. time.  

 

 

Figure 8 Total generated power and real and reactive load pickup in the base case scenario 

 

3.4 Conclusion   

An optimization model was formulated to simulate the process of restoration in 

transmission networks. The objective function in the model is to maximize the total 
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generation capacity and minimize the unserved loads. A generator start-up sequence and a 

transmission recovery path was established with constraints including initial conditions 

constraints, energization sequence constraints, components characteristics constraints, 

power balance constraints, and load pickup constraints. 

After testing the proposed MILP optimization model on the IEEE 57 bus test system, 

an optimal generator start-up sequence, an optimal transmission recovery path and total 

load pickup time are achieved. The numerical results showed that it took 2 hours for the 

transmission system to recover, and the 3 hours for the entire system to return back to its 

normal operating condition.  
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Chapter 4: Incorporating Wind Energy in Power 

System Restoration 
 

4.1 Introduction  

Compared with conventional generators such as steam turbines and combustion 

turbines, wind turbines offer two main advantages: (i) they can reduce the cost of 

generation and (ii) ameliorate the environmental requirement. As the report mentioned in 

2008 [31], the U.S. Department of Energy set a goal that wind energy supplies 20% of the 

country’s electricity need in 2030. In 2018, wind power generated 6.5% of the nation’s 

electricity demand [33]. Because wind power is increasing its penetration in electric power 

system, it is necessary for researchers to consider the impact of wind energy in power 

system operation and restoration. 

This chapter will discuss the influences on power system restoration effectiveness 

when incorporating wind energy. The IEEE 57-bus system from Chapter 3 will be modified 

with introducing wind farms into the system. An optimization model is established to 

simulate the procedure of system restoration with wind farms. The result on the restoration 

efficiency will be then obtained. A sensitivity analysis is then presented in different cases 

of wind farms to further demonstrate the influence of wind energy in system restoration.  

 

4.2 Problem Formulation 

Here, an optimization model is established for system restoration incorporating 

wind farms. This model is similar to the model presented earlier in chapter 3, which is to 

maximize the total generation capacity and minimize the unserved load. The only 
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difference between these two models concerns with maximizing the total generation 

capacity. For wind farms, their capacity should be considered part of the total generation 

capacity. The model is shown below: 

            ( ) ( )max max

, , , ,max start fore

g g g t w t w t d d d t

t T g G t T w W t T d D

P P n P n P P
     

 
− + −  − 

 
               (4.1) 

Where, ,

fore

w tP  denotes the wind farms’ forecasted power at each time t and binary 

variable ,w tn  represents the status of wind farms. Similarly, initial conditions constraints, 

energization sequence constraints, components characteristics constraints, power balance 

constraints, and load pickup constraints should be involved in the optimization model for 

power grid restoration. 

 

4.2.1 Initial Conditions Constraints 

At the beginning, all components in the system are de-energized and BS generating 

units would begin the start-up procedure at the first unit of restoration time. Constraints 

(3.2) – (3.6) are still used here. In addition, constraint (4.2) shows that wind farm w is off 

at the beginning.  

                                                        , 0 0,w tn w W= =                                                         (4.2) 

 

4.2.2 Energization Sequence Constraints 

There is an energization sequence for the transmission network. The components 

of the network should be energized from the buses connected to BS generating units step 

by step. Constraints (3.7) – (3.14) are still employed here. At this point, wind farm units 

need to be considered into the energization sequence. Wind turbines can be considered as 
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the BS and NBS generating units. In this thesis, we assume that wind generators are 

operated like NBS generating units. Constraint (4.3) illustrates that wind farm unit w cannot 

be started until the bus connected to it is energized. 

                                                      
, , ,w t i t wn n i B                                                          (4.3)    

         

4.2.3 Components Characteristics Constraints 

All generators, transmission lines, and load demands have limitation, so constraints 

(3.15) – (3.22) are needed here. Additionally, the scheduled power of wind farms has a 

boundary as well, as enforced in constraint (4.4) and constraint (4.5). One difference 

between the wind generators and conventional generators is that wind generators have high 

ramping rates and can be started faster. Assuming the wind farms having a large ramping 

rate, there is no constraint to limit wind power ramping. In this thesis, the goal is to achieve 

a maximum wind utilization during the restoration process; so, it is assumed that the 

percentage of the utilized wind power would not decrease as time goes by, as shown in 

constraint (4.6). 

                                                    , , , ,0 fore

w t w t w t w tn P P n                                                    (4.4) 

                                                    , , , ,0 fore

w t w t w t w tn Q Q n                                                   (4.6) 

                                                  , , , 1 , 1

fore fore

w t w t w t w tP P P P+ +                                                  (4.6) 

4.2.4 Power Balance Constraints 

Each bus should have real and reactive power balance between generating power 

and loads, as shown in (4.7) and (4.8). And the linearized AC power flow constraints are 

also set in (3.27) – (3.30). 

                       ( ), , , , , ,

i i i f t

start

g t g t w t d t k t k t

g G w W d D k K k K

P P P P P P
    

− + − = −                                (4.7) 
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, , , , ,

i i i f t

g t w t d t k t k t

g G w W d D k K k K

Q Q Q Q Q
    

+ − = −                                     (4.8) 

 

4.2.5 Load Pickup Constraints 

Because the amount of wind power would be hard to predict and they change 

rapidly, we assume here that the wind farms do not have any contributions for dynamic 

reserve. Thus, load pickup constraints (3.31) and (3.32) are still valid. 

 

4.3 Case Study 

The test case here is the modified IEEE 57-bus test system similar to that introduced 

earlier in Chapter 3. A wind farm with 200 MW is installed at bus 38 (see Figure 9). In this 

case, the base power is assumed to be 100 MW and each restoration time step is 10 minutes 

(1 p.u.). Also, wind farm is operated at unity power factor, and the confidence interval for 

the wind farm output is set as 10% of the forecasted value. The formulated MILP model is 

simulated in the GAMS optimization platform. 

 

Figure 9 Modified IEEE 57-bus test system with a wind farm 
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After simulation of the restoration process, the generators start-up sequence and 

transmission recovery path in this case are achieved the same as those found in Chapter 3 

under the based case scenario (see Figure 7). The total transmission network can be restored 

in around 2 hours. With the participation of the wind farm, the unserved loads can be 

supplied more than that in the based case at each time interval, as shown in Table 4.  

Based on Figure 10, the total pickup load reaches 1192 MW at 12 p.u. which is the 

time that the total transmission network has recovered. The demand loads are restored 

completely at 16 p.u., which is 2 p.u. earlier than that in the base case scenario. Therefore, 

the participation of wind farms is beneficial in the system restoration process. Wind farms 

in the system can reduce the restoration time and increase the pickup loads at each recovery 

time step, thereby helping achieve an enhanced resilience. 

 

Table 4 The Amount of Pickup Loads at Each Time Step in the Case with Wind 

T (p.u.) 1 2 3 4 5 6 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 0 50 99 137 181 296 

Outages (MW) 1250 1200 1151 1113 1069 954 

T (p.u.) 7 8 9 10 11 12 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 457 573 769 966 1102 1192 

Outages (MW) 783 677 481 284 148 58 
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Figure 10 Total load pickup in the case with wind farm at bus 38 

 

4.4 Sensitivity Analysis  

4.4.1 Impact of Wind Power Penetration 

In pervious study case, the capacity of the installed wind farm was set as 200 MW, 

which represents 16% penetration. Here, the impact of different wind power penetration 

levels, including 8% (100 MW), 24% (300 MW), and 32% (400 MW), are discussed.   

Figure 11 shows the curves of the total load pickup in different wind penetration 

scenarios. According to this figure, it is illustrated that the higher penetration of wind 

power can restore the system faster. As one can see, the load demands recover completely 

at 17 p.u. time in 8% penetration case, while at 16 p.u. time in 16% penetration case. Both 

24% and 32% penetration of wind power can restore the system at 12 p.u. time. In these 

two penetration cases, when the transmission network is restored, the total demands would 

be resupplied immediately. Thus, higher penetration of wind farm can improve the system 

capability for a timely restoration and enhanced resilience.    
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Figure 11 Total load pickup with different wind penetration levels 

 

 
(a) 8% penetration 

 
(b) 16% penetration 
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(c) 24% penetration 

 
(d) 32% penetration 

Figure 12 (a) ~ (d) Wind power with different penetration of wind farms 

 

Figure 12 illustrates the relationship between the forecasted and scheduled power 

of a wind farm with different capacities. Because the real and reactive power generated 

should be balanced with those of loads, the output power of the wind farm cannot 

immediately reach its forecasted power. For the 100 MW or 200 MW capacity wind farm, 

it took around 2 p.u. time to supply 100 percent of the forecasted power. The 300 MW or 

400 MW capacity wind farm spent nearly 3 p.u. on providing the entire forecasted power. 

Therefore, a large amount of wind energy is curtailed. The more capacity a wind farm owns, 

the larger wind energy curtailment will be resulted. 

 

4.4.2 The Impact of the Wind Farm’s Location 

 In this section, we discuss the influence of the installed location of the wind farm 

in the network on the restoration efficiency. Besides the original location at bus 38, we will 
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investigate a random location of the wind farm at buses 16, 25 and 29. The capacity of the 

wind farm is 200 MW. After simulation, the optimization results reveal that the wind 

farm’s location in the network has a direct impact on the restoration process, as shown in 

Figure 13. 

 

 

Figure 13 Total load pickup at different location of the wind farm 

 

According to Figure 13, different locations for the wind farms have different 

impacts on the amount of pickup load at each restoration time unit. The system recovers 

completely at 16 p.u. in all different location test cases. Because the bus 16 is energized 

faster than the others, the wind farm at bus 16 supplies energy to the system fastest. Hence, 

at the early restoration period, the system with the wind farm located at bus 16 can restore 

more loads than the wind farm at other locations.   
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(a) Wind farm at bus 38 

 
(b) Wind farm at bus 16 

 
(c) Wind farm at bus 25 

 
(d) Wind farm at bus 29 

Figure 14 (a) ~ (d) Wind farm power at different locations 

 



49 
 

Figure 14 depicts the forecasted and scheduled power of the wind farm at different 

locations. In all cases, the amount of scheduled power cannot increase to that of the 

forecasted immediately. Because of the limitation arisen from the system’s components, 

the wind farm at bus 25 only provides 126 MW power, while its forecasted power is 200 

MW. Based on the results in Figure 14, the wind farm located at the earlier energized buses 

can reduce wind energy spillage. Thus, the wind farm’s location also has a direct impact 

on the wind energy curtailment. 

 

4.4.3 The Impact of Wind Farms’ Quantity  

The analysis mentioned above was on the impact of one wind farm for system 

restoration. The analysis for wind energy in this section is focused on two or three wind 

farms in the system. For better comparison, we assume the following three scenarios. The 

first scenario is to have one 100 MW wind farm at bus 15 and one 100 MW wind farm at 

bus 38. The second scenario is setting a 200 MW wind farm at bus 15 and a 100 MW wind 

farm at bus 38. The third scenario is to have a 100 MW wind farm at bus 10, a 100 MW 

wind farm at bus 15, and a 100 MW wind farm at bus 38. After simulating these three 

scenarios and running the optimization model, the amount of pickup loads at each 

restoration time step is obtained and shown in Figure 15. 



50 
 

 

Figure 15 Total load pickup with different number of wind farms 

 

 
(a) Scenario 1 

 
(b) Scenario 2 
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(c) Scenario 3 

Figure 16 (a) ~ (c) Wind power with different number of wind farms 

 

According to the Figure 15, increasing the number of the wind farms can have a 

positive impact on system restoration. Compared with the base case scenario studied earlier, 

installing more than one wind farm into the system can shorten the restoration time. At the 

early restoration time periods, the system in scenario 2 could recover more demand loads 

than other two scenarios, but it has more wind curtailment than other two scenarios, as 

shown in Figure 16.  

 

4.5 Conclusion  

In this chapter, the impact of wind energy on the system restoration has been 

discussed. Because wind power is intermittent and can highly fluctuate and since they are 

attributed a large ramping rate, they are able to supply energy and assist the system 

operation and restoration in a shorter time period. Based on this characteristic, we 

established an MILP-based optimization model applied to the modified IEEE 57-bus 

system to simulate the procedure of the system restoration with wind farms.  

Assuming a 200 MW wind farm as a NBS generating unit, the generator start-up 

sequence and the transmission recovery path in this situation were observed similar to the 
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sequence and the path in the base case scenario without wind power (studied in Chapter 3). 

Compared with the system without a wind farm, all loads are restored faster in the system 

with a wind farm. Hence, wind power is beneficial to the system restoration. 

The sensitivity analysis on the influence of wind energy was also discussed in this 

chapter. The analysis involved the impact of wind power penetration, the impact of the 

wind farm’s location, and the impact of the wind farms’ quantity. With high wind power 

penetration, the system restoration time can be shortened. Based on the transmission 

recovery path, different settings on the locations of the wind farm have different 

contribution to the system restoration. The more wind farms participating into the 

restoration process, the more loads are restored at each restoration time, thereby achieving 

an enhanced overall resilience. 
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Chapter 5: Coordination of Wind Power and PSH 

for System Restoration 
 

5.1 Introduction  

Pumped-storage hydro (PSH) is a type of hydroelectric energy storage [129]. It 

consists of two water reservoirs at different elevations. PSH can utilize hydro turbines to 

generate power (discharge) as water moves down from upper reservoirs, while it can 

consume electric power from external systems to pump the water (recharge) to upper 

reservoir (see Figure 17). PSH is a proven, reliable, and commercially available large-scale 

energy storage resource, which provides 97% of the total utility-scale electricity storage in 

the United States as of 2015 [130]. In addition, PSH offers a number of services and 

contributions to the power system, such as frequency regulation, contingency reserves, 

voltage support, and others [131]. With the increasing penetration of renewable resources, 

PSH can also be employed to balance the daily loads and variable generation from 

renewable resources on the grid.  

 

Figure 17 Typical configuration of a pumped storage hydropower plant [131]. 
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 With these characteristics, it is beneficial to utilize PSH in the system restoration 

process. In this chapter, the influence of coordinating wind energy and PSH for the system 

restoration is analyzed. The IEEE 57-bus system from Chapter 4 will be modified with 

introducing PSH into the system. The optimization model derived in Chapter 4 will be 

extended to simulate the restoration process with PSH. Then, several case studies will be 

analyzed on the impact of PSH on the restoration and on reducing wind curtailment.   

 

5.2 Problem Formulation 

The formulation in this chapter is derived from Chapter 4, so the objective function 

in the optimization model is the same as that in Chapter 4, as shown below: 

             ( ) ( )max max

, , , ,max start fore

g g g t w t w t d d d t

t T g G t T w W t T d D

P P n P n P P
     

 
− + −  − 

 
               (5.1) 

Similarly, the model here also process initial conditions constraints, energized 

sequence constraints, components characteristics constraints, power balance constraints, 

and pickup load constraints. Moreover, to simulate the restoration process with PSH, PSH 

constraints are required to be added in the optimization model. 

 

5.2.1 Initial Conditions Constraints 

Based on the assumptions taken in this thesis, a severe blackout results in the entire 

system being de-energized with no physical damage on the system components. 

Constraints (3.2) – (3.6), (4.2) are needed here. Additionally, there is a constraint (5.2) 

showing the initial status of a PSH unit.   

                                                           , 0 0,h tn h H= =                                                       (5.2) 
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5.2.2 Energization Sequence Constraints 

To simulate the restoration process in the optimization model, energization 

sequence constraints (3.7) – (3.14) and (4.3) should be considered. Although a PSH unit 

can operate as either a BS generating unit or a NBS generating unit, we first consider the 

PSH unit as a NBS unit in this analysis. The PSH unit cannot be started until the bus 

connected to it is energized, as shown in (5.3). 

                                                            , , ,h t i t hn n i B                                                     (5.3) 

 

5.2.3 Components Characteristics Constraints  

All generators, transmission lines, and load demands have limitations to be satisfied, 

thus constraints (3.15) – (3.22) and (4.4) – (4.6) are needed. The characteristics of a PSH 

unit will be presented within the PSH constraints. 

 

5.2.4 Power Balance Constraints 

Each bus should have real and reactive power balance between generating power 

and loads, as shown in (5.4) and (5.5). And the linearized AC power flow constraints are 

also presented in (3.27) – (3.30). 

                    ( ), , , , , , ,

i i i i f t

start

g t g t w t h t d t k t k t

g G w W h H d D k K k K

P P P P P P P
     

− + + − = −                     (5.4) 

                                , , , , ,

i i i f t

g t w t d t k t k t

g G w W d D k K k K

Q Q Q Q Q
    

+ − = −                                 (5.5) 
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5.2.5 Load Pickup Constraints 

When a PSH is in its generation mode, it operates as a hydropower plant. As a result, 

PSH has contribution to increasing the load pickup capacity, as shown in constraint (5.6). 

Constraint (3.32) is also required to be satisfied. 

                                   ,max

, 1 , ,

g

d t d t g g t h h

d D d D g G h H

P P P P +

   

−  +                                    (5.6) 

 

5.2.6 PSH Constraints  

Generally, for a hydro unit, the relationship between the head of associated 

reservoir, the water discharged, and the power generated is non-linear and non-concave 

[132]. The output power of the PSH would be formulated as a non-linear and non-convex 

function of the turbine discharge rate and the net head [133]. In this thesis, variations on 

the net water head are ignored, because it is assumed that each PSH unit has one water-to-

power curve for the generation mode and on power-to-water curve for the pumping mode 

in [134]. Thus, two binary variables ,

g

h tS  , ,

p

h tS  are introduced to represent that the PSH unit 

h is in generation and pumping modes, respectively. These modes are mutually exclusive 

in each restoration time, and cannot operate until PSH unit h is started, as shown in (5.7). 

Constraint (5.8) illustrates the net output power of the PSH. In addition, the generation and 

pumping mode capacity of the PSH should be restricted by its limitation, as shown in (5.9) 

and (5.10). 

                                                         , , ,

g p

h t h t h tS S n+                                                          (5.7) 

                                                         , , ,

g p

h t h t h tP P P= −                                                         (5.8) 

                                                
,min ,max

, , ,

g g g g h

h h t h t h h tP S P P S                                                (5.9) 
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,min ,max

, , ,

p p p p p

h h t h t h h tP S P P S                                              (5.10) 

Besides net output power of the PSH unit that is constrained, the reservoir volume 

is also limited, as shown in constraint (5.11). When the PSH begins to discharge, reservoir 

volume would decrease. Constraint (5.12) presents the relationship between net discharge 

rate and reservoir volume. The net discharge rate is shown in constraint (5.13). Similarly, 

discharge rate and recharge rate have their limitation, as shown in (5.14) and (5.15).   

                                                  min max

tVol Vol Vol                                                   (5.11) 

                                                1 ,t t h tVol Vol q T+ = −                                                      (5.12) 

                                                   , , ,

g p

h t h t h tq q q= −                                                            (5.13) 

                                             
min max

, , ,

g g g

h h t h t h h tq S q q S                                                      (5.14) 

                                             
min max

, , ,

p p p

h h t h t h h tq S q q S                                                      (5.15) 

 

5.3 Case Study 

In this chapter, the test case is the modified IEEE 57-bus similar to the system in 

presented earlier in Chapter 4. In different cases, I will set a PSH unit in different locations. 

The data corresponding to the PSH unit is presented in Appendix 3. The restoration process, 

the MILP optimization model in which the wind energy and PSH is coordinated, is 

simulated in the GAMS optimization platform. 

5.3.1 Case 1 

In this case, the test system configuration is based on the one presented in Chapter 

4, which has a 200 MW wind farm located at bus 38. In addition, the PSH unit is set to be 

at bus 38 as well (see in Figure 18). 
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After simulation, the obtained generation start-up and transmission recovery 

sequences are the same as the sequences in Chapter 4. It took 12 p.u. time interval to 

recover the entire transmission network. Compared with the system without PSH, the 

system restoration time with PSH would decrease. All loads in the system can be restored 

within around 12 p.u. time, as shown in Figure 19. 

 

 

Figure 18 Modified IEEE 57-bus test system with a PSH located at bus 38 

 

According to Figure 20, with the help of PSH, the scheduled output of the wind 

farm can reach its forecasted power faster than the system without PSH. The shadow in the 

figure illustrates the realized reduction in wind curtailment. In this case, the amount of 

wind curtailment can be decreased by 6.67GWh. This power is utilized by PSH for 

pumping water from lower to upper reservoir. Based on the numerical results of our 

simulations, Table 5 shows the operation modes of PSH during the restoration period. 
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Assuming the initial reservoir volume to be 3.2 3Hm  , Figure 21 depicts the change in 

reservoir volume during the restoration process. 

 

Table 5 Operating Modes of PSH in Case 1 

Time (p.u.) 1 2 3 4 5 6 7 8 9 10 11 12 

Gen. mode 0 0 0 0 0 0 1 1 1 1 1 1 

Pump. mode 0 0 0 0 0 1 0 0 0 0 0 0 

 

 

Figure 19 Total load pickup with PSH located at bus 38 

 

Figure 20 Forecasted and scheduled wind power in Case 1 
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Figure 21 Reservoir volume of PSH 

 

According to the results tabulated in Table 5 and demonstrated in Figure 21, the 

PSH is in pumping mode at 6 p.u. time and in generation mode from 7 p.u. to 12 p.u. time 

periods. At the 6 p.u. time, PSH unit pumped water from the lower to upper reservoir by 

using the energy produced by the wind farm. The wind energy employed for pumping 

would be curtailed to keep security of the system in the case without the PSH unit. When 

the wind power output reaches its forecasted power, the PSH unit is then in generation 

mode and generate electricity through allowing water to fall from upper to lower reservoir. 

The power produced by the PSH unit can assist the system to recover soon. Thus, the PSH 

unit can indirectly help increase the efficiency of wind energy for system restoration. 

 

5.3.2 Case 2 

As we can see in Figure 14 (c), if a wind farm is located at bus 25, it would cause 

a large amount of wind curtailment. In this case, the PSH unit is assumed to be located at 

bus 25 with the wind farm. As shown in Figure 22, the shadow presents the amount of 
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reduction in wind curtailment. With the help of the PSH unit, the wind farm can reduce a 

large number of wind energy curtailment. 

 

 

Figure 22 Forecasted and scheduled wind power in Case 2 

 

According to Table 6, the PSH unit is in pumping mode in the entire restoration 

process. The PSH consumes the wind energy to pump water from lower to upper reservoir. 

This energy is transferred as water volume stored in upper reservoir. 

 

Table 6 Operating Modes of PSH in Case 2  

Time (p.u.) 1 2 3 4 5 6 7 8 9 

Gen. mode 0 0 0 0 0 0 0 0 0 

Pump. mode 0 0 0 0 0 0 0 0 0 

Time (p.u.) 10 11 12 13 14 15 16 17 18 

Gen. mode 0 0 0 0 0 0 0 0 0 

Pump. mode 1 1 1 1 1 1 1 1 1 

 

 

5.3.3 Case 3 

Because the PSH unit operates like a hydropower plant in generation mode, it can 

be functioned as a BS generating unit. In this case, the impact of the PSH operating as a 
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BS unit for the system restoration is discussed. In the test system, a PSH unit is assumed 

to be located at bus 29 (see Figure 23). 

 

 

Figure 23 Modified IEEE 57-bus system with PSH located at bus 29 

 

Because the PSH unit operates as a BS unit, the bus connected to it would be 

energized after it starts to generate power. Constraint (5.3) should be then replaced by 

constraint (5.16): 

                                                           
, , ,h t i t hn n i B                                                      (5.16) 

After simulating the optimization model in GAMS, a new generator start-up and 

transmission recovery sequence would be obtained. Table 7 shows the optimal start-up 

time for generators, while Table 8 and Table 9 illustrate the energized time of transmission 

buses and lines. Based on the numerical results presented in these tables, it took less time 

to recover the entire transmission network. In the base case scenario, the transmission 

network need to spend 12 p.u. time to be fully restored. In this case, the entire transmission 
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network can be restored within 11 p.u. time. Therefore, the PSH operating as a BS unit is 

beneficial to recover the transmission network during restoration period. 

 
Table 7 Optimal Start-up Time for Generators 

Gen. No. Time (p.u.) Type Gen. No. Time (p.u.) Type 

G1 2 Hydro turbine G5 16 Steam turbine 

G2 9 Steam turbine G6 8 Steam turbine 

G3 10 Steam turbine G7 16 Combustion turbine 

G4 7 Combustion turbine    

 

Table 8 Energized Time of all Buses 

Bus 1 2 3 4 5 6 7 8 9 10 

Time (p.u) 2 3 4 5 5 4 3 4 5 5 

Bus 11 12 13 14 15 16 17 18 19 20 

Time (p.u) 6 4 4 4 3 3 3 6 7 8 

Bus 21 22 23 24 25 26 27 28 29 30 

Time (p.u) 8 7 7 6 7 5 4 3 2 8 

Bus 31 32 33 34 35 36 37 38 39 40 

Time (p.u) 9 10 11 10 9 8 7 6 8 9 

Bus  41 42 43 44 45 46 47 48 49 50 

Time (p.u) 7 8 7 5 4 5 6 6 5 6 

Bus  51 52 53 54 55 56 57    

Time (p.u) 6 3 4 5 6 8 9    

 
Table 9 Energized Time of all Transmission Lines 

Bus 1 2 3 4 5 6 7 8 9 10 

Time (p.u) 3 4 5 6 5 4 5 5 6 6 

Bus 11 12 13 14 15 16 17 18 19 20 

Time (p.u) 5 5 5 4 3 3 3 4 6 6 

Bus 21 22 23 24 25 26 27 28 29 30 

Time (p.u) 5 4 5 6 5 4 4 4 7 8 

Bus 31 32 33 34 35 36 37 38 39 40 

Time (p.u) 9 8 8 7 7 7 6 5 4 3 

Bus  41 42 43 44 45 46 47 48 49 50 

Time (p.u) 3 8 9 10 11 11 10 9 8 7 

Bus  51 52 53 54 55 56 57 58 59 60 

Time (p.u) 8 9 7 7 8 8 6 4 5 7 

Bus 61 62 63 64 65 66 67 68 69 70 

Time (p.u.) 7 6 6 7 6 5 3 4 5 6 

Bus 71 72 73 74 75 76 77 78 79 80 

Time (p.u.) 7 5 9 8 9 9 9 6 7 6 
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Figure 24 illustrates the total load pickup curves for the studied system with and 

without the PSH unit during the restoration period. There is a strong evidence that the PSH 

operating as a BS unit can directly shorten the restoration time. In the system without the 

PSH unit, all loads require 16 p.u. time periods to recover, which it is 5 p.u. time later than 

that in the system with the PSH unit. Table 10 shows the amount of pickup loads at each 

time step. Therefore, the PSH unit can improve the capability of system restoration. 

 

Table 10 The Amount of Pickup Loads at Each Time Step in Case 3 

T (p.u.) 1 2 3 4 5 6 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 0 67 116 303 347 479 

Outages (MW) 1250 1183 1134 947 903 771 

T (p.u.) 7 8 9 10 11 12 

Total Demands (MW) 1250 1250 1250 1250 1250 1250 

Restored Loads (MW) 695 861 1012 1177 1250 1250 

Outages (MW) 555 389 238 73 0 0 

 

 

Figure 24 Total load pickup in Case 3 
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In this case, the PSH unit is in generation mode during the restoration process, as 

shown in Table 11. 

 

Table 11 Operating Modes of PSH in Case 3 

Time (p.u.) 1 2 3 4 5 6 7 8 9 

Gen. mode 0 1 1 1 1 1 1 1 1 

Pump. mode 0 0 0 0 0 0 0 0 0 

Time (p.u.) 10 11 12 13 14 15 16 17 18 

Gen. mode 1 1 1 1 1 1 0 0 0 

Pump. mode 0 0 0 0 0 0 0 0 0 

 

 

5.4 Conclusion  

In this chapter, the impact of coordination of wind farm and PSH units for the 

system restoration has been discussed. PSH units can operate flexiblely, because they offer 

two operating modes: generation mode and pumping mode. With this characteristic, PSH 

units not only can supply electricity to assist the system restoration, but also store spillage 

energy produced by wind farms. To simulate the restoration process with the help of a PSH 

unit, a MILP optimization model is established which includes the initial conditions 

constraints, energized sequence constraints, components characteristics constraints, power 

balance constraints, load pickup constraints, and PSH constraints. 

The formulation is simulated on three tests cases. The first case is when a wind 

farm and a PHS unit are located at bus 38 together. The result presents that the PSH unit 

can reduce the wind energy curtailment at the early restoration period, and generate power 

to assist the restoration after the wind farm has provided the full energy. The second case 

is setting a wind farm and a PSH unit at bus 25 together. In this case, the PSH is in pumping 
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mode during the whole restoration process, and has reduced the wind curtailment 

significantly. The third case is having a PSH unit at bus 29. In this case, the PSH unit 

operates as a BS unit. The system can be restored fast with the PSH in this case. These 

three case studies have all proven that the PSH can ameliorate the system restoration 

capability directly and significantly, thereby helping achieve and enhanced grid reliability 

and resilience characteristics. 
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Chapter 6: Conclusion  
 

6.1 Conclusion  

It is more and more important to increase the efficiency and effectiveness of the 

system restoration, because large-scale load outages become more commonplace. There 

are extensive literature studying different applications, methods or techniques for the 

system restoration. In this thesis, a restoration strategy based on the black-start (BS) 

generating units is proposed. Cooperating wind energy and pumped-storage hydro (PSH) 

units, the restoration capability after a blackout has been presented and extensively 

analyzed. A mixed-integer linear program (MILP) optimization model is established to 

simulate the restoration process.  

The simulation model aims to maximize the generation capability and minimize the 

load shedding. With several constraints, the model can present the logical moving path for 

power flow in the system. The MILP model is solved in the GAMS optimization platform.  

After simulating the restoration process on the IEEE 57-bus test system, the total 

restoration time is found 3 hours in the base case scenario without any help or contribution 

from the wind energy and PSH unit. The optimal generator start-up and transmission 

recovery sequence was obtained. It took 2 hours for the system to recover its transmission 

network. In addition, the restoration capability has been improved significantly with the 

participation of wind energy. When a wind farm is installed in the system, the entire system 

can only be restored in a maximum of 160 minutes. With the increase in wind energy 

penetration level in the system, it took less time to recover the system. When the 

penetration is greater than 24%, the system only needs 2 hours to be restored completely. 
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Different locations and number of wind farms can also affect the restoration time. However, 

the simulation result showed that there is a disadvantage for utilizing wind farms in some 

scenarios. In order to keep the system security, the available wind energy could be highly 

and maximally used for the system restoration. A large number of wind curtailment exists. 

To address this problem, PSH is introduced in the system. Setting the PSH at the same 

location as the wind farm, the wind energy curtailment has been reduced significantly. PSH 

could employ the extra wind energy by pumping water from the lower to upper reservoir 

and store more water at upper reservoir. When the system requires power, PSH could use 

hydro turbines to generate power through moving water from the upper to lower reservoir. 

With a lower wind curtailment in such scenarios, PSH could rapidly supply power for 

system restoration after absorbing redundant wind energy. Additionally, PSH can operate 

as BS units to shorten the restoration time. 

Wind energy and PSH have positive impact on the system restoration. The system 

integrating both wind energy and PSH owns a stronger restoration capability. After a 

blackout occurs, this system not only is restored with high efficiency and more resiliently, 

but also improves utilization of renewable energy. 

 

6.2 Suggestions for Future Research 

  In this thesis, the presented model is tested in the cases with stable output of wind 

energy. However, the output of wind energy is not always stable and the inherent 

uncertainty and forecast variations may exist. Wind power is hard to be predicted 

accurately and processes more variability and uncertainty than conventional energy 

resources. It is suggested to further discuss the impact of wind energy considering 
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uncertainty. Moreover, other sources of flexibility such as the optimal transmission 

reconfiguration and topology change could be also considered for the system restoration, 

collectively help achieving a higher network resilience in the face of HILP events.  

Therefore, the future works include two aspects: 1) Develop a real-time 

optimization model for system restoration considering wind uncertainty; 2) Study the 

impacts of network topology change for the system restoration.   
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Appendix 1: Linearized AC Power Flow Model  
 

This model is presented in the paper [128]. If the effect of phase shifters and off-

nominal transformer turns ratios are neglected, the AC power flow in transmission line k  

between buses i  and j  is presented as follows: 

                                        ( )2 cos sink i k i j k k k kP V g VV g b = − +                                      (1a) 

                                 ( ) ( )2

0 cos sink i k k i j k k k kQ V b b VV b g = − + + −                               (1b) 

The linearization of the AC power flow equations is essentially based on a Taylor 

series and the following assumptions are taken: 

1) The bus voltage magnitudes are always close to 1.0 per unit (p.u.). 

2) The angle difference across a line is small so that sin k k   and cos 1k   can 

be applied. 

Based on these two assumptions, the AC power flow equations can be written as: 

                              ( ) ( )( )1 2 1k i k i j k k kP V g V V g b  +  − +  +  +                                   (2a) 

                        ( )( )01 2 (1 )( )k i k k i j k k kQ V b b V V b g  − +  + + +  +  −                            (2b) 

Where, min max

iV V V      is expected to be small. However, (2a) and (2b) still 

contain nonlinearities. Since 
iV  ,

jV  and 
k  are expected to be small, the product 

i iV  

and 
j kV   can be treated as second order terms and therefore negligible. Thus, the 

linearized AC power flow equations are obtained as follows: 

                                                 ( )k i j k k kP V V g b =  −  −                                                 (3a) 

                                    ( ) ( )01 2k i k i j k k kQ V b V V b g = − +  −  −  −                                 (3b) 
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Where, 
iV  denotes the voltage magnitude deviation from 1 p.u. at bus i, and 

k  

represents phase angle difference across transmission line k. Parameters 
kb  and 

0kb  are 

series admittance of transmission line k and shunt admittance of transmission line k, while 

parameter 
kg  is conductance of the transmission line k. 

kP  and 
kQ  are real and reactive 

power flow in transmission line k. 
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Appendix 2: Data of IEEE 57 Bus System   
 

The data of the studied IEEE 57-bus test system is presented in Table 12 to 14 [135]. 

Table 12 Generator Characteristics 

Gen. 

No. 

Pmax 

(MW) 

Pmin 

(MW) 

Qmax 

(MVar) 

Qmin 

(MVar) 
𝑃𝑔
𝑠𝑡𝑎𝑟𝑡 

(MW) 

Ramp Rate 

(MW/min) 

Connected 

Bus 

No. 

𝑇𝑠 
(p.u.) 

G1 575 0 200 -140 0 5 1 1 

G2 100 0 50 -17 1 5 2 6 

G3 140 0 60 -10 5 5 3 6 

G4 100 0 25 -8 8 5 6 3 

G5 550 0 200 -140 6 10 8 12 

G6 100 0 9 -3 6 5 9 3 

G7 410 0 155 -150 7 10 12 12 

 

Table 13 Load Data and Priorities 

Load 

Bus 
𝑃𝑑
𝑚𝑎𝑥 

(MW) 

𝑄𝑑
𝑚𝑎𝑥 

(MVar) 

Priority Load 

Bus 
𝑃𝑑
𝑚𝑎𝑥 

(MW) 

𝑄𝑑
𝑚𝑎𝑥 

(MVar) 

Priority 

1 55.0 17 0.9 29 17.0 2.6 0.9 

2 3.0 88 1.0 30 3.6 1.8 1.0 

3 41.0 21 1.0 31 5.8 2.9 1.0 

5 13.0 4 1.0 32 1.6 0.8 0.8 

6 75.0 2 0.8 33 3.8 1.9 1.0 

8 150.0 22 1.0 35 6.0 3 0.8 

9 121.0 26 1.0 38 14.0 7 0.9 

10 5.0 2 0.8 41 6.3 3 1.0 

12 377.0 24 0.9 42 7.1 4.4 1.0 

13 18.0 2.3 0.8 43 2.0 1 1.0 

14 10.5 5.3 0.8 44 12.0 1.8 1.0 

15 22.0 5 1.0 47 29.7 11.6 0.8 

16 43.0 3 0.8 49 18.0 8.5 1.0 

17 42.0 8 0.9 50 21.0 10.5 1.0 

18 27.2 9.8 1.0 51 18.0 5.3 1.0 

19 3.0 0.6 0.9 52 4.9 2.2 1.0 

20 2.3 1 1.0 53 20.0 10 1.0 

23 6.3 2.1 1.0 54 4.1 1.4 0.8 

25 6.3 3.2 1.0 55 6.8 3.4 1.0 

27 9.3 0.5 1.0 56 7.6 2.2 1.0 

28 4.6 2.3 1.0 57 6.7 2 0.8 
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Table 14 Transmission Lines Data 

Line No. From Bus To Bus R (p.u.) X (p.u.) B (p.u.) 

1 1 2 0.0083 0.028 0.129 

2 2 3 0.0298 0.085 0.0818 

3 3 4 0.0112 0.0366 0.038 

4 4 5 0.0625 0.132 0.0258 

5 4 6 0.043 0.148 0.0348 

6 6 7 0.02 0.102 0.0276 

7 6 8 0.0339 0.173 0.047 

8 8 9 0.0099 0.0505 0.0548 

9 9 10 0.0369 0.1679 0.044 

10 9 11 0.0258 0.0848 0.0218 

11 9 12 0.0648 0.295 0.0772 

12 9 13 0.0481 0.158 0.0406 

13 13 14 0.0132 0.0434 0.011 

14 13 15 0.0269 0.0869 0.023 

15 1 15 0.0178 0.091 0.0988 

16 1 16 0.0454 0.206 0.0546 

17 1 17 0.0238 0.108 0.0286 

18 3 15 0.0162 0.053 0.0544 

19 4 18 0 0.555 0 

20 4 18 0 0.43 0 

21 5 6 0.0302 0.0641 0.0124 

22 7 8 0.0139 0.0712 0.0194 

23 10 12 0.0277 0.1262 0.0328 

24 11 13 0.0223 0.0732 0.0188 

25 12 13 0.0178 0.058 0.0604 

26 12 16 0.018 0.0813 0.0216 

27 12 17 0.0397 0.179 0.0476 

28 14 15 0.0171 0.0547 0.0148 

29 18 19 0.461 0.685 0 

30 19 20 0.283 0.434 0 

31 21 20 0 0.7767 0 

32 21 22 0.0736 0.117 0 

33 22 23 0.0099 0.0152 0 

34 23 24 0.166 0.256 0.0084 

35 24 25 0 1.182 0 

36 24 25 0 1.23 0 

37 24 26 0 0.0473 0 

38 26 27 0.165 0.254 0 

39 27 28 0.0618 0.0954 0 

40 28 29 0.0418 0.0587 0 
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41 7 29 0 0.0648 0 

42 25 30 0.135 0.202 0 

43 30 31 0.326 0.497 0 

44 31 32 0.507 0.755 0 

45 32 33 0.0392 0.036 0 

46 34 32 0 0.953 0 

47 34 35 0.052 0.078 0.0032 

48 35 36 0.043 0.0537 0.0016 

49 36 37 0.029 0.0366 0 

50 37 38 0.0651 0.1009 0.002 

51 37 39 0.0239 0.0379 0 

52 36 40 0.03 0.0466 0 

53 22 38 0.0192 0.0295 0 

54 11 41 0 0.749 0 

55 41 42 0.207 0.352 0 

56 41 43 0 0.412 0 

57 38 44 0.0289 0.0585 0.002 

58 15 45 0 0.1042 0 

59 14 46 0 0.0735 0 

60 46 47 0.023 0.068 0.0032 

61 47 48 0.0182 0.0233 0 

62 48 49 0.0834 0.129 0.0048 

63 49 50 0.0801 0.128 0 

64 50 51 0.1386 0.22 0 

65 10 51 0 0.0712 0 

66 13 49 0 0.191 0 

67 29 52 0.1442 0.187 0 

68 52 53 0.0762 0.0984 0 

69 53 54 0.1878 0.232 0 

70 54 55 0.1732 0.2265 0 

71 11 43 0 0.153 0 

72 44 45 0.0624 0.1242 0.004 

73 40 56 0 1.195 0 

74 56 41 0.553 0.549 0 

75 56 42 0.2125 0.354 0 

76 39 57 0 1.355 0 

77 57 56 0.174 0.26 0 

78 38 49 0.115 0.177 0.003 

79 38 48 0.0312 0.0482 0 

80 9 55 0 0.1205 0 
  



88 
 

Appendix 3: Data of Pumped-Storage Hydro   
 

The data of the considered Pumped-Storage hydro is shown in Table 15 [133]. 

 

Table 15 PSH Units’ Characteristics 

Parameter Value Parameter Value 
,maxg

hP  180 (MW) max

hq  0.75 ( 3 /Hm hr  ) 

,ming

hP  16 (MW) min

hq  0.05 ( 3 /Hm hr ) 

,maxp

hP  250 (MW) maxVol  10 ( 3Hm  ) 

,minp

hP  20 (MW) minVol  3 ( 3Hm ) 

 

 

 

 


