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Abstract 
 

Renewable energy connection to power systems has been growing worldwide, which 

brings more challenges to power systems than ever before and correspondingly, the 

investment in wind farms is increasing rapidly. Instead of connecting single wind 

turbines or small wind farms to the distribution network, energy companies and 

manufactures tend to connect large wind farms to the transmission network. These 

wind farms can contain 200 plus turbines and have a rated capacity of 100 MW up to 

several GW. Consequently, significant new challenges appeared in the transmission 

system. 

 

Wind intermittency is one of the biggest issues in power systems in that it affects both 

frequency and system power flow. This project has focused on the transmission 

system power flow issue that was caused by wind intermittency, and defined it as 

Wind Intermittency Constraint (WIC). To avoid studying the whole system, WIC was 

used as a new method in this project to calculate and identify the problematic circuits 

that were caused by wind intermittency only. These circuits will be calculated in the 

Power Transfer Distribution Factor (PTDF) method, which is the key part of WIC 

calculation, and will be defined as WIC. WIC for each circuit in transmission system 

will be ranked, and circuits with higher WIC ranking over 20% are wind intermittency 

circuits and will be closely monitored. 

 

Smart grid technology has been considered as an effective way to improve system 

visibility and controllability when attempting to overcome difficulties caused by 

renewable energy. There are three major parts for this project, which are flexible 

demand mechanism, generator participation and Flexible AC Transmission (FACTs) 

equipments. To have a more accurate FACTs control and calculation for wind 

intermittency only, this project uses a new concept of DI (Dynamic Impedance) to 

contribute to the controller algorithm. A novel algorithm has been introduced to build 

three controllers of demand, generation and impedance. To achieve different goals, 

these three controllers will take instruction from the central selector. The three goals 

identified in this project are economical, green and secure functions, where 



 ii 

economical function is to minimise system cost during different wind scenarios, green 

function is to maximise system renewable energy output, and security function is to 

make sure the system is secure when it minimizes cost and maximizes renewable 

energy.  

 

The algorithm will also calculate different wind scenarios and produce a 24 hour 

profile for system demand, generation and impedance. This profile will be achieved 

by the three controllers (Demand, generation and impedance controller) 

 

A new model for wind scenarios is also used in this project which is called A to B 

model. It calculates a continuous 24 hour wind profile and find out the system stress 

points. These points are define as A and B. The controller algorithm will download 

wind scenario and calculate the best strategy to move from period A to period B. 

During the A to B process, cost, green and security factors are considered and the best 

strategy will be presented. 

 

6-node, 9 nodes and 39 nodes IEEE standard models are used across the project to 

prove the concept of WIC (Wind Intermittency Constraint), DI (Dynamic Impedance), 

A to B wind profiles and controller algorithm. A simplified UK model has also been 

used to test real weather data and produce the best strategy to achieve economical, 

green and security goal. For thermal and voltage study, standard IEEE models are 

used. For stability study, a dynamic model is used to monitor rotor angle. 
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Chapter 1 Introduction 

1.1 Research Motivation 

In the last decade, there has been great increase inwind energyuse worldwide 

[1].Wind energy is considered to be one of the most effective energy types to replace 

conventional generations.To allow this increased amount of wind energy connectand 

transfer effectively to transmission network, the reinforcement of this network will be 

required. 

 

Due to this growth in wind energy use, the percentage of wind in power system has 

become higher than ever before and has resulted in thegenerationpattern becoming 

weather related. Because these wind farms are located in different parts of the country, 

the changes of wind direction and speed will certainly affect the flows within the 

transmission system, which is precisely why analysing the behaviour of wind energy 

is becomingincreasingly important for future transmission systems. 

 

For many years, research has been related to wind effects on power systems. Most of 

the research has focused on the questions of how wind energy behaves as an 

individual generator and how similar this renewable energy is to conventional 

generation. Issues caused by the characteristic of wind energy, i.e. intermittency, low 

inertia, fault ride-through, reactive control, frequency response, stability,to mention 

only a few, have been discussed.[3-5, 10-14]  

 

Regarding the intermittency of wind, research has mainly focused on its frequency 

effect, leaving the system’s point of view largely ignored: how the wind is getting into 

the system, what happens to the system flows when winds start to fluctuate, and how 

well the traditional power system be able to cope with problems caused by these 

intermittency flows(i.e. stability, voltage, thermal). 

 

Since frequency has been studied to a satisfactorylevel, that will not be in the scope of 

this project. The conventional generation output is generally rather predictable and 
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stable, which makes constraint (Thermal, Voltage step change, Voltage collapse, 

Transient stability) information quite clear and standstill throughout the day. This 

gives engineers plenty of time to create a strategy that best deals with constraints for 

periods from years ahead to day ahead[8] [13].In real time, the engineers can follow 

this pre-defined strategy. 

 

However, with the increase of wind energy, the generation output becomes more 

dynamic and more unpredictable [5, 45, 42], meaning that the constraints could vary 

along with the wind energy profiles throughout the day. 

 

All these new changes to the future transmission system has generatedsignificant 

questions, answers and solutions that thus have provided the major structure of the 

project 

 

1. What is wind intermittency and what are the consequences? 

2. How to track wind energy in transmission systems? 

3. What’s the most economical and secure way to connect and control more wind 

energy to transmission systems? 

4. What are the factors in transmission systems that can be used to deal with 

wind energy in a better way? 

5. How to improve transmission systems’ visibility, controllability and 

predictability? 
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1.2 Research Objectives 

The research objectives of this report are summarised as follows. 

 

1) Define the problems caused by wind intermittency in terms of wind forecast, flow 

constraints and system parameters(impedance) 

 

2) Use PTDF(Power Transfer Distribution Factor) method to track wind power flow 

on each circuit and find out which circuits are affected most by wind intermittency 

 

3) Introduce PMU( Phasor Measurement Unit) technology and utilise WIC tracker to 

find the optimised placement of PMU locations to monitor wind intermittency 

 

4) Study how to ultilise PMUs to enhance wind power corridortransfer and improve 

stability of power system. 

 

5) Use Flexible AC transmission (FACTs) and Quadrature booster (QB) to define 

system Dynamic Impedance (DI) 

 

6) Invent a smart controller to improve power system security (Voltage,Thermal,and 

Stability), minimise cost and increase green energy. 

 

7) Invent an algorithm to produce 24 hour Generation/Demand/DI profile to optimise 

system and cope with wind intermittency. 

 

8) Set up a standard IEEE test system and a UK system to demonstrate thatthe 

algorithm and the controller can improve system security and release the 

constraints caused by wind intermittency. 
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1.3 Background 

This chapter provides background to wind energy and to the growth of wind energy 

worldwide. It also points out the characteristic of wind and the problems caused by 

wind energy.  

 

Wind intermittency is another focus of the chapter in that it opens up the discussion of 

how itwill affect its behaviour in power systems and how this intermittency will be 

studied in this project. 

 

1.3.1 Wind energy growtharound the world 
 

Worldwidewind capacity has reached 434 GW by 2015, and reached 63.6GW increase 

in the final 6 months of that year. 

China, USA, Germany, Spain and India are still the top leading countries and 

constitute 74% of the total world capacity, as shown in Figure 1.1 

 
Figure 1.1 Total wind capacity 2015[1] 

China and India 
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China has been leading the growth of wind capacity with 33 GW new capacity in last 

12 months 

And over all see 148 GW on 2015. 

 
Figure 1.2 The growth of wind capacity 2015[1] 

Europe 

The whole European market shows strong growth between2014 to 2015, with 

Germany leading of a growth of 4.9 GW and a total of 45 GW. 

 

UK shows a similar high growth in the second half 2015, and installed 1.1 GW with a 

total of 13.6 GW, as shown in the diagram, Spain, Italy, Denmarkshare a similar slow 

growth, namely, 0MW, 22.9GWin total in Spain,295MW, 8.9MW total in 

Italy,217MW, 5.0W total in Denmark. 

 

A growth has been seen in the Eastern European Market, which is Romania with 33 % 

growth (0.3 GW), Poland with 32 % (0.5 GW), Ukraine with 64 % (37 MW) and 

Latvia with 64 % (20 MW). 

 

USA and Canada 

The US market grew steadily by 2.8GW in the final 6 month of 2012, which is 28% 

more than in 2011, and Canada installed 246 MW during the second half year of the 

same year. 
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Figure 1.3European totalinstalled wind capacity 1999-2015[1] 

Latin America 

In the Latin American market, Brazil installed capacity 0.11 GW, and Mexico 

installed 0.1GMW. The markets here are expected to keep growing next year. 
Australia 

Australia has a greater growth than 2011, with 0.4GW installation in the latter half 

2012.  
Figure 1.4Top 10 new installed wind capacity2016[1] 

 
1.3.2 Growth of wind energy issues 
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The significant amount of wind energy growth in power systems around the world 

means that the generationpattern will be increasingly weather related. Because wind 

farms are located in different parts of the country, the changesin wind direction and 

speed will certainly affect the flows within transmission systems. 

 

Several problems have been pointed out due to the transmission line capacity 

limitation and the combination of outages [13]; paper 12 shows the constraint that will 

be caused by wind increasingand by the uncertainties of the future transmission 

system from a planning point of view, and introduces a probabilistic model in terms of 

system changes in the next few years including random contingencies. 

 

Problems with high penetration of wind farms have already been discussed [3-5, 8, 10, 

14]. The major issues mentioned were wind intermittency, constraints and flow 

optimization. 

1.4 Challenges caused by wind energy 

1.4.1 Wind speed & output 

Wind energy is evidently a weather related resource. According to a report from Met 

office, wind speed can swing from 0m/s to 20m/s in a very short period [3]. As shown 

in Figure 1-5, wind turbines start to generate from 3m/s and reach 100% at about 

11m/s,and will be shut down at 25m/s [2]. As we can see in the figure below, if wind 

speed changes from 7m/s to 9m/s, the wind output will change from 40% to 80%. 

. 
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Figure 1.5 Wind speed chart [2] 
 

1.4.2 Wind intermittency 

To cope with wind intermittency, reference[4] and [10] introduce a demand response 

mechanism. Demand side management technique is not only for frequency balancing 

but also aims to increase transfer capacity in certain areas. A significant drawback of 

the technique is that demand disconnection is normally the last choice to use and will 

certainly reduce customer satisfaction and possibly cause other issues to people’s 

daily life. Before demand side management therefore, generation redispatch will be a 

generally attempted in the congested area. 

 

In addition to demand side management, an energy storage system has also been 

introduced to help with wind intermittency [2] [14]. Paper[2] concentrates on 

frequency control, reserve and smooththeoutput of generations. Reference[14] 

simulates from the economic point of view, the ways in which  storage systems can 

help with constraint release. Reference[5] uses Electric Vehicles as a kind of flexible 

load to deal with the intermittency of wind [5] because they involve a similar logic of 

demand side control but with a different pricing mechanism, and they will also 

become more relevant in the future because of the increasing number of Electric 

Vehicles. 
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[1] Figure 1.6 Wind intermittency 

1.5 Possible solutions 

As mentioned above, significant amount of research hasexplored wind energy. 

However, the focus so far has been on the dynamic of the wind generators, connection 

solutions and grid code satisfactions. 

 

In this project, three major tools will be introduced to identify and resolve the 

problems caused by wind intermittency. These tools involveWIC tracker, a PMU and 

a DI.With the experiment in this project, circuits with over 20% effectiveness have 

more impact on study result. Hence these circuits are picked, examined and defined as 

wind corridor. 

 

WIC tracker is a new concept for this project, developed to track the constraint caused 

by wind energy intermittency. The first stage of these constraints is normally 

constituted by thermal overload issues. When the thermal limit is pushed further, it 

can grow into voltage step change, voltage collapse and transient stability issues. The 

idea of WIC is based on PTDF, and it is able to track the percentage of the 

constraintthat is caused by wind energy. By this tracking, the problems caused by 

wind intermittency are more likely can be found on those transmission circuits. 

 

PMU technologies have been used for a long time. In this project, a new algorithm 
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will be used firstly to calculate how to optimise PMU positions in power systems to 

attain better visibility of wind impact with a limited number of PMUs, and secondly 

to study how to ultilise PMUs to enhance wind corridor transfer. 

 

To solve the wind intermittency issues, this project uses the novel concept of DI . 

FACTs and QBs are the major tools used to change DI by which most of the WIC can 

be optimised. In this way, it will be possible to provide  a dynamic and economical 

solution to enhance the system transfer for wind energy. 

 

In this project, a DI 24 hours profile will be proposed based onthewind forecasting 

profile and system conditions. A transient DI profile will also be studied to improve 

wind corridor stabilityand  lastly, a test model will be used to prove the concept. 

 

1.6 Chapter summary 

This chapter has outlined the fast growth of global wind energy, and also called 

attention to the challenges caused by the increasing percentage of wind energy 

admitted into the transmission system. 

 

It has also discussed the intermittency characteristics of wind energy and provided 

possible solutions for those challenges. 

 

All the possible solutions will be reviewed in the following chapters of this thesis, and 

the proposal of a practical solution will constitute the core output of the whole project.  
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Chapter 2 Wind Intermittency 

Constraint(WIC) 

2.1 Wind Intermittency 

2.1.1 Overview of wind intermittency 

Wind energy has been considered to be one of the most effective green solutions to 

replace conventional generators. Similarly to all other generators, wind energy also 

has its own characteristics, and someof  which are quite challenging for power 

systemsinclude voltage control, frequency response, system inertia, fault ride-through, 

and intermittency [41-45, 3-5].  
 

One of the outstanding characteristics of wind energy is intermittency, which means 

that wind energy output will fluctuate due to the weather. Most current studies focus 

on the frequency issue for wind intermittency. However, the other side of wind 

intermittency effectsarepower system flow constraints, involving thermal overload, 

voltage and stability. Due to the intermittency effect of the constraint, it will be 

defined as WIC in this project.  

 

Differently to conventional generations, the constraints caused by wind energy are 

more dynamic and also intermittent. Since the output from wind farms fluctuates, 

theconstraints may also only stay for a while and then disappear. Due to this 

characteristic therefore, it is more accurate to define this constraint as momentary 

constraint or WIC, and consider a solution different to conventional energy constraints.  

 

Research into the issues of system constraints, voltage, stability mostlyfocus on 

constraints that will be solved by redispatchgenerations [14, 15, 16]. However, if there 

is any other option re-dispatching generation is not the best solution. Re-dispatching 

generation is an action needed pre-fault, while the output of generators will be capped 

pre-fault to make sure the system can be secure for N-1 situations. 
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Demand side intertrip offers a different solution to this. Since intertrip/disconnection 

of demand only happens after a fault occurred in power system, no action is required 

pre-fault which thus gives system operators more flexibility. 

 

Reference[43] introduces a system expansion planning process change due to 

intermittency generation such as wind and hydro, and a new model in terms of reserve 

and structuring [43]. Reference[44] reviews the issues caused by the large scale of 

wind farms connecting to the grid, such as fault ride through, frequency control, 

voltage control, and also discusses AC/DC connection and SVC/STATCOM 

requirement [44]. Reference[45]outlines a model to present a weather related power 

system which involves wind and solar power, and demonstrates how weather 

forecasting data can affect power system control in the future. Reference[46] reviews 

the problems caused by wind intermittency that smart grids will face, and the major 

focus of the paper is on frequency and voltage. It also gives an overview of the 

relationship between smart grids and renewable energy. 
 

However, the lack of substantial research covering WIC and its possible solutions 

remainsone of the mainissuesregardingresearch into wind energy. Several paper 

havediscussed wind from the system’s point of view, and suggested that the power 

system capacity requirement has been concerned with more penetration of wind 

energy [11,12,14, 43]. The major issuesthat have been raised so far have concentrated 

on power system frequency due to wind fluctuation[2].Reference[2] presents the 

problem of power system reserveand frequency control and outlines the benefits for 

the participation ofrenewable generation in ancillary services. It also suggests a 

methodology for constraint management andsummariesthe benefitsof using storage 

systems together withrenewable generation both for power balance and 

constraintmanagement. 

2.1.2 Solutions to deal with wind intermittency 

Reference[3] and Reference[15] produce an algorithm based on the assumptions that 

most wind farms have got energy storage systems. By taking advantage of the storage 

systems, the TSO (Transmission System Operator) can tackle constraints more 

effectively. In other words, the growing of wind farms in transmission systems might 
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help with traditional constraint management. 

 

The relevant literature also considers demand side management, and suggests several 

solutions.Reference[5, 32]utilises ATC (Available Transmission Capacity) andDSM 

(Demand side management) in the areaof wind generation intermittency, and uses the 

following logic: 

 

a) Maximizing the ATC of the corridor 

b) Minimization of corridor power losses 

By performingthese processes,the issue of intermittency can be resolved and transfer 

capabilityincreased. 

2.1.3 Wind intermittency and demand side management 

Reference[11] develops demand theory to deal with wind intermittency and puts 

design logic to use demand response to cope with intermittency energy and to keep 

frequency float. It alsoexplores system expansion to fully ultilise demand response in 

dealing with wind energy flows.   

 

EV (Electric Vehicle) is a growing topical area for smart grids in that most electric 

vehicles have the ability to back feed the grid when their battery is fully charged and 

the tariff is profitable. This raises the possibility of a new mechanism which, similarly 

to the demand side management with electric vehicles, could deal with frequency 

issues caused by wind intermittency. Reference[6] introducesand develops a day 

ahead, a 1HR and a 5min trading model for the EV market to solve the problem 

caused by wind intermittency. This theory provides a more modern demand 

management model for frequency control and even for constraint control. 

2.1.4 New wind intermittency issues-WIC 

As shown by the examples above, most of the concerns regarding wind intermittency 

are from the point of view of frequency balancing. However, thoseaspects of wind 

intermittency effect that related to system flow constraints (thermal overload, voltage 

and stability) have not been studied thoroughly enough and hence no solution are 

available for the transmission system to cope with these special constrainttypes. Due 
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to the intermittency effect caused by the constraints, they will be defined as WIC in 

this project. 

 

While some research been done on issues involving system constraints, voltage and 

stability, most studies have focused on constraints that will be solved by redispatch 

generations [9, 10, 12, 31].  Re-dispatching generation, however is normally rather 

costly, as due to the wind’s intermittency effect re-dispatch instructions need to be 

repeated several times a day, and this will further increase costs. 

 

Differentlyto conventional generations, constraints caused by wind energy are more 

dynamic and intermittent. Due to the fact that the outputs from wind farms fluctuate, 

theconstraints may only stay for a while and then disappear. it is because of this 

characteristic that it is more accurate to define this constraint as momentary constraint 

or WIC, and to consider solutionsthat are different to those of conventional energy 

constraints.  

 

2.2 WIC tracker 

As mention above, wind intermittency has brought about a lot of challenges for power 

system controls. To solve the constraintparticularly caused by wind, this chapter 

introduces the concept of WIC tracker, which will use the PTDF method to define 

wind energy intermittency constraints on power systems and will usea 6-node IEEE 

example to simulate the concept. 
 

2.2.1 PTDF method 

A. Background 

PTDF is a very popular method for constraintanalysis [9, 10] [56-62]. The basic idea 

of PTDF is to calculate the power transfer on a certain circuit, taking into account a 

power injection bus and a power withdrawn bus[56, 61]. It can also be referred to as a 

seller bus and a buyer bus when used for electricity market trading [58-60]. 
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The Mathematical model of PTDF can be summarized as follow [58-60]: 

 
Figure 2.1 Pi Equivalent Transmission Circuit 

Power system transmission line is shown in Figure 2.1above. The voltages on both 

sides are Ui and Uj with Z as the impedance of the circuit. PTDF is the sensitivity 

factor for the power through the part of the network that is defined. 

 

The flow changes on certain transmission circuits can be calculated by PTDF. This 

sensitivity factor is calculated from the injection bus and the withdrawn bus using the 

following 

method:
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Figure 2.2 PTDF AC computing 

 

PTDF is specified as the change of power transfer between buses. It is the sensitivity 

factor of different variables in transmission as well as distributionsystems. 

 

PTDF is normally used in relationships between any changes in power system 

variables and the consequence caused by these changes. In this project, it will be used 

in the following areas: 

 

1. Transfer flow and stability index changes of generator output change 

2. Transfer flow and stability index changes of system demand changes 

3. Transfer flow and stability index changes for any system parameter change i.e. 

impedance change 

 

PTDF is very useful for[56-58]: 

Start 

one of the bus is used as slack bus  
 

The power transfer is calculated for basic operating condition  
 

Active Power flow ijP , Saved 

Active power 
increase for P∆  

Power flow is calculated again for new condition and saved as  
'

ijP  

PTDF calculated 
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1. Constraint management 

2. System simplification and reduction 

3. Zonal system analysis 

4. Power system trading in deregulated market 

B. AC/DC PTDF calculations 

A PTDF matrix is a tool used to reflect both system topologies and system generation 

patterns. It will show how a system is designed and how each move of different 

variables will change the power transfer on defined circuits. As shown in process 

chart in Figure 2.2, the most common way is to simulate generation and demand as 

injection at each point, and calculate the power transfer difference. 

 

There are two different ways to calculate PTDF, which are the AC and theDC models. 

AC is the model that takes into account the system operating status and losses, and 

will give a more accurate result in terms of system snapshot[57, 58, 62] It will 

consider all the system variables and system voltage parameters. 
 

DC is a similar process; however, it is a much linear calculation and only reflexes the 

topology of the system. It will neglect the power losses that are caused by AC and will 

only take into account the linear effect of the power transfer. While it sacrifices some 

of the accuracy, it maintains the system’s long term topology and therefore it is better 

to be used in the system design stage [56, 59] 

 

In this project, when calculating the placement of PMU, a DC method will be used for 

WIC preciselybecause this is a long term strategy and only related to system topology. 

However, when monitoring a system for 24 hour or a transient situation, an AC 

method will be a better option because of the detail parameter and study result.  

 

Regarding the DC linear calculation, it is assumed that the line resistance equals to 

zero with no charging capacitance. All the buses voltage will also be assumed as 1.0 

p.u, and the flow will be simplified [56] 
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For power systemswith N+1 node and the N branches, the real power injection power 

is defined as P, the Susceptance matrix is defined as B and the voltage angle is  δ  

Here is the equation for the system [59, 60] 
]][[][ δBP =  (2.1) 

ijbB −=][ ij∀ ji ≠  (2.2) 

∑
=

=

N

j
ijii bB

1
Ni ,........2,1=  (2.3) 

 

 

Bus N is selected as ref bus, Susceptance matrix can be eliminated according to bus N  
 

C. Nodal to zonal PTDF Aggregation 

There are two ways of calculating PTDF;zonal or nodal. Power systems will normally 

be aggregated into zones to simplify the calculation process as well as to improve 

control strategy. For zonal aggregation, generators and loads in the zone will be 

represented assingle equivalents. 

 

To calculate PTDF in zonal and nodal, a different scheme has been used [59]. The net 

active power injection and the change of active power transfer on transmission 

circuits will be used in iteration. A DC method is normally used in the aggregation of 

nodal to zonal PTDF. 

 

In this project, zonal aggregation will not be used to define WIC due to the relatively 

small network model used for simulation. However, if the system is over 100 nodes or 

even larger, it is worth considering using zonal aggregation to simplify system and use 

zonal wind information when calculating WIC. 
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2.2.2 WIC tracker 

A. WIC concept 

PTDF is very well used in generation re-dispatching in the power industry. By 

knowing the topology of the system, the PTDF factor can be defined as follow: 

G
PPTDF

∂
∂

=[%]  (2.4) 

 

P∂ is the power transfer on certain circuit 

G∂ is the generator output change at certain Bus. 

 

The value of the result is timed by 100%, but in general calculation, the injection bus 

and the withdrawn bus can both be percentage based. When using the withdrawn bus 

as a slack bus, the PTDF is called a Shift Factor (SF) [56].  

 

Inthe power industry, theseequations are defined as effectiveness or sensitivity by 

(Transmission System Operator) TSO, and are used to study the effect of re-dispatch 

generation in pairs (increase one, decrease another one) to change the flows on certain 

circuit [9,10].  

 

As mentioned above, Wind co-operating energy means the energy reserved to deal 

with wind intermittency thatis normally the fast reaction conventional generation, 

storage, or even smart demand. In this project a matrix will be created to indentifya 

wind co-operating generator each hour by their ramp rate and price, in order to keep 

the frequency balanced all the time. 

 

By using the PTDF concept, a WIC Tracker can be defined in asimilar way. The bus 

with wind energy will be defined as aninjection bus(X), and the bus with wind co-

operating energy (generators used to compensate wind when it changes its output to 

balance the system frequency) will be defined as a withdraw bus(Y). It can also 

reflect the influence of wind energy on certain circuits.WIC can be defined as follows: 
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wind

line

G
PWIC

∂
∂

=  (2.5) 

 

lineP∂ is the MW change of the circuit.  

windG∂ is the MW change of wind generation. 

WIC is the sensitivity of circuit flow change when wind generation fluctuates. In this 

equation, the percentage of each circuit WIC will be shown and the information will 

be used in the process of managing different wind scenarios. 

B. Process Chart of WIC 

 
Figure 2.3 Flow chart of WIC to optimized wind energy transfer 

 

Start 

Wind Forecasting 

 

Wind Output 

 

Optimised generation to keep 50HZ 

Output 
generation/demand/DI 

result 

Re-Calculate generation/demand and 
system Dynamic Impedance 

Use PTDF to calculate WIC tracker 

Congested? 

No 

Yes 

Terminate 
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As shown in Figure 2.3, forecasted wind information will be used from the beginning 

to calculate the wind energy output in the system. To keep the system frequency at a 

constant 50 HZ, the generation output must match demand. When the system wind 

energy output increases or decreases, other generators must react and keep the system 

frequency stable. 

 

This frequency matching process can normally be done by a computer that compares 

different variables of generators to arrive at a ramp speed. As a result of this, a 

generator will be defined as the wind coordinate generator, and will change the output 

according to wind generation. 

 

Regarding the solution on the side of the generator, WIC will be calculated using the 

PTDF method. A system condition will also be calculated to determine if there is any 

constraint due to wind energy output changes. If there is constraint, smart controllers 

will be used to resolve that which is related to wind intermittency. 

C. WIC and computing 

The simplified way to compute WIC is using the DC power flow based method. As 

mentioned before, DC is defined as the power flow changes relative to the system 

parameter change. In a computing sense, the injection and the withdraw bus will be 

used as well as the Susceptance matrix. 

 

The first step is to use the Newton power flow method for iteration whereby the 

following equation can be shown 
fXJ −=∆•  (2.6) 

 

In this equation, X∆  is the corrections array and f is the function array. J is the 

Jacobian matrix. 

 

For the relationship of phases and voltage, X∆  and f matrix can be transferred into 

the following: 
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And similarly the function matrix can be transferred as: 
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The Jacobian Matrix is shown as follows: 
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1J represents representing the relationship for active power and voltage phase 

2J represents representing the relationship for active power and voltage angle 

3J represents representing the relationship for reactive power and voltage phase 

4J represents representing the relationship for reactive power and voltage angle 
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From these matrices, it is possible to show that active power to voltage is defined as 

δ∆−∆P .The matrix can be simplified as DC flow for a N-bus system as follow 
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where 

ik
ik x

B 1
−=  (2.11) 

 

then 

ik

N

K
ii x

B 1
1
∑
=

−=  (2.12) 

 

 

The DC flow thus can be calculated as 

δ∆−=∆ BP  (2.13) 

 

As shown in this above equation, the reactive power flow is not involved in this 

calculation and only the active power on the branches is calculated. This is how 

distribution factors will be used based on the DC model[61, 62]. 

 

2.2.3 Simulation of WIC 

The WIC method is the reversion of the power changes on certain circuit to generator 

output changes. Wind generation output changes will be tracked and translated into 

percentage with the help of this reversion,  The WIC percentages of each power 

system circuit reflect the fact that the higher the WIC, the stronger the circuit 

relationship is with wind energy. 
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An IEEE standard 6-node model has been used to demonstrate the above WICconcept. 

Using the PTDF method, it will simulate a simple scenario of a windy day for the 

intermittency of wind output and the circuits that are with high WIC Simulation using 

IEEE 6-node network. 

A. Simulation using IEEE 6-nodenetwork [105] 

 
Figure 2.46-Node Model 

 

B. Results 

Table 2.1 Flow on each circuit for Medium/High wind 

Circuits Flow 

(Medium 

wind) 

Flow 

(High 

wind) 

L23 0.16 0.35  

L36 0.71 0.64  

L45 0.08 0.12  

L35 0.31 0.28  

L56 0.09 0.12  

L24 0.70 0.63  

L12 0.13 0.35  

L14 0.46 0.58  
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L15 0.42 0.56  

L26 0.46 0.58  

 

As shown in Figure2.4, Gen 1 is wind generation, and Gen 3 is a co-operating 

generation. In the morning, there was some wind blowing, and Gen1 was generating 

0.9 p.u. To keep the frequency at 50HZ, Gen3 was generating 0.6p.uand Gen2 was at 

the constant output of 1.4 p.u. 

 

Then wind starts to blow in the afternoon according to the scenario [105]. Gen1 

increases to its maximum capacity, which is 1.4 p.u. This time Gen 2, as a wind co-

operating generator, pulls back to balance the frequency. The flows on each circuit are 

shown inTable2.1.  

 

Using the aboveequations,the WIC can be calculated as follows: 

Table 2.2 Wind Intermittency Tracker 

 %)100( / ×∂∂ windline GPWIC  

L23 -38.00% 

L36 36.00% 

L45 -8.00% 

L35 26.00% 

L56 -12.00% 

L24 22.00% 

L12 -40.00% 

L14 -30.00% 

L15 -32.00% 

L26 -26.00% 

L25 -2.00% 

 

From Table 2.2, it can be seen that Line12 has the highest WIC, which means it is the 

most wind intermittency related circuit. When wind generation starts to fluctuate, 

Line 12 will be affected most. 

 

There are limitations with a smaller network, however, due to the close integration of 
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each circuit, generation and demand. It can be found that quite a few circuits that will 

be affected by wind energy have got rather high WIC. 

 

To further prove the accuracy of the WIC concept, a 39-node system is used to test 

how the WIC can help identify the most wind or weather related circuits. All the 

parameters are listed as per Chapter 8, and the final result of WIC is shown as follows: 

 

Table 2.3 WIC on each line 

WIC T0 T1 T2 T3 

Line 01 - 02 -10% -10% -10% -10% 
Line 01 - 39 -7% -7% -7% -7% 

Line 02 - 03 -60% -56% -54% -58% 

Line 02 - 25 26% 25% 25% 26% 

Line 03 - 04 -8% -6% -5% -7% 

Line 03 - 18 -28% 35% 38% 7% 

Line 04 - 05 -2% 0% 1% -1% 

Line 04 - 14 18% 18% 18% 18% 

Line 05 - 06 4% 6% 7% 5% 
Line 05 - 08 5% 5% 5% 5% 

Line 06 - 07 5% 6% 6% 5% 

Line 06 - 11 10% 9% 9% 9% 

Line 07 - 08 5% 6% 6% 5% 

Line 08 - 09 -2% 0% 0% -1% 

Line 09 - 39 -4% -1% 0% -2% 

Line 10 - 11 9% 8% 8% 8% 
Line 10 - 13 -9% -7% -7% -8% 

Line 13 - 14 -10% -9% -8% -9% 

Line 14 - 15 -22% -11% -5% -20% 

Line 15 - 16 17% 19% 19% 18% 

Line 16 - 17 -2% 68% 68% 63% 

Line 16 - 19 47% 90% 92% 82% 

Line 16 - 21 0% 0% 0% 0% 

Line 16 - 24 0% 1% 1% 0% 
Line 17 - 18 37% 40% 41% 40% 

Line 17 - 27 -22% -8% 0% -18% 

Line 21 - 22 0% 1% 1% 0% 

Line 22 - 23 0% 0% 0% 0% 

Line 23 - 24 0% 0% 0% 0% 
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Line 25 - 26 -23% -6% 2% -18% 

Line 26 - 27 -26% -25% -24% -25% 

Line 26 - 28 0% 0% 0% 0% 

Line 26 - 29 0% 0% 0% 0% 
Line 28 - 29 0% 0% 0% 0% 

 

It is clearfrom this example that only 7 circuits will be affected by wind, which is 

about 1/5 of the overall circuits. In the case of a high wind scenario, the WIC will 

certainly help identify affected circuits much more quickly. It will also help with 

decision making;with ways to improve system visibility and controllability at the 

investment research stage. 

 

The example shows therefore, that it is easier to identify which circuit is weather 

(wind) related with the help of the WIC. Subsequently to this, asolution can be offered 

following the process chart in Figure 2.2. 

2.3 Chapter summary 

In this chapter, the PTDF has been used to calculate the wind intermittency constraint 

factor WIC, and to define wind transfer corridor circuits. A 6-node and 39-node IEEE 

model has been used to calculate WIC and to rank the circuits that will be most 

affected by wind intermittency. 
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Chapter 3 PMW and visibility 
 

3.1 Phasor Measurement Unit (PMU) 

3.1.1 Overview of PMU 

The traditional way to obtain data is through the SCADA/EMS system. Due to the 

distance and size of the transmission system, the data from SCADA/EMS is not 

necessarily time synchronised. With the time unsynchronised data from the whole 

country, it is very difficult to get a dynamic picture of the transmission system. [49]  
 

The concept of phasor was introduced over 100 years, developed by Charles Proteus 

Steinmetz in 1893 to measure the quality of the AC system [66]. This technology 

developed until PMU was first introduced in 1980, and has become more popular in 

recent studies [64]. It is a device that can takeelectrical wave information at the 

installed critical system point using a common time source for synchronization [64].  

The concept equation is as follows [64, 66] 

 

)cos()( φω += tXtx m  (3.1) 

 

It works in conjunction with the Global Positioning System (GPS), which offers a 

synchronised clock to get a time stamped/ synchronised data. With this synchronised 

data, the problems mentioned above for SCADA/EMSare overcome. When this data 

is attained by the monitoring system, the operator will have a whole dynamic picture 

or snapshot of the system. Due to this feature of PMU, it is also known as synchro-

phasor. [49, 54, 64] 

 

Stability observation is one of the most important reasonswhythe transmission 

monitoring system need synchronised data. Reference[49] introduces the PMU 

ultilisation in South Korea. It is used mainly for voltage instability prediction, and 

transientstability as well. It also presents a case study for voltage collapse prediction 
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in Korea. 

Since PMU is expensive [49, 55], not all the system measurement points are equipped 

with PMU. For this reason, it is important to find an algorithm that can help with the 

optimised placement of PMU. In this topical area several papers have been published 

[49, 54, 55, 64] 

 

Reference[49] gives an example of how South Korea monitors system stability with 

limited PMUs and what is the best way to find a PMU placement point. By using the 

existing line impedance and topology of the transmission system, the number of 

PMUs can be reduced by half at least [49]   

 

Reference[54]makes the point that state estimates of the power systems can be 

combined with both SCADA and PMU data. When placing PMU into the 

transmission system, if the system parameter is known, in theory, the bus with PMU 

can be known and the opposite buses connected to the known bus should be visible as 

well by calculation of the system condition and line parameters. 

 

Figure 3.1 PMU and system topology 
 

Consequently, the number of PMUs needed to observe the whole power systems 

should be dramatically decreased. In this project, wind energy is the leading factor of 

all studies. Hence the placement of PMU will be calculated through a wind related 

algorithm which will be introduced in the following chapter. 
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Figure 3.2 Matrix of visibility with PMU 
 

Reference[55] introduces a practical use of PMUs in a black out situation, and 

producesan algorithm for restoring the power systems in an islanding position. By 

using the algorithm in an islanding situation, it also has an extra benefit to be used 

study system into several areas and monitoring the different part of transmission with 

limited PMUs. 

3.1.2 PMU and stability 

The theory for Power systems stability can be sorted into threemajor categories: 

voltage stability, frequency stability and interarea oscillations [37-40]. Stability can be 

caused by different reasons: .i.e. power flow increase, demand change, generation 

output change, system disturbance or a fault[37]. 

 

Transient stability is also well known as first swing stability [37], a useful concept and 

calculation is Equal Area Criterion, EAC. 
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Figure 3.2 Equal Area Criteria 
 

The EAC comes from the simple idea of comparing the mechanical power energy 

input in to the rotor and the electrical energy out of the rotor. These forms of energy 

are defined as A1 andA2 ; due to the effect of the rotor, they can also be defined as 

Accelerating Area and Decelerating Area. 

 

As shown in the picture, if rotor deceleration area A2 is bigger or the same size as 

rotor acceleration area A1, the machine is stable and oscillation will damp in theory. 

If, however, the area A2 is smaller than A1, there will be not enough power for the 

machine to damp and the machine will accelerate and become unstable due to pole 

slipping [64]. 

 

{ })sin(max2

2

γδδ
−−+= PPP

dt
dM Cm  (3.2) 

 

As shown from the equation and Figure 3.3, phase angle is a very important factor in 

stability study. However, due to the unsynchronised data from a conventional SCADA 

system, phase angle data is not very accurate, due to the delay of wide area effect. [49, 

54, 64]. 

 

With the development of PMU, phase angle becomes more visible in the transmission 

system, with the result that numerous studies have been conducted in this 

area.Reference[52] uses a concept of angle constraint rather than active flow 

constraint (the traditional way) to define transient stability. However, due to fact that 
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it is out of the scope of thepaper, nothing is proved about this concept. It only proves 

the voltage effect on transient stability. 

 

Reference[51] introduces a nonlinear Robust Adaptive Control. This will 

optimiseHVDC, FACT using Wide Area Monitoring (WAM) signal to help with 

transient stability and small-signal stability.  

 

Reference[53] also points out the importance of using WAMs (PMU) in power 

systems stability studies. With the global synchronised data from PMU, a supervisory 

controller can be designed to combine FACTs equipment. It designs a controller of 

static synchronous compensator, STATCOM to damp power systems stability. 

3.1.3 PMU and Wind 

Enhanced visibility of the power systems is considered as an important part of smart 

transmission. PMU is one of the most effective ways to increase system visibility, 

especially in a more dynamic situation [47-55, 64] 

 

Wind energy as an increasing topical renewable source has become popular in PMU 

area, and several studies have been conducted into it [47, 48, 50]. 

 

Reference[47] introduces an online wind farm risk assessment tool, which will collect 

information from WAMs and Energy Management System, EMS, and put a package 

of wind power disturbance and warning risk assessment in the online study. 
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Figure 3.4 Wind energy risk assessment tool [47] 

 

As shown in the flow chart, the behavior of wind energy has been added into the 

system study tool, and contributes to the system security study. Compared with 

traditional system data i.e. SCADA data, the frequency and accuracy of data has been 

dramatically increased, and the online and offline study system should be improved as 

a result. 

 

Reference[48] shows an overview of how PMU can help with collecting information 

and contributing to stability study and voltage control. PMU can be taken as a good 

observation of stability. 

 

As wind energy increases in the transmission system, the system becomes more 

dynamic. To cope with this dynamism, data quality for study and system control must 

be improved. Some of the system visibility has already been upgraded by ultilising 

PMU in transmission system. 

 

In reference[50], a synchrophasor network is established to observe the voltage phase 

angle. A relationship between wind penetration and voltage phase angle violation is 

predefined and observed during the experiment. This paper raises the question of 
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whether the phase angle for larger wind penetration should be closely monitored in 

the future. It also creates room for discussion about whether wind is going to help 

with oscillation, due to the decoupling from the system 

3.2 PMU and its utilisation in WIC management 

3.2.1 PMUs to improve system visibility 

At the moment, the most common way to monitor power systems status is by utilising 

SCADA/EMS.The SCADA system takes metering/system parameters from 

RTU.Control engineers can then use these data for daily power systems operations. A 

state estimator of EMS is normally also based on SCADA. 

 

The downside of the SCADA system is that there is no dynamic data from metering, 

and all the parameters SCADA catches are not time synchronized (time tagged). 

Hence this data does compromise the results, if used for real time stability study. 

In contrast, PMU is an effective equipment for collecting time synchronised data from 

the power systems. 

 

A great deal of research has been conducted into how to improve power 

systemsstability and avoid voltage collapse by using PMU [48-53].Due to the high 

cost of PMU, normally the system is only partially equipped with PMUs. 

Consequently,for the lack of PMUs, there are also some techniques for how to choose 

the best locations for them to give a better visibility of power systems [54, 55,  64].  

 

 

PMU placement can be very effective and informative in terms of observing system 

status and predicting system conditions. There are 4 major application areas for PMU 

algorithm [64]:  

 

A. Conventional Measurement  

Studies have been carried out into how a PMU State Estimator algorithm canultilise 

conventional measurement to maximisethe visibility of thepower systems. There are 

challenges to using conventional measurement, as the sampling rates are much slower 
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and the solution will be different in individual cases 

 

B. PMU measurement  

The functions for measurement only PMUs are different. They are time critical, which 

means that the objective function in power systems will be time dependent. 

 

C. Observability  

Another important function of PMUs is improving the observability of the whole 

power systems, and their placement serves to maximise it. 

 

D. State estimation 

PMUs are also used in power systems to improve state estimation. The use of astate 

estimator is to identify any telemetryerrors or estimate power system condition with 

any redundanttelemetry. With the PMUs, the state estimation can be improved with 

the help of better and more accurate data. 

 

To reduce the number of PMUs that is needed in power systems, a zero injection 

concept has been introduced. The basic idea is provided by buses with 0 load or 

injection. In reference[64], a 14-node model is used to prove that the concept of 0 

injection buses will help reduce the number of required PMUs to observe the whole 

system, which will improve system observability in a more economical way. 

 

With an increasing number of wind energy connecting to transmission systems, the 

challenges are much more numerous than ever before. The major questions for the 

project are firstly how to use PMUs to improve the visibility of power systems 

enhance the power transfer capability of wind energy, andsecondly how to use phase 

angle to improve stability and voltageconstraints. These two questions will be 

discussed briefly in the following part. 

 

Reference[54] and Reference[55] have proposed an integer program for the placement 

of PMUs. Reference[55] has used an integer linear formula with the conventional 

measurement in the system. It has put the method in a mathematical model as follows: 

 

The optimal way to place PMUs has been discussed in many research papers. 
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Reference[54], [55] and [64] point out the idea that to get the full coverage of network 

observability, a linear program can be used as follows: 

 

i

N

i
i X⋅∑ωmin  (3.3) 

..ts 1̂)( ≥⋅= XCXf c  (3.4) 

 

WhereN is the number of buses in the system, iω is the cost of the PMU at bus I, X is 

the decision variable vector and can be defined as follows: 

 
        (3.5) 

 

1̂ is the matrix for all ones and )( cXf  is a function of vector and the connectivity 

matrix is defined as follows: 

 

(3.6) 

 

This function will help analyse the network observability using integer linear 

programming. Due to certain issueswith the integer linear programming method, 

occasionally more than one solutions will be found and some extra functions or 

considerations will be added [54,55,64] 

 

As shown in Figure 3.5, a 7 buses model has been used in the calculation to prove the 

concept of using conventional measurements. The mathematic model can be shown as 

follows: 
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It points out that by putting a bus 3 measurement, the entire system can be observed.  

 

 
Figure 3.5 7nodes bus PMU observation 

 

3.2.2 Optimised placement of PMUs to monitor wind corridors 

The traditional way to define corridor transfer stability limit is to use apredefined 

active power [52]. This is normally a tighter/smallerlimit due to the lack of dynamic 

information regarding voltage and phase angle. As wind penetration increases, the 

dynamic of corridor transfer will get worse. In this project, PMUs will be used to help 

with obtainingsynchronised information, and to more accurately define real time 

phase angles. The WIC method will be used to optimise the observability of wind 

corridors. 

 

As described in previous chapters, wind intermittency does cause problems in power 

systems in terms of voltage, thermal and stability. Most ways to place PMUs to 

improve observability of power systemshave been discussed, however,there is a lack 

in design of an algorithm to observe the system issues that are caused by wind 

intermittency. In this project, a new algorithm and a scheme will be introduced to 

optimise the way of placing PMUs in power systems to maximise the observability of 

WIC circuits. 
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The same standard IEEE 6-node example is used to prove the concept. As shown in 

Figure 2.4, to get the best observability of the system, a PMU can be installed at Bus 2. 

Since the impedance of each line is known, the observability of the whole network is 

Vi=

0 1 0 0 0 0
1 1 1 1 1 1
0 1 0 0 0 0
0 1 0 0 0 0
0 1 0 0 0 0
0 1 0 0 0 0

 
 
 
 
 
 
 
 
 

 
(3.8) 

 

When the WIC is taken into account, a weight can be put on each circuit for the one 

that is most affected by wind. 

WIC=



























−−
−−−

−−
−

−−−
−−−

12.036.026.0
12.008.026.002.032.0

08.022.030.0
36.026.038.0
26.002.022.038.040.0

32.030.040.0

 
(3.9) 

 

To simplify the calculation of Matrix, the heavily affected circuits will be 1(if WIC 

over 0.2, matrix count as 1), and less affected circuits will be 0(if WIC less than 0.2, 

matrix count as 0). In this way, the above matrix can be transfer to  

WIC=

0 1 0 1 1 0
1 0 1 0 0 0
0 1 0 0 0 1
1 0 0 0 0 0
1 0 0 0 0 0
0 0 1 0 0 0

 
 
 
 
 
 
 
 
 

 (3.10) 

 

This shows that all the wind affected circuits that are over 0.2 are defined as wind 

corridors, and will be displayed as 1 in the WIC matrix. Pi makes the basic 
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observability improvement by putting 1 PMU at certain points. Combining matrix Pi 

and WIC, a PMU location matrix can be gained,and Vi to cover the whole wind 

corridor observability.  

PiWICVi ×=  (3.11) 

 

As shown in the equation, this will be a possible solution for calculating the best 

location to put PMUs and to achieve full observability of the matrix Vi. 

3.2.3 PMU placement 

 

In high wind integrated power systems, the PMUs’placementshould also involve 

considering the WIC and be optimised accordingly. To get the best observability of 

wind corridors, there are two principles to follow: 

 

One is to minimise the number of PMU placements due to their unit cost being high. 

The second principle is to maximise the observability of wind corridors. As 

mentioned in the previous chapters, wind corridors can be defined for any circuit 

WICover 20%. For those wind corridors, observability will be improved by adding 

more PMUs to help analyse stability issues as well as enhance the state estimator 

function, as the metering and flow of those circuits will be changing most during high 

wind scenarios 

 

To prove the importance of the right location of PMU placement, a check function has 

also been introduced in the 39-Node example. This will compare the observability of 

wind corridors for optimised location and for randomly chosen locations. 

 

3.2.4 PMUs39-Node case study 

 

As shown in WIC table, there are 7 circuits that are over 20% WIC, which means they 

are wind corridors. PMUs can be added to those critical circuits to improve 

observability 
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Here is a comparison of PMU on WIC circuits and PMU on random circuits 

VWICV k

n

k
WIC

ˆ
1

×=∑
=  

(3.12) 

 

 

where, 

 

WICV is the scoring of system wind observability.  kWIC is the matrix of WIC circuits 

that are over 20%  and V̂ is the observability of  a current PMU placement. 

 

To compare with the two different cases, RandomV  calculation has also been used to 

prove how random placement of PMUs will affect the observability scoring. 

Randomk

n

k
Random VWICV ˆ

1
×=∑

=  
(3.13) 

 

where, 

 

RandomV is the scoring of system wind observability.  kWIC is the matrix of WIC 

circuits that are over 20%  and RandomV̂ is the observability of a current PMU 

placement. To be precise inthis experiment, RandomV̂ will be a matrix that is used in 

conventional PMU placement calculation to maximisethe observability of systems. 

 

In this example, assume 7 PMUs have been placed on location where WIC is over 20% 

by adding the percentage of wind flow change in the system. WICV  =337% of system 

wind effect. However, the PMUs were placed randomly, and therefore only observe 

the first 7 circuits. The observability percentage of wind can be calculated as RandomV  

=141%. As shown by this, the placement of PMUs using WIC can be 2.39 times better 

than the random placement of PMUs. System observability for wind intermittency can 

be improved by following this logic. 
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3.3 Wind corridor stability with PMU and DI 

As the second stage of the project, a mechanism will be introduced into the process of 

using PMUs to improve wind corridor transfer capacity in transient and dynamic 

situations. Due to the intermittency of wind, as mentioned above, wind corridors may 

suffer transient or dynamic situations (caused by sudden wind gusts or sudden wind 

cut offs).An algorithm will be designed in combination with the stability prediction of 

PMUs, the wind forecasting and with system impedance. 

 

Studies have been done in predicting system stability using PMU [84-88, 101-103]. 

As shown inthe picture below, PMUs can be used to closely monitor the phase angle 

of corridors in the observation window, and make systems take action before they 

become unstable. 

 

In this project, a similar technology will be used in combination with wind forecast to 

observe wind corridor transients, to predict system instability and to produce transient 

DI profiles to stop systems going unstable. 

 

 
 

Figure 3.6 Use PMU to predict transient stability [64] 
 

As mentioned above, a PMU is a much faster equipment to obtain time synchronised 

dynamic data from power systems. In Figure 3.5, an algorithm can be used to identify 
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the system transient stability by monitoring a reduced two generator system. 

As shown in Figure 3.5, there is an observation window while using PMU to predict if 

the system will be stable for the next ms time. If a PMU displaysan unstable situation, 

actions need to be taken to retain system stability. 

 

Due to the fast action, the thyristor controlled equipment FACTs, system impedance 

can be changed rapidly, and its stability regained immediately. 

 

In this project, as shown in Figure 3.7 PMUs are placed at wind corridor circuits and 

monitor closely the corridor transfer. As mentioned above, the existing way to monitor 

the stability of a corridor has been to use a predefined active power transfer through 

the circuit and make sure it does not exceed that limit. However, by using PMUs in 

the system, wind corridors can be monitored in a more effective way, and the transfer 

capability can be improved. 

 

As the consequence of a sudden ramp up of wind energy, and the corridor transfer 

increases. There are chances that the system’s stability may suffer. In this project, a 

process chart will be used to employ PMUs, and transient DI profiles will be 

introduced to increase system transient stability. 
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Figure 3.7Process of using PMU to monitor wind corridor stability 

 

Regarding FACTs equipment, capacitive and dynamic Vars are helpful in transient 

stability and in order to improve transient stability, this project will focus on the effect 

of Series Capacitors. 
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3.3.1 Mathematic model of PMU and DI 

The transient DI profile will be calculated under the follow mathematic model: 

For calculation of stability, it is always simplified into two generators or one generator 

with infinite bus situation. The transfer between the two generators is 

δsin21

X
EEP =  (3.14) 

From this equation, it can be tell that, producing a DI profile for X can improve the 

transfer situation of P , it can be done either pre or post wind increasing event. 

A FACTs compensation factor is defined as k  and the impedance in series can be 

defined as FACTsX . 

And the new transfer simplified impedance will be DIX  

FACTsDI XXX −=  (3.15) 

XXk FACTs /=  (3.16) 

XkX DI )1( −=  (3.17) 

 

By changing the transient DI, the transfer of wind corridor can be improved pre-event 

(i.e. in the case of sudden wind increase). In addition, the stability situation of post 

event can also be improved by change A2 of Equation Area Criterion, as shown 

byFigure 3.8 

 
Figure 3.8 EAC for different compensator k 
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In this project, a dynamic testing model will be used to prove how PMU and DI 

monitoring wind corridors’ transient stability and they will be used together with 

Group Impedance to improve the calculation process. 

 

 

3.4 Chapter summary 

The concept of Phasor has been used inpower systems for over 100 years.With the 

technological development of GPS and PMU, synchronisedphasor data has become 

available forpower systems for monitoring purposes. This chapter gives an overview 

of the development of PMUs so far, and outlines the relationship between a PMU, 

FACTs, stability and wind. Over 30 papers have been reviewed in this chapter, and it 

is clear that there are still questions to be answered of how to ultilise PMU data to 

study the wind intermittency transient and dynamic effect and the optimised algorithm 

for the placement of PMU to improve the system visibility of wind energy or on its 

intermittency effects. 

 

In this chapter, a novel method has been introduced to calculate best PMU placement, 

which proves that following the WIC based method, wind visibility will be improved 

by 2.79 times more than randomly placing PMUs. 
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Chapter 4Dynamic Impedance 

4.1 Flexible AC Transmission Systems (FACTs) 

4.1.1 Overview of FACTs 

FACTs is using power electronic controlled equipment to manage transmission system 

flows, voltage and stability. Being able to manipulate parameters of power systems, 

FACTs devices are able to change system shunt/series impedance, phase angle, and 

due to a fast thyristor controlled device they are also able to damp system oscillation. 

This is one of the outstanding characters of FACTs compared with old fashioned 

mechanical controlled devices. 

 

Certain advantages of FACTs devices are as follows [22-24, 33]: 

 

• They help with power systems oscillation damping 

• Theyoptimise the transmission line to near its thermal limits 

• They control power flows on specific circuits 

• They give systems a much better controllability 

• Theyare fast enough to deal with dynamic situations 
 

FACTs consist of several different devices; the widely used ones are listed below: 

• Static Var Compensator, SVC 

• Unified Power Flow Controller,UPFC 

• Thyristor Controlled Phase Angle Regulator, TCPAR 

• Static synchronous series compensator, SSSC 

• Thyristor-controlled series capacitor , TCSC /Thyristor-switched series 

capacitor, TSSC  

• Thyristor-controlled series reactor, TCSR/ Thyristor-switched series reactor, 

TSSR 

http://www.google.co.uk/url?sa=t&rct=j&q=upfc%20power%20system&source=web&cd=1&cad=rja&ved=0CC0QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FUnified_Power_Flow_Controller&ei=kRrFUdiFCsKk0QX4kYDYCA&usg=AFQjCNFvWMH5Zx3oS58nr3BEU2tBEb54Nw&bvm=bv.48293060,d.ZG4
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4.1.2 Shunt connected FACTs devices 

 

 

Figure 4.1 Shunt connected FACTs devices 

As shown in Figure 4.1, a reactive source has been shunt or parallel injected to the 

system. Depending on the devices, the system could either benefit from the increase 

or the decrease of voltage. As all the devices are thyristor controlled, this device can 

also be used in transient situations to improve system voltage and stability. The 

mathematic model is shown below: 

)sin()( δ
X

EVP =  (4.1) 

δ = Power angle (4.2) 

)
2

sin()2(
2 δ

X
VP =  (4.3) 

)]
2

cos(1)[2(
2 δ

−=
X
VQ  (4.4) 

The most typical shunt FACTs device is Static Var Compensator, SVC/STACOM. 

SVC consists of shunt connected reactors and reactors. As shown in Figure 4.2, a TSR 

and a TSC will be in the SVC and there may also be a mechanical switching capacitor 

in the formula.  
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Figure 4.2 Single line diagram for SVC 

Due to the fast movement of SVC, it is normally used to prevent transient voltage 

problems or to maintain / restore / monitor system stability. It increases the security of 

systems.  

4.1.3 Series connected FACTs devices 

 

 

Figure 4.3 Series connected FACTs devices 
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FACTs devices can also be connected in series. As shown in the picture above, line 

impedance X will be modified by the FACTs, and the transmission of active power 

will be controllable as well by manipulating line parameters. 

)sin(
2

δ
CXX

VP
−

=  (4.5) 

)cos1(
2

δ−
−

=
CXX

VQ  (4.6) 

As shown in Figure 4.3, the FACTs device in series can be either thyristor controlled 

reactor or a capacitor or both. One of the typical series FACTs devices is TCSC 

(Thyristor Controlled Series Capacitor). Long transmission linesalways suffer from 

voltage drop due to large var losses as well as from stability issues if the circuits 

behave similarly to transmission corridors. 

The above issue can be solved by introducing a TCSC. It will balance the inductance 

on the line and in fact shorten the line by reducing X. For this reason, the line voltage 

will be increased and the stability will be improved. 

 

Figure 4.4Single line TCSC Model 
 

4.1.4 Mathematic of FACTs 

To understand the basic mathematics of FACTs, it will be shown as follows. To get a 

simplified relationship between phase angle δ  and line reactance X , voltage 

magnitude will be assumed the same in the following equations[34-37] 

)
2

sin()
2

cos( δδ jVVVs +=  (4.7) 
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Similarly to reactive power and active power on the line, without losses it can be 

shown as follows: 
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4.1.5 Constraints and FACTs 

Ideally, there should be no constraints in power systems, however building such a 

high capacity network will cost more than necessary. Ifapower systemis run in an 

economical manner, constraints will appear in the system. They appear because of the 

transfer of energy from generation to demand on a particular circuit exceeds its 

limited capacity [24].  

 

On the basis of the different characteristics, constraintscan be classified as thermal, 

voltage and stabilityconstraints[25].When generation patterns change, all these 

constraints willconsequently change. 

 

Because the conventional generation output is quite predictable and stable, constraint 

information is also quite clear and in a standstill throughout the day. This gives 

planning engineers plenty of time to deal with constraints, ranging from years ahead 

to day ahead[9][14].In real time, the engineers can just follow the pre-defined strategy. 

 

However, with the increase of wind energy, the generation output becomes more 

dynamic and more unpredictable [6, 46, 43]. The constraints could indeed vary with 
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the changing of wind energy profile throughout the day. 

 

There are several ways to tackle constraints generally: [25, 26, 38] 

1. Ultilise existing system equipment (Cost free) 

• FACTs 

• QB/Phase shifter tappings 

• Taking out the congested circuit 

2. Ultilise third party resource (Non-cost free) 

• Redispatch generation 

• Demand side management 

 

Research has been done into the question of how to release constraint. The major 

methods used to avoid the costs of redispatchgeneration [23-29] and also toavoid the 

slow ramp up of some conventional generations are FACTs and HVDC. 

 

Reference[23]reviews the use of FACTs across European countries. Taking into 

account the increase of big wind power in the future will consequently change the 

flows and challengethe secure system operation.To achieve a better control of flows 

this paper proposes to use HVDC and FACTs technology. It is a very good starting 

point to in trying to cope with thesudden and large amountsof changing flows caused 

by wind energy. 

 

Reference[24]points out the need for HVDC and FACTs to control the flow as the 

connection of wind energy increases to simulate a situation similar to wind energy of 

15%.Although the wind input in this paper is quite smooth and without intermittency, 

in reality the parameters will be changing all the time, and that is why a more 

comprehensive algorithm should be used to control FACTs and HVDC.  

Reference[25], [27], [29] concentrate on the FACTs and constraints cost to prove an 

economical use of FACTs in tacklingconstraints. 

 

Reference[25] and reference[29] show the costs of tacklingconstraints by using and 

redispatching generators with the addition of FACTs device. Reference[25] focuses on 

the pool market, and reference[29] on bilateral contract market. The redispatch is based on 
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a pool model market mechanism. With the help of a detailed mathematic redispatch, a 

pool market model has been calculated considering line limit, voltage angle, bus 

voltage etc. The FACTs device value is based on annual usage.  

 

Reference[26] shows the overview of FACTS and uses the Generic Algorithm of 

TCSC and UPFC to find a solution forconstraint. It focuses on the thermal 

overloading of the congested circuits and demonstrates the idea under a 30-node IEEE 

model. 

 

 
Figure 4.5 System equivalent diagram [26] 

 

Reference[27]introduces FACTs controller, especially UPFC, STATCOMcontroller on 

busbar to release constraint. A 30-node based busbar IEEE model has been studied in 

terms of costs effective relief of constraint using FACTs controllers   

 

 
Figure 4.6 System equivalent diagram with TCSC [26] 

 

Reference[28] studies the location of FACTs which helpswith stability issues. 
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Considering the question ofhow economical and how secure power systems are, the 

paper uses the New England model to test transient stability while taking into account 

TCSC locations. However,because the flow model is stand still, it is not suitable for 

wind scenarios. 

4.2 QB(Quadrature Booster) 

4.2.1 Overview of QB 

The type of transformers that can be used to shift phase angles, are called Phase 

Shifting Transformers, PSTs. PSTsare used tocontrol the power flow in transmission 

circuits. The type ofPSTsin theUKthat use Quad injection are consequently named 

Quadrature Boosters, QBs. 

 

A QB is a kind of transformer that isemployed to control the flows in the parallel 

circuits of power systems. By tapping up and down a QB, it is possible to change the 

phase angle between coming into the QB and leaving it [77]. 

 

As shown in Figure 4.7, a QB consists of two parts: a shunt transformer and a series 

transformer. The shunt transformer is a star/star connection and the series transformer 

is a delta/star connection [77, 79]. 

 

The way QB works is inject a quadraturevoltage (90 degree phase change from the 

line voltage) from the output of shunt transformer trough the series transformer into 

the original circuit [78]. 
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Figure 4.7 Detailed design of QB 
 

Figure 4.8 is a single line diagram. If taking the red phase as an example, its vector of 

the load current is degree 0. The vector going through the shunt transformer into the 

serious transformer is actually the vector summation of the blue phase and yellow 

phase vector (YB), which is 90 degree phase shift from the red vector. 

 

 
Figure 4.8 Vector diagram of QB 

 

By adding this 90 voltage vector into the original circuit, the phase angle through the 

QB will be changed. As shown in Figure 4.9, Vs is the sending end voltage, Vr is the 

receiving end voltage, IX is the lost of the line, and Vq is the quadrature voltage 

injection from QB. By tapping the QB, the Vq vector can be changed both in value 

and in direction, and the flows in the circuit can be managed in this way.  
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Figure 4.9Voltage Vector diagram 
 

It is possible to conclude from the above information that three things that can be 

changed by tapping up and down the QBs: circuit voltage, circuit impedance and the 

phase angle. For this reason, QBs are widely used to manage the system flows 

constraints and even to improve the system stability with some fast tap changer 

technologies [65, 67-71] 

 

Figure 4.10 Boost mode and Buck Mode of QBs [79] 
 

There are two modes of QB tapping: one is Boost mode (flow on the circuit 

increased), and the other one is the Buck mode (the flow on the circuit decreased) [79]. 

As shown in Figure 4.10, in real time operational control, QBs can be used to change 

the system flow pattern in a more economical way compared to changing the 

generation pattern to manage the constraints.To improve the transfer capability, an 

optimisation has been introduced into QB tapping in Reference[76]. 
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4.2.2 Mathematics of the Quadrature booster 

 

Figure 4.11Mathematics model of QB[74] 
 

QB is not a simple transformer; when put into an equivalent circuit, the serious 

transformer and the shunt transformer should be considered and they can be 

transferred into one transformer with a complex turns ratio[74-76]  

 

As shown in Figure 4.11,a QB can be simplified into an ideal transformer with 

complex ratio and leak impedance. QBN is the complex ratio and eY  is the leakage 

impedance both for the serious transformer and the shunt transformer. iV is the 

incoming voltage, 'V is the voltage after the phase shift. oV is the final voltage that 

comes out of the QB. α is the phase shift from iV  to 'V . 

 

Since QBN  is the voltage change ratio from iV to 'V , iQB VVN /'=  and for the phase 

shifting characteristic )1(' jXVV i += , X is the quadrature injected voltage 

ii VVX /∇=  (4.12) 

 

 

Hence 

jXNQB += 1  (4.13) 

αtan=X  (4.14) 

 

iI
 

iV  

N:1  

'V  

Ee ZY /1=  
0I  

0V  

tjN 1tan,tan1 −=+= φφ  
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From Figure 4.11, Equations can be put down together as follows 

For a simplified transformer QBi NVV =/'  (4.19) 

 

As an ideal transformer, there is no loss,  

So 

oI-'×=× VIV ii  (4.15) 

VIVII i /'- o ×=  (4.16) 

 

 

 

Put 1.1 into this equation, then we get 

NIIi ×= o-  (4.17) 

 

Meanwhile 

 

eoo YVVI ×−= )'(  (4.18) 

 

Previously, it is known  

 

NVV i =/'  (4.19) 

 

Put 4.19 in 4.18, then  

eioo YNVVI ××−= )(  (4.20) 

 

Put 4.20 into 4.17, then 

NYNVVI eioi ×××−−= )(  (4.21) 

 

From equations 4.20 and 4.21, we can get the matrix 
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And then [72, 73] 
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The matrix shows that it is not symmetric due to the complex ratio. Hence, it is 

evident that the QB can not be simplified into aπ  equivalent circuit. 

4.2.3 Dynamic Quadrature booster 

The Dynamic QB was introduced in the 1970s-1980s [70, 72, 78]. It was studied to 

improve first swing stability limits and to help with damping as well. Dynamic QBs 

are QBs with fast control phase shifting strategies, either with vacuum tap changers or 

with power electronics. 

 

The conventional QB uses on-load tap changer that will take much longer to change a 

tap and thus will not be able to help with stability or with any dynamic situation. To 

achieve dynamic requirements, thyristor has been considered as a replacement for the 

slow mechanical on-load tap changer. It has its own advantages and disadvantages 

[65-70, 72]: 

 

Advantages: 

• Thyristor controlled QBs are much easier to maintain compared with big on 

load tap changers. 

• Thyristor controlled QBs are much faster than conventional tap changers 

• Thyristor controlled QBs can help with dynamic situations 

 

Disadvantages: 

• Thyristor controlled QBs will introduce harmonics to the system 
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• Thyristor controlled QBs require filters due to harmonics 

• Thyristor controlled QBs are considerable higher cost for high rating circuits 

 

Several papers focus on Pulse Width Modulation,PMW control QBs. Paper 65-

70show different designs of PMWcontrollers for QBs and of how they smooth the 

power flow controllability and of how they cancel or reduce harmonics. 

 

Since QBs or Phase shifters have been widely used by a lot of countries, a study has 

been done on their effect on protection. Reference[71] takes into account the 

protection setting changes required by QB tapping. It studies the different fault 

impedance of QB tapping modes, and plans an adaptive relay protection for big 

amounts of QB tapping environments. 

 

As mentioned above the biggest advantage of Thyristor controlled QBs are their fast 

reaction to all contingencies, which is precisely why they can be well used for 

improving the stability of power systems. 

 

Reference[69] explains how to use PMW controlled QBs to damp system stability 

andprovides an example to prove this. At this stage, however, it only proves that QBs 

phase shift will affect power damping, as shown in Figure 4.12 

 
Figure 4.12 QBs improves system damping [69] 

 

Reference[73], [78] introduce a similar algorithm to improve first swing stability by 

phase shifting, and also to help damping the system oscillation. Reference[73] focuses 

more on how to improve first swing curve and on how to cope with longer fault 

clearance times. It proves stable for even 400ms fault clearance times by tuning phase 

angles and keeping area A2 equals to A1, as shown in Figure 4.13 

This can be shown in the following equations: 

http://www.google.co.uk/url?sa=t&rct=j&q=pmw%20dc&source=web&cd=12&cad=rja&ved=0CGkQFjAL&url=http%3A%2F%2Fwww.allaboutcircuits.com%2Fvol_3%2Fchpt_11%2F1.html&ei=_I_IUdrJIMa60QX2zIHwDA&usg=AFQjCNH5GWU_u8ltXAHza_1Kb3FeiaStfg&bvm=bv.48293060,d.d2k


 60 

gen
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VU

P δsin=  (4.24) 

)sin( gengen
gen

gengen

X
VU

P αδ ±=  (4.25) 

 

 

genδ is Power angle: 

genα is Shift angle 

genU  : Internal voltage of the generator 

genV  : Generator transformer voltage 

genX  : Generator equivalent impedance  

 

These equations clearly show that system stability can be manipulated by changing or 

shifting phase angles. If the phase shifter is quick enough, generator stability can be 

improved even with a slow fault clearance. 

 
Figure 4.13 400ms fault clearance time EAC [73] 

 

Reference[78] focuses on how to damp an oscillation by using 5 different schemes of 

QB tapping; it is a combination of both the Bucking and the Boosting modes of QBs.  

 

Reference[76] shows the basic theory of how a thyristor/vacuum switch tap changer 

QB improves dynamic and transient stability in transmission systems. It also 

introduces the Fuzzy-sliding control of a dynamic QB,and uses a 3 machine mode and 

a reduced NGC model to prove the post fault damping effects of a Quadrature booster. 
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4.2.4 The practical use of QB 

Using a QB is one of the most effective ways in flow control technology. It is a kind 

of transformer used to control the flows on the parallel circuits of power systems. By 

tapping the QB, the phase angle between coming into the QB and coming out of it can 

be changed [74, 77]. In this way, circuit flows become changeable. 

 

By ultilising this method, the flows in the circuits equipped with QB can be managed 

according to different wind output scenarios. Since system statuses change very 

quickly in real time, using a QB can make the most of system capacity and 

consequently avoid system extension or capacity enhancement costs [79] 

 

In this project, QB behavior in power systems will be studied in detail as part of the 

smart transmission decision making matrix. By tapping the QBs, certain constraints 

caused by wind intermittency output can be released. This will not only be cost 

effective, but also increase system security. 

 

Reference[79] shows that Quadrature boosters in the industry are normally used when 

there are parallel circuits; one circuit reaching the rated limit, while the other one still 

having some capacity left. By tapping a QB, the flows can be more equally dispatched 

across the two parallel circuits. 

 

This paper has explained how a QB can help with tackle thermal constraints at peak 

demand and maximise the transfer capability according to different generation and 

outage patterns. 

 

While a simulation model has been used to prove the optimisation of QB tap positions, 

this study only used a QB optimisation for peak demand and planning stage, and has 

not taken system dynamic situations into account. Since the system changes rather 

quickly and it is unpredictable due to the wind as well, this process should be 

extended into real time operation. 

 

Reference[80] studies the ultilisation of PSTs in European networks. It explains from 

the point of view of European interconnection how a PST helps flow control in Italy, 
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and also how PSTs save redispatch generation cost and release constraints. PSTs have 

been used in all different types of time scales (long term, medium term, day ahead and 

real time operations as well). 

 

The strategy of how PST can be used to dispatch flows more equally pre-fault to get a 

higher system security has been explained. Post fault, phase shifting transformers can 

also be used to re-establish system flows.  

 

A cooperating role between France and Italy has also been explained regarding PST 

operation to optimise flows for different N-1 scenarios and to prevent the hunting of 

different Phase shifting transformers. 
 

 

4.3 Dynamic Impedance (DI) 

4.3.1 Concept of DI 

Wind constraint management is a very topical area and research have been carried out 

regarding how to solve the problems [4-10, 14, 15]. However, most studies treat wind 

energy similarly to conventional generation without considering its intermittency. 

Precisely due to the intermittency, the WIC will come and go, and the circuits 

congested by wind energy will also keep changing as a result of changesin wind 

locations. 

 

For conventionalconstraints, there is eitheran enhancement needed for the existing 

circuit or the construction of a new circuit becomes necessary to eliminate the 

constraints [25, 81]. However, due to the intermittency of wind, the constraint of wind 

energy will move with the weather, and the situation will be more dynamic.Building a 

constraint free systemis not economically practical precisely due to this fluctuation in 

wind energy. 

 

After defining theWIC, the project will introduceDI. Power systems impedance 

normally stays constant, and flows can be calculated through constant system 
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impedance. However, with the increase of wind energy, the system parameter can not 

stand still any more, and more flexible impedance is required to achieve the 

controllability of smart transmission systems. 

 

There are several equipment that can change the impedance of the system, for 

example, shunt reactor/capacitor, series reactor/capacitor, FACTs, QBs. This project 

has focused on FACTs and QBs to change the system impedance. Becausethe change 

of impedance is momentary and is even available for a transient stage, it is defined as 

DI. 

 

A lot of studies have been done on FACTs and QBs, and they are normally used to 

solve constraints [23-29, 82]. 

 

Constraints in power systems can be defined in 3 ways: Thermal, voltage and stability 

[23,24].Thermal and voltage constraint can be solved by using both QBs and FACTs. 

Due to QBs acting rather slowly, stability constraint can only be improved by 

FACTs[17-20,26].However,certain QBs are constructed with thyristor or vacuum tap 

changers, [16,21,22] and these have a very fast reaction times andgood dumping 

effects on stability. 

 

With the help of FACTs and QBs, therefore, several improvements can be achieved: 

[23-30] 

1. Enhance transfer capability of congested circuits 

2. More optimised pre and post fault voltage profile 

3. More stable and better dumped transmission lines 

 

The concept of DIs will take into account FACTs and QB equipmentholistically. All 

the FACTs equipment in power systems will be transferred into DI. This DI will be 

grouped with normal impedance together with the wind group to deal with the issue 

areas caused by wind intermittency. 

 

As the controllability equation of smart transmission, the system will be divided into 

several groups according to the effects of WICs and DIs. The detailed algorithm 

showing this is part of the project and thefirst stage of the work will be described in 
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this chapter and in Chapter 6. 

 

In this project, FACTs and QBs will be used to optimise systemimpedance. As 

mentioned above, the wind energy is more intermittent and fluctuating. ThisDI will 

help with improving the thermal, voltage and stability of a congested system. And a 

DI profile will be generated according to wind intermittency. 

4.4 Mathematic model of DI 

4.4.1 Series Compensation Mathematical Model 

 

As a WIC issue is normally about the transfer capacity issue on power systems,  series 

compensation will be normal practice in solving this problem. In this project, series 

compensation will be used to simulate the DI effect on different wind scenarios. This 

series model can be put in different ways, and background and modeling information 

for series compensation is outlined below. 
 

A. Background 

 

Series compensation is a suitable way to improve system security which will solve 

thermal, voltage as well as stability issues. The first series compensation was 

implemented in New York in 1928 with the rating of 1.25 Mvar [26]. It is now widely 

used by many countries, such as theUSA, Canada, China, Japan and the UK. The 

advantage of series compensation is shown as follows [26] 

 

1. Virtually reduce the distance of transmission line. 

The effect of series compensation (series capacitor) is believed to virtually reduce the 

distance of a transmission line as the reactance decreases with series capacitors in 

service. 

 

2. Increase corridor transfer capacity  

Series compensation will normally run in capacitive model and will add capacitance 

to the line impedance. This function will help with system transient stability and 

system voltage collapse scenarios, which are the main limiting factors for corridor 
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transfer capability. 

 

3. Reduce power systems construction cost 

Regardingthe design of normal power systems, it is not economically viable to design 

a constraint free system. There will always be constraint issues in power systems due 

to unbalanced power flows. Before series compensation, these issues can only be 

solved by investing more circuits in the system, involving planning, land, and other 

costs. In terms of series compensation, the system stability and voltage constraint can 

be improved, and the system transfer capacity will be lifted without any further 

investment in new circuits. 

 

4. Reduce system loses 

With the improvement of impedance, the circuits have been virtually shortened as the 

reactance parameter is reduced by adding capacitance in series.  

 

5. Optimise power flow in the system 

Series compensation will give a better control of power sharing between parallel 

circuits. With a different algorithm, the system impedance can be optimised to a level 

where all flows are shared equally across the whole system, and security will be 

improved. It also provides more controllability of the system parameter.   

 

Disadvantage: 

The most common problem occurring during series compensation is Sub Synchronous 

Resonance (SSR). It will depend on the network condition and the compensation level, 

and if it is over compensated, it will be a risk to generators. 

 

There are also papers on how series compensators will change system impedance and 

challenge protection settings and replay operations. With the implementation of new 

series compensation, the system protection will normally be reviewed and reset to 

avoid any mal operation. 
 

B. Mathematical model 

 

A simplified series compensation model is shown in Fig 4.20. Both capacitor and 
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reactor will be added in the model to change line impedance. Power coming in and 

out of the series compensation is shown as follows: 
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δδ
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where 

LINECC XKX ×=  (4.27) 

 

Kc is the compensation factor. As mentioned before, this can vary from 0 to 30% 

during normal operation. The normal Kc operation curve is depicted in Figure 4.21 
 

 

Figure 4.14 Series compensation simplified model. 
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Figure 4.15 Compensation Factor K 
 

One of the most important functions of series compensation is to improve system 

transient stability. In this project, the wind effect issimilar to a corridor situation, and 

it can be simplified into a generator to network model as shown in Figure 4.16 below: 
 

 

Figure 4.16 Simplified Corridor model with series compensation 
 

In this corridor model, equal area criteria can be used to simulate how series 

compensation can improve system transient stability.  

 

As shown in Figure 4.17, the impedance of corridor will be changed with different 

models of series compensation. The green curve shows that with no compensation, the 

corridor impedance can be improved from balanced inductive and capacitive to move 

capacitive mode. The series compensation can also be run as capacitor only mode, and 
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the corridor impedance can be transferred to capacitance only.  

 
 

Figure 4.17 Different models of series compensation 
 

 

As shown in Figure 4.18, system transient stability can be improved by controlling the 

impedance of corridor circuit. The simplified equation is as mentioned before 4.1: 

 

)sin()( δ
X

EVP =  (4.1) 

 

Where X will be reduced by series compensation and the operating curve will be 

enhanced as shown in Figure 4.18 
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Without SC 
 

With SC 

 

Figure 4.18 Equal area criteria with series compensation 
 

For system transient stability improvement, the series compensation is normally run 

as a capacitor mode. In this project, DI will also be calculated with series 

compensation running capacitor mode. 

 

The single line diagram for capacitor mode is shown inFigure 4.19. Studies have 

demonstrated how series capacitors can help system security improvement, and one of 

the core functions of series compensation is that it can self-regulate [27]. The normal 

design of the algorithm will consider load/transfer level, voltage level and start 

compensating automatically. 

 
Figure 4.19 Cap model of series compensation 
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As shown in Figure 4.19, with the load changing across the corridor and with the 

increasing circuits distance, the voltage starts decreasing, which supports the idea that 

the series capacitor mode is the best solution for this issue. With the capacitance 

added? to the system, the voltage can be lifted as shown in Figure 4.20. The receiving 

end voltage will drop during long distance power transfer because of the Mvar losses. 

K is the compensation factor of capacitance and defined as 50%. 
 

 
Figure 4.20 Series capacitor voltage lift effect with long distance 

 

Voltage collapse is an important limiting factor in the case of long distance power 

transfer [28]. The voltage collapse curve is often shown as depicted in Figure 4.21, 

where the system transfer capability or voltage collapse limit increases with different 

levels of compensation. 

 

Figure 4.21 voltage collapse curve with 
power transfer 

 

Figure 4.22 Different degree of 
compensation 
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4.4.2 Fixed Series Capacitor (FSC) and Thyristor Controlled Series Capacitor 

(TCSC) 

A FSC is the series compensation with fixed level of capacitance. The capacitance 

level is implemented in the equipment at design stage and will normally not be 

changed in the future. Adding series capacitancewill result in the reduction of line 

impedance and in improving power transfer capability. It improves the end side 

voltage due to the capacitance effect. Differentlyto TCSCs, the compensation level 

will not change during operation, and the system impedance will be fixed after it is 

implemented. 

4.4.3 Process to calculate DI 

As mentioned in Chapter 3, several papers have studied how FACTs can improve 

constraints by changing impedance and phase angle [26, 28, 29] 

 

In the case of different types of FACTs, it can be modeled either in series or by 

injection, for example as TCSC in series of theline. 

 

Without any FACTs equipment in the system, the power transfers can be defined as 

follows: 

))]sin(cos([2
ijijijijjiijiij BGVVGVP δδ +−=  (4.28) 

)]cos()sin([)(2
ijijijIJjishijiij BGVVBBVQ δδ −−+−=

 (4.29) 

 

 

ijP is the active power transfer from Bus i to Bus j 

ijQ is the reactive power transfer from Bus i to Bus j 

 

When put TCSC in series of the line as Figure 4.4 in chapter 4, the impedance and 

phase angle change by TCSC can be modeled as follow [26]:  
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Or, as mentioned before, the TCSC can also be model as an injection, in which case 

the equation will be changed as follows: 

 

 
Figure 4.23 Injection model of TCSC [26] 

 

In this model: [28] 
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For this project, a series model will be used and the phase angle will be simplified in 

the future to reduce the calculation and to maintain its accuracy. 

 

A TCSC is a series compensation with thyristor control. Thyristor control will help to 

change system capacitance instantaneously. This function will improve system 

transient stability with a close loop controller and damping system post fault. 

However, due to the variable capability of the changing system impedance, a TCSC 
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normally suffers from the issue of SSR (Sub Synchronous Resonance). As the SSR 

fallswithout the scope of this project, a FSC model will be used instead. 

 

When considering how to optimise the transfer of wind energy, an optimised DI 

profile should be produced for Medium Term (24 Hours) and Short Term (during 

contingency) and Transient (only for stability) situations 

 

The 24-Hour profile and the Transient profilesconstitute the main focus of this project. 

The mathematical model is proposed as follows: 

}{
24

1
k

k
wind PMaxP ∑

=

=  (4.36) 

 

windP is the total transfer of wind corridor in 24 hours 

 

Consequently, the hourly wind energy transfer should be
i

P∑ . To improve the 

calculation of wind power transfer in the system, a WIC will be used to track wind 

flow circuits, and any WIC over 20%, should be included in the hourly wind power 

equation Any circuits less than that, should in turn be ignored. 

 

How much a WIC will change each houris debatable, which is why an AC study will 

be more accurate when taking into account system status. It is easier to calculate a 

WIC first and then select the ones over 20% into the hourly equation. The processes 

are shown as follows: 
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Figure 4.24 Flow chart of calculating 24 hour DI profile matrix 

 

Following the process of calculating 24 hours Maximum wind energy transfer, system 

impedance can now be optimised. To produce a mathematic goal function of the OPF, 

a green factorω  will be put on wind energy transfer to reduce the cost, and then a 

cost function will be introduced to replace the maximum transfer function: 
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In the study system, the total generation of the system is equal to the total loads. 

Hence 
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The constraints of flow can be shown as follows: 

The Thermal limits of each circuit are: 
max22 )( ijijij SQP ≤+  (4.39) 

 

The compensation factor of FACTs equipment k  can be limited as well 

%30≤k  (4.40) 

 

Voltage limits of each bus can be define as 
maxmin

iii VVV ≤≤  (4.41) 

 

And the impedance of FACTs equipment can be defined as well 

 
maxmin
FACTsFACTSFACTs XXX ≤≤  (4.42) 

 

To improve the calculation of Maximum transfer of wind energy, further work and 

experiments will need to be carried out in the future. 

 

The major part will be the relationship between X andδ . The vector pictureshows 

that the calculation of kXX FACTs =  is similar to 1δ , 2δ  which are phase angles before 

and after the FACTs compensation. 

 

If the assumptions are true, the relationship of 1δ , 2δ could be simplified as follows:  

12 )1( δδ k−=  (4.43) 

 

If accuracy is still maintained after this process, the calculation will be reduced, 

however, this remains for the future projects to do. 

4.4.4 Group Impedance (FACTs placement) for discussion 

A transmission system can be merged and divided into different areas. The algorithm 

to merge transmission system can be based on the impact of voltage, thermal and 
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stability. The parameters affecting all the three parts are impedance, the effect of 

which can mostly be very local. For example, a change of QB tap position can only 

affect certain circuits in the area that can then be grouped together to show the 

characteristics. 

 

As show in the previous part, wind intermittency can be transferred into a matrix: 
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12.036.026.0
12.008.026.002.032.0

08.022.030.0
36.026.038.0
26.002.022.038.040.0

32.030.040.0

 (4.44) 

 

 

This matrix clearly shows thatcertain circuits are much more effective as wind 

transfers and in other words are more affected by wind intermittency. 

When choosing FACTlocation, it is better to have the equipment that will improve the 

security of the whole area instead of having solely a single line. 

 

To cope with intermittency, group impedance can be introduced to help find the wind 

energy transfer slack and reduce the number of FACTs equipment, and to share the 

flexible impedance X as shown in Figure 4.25 

 

 
Figure 4.25 Group Impedance matrix 
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The FACTs equipment that has been put into the system will have an impact on the 

slack of impedance. Taking into account the circled group, it can be defined as group 

impedance and can help with the calculation and placement of FACTs. 

 

Each FACTs equipmentshows effectiveness on each wind corridor. There are two 

ways of finding the optimal location for FACTs that can cope with wind intermittency. 

 

Method 1. Calculate the overall effectiveness of Location A on all wind corridors. 

Location A score= ∑WIC (WIC of the circuit)*Effectiveness of FACTs on that circuit 

                         =∑20%+15%+45% 

The location with the highest score will be the ideal location for FACTs placement, as 

it will help more circuits control flows during wind intermittency. 

 

Method 2.20% scoring card 

If the FACTs location A has an effectiveness of over 20% on the circuit, it will be 

scored as 1, otherwise as 0. 

Hence 

Location A score= ∑1+0+1+1 

The location with the highest score is the best location for FACTs and for wind 

intermittencycontrol. Although this concept will be studied in detail in this project, it 

will need to be further investigated and improved in the future. 

4.5 Effectiveness of Dynamic Impedance 

4.5.1 Overview 

The impedance of power systems is conventionally constant and will not intentionally 

change once built. With the development of renewable energy, the system flows have 

become more dynamic than ever before. For a normal windy day, the output of a wind 

machine can swing from 0 to max and back 0 in only a couple of hours. This issue 

will be mentioned in detail in Chapter 7 in the context of wind profiles where the 

challenges to coping with the issue will also be explained further. 

 

In the case of smart power systems, controllability is the key element of a modern 
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transmission network. To maintain a constant level of controllability,the concept of DI 

has been introduced, whichchanges system parameters according to wind 

energyprofiles. 

 

Wind corridor transfer capability has been monitored by the concept of WIC and 

observed by the PMU placement as described in Chapter 3. This transfer capability is 

considered for thermal, stability and voltage limit. These limits are defined as system 

security limits and will be used in Chapter 6 to design smart controllers. 

 

As the wind corridors are dynamic to a great extent, traditional system controlling 

methods will not be sufficient to mitigate issues caused by wind. Circuit enhancement, 

for instance, will not be economical to deal with temporary or intermittent issues. 

 

DI has brought a new way of controlling these wind corridors for intermittency issues 

in the sense that it will help control the flowin wind corridors, and improve the system 

security by different algorithms. These will be explained in Chapter 6. 

 

The ways to control system impedance can vary. In power systems, the most common 

methods are Phase shifter transformers (Quadrature boosters), FACTs. Each of the 

methods has its advantages and disadvantages. In this project, a smart controller will 

be built based on these pieces ofequipment to help deal with intermittency issues. 

 

4.5.2 PTDF for FACTs 

 

In Chapter 2, the concept of PTDF has been introduced to track the wind energy in 

power systems. If the concept can be reversed, this method can also help find out 

which power system variables have a better effect on mitigating wind corridor 

security issues. 

 

In terms of improving wind corridor security,the most effective variables in power 

systems are change of generation, demand and impedance. With the help of FACTs in 

series or in shunt compensation, system impedance is controllable for different 
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scenarios.  

 

FACTSX is defined as the impedance that can be changed by FACTs equipment. The 

flow model can be defined as follows: 
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The mount of active power flowing from bus A to bus B is defined as abP  and can be 

linearised and the incremental change can be defined into following: 
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This impedance change TCSCX∆  will introduce changes in the flow and effect a phase 

angle change in certain circuits. To help identify the power changes in a wind corridor 

in each moment of FACTs, effectiveness is introduced that helps monitor the 

performance of DI. 

 

The effectiveness of DI can be defined as follows 

k

ab
FACTS X

P
WIC

∆
∆

=  (4.49) 

 

Where the DI for the power systems can be defined as a matrix  

 

kK XDI ˆ=  (4.50) 
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Where kX̂  is the matrix of the system controllable impedance for the time k, k will 

be the time within the day. 

 

With the help of 24 hour wind profile, the DI matrix can be calculated on hourly basis. 

A 24 hour impedance profile will be produced from the smart controller and will be 

explained further in chapter 6. 

 

Equation 4.49 shows thatevery FACTs equipment has a different effectiveness on 

changing wind corridor flows. These pieces of FACTs equipment will be ranked 

accordingly to maximise the ultilisation and to improve the security of wind corridors. 

A conception proving model has been used and the different effect of individual 

FACTs shown. 

 

4.5.3 DI and WIC 

As described in Chapter 3, wind intermittency will not only cause a problem for 

system frequency. It will also cause system security issues. Chapter 2 has successfully 

defined the best way to find WIC and the mitigation for the constraint caused by wind 

intermittency will be discussed in this chapter. 

 

Dynamic Impedance as a controllable tool in power systems that can be used to 

improve conditions in wind corridors.Defining the effectiveness DI, this will be 

calculated against all WIC issue circuits. Conventional circuits that will not be 

affected by wind will not be considered in the DI controller algorithm. 

 

This DI effectiveness will also help choose the best location for installing FACTs that 

solve the WIC issue. 

 

4.5.4 Proof of concept 

A. Capacitor placement 

A UK simplified system is used in this case to compare the sensitivity factor of DI. 
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Two series capacitors have been used in the system to study the effectiveness 

difference between different locations. 

 
Figure 4.26 Series cap modeling 

 

A simplified Capacitor model is as shown in Figure 4.26. The capacitor is modelled 

with a switchable series capacitor. The detailed parameter is shown in Figure 4.27 
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Figure 4.27 Series cap parameter 

 

These two capacitor modelshave been put at different locations of Line 27E-25 and 

Line 27W-26 as Figure 5.5 displays in the case of a reduced UK model. 

 

Table 4.1 Effectiveness of different capacitor placement 

Capacitor X X∂  P  

Line 

27W-26 

P∂  

Line 

27W-26 

P 

Line 

27E-25 

P∂ Line 

27E-25 %)100/( ×∂∂ XP
essEffectiven

 

Line 

27E-25 

0.122

208 

-0.02 712 3 869 3 150 

Line 

27W-26 

0.085

763 

-0.02 712 18 869 18 900 

 

It is clear from Table 4.1 that Line 27W-26 is 5 times more effective than Line 27E-25. 

The effectiveness factor should be used to calculate the best position of DI 

compensation and also for different 24-hour wind scenarios. In practice, a 24-hour DI 

profile should be produced by the DI smart controller to instruct and always keep 
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FACTs equipment at best position. 

B. Stability study 

Regarding this condition, system stability has been studied by switching in different 

Series Capacitors that help compare the stability rotor angle. As shown in Figure 

4.29,Line 27W-26 with higher effectiveness has improved the rotor angle and has got 

a much better condition than Line 27E-25 

 

 
Figure 4.28 Effectiveness of each FACTs equipment 

 

4.5.5 Case study 

A similar case has been set up to study how different controllers and strategies can 

help improve system security, in this case system stability. 
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Figure 4.29 Rotor angle for different actions 
 

As shown in the results, TCSC will help with system damping during the disturbance 

and thus improve system security. The red curve is TCSC from location B, the blue 

curve is TCSC from location A. During the disturbance, they were switched on to 

improve first swing and damping. It is clear that different location of TCSC will have 

different impacts on individual disturbance. 

 

The yellow curve shows, with the help of 3.p.u generator intertrip, that system 

security and damping can be improved.It also shows that the impact of TCSC can be 

equally effective as an intertripping generator. 

 

4.6 Auto flow control 

As mentioned above, the changes of wind energy are so frequent [43, 44] that the 

work load for transmission system operator, TSOwill be dramatically increased. To 

help with controlling wind energy more effectively, an automatic flow control tool 

will be necessary. 

 

Some research has been done in this area [92] [93][94][95][96]. Reference[92], 
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[93]explain how to use Optimised Power Flow, OPF theory and EMS status to 

manage voltage, overload and stability contingencies. Thismodel connects the 

EMS/SCADA status to voltage control, flow optimisation and tries to find a solution 

for managing contingencies, which is an appropriate starting point before automation. 

Reference[94] shows the engineering logic withinthe set upof an automatic flow 

control system using PST. In this way, a constant flow can be achieved by setting a 

target active power flow on the monitored circuits. Reference[95] and [96] show the 

use of Automatic Voltage Control, AVC, to minimise system losses and achieve 

anoptimised voltage profile. 

 

All the above research has proven that automatic control of system flows and voltage 

are achievable bothin theory and in a practical, engineering way. However, the 

existing techniques or studies only look into the system status and not at the 

movement of the system in the future (next 24hours or longer). Since the wind energy 

will be significantly different according to traditional generation patterns, 

thealgorithm for the automation must take into account not only wind forecasting, but 

also forecasting errors. In this way, the system behavior will be simulated and will 

react both in its current and future status. 

4.7 Chapter summary 

For this chapter, the concept of DI has been introduced based on FACTs method. It 

hasshown furthermore, how a DI can improve system condition and help deal with 

wind intermittency. A new method has been used to calculate the effectiveness of 

FACTs equipment or the effectiveness of DI location. 

 

A reduced UK model has been used to prove the concept of DI and to investigate how 

different effectiveness can affect system condition and system security. Rotor angle 

has been simulated to show that system stability can be improved with the correct 

selection method. 
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Chapter 5 Smart Generator and 

Demand Controller 

5.1 Introduction to smart demand controller 

As we have seen, the penetration of wind energy in power systems is growing 

dramatically, and has been raising new challenges. The increase in wind levels has 

created a very dynamic situation both for system frequency and system security. 

Many papers have discussed how technology can help with frequency control in high 

wind scenariosin cases of intermittent energy output. However, this frequency control 

normally works alone without taking into account any other security issues during the 

process. 

 

Demand side management (DSM) is an effective way used to coordinate system 

balancing issues. It has been prominent in most countries since 1970s [5]. DSM has 

been helping improve system conditions and has benefited economically both 

customers and energy industry. It is a useful tool to managing energy security and it 

also benefits the customer with a variety of different tariffs [5]. 

 

The DSM technology has been changed due to the improvement of communication 

technology. The new communication method enabled smart grid to control individual 

demand in very fast and efficient ways. With the aggregation of demand control, 

customers who are happy to sacrifice flexibility for a better price can sign on a 

cheaper tariffs and this enablespower systemsto control more options during high 

wind scenarios. 

 

Smart grid technology has been introduced [66] to demand side managementpower 

systems. It involves new communication technologies to make sure actions can be fast 

enough to prevent instability situation of generators. Due to the high level of 

renewable energy in power systems, flexible demand becomes an option to deal wind 

intermittency situations. 



 87 

 

In this project, the DMS and intertripping technology will be used to show how 

demand controllers can improve power systems stability. PTDF method, as introduced 

before, will be used to define wind corridor circuits. After the wind corridor is 

located, the sensitivity or effectiveness of individual demand will be calculated by 

using the PTDF method. This sensitivity factor will be used to select demand intertrip 

accordingly.It is defined as a smart intertrip controller in this project.  A reduced UK 

model will be used in this project to prove how demand side intertrip technology can 

improve system stability during high wind scenario. 

 

5.1.1 Demand type and modelling 

 

Different types of demand have been shown in reference [23] and have been 

categorised into three areas: 

1. Single period demand 

This kind of load is not possible to alter for different times. These control 

specifictimes and are not flexible. 

 

2. Multi period demand 

For this kind of load, it is possible to change the time of usage,for example,the 

industry demand. Although the time of consumption is changeable too, it may cause 

economical issues. 

 

3. Constant demand 

Constant demand is the energy needed for a certain period and amount of time. If 

often is of little significance when the energy is used, as long as it achieves the period 

of time and amount. The Electric Vehicle is a good example of constant demand and 

they are consequently flexible demandequipment.  

 

There exist a lot of references regardingthe modelling of demand. There mainly are 2 

different ways of modelling: Static Load Models and Dynamic Load Models [23], 
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[24]. For the study purpose of this project, the load modelling is defined as Constant 

Power for flexible demand such as EV or domestic andindustry demand [5], [23]. 

 

Reference[23] uses battery storage technology to study EV scheduling. A cost 

minimization algorithm has been used to find the best charging profile. A charging 

profile has been produced as seen in Figure 5.1, considering distribution constraints 

between two busses. A Genetic Algorithm has also been used in the paper in 

improving distribution network security. 

 

 
Figure 5.1 Charging profile of EV [23] 

 

Reference[23] uses other household flexible demand such as fridges and dishwashers 

to meet wind energy and minimise capacity reserve level. The algorithm is based on a 

multi agent system in the energy market. The simulation is done under the Dutch 

network and it is believed that a 20% reduction of CO2 has been achieved. The 

algorithm is expandable to photovoltaic. 

 

Differently to other papers, Reference[5] uses demand response as a buffing tool for 

wind intermittency, and mitigates the negative impact of wind energy in power 

systems. Both EV and Heat pumps have been introduced as demand side responses. 

The paper also studied the effects of demand response as system reserve for problems 
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caused by wind energy. 

 

5.1.2 EV demand 

Electric Vehicle (EV) is a clean transportation growing fast worldwide. It is another 

powerful way ofachieving the goal of CO2 emission reduction. The charging of EVs 

can put challenges to power systems with unpredicted demand profile. However, on 

the other hand, due to the flexibility of EV demand it may also help with demand 

responding to any system issues [5] [6]. As mentioned in a previous section,an EV is 

a constant demand type and can be more flexible. The pattern of charging EVs can be 

managed and optimised to different system conditions. This charging behavior can 

help with both distribution issues locally and transmission issues nationally. 

 

EVs are normally charged at distribution level as domestic demand. At the 

moment,charging system is not controlled by any Transmission System Operator 

(TSO) level. From an economical point of view, if EV was charged at the right time 

for certain amounts of energy, the tariff can be lower and help with household savings 

[23].Costs for different periods of charging have been studied in Reference [23] and it 

has been proved that there can be a significant difference in the price for charging at 

peak or charging with flexibility. 

 

Much research hasfocused on Eclectic Vehicle charging and demand management as 

well. For instance,Reference [6] has presented an EV charging coordination tool to 

help with renewable and distribution constraint. It implemented an algorithm using 

hour to five minute information to optimise the EV charging decision and introduced 

an energy service company concept to manage the charging of EV using day ahead to 

real time market information 

 

Reference [23] studied the effect of the coordination between distributed generator 

and EV. It proposed a control system to solve the voltage constraint for distributed 

generators and for EVs. Particle swarm method was used in the algorithm to optimise 

the power flow in the distribution network to reduce losses and improve voltage 

condition. 
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5.1.3 Wind energy and EV 

 

Due to the intermittent nature of wind, the output can be fluctuating, and demand side 

management has been used in many studies to balancing the frequency in an 

economical way. The introduction of EV charging demand has made it possible to 

control the demand side with an attractive tariff instead of disrupting other domestic 

use and affecting customer experience. 

 

Figure 5.2 has shown a typical wind profile with a normal demand profile. Wind 

speed can be low when the demand is on the high side. In this scenario, the generation 

will be re-dispatched to keep the frequency steady. Reference[6] has studied the 

coordinated way to solve the energy mismatch for wind energy and for EVs and 

focused on Micro grid for distribution. It used an interruptible method has been used 

to optimise the charging and dispatching process. 

 
Figure 5.2 Typical wind profile and demand [6] 

 

Reference[5] createdan algorithm to balance the wind energy arising from EV 
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charging demand in the local distribution network. By using a subscriber’s scheme, a 

control party has been setup for EV charging to follow the profile of wind energy 

output. It takes into account local constraints and cost information for 100 EV 

experiments. It has achieved over 50% demand supplied by renewable energy with 

the help of EVs and a reduction on CO2 emission. 

 

Reference[23] has also considered the effect of wind energy intermittency in the local 

distribution network, and has proposed a decentralised demand response using EVs to 

balance the wind energy. Customer usage has been rescheduled to meet the high level 

of wind energy by using a learning scheme for the collaboration, which was designed 

to maximise wind energy usage with a battery charging policy. 

 

Reference[5] uses the Monte Carlo modeling method to calculate the daily driving 

time and the charging profile of EVs. Wind energy surplus is used as shown in Figure 

5.3, to price the demand requirement. This way the EV demand will be driven to the 

price depending on the charging period of EVs and on previous charging events (State 

of Charge information). 

 
Figure 5.3 Price driven EV demand [5] 
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Reference[23] has designed a three level controller to schedule conventional and wind 

energy together with an EV charging ton control system frequency that involves a top 

controller for the energy optimisation, a middle controller for EV demand following 

and the bottom controller for frequency regulation. The scheme has achieved 99.5% 

of the test whenan EV has been fully charged, and also achieved the frequency control 

target. 

 

5.2 Mathematic model smart demand controller 

 

In this project, a load control algorithm will be used to help improve system security. 

This algorithm will take into consideration the differences in effectiveness on 

different locations of demand for wind intermittency. 

 

There are different ways to modeldemand in terms of stability, and the most common 

ways are the following [5,6]: 

 

A. Static Load Model 

This model is widely used for simulations of voltage dependence demand and it 

represents the active and reactive power of demand at an instant of time for bus 

voltage and frequency at that instant. As frequency is considered as a constant, the 

power of demand is considered solely as bus voltage. The model can be represented 

as follows: 

 

DVVSS α)/( 00=  (5.1) 

 

where 

S is the actual apparent power for the demand  

0S is the apparent power of demand at steady state. 

0V is the initial voltage steady state 
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Dα is the demand deviation factor for voltage change from steady state. 

 

In this project, α  is assumed as 0 as constant power to simulate the effect of how 

change of demand can help with system security. 

 

B. Dynamic Load Model 

This model represents the active and reactive power at an instant of time for bus 

voltage and for frequency at a past time. This model is normally used to simulate tap 

changing, capacitor banks as well as motor effect [5], and it will not be used in this 

project to simulate the demand for dynamic model. 

 

5.2.1 Demand effectiveness model 

The location of demand is distributed across different areas. As the connectivity of 

demand location, they will have different effects on certain circuits. As discussed in 

previous chapters, WIC circuits are the most wind affected circuits, and thus demand 

that can help with improving security should be calculated according to their effect. 

 

The way of calculating load effectiveness is similarly formulated in this project as the 

effectiveness of generation. The variables are different for the demand, and to 

improve system transient stability, thermal and voltage security, they can be modeled 

as follows: 

 

Demand effectiveness is the sensitivity factor for the load change against the rotor 

angle ratio improvement. The numerical way can be defined as follows [6] 

 

βαλ j+= is the base condition of system 

 

22/ βααξ +−=  (5.2) 

 

ξ is the stability index of the condition 

 



 94 

The relationship of load change and rotor angle ratio is  

 

iD∂∂ /λ  (5.3) 

 

where 

 

iD∂ is the load change by demand side management. 

 

The stability and load effectiveness will be  

iE = iD∂∂ /λ  
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By adjusting demand iD∂ , iE can be calculated and ranked to find out which demand 

is best for certain circuits’ stability. 

 

To simplify the calculation, the change of demand in a certain area can be calculated 

individually, and will have a tie line effect. Therefore, the stability index iE is 

assumed linear effect with the stability ofthe transfer of power P  on the circuit, the 

voltage change between the two ends of the circuits EV , with the change of demand 

iD∂∂ /λ  as shown in equation 5.4 

 

With this process the demand effectiveness can be ranked for certain circuits’ 

stability. 

 

The rank is shown as follows: 

Xcba EEEE ≥≥≥ ...  (5.6) 
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In this ranking sequence proves that different location of demand can help with 

certain circuits to improve the stability condition. Once wind energy fluctuates, the 

circuits most suffering from security issueswill be the ones with higher WIC and the 

demand management strategy can be used to improve the system conditions during 

higher wind scenarios. 

5.2.2 Smart demand controller for wind 

 

Due to the intermittent characteristic of wind energy, a system can be temporarily 

under stress or insecure for a predicted or unpredicted high wind situation. With the 

development of EVs, demand side management now can be more flexible. There are 

two ways of changing demand, which are either increasing or decreasing it. 

 

The previous equations clearly show that the effectiveness factor for demand can be 

either positive or negative, which means that the system condition can be either 

improved or damaged whenchanging  thedemand schedule. 

 

When demand index iE  is positive, it means that condition A to B has been improved 

with by demand side management. When iE  is negative, it means condition A to B 

has been made worseby demand side management. 

 

This algorithm will help with decision making regarding the right strategy for demand 

management. The demand with a positive effect can normally be increased pre-event 

to improve the corridor security. In contrast, the demand with a negative effect can be 

disconnected or decreased during or post-event to improve the corridor security.  

 

The basic principle of smart demand controller is to switch on the most effective flex 

demand pre-event (fault), when wind is high and switch them off when wind is low. 

The algorithm is based on the sensitivity of a pre-defined demand group.  

 

Wind energy can be located in very different areas and the security issue of power 

systems caused by high winds can be defined as local. For this reason, the demand 

management location should be different according to different wind scenarios. 
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This sensitivity factor for the thermal issues of certain circuits can be calculated using 

the PTDF method.For different wind scenarios, the overload, voltage and stability 

problem can be different for wind corridors (tie lines). As mentioned in Chapter 2, the 

wind corridor can be defined using the PTDF method. Similarly, the sensitivity or 

critical of demand management bus for releasing voltage, thermal and stability issues 

can be defined as follows: 

 

line

load

P
P

α ∂
=
∂

 (5.7) 

line

load

Q
Q

β ∂
=
∂

 (5.8) 

 

and β are defined as the sensitivity factors to intertrip demand on certain areas.

lineP∂ is MW change on affected circuits, loadP∂ is the MW demand change on the 

certain area.Similarly, lineQ∂ is theMvar change on affectedcircuits. loadQ∂ is the Mvar 

demand change on the certain area. 

 

Before selecting anything to intertrip, the smart controller will rank the demand 

selection sequence according to sensitivity factors. In this project, only active power 

is used to study the sensitivity factors. 

 

According to the logic of the smart demand controller, the higher the sensitivity is, the 

better effect the intertrip will gain post fault. Hence, the selection process of intertrip 

should follow the ranking sequence using a smart intertrip controller.   

α



 97 

 

Figure 5.4 General Demand Modeling 
 

5.2.3 Case study[105] 

In this study, a reduced UK model is used to simulate the effectof different wind 

scenarios under the smart demand controller.Part of the UK model topology is shown 

in Figure 5.5 
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Figure 5.5 Part of the reduced UK model 

 

This is a scenario with wind increase in the North. The study assumption is 1GW 

increase of wind across Z28 to Z33. There is an existing line outage between Z29 and 

Z27E .By using the process mentioned above, the wind corridor can be identified as 

the line between Z29 and Z28. In the case of any disturbance or fault between Z29 

and Z27W, the wind corridor will suffer from thermal overload and stability issues. 

 

Figure 5.6 shows the fault on Z29 and Z27 line, and the behaviour of the rotor angle 

of the generators. The Green Curve(4) is the rotor angle during the fault when the 

wind is low. The Blue Curve (1) shows the rotor angle during the fault with the wind 

increased by 1 GW. The Pink Curve shows the rotor angle during the fault with the 

smart demand controller in service and redispatching flexible demand. 
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Figure 5.6 Rotor angles for high wind, low wind and smart demand controller 

 

To summaries, the increase of wind output does make thesystem stability situation 

worse. However, the smart demandcontroller can improve the stability situation. 

 
Figure 5.7 Rotor angles for different demand control scenarios 
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Figure 5.7 shows the rotor angle during the fault for different demand side 

management scenarios. The Black Curve (4) at the top is with a random demand 

dispatch from the whole country. The Blue Curve (2) is the natural flow without any 

demand dispatch. The Red Curve (3) is the demand dispatch without positive 

sensitivity, which means it is considered to be the right demand area, however, the 

ranking or effectiveness of each Zone aren’t considered here. The Pink Curve (1) at 

the bottom is with the smart demand controller which dispatches demand following 

the ranking logic as mentioned above. 

 

To summaries, when the wind increases, the best way to improve system stability is to 

dispatch demand following the ranking sequence of sensitivity. It has also been shown 

that by randomly dispatching demand, the stability situation may be made worse. 
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5.3 Generator smart controller 

5.3.1 Background to generator redispatch 

Seeking to improve system stability and increase the transferability on certain 

circuits,much researchhas focused on generator redispatch. Reference[105] studies the 

effect of generator damping for inter area oscillation and has proved that the 

sensitivity of ranking can help improve stability. In the case ofthe issue of the inter 

area stability, reference[105] uses a 39-node New England to prove the flow changes 

of redispatch generation in pairs. The result is shown in Figure 5.8 

 

 
Figure 5.8 Flow change of redispatch generation in pairs 

 

Reference[106] has considered 4 major elements for generator redispatch, 

involvingsystem topology, system sensitivity, generator margin and the cost of each 

redispatch. 

The thermal limit has been used as part of the formula and the generator pairs have 

been studied with vectorised Newton method. 

 

A 14 nodes model has been used by reference[106] to test the stability boundary of 
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generator N-1 condition and shows mitigation for real time unstable condition based 

on generation redispatch. The power injection of generators has been used as the 

following equation 
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An electrical distance has also been used in the paper to explain the topology of the 

system and the stability relative to the network admittance matrix. 

 

Reference[9] has explained generation redispatch from an economical point of view 

and studied the dispatch strategy for congested conditions. It also presents the 

optimised power flow considering bilateral and multilateral contracts for a system 

constraint. 

Reference[10] uses corrective and preventive methods to control generator output. It 

takes into account generation ramp rate, system constraints and puts minimum cost as 

target function. Security Constrained Optimal Power Flow (SCOPF) has been used 

through the process. 

 

5.3.2 Generator effectiveness 

Generators play a very important part in system security and system optimisation. To 

improve system security and stability conditions, there are several ways to mitigate 

the problem. Regarding the generator itself, a close loop controller can be used to 

limit the power transfer and improve the damping condition. As mentioned in chapter 

3, a PMU system can also be used to monitor system unstable situations and take 

accurate actions. 

 

As regards the challenge from wind intermittency, generator output optimisation can 

be a very effective way to solve any WIC issues. In this project, a controller will be 

designed for generators to rank the effectiveness of each according to their location, 

and redispatch the output with wind profile.  
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Before designing the controller, a basic concept needs to be understood, which is 

generator effectiveness or sensitivity to system stability. Generator effectiveness can 

be defined in different ways. It can be used to study system thermal issues, cost issues 

as well as security issues [105]. 

 

For this project, all three issues will be studied as part of the controller algorithm, and 

the input or trigger of the controller will be wind intermittency or wind energy output 

changes.  

 

Wind profile changes will create mismatch between generation and demand. To keep 

the frequency steady, a redispatch will be used by a Transmission System Operator 

(TSO). Sudden increases or deceases of flows on wind corridor may cause system 

security issues in which case a comprehensive generator controller will help cope with 

the wind intermittency and secure the system in a green and cost effective manner.  

 

Generator controllers can be designed both close loop and open loop. For the fast 

close loop design [91-93, 105],the Jacobian method will normally be used which will 

have a non linear effect on the controller and on the redispatch.  

 

In this project, a smart generator controller will be an open loop design. Although it 

will consider the system condition of wind energy change,itwill not feedback the 

information to the controller. In this way, the controller can make quicker calculations 

and improve system profile on an hourly basis or even a minutes basis for high wind 

scenario. 

 

5.3.3 Mathematic model 

Similarly to the demand effectiveness, the Generator effectiveness can also be defined 

as follows: 

iGENE = iGEN G∂∂ /ξ  (5.10) 

 

where 
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iGENE = 22/ βααξ +−=GEN  (5.11) 
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This function will be used in the smart generator controller as a basic logic. The 

effectiveness iGENE  can be ranked for different wind scenarios. With a 24 hour wind 

profile a similar generator optimised profile can be achieved. 

 

Stability is part of system security, and another important part of that is the thermal 

limit of the WIC circuits. To find the best redispatch pairs of generators, the 

conventional PTDF method will be used. For generator redispatch, it is a very similar 

process, and the result is as shown below: 

 

Gen α ( lineP∂ / loadP∂ %100× ) 

Gen1 75% 

Gen2 25% 

Gen3 10% 

Gen4 -15% 

Table 5.1 Effectiveness of generation 
 

According to this logic, the ranking sequence should follow the absolute value of the 

effectiveness. However, if the effectiveness factor is positive, it means that the 

reduce/arm intertripgenerationoutput is improving the stability situation. If the 

effectiveness factor is negative, it means that an increasein generation output is 

improving the stability situation [90, 102]. Hence, the smart demand controller will 

redispatchgeneration or arm generator intertrip according to the location of the fault to 

get a more effective result. 



 105 

 

Figure 5.9 is an example of a topology model for positive and negative generator 

effectiveness. As shown in the picture, a boundary can be drawn to segregate the 

different generations. For example, by increasing the generation positive side of the 

boundary, the system stability will be improved. In contrast, by decreasing the 

negative side of the generation, the system stability will be improved. It is critical 

therefore to draw the boundary of generation and choose different control strategies. 

This boundary function is also part of the smart generation controller. 

 
Figure 5.9 Boundary of positive and negative generation effectiveness 

 

5.3.4 Case study 

Case comparison of generationintertrip and demand management.[106] 
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Figure 5.10 Rotor angle of generation intertrip and demand management 
 

As shown in the Picture, the Purple curve shows the rotor angle rate of change for an 

intertrip 600MW generator. The first swing curve has been improved massively, and 

the system also gets a better damping.  

 

The green curve shows the rotor angle rate of change for a 600MW demand side 

management. By using the algorithm of the smart demand controller, for this fault, the 

negative demand has a better effectiveness. Hence, for this fault, the smart controller 

has switched on the negative demand according to the ranking sequence. 

 

The assumption of the speed to switch on demand through smart demand controller is 

1s, where it can be found that the rotor angle of the green curve is similar to the red 

curve (no action curve) at the beginning of the fault, and 1s later it starts to improve 

the first swing situation. It has been proven that the system damping has also been 

improved with the smart demand controller. 

 

To summarise, the generator intertrip and smart demand controller achieved the task 

of improving system stability, andthey also help with system damping and get the 

system back to a more stable situation. 
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5.4 SmartIntertrip controller 

5.4.1 Intertrip service overview 

Generation intertrip is a conventional technology that is used by Transmission System 

Operators (TSO) to alleviate overload and improve system stability. It is a protection 

controlled automatic action that will disconnect a selected generator or generators to 

solve system thermal overload, voltage and stability issues, and thus improve system 

security. 

 

As specified in the connection agreement, TSOs can ask generators to select their 

contracted machines to be armed intertrip to attain a more secure situation post 

fault/disturbance. Should there be afault, the selected generator circuit breaker will 

open in a specified time [104]. This generation curtailment service is also known as 

generation intertrip. 

 

Intertrip is a service that can be used to release circuit overload and improve system 

stability.An intertripservice isutilised to help transmission systems manageconstraint 

and system security more effectively post fault. It is one of the automatic actions that 

can be used to disconnect demand or generation during fault conditions to solve 

system voltage, thermal, and stability issues. It is generally a generator that will be 

selected for intertrip to cope with system constraints. They will be triggered by the 

faults that happen on certain circuits [5]. This service can also be used for demand 

side intertrip.  

 

With more renewable energy connected to transmission systems, the size of 

generators is becoming much smaller. They are more distributed than conventional 

plants, and as shown before, each generator has different impacts on different circuits. 

This process is defined as effectiveness. The PTDF method can be used to calculate 

the effectiveness of each generator to solve certain issues. 

 

A ranking algorithm is used in the paper to calculate the effectiveness of each 

generator, and a smart controller is used to arm the most appropriate generator for 

certain faults. 
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As mentioned in previous chapters, the demand in power systems will be more 

flexiblein the future. With the development of demand side management, it will be 

possible to select certain groups of flexible demands to intertrip as a transmission 

service. Should there be a fault situation, the demand will be disconnected trough 

intertrip and system security should be maintained. 

 

In terms of demand models, there are different ways to reflect demand. The most 

common ways are Static Load Models and Dynamic Load Models [7], [8]. These 

flexible demands can be from domestic or industry, for instance electric vehicles 

[5],[6] and smart fridges. Flexible demand technology is considered to be used as a 

frequency response, however, there isn’t sufficient research to consider using this 

demand as an intertrip option when seeking to improve system security. Thanks to 

new communication technologies, individual demands should be possible to selected 

as part of the intertrip scheme. 

 

In terms of system security, there are three parts that need consideration;the thermal 

rating of the circuits, the voltage level and stability issues. From a system security 

point of view, demand can be managed to redispatch pre fault or intertrip during/post 

fault. For different locations of generation/demand, the options are different. With a 

negative sensitivity factor, that generation/demand is normally suitable for intertrip 

service. This algorithm is defined as a smart intertrip controller. 

 

Due to the different sensitivity of demand for different wind corridors, the smart 

intertrip controller will be used to select different demand zones to intertrip according 

to the ranking algorithm. In this way, the stability issue of power systems can be 

resolved more effectively. 

 

5.4.2 Smart Intertrip controllers 

Taking UK network as an example, the flexible demand now and for the future will be 

constituted by the smart domestic demand of smart fridges and electric vehicle, for 

instance [3]. With the development of demand control technology, these smart 
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demands should be possible to be selected on intertrip. As shown in the PTDF 

theoryabove, demand and generation change on different locations have a different 

impact on circuit overload and stability. The sensitivity of generation/demand intertrip 

can be calculated, and will be used as a ranking algorithm for demand intertrip 

selection. This algorithm is used as part of the smart intertrip controller. 

 

When wind energy starts to fluctuate, different circuits will get overloaded and 

stability issues will turn up under different fault conditions. In this project, demand 

sensitivity will be calculated to release overload and stability. For an overload and an 

instable situation, demand on different locations has a different sensitivity. The 

decision in the algorithm to use theintertrip option is when the sensitivity factor is 

positive, which means that the action of intertrip demand or generation will reduce the 

flow on the overloaded circuit and bring a possible unstable situation back to normal. 

 

Before selecting anything to intertrip, the smart controller will rank the demand 

selection sequence according to sensitivity factors. In this paper, only active power is 

used to study the sensitivity factors. 

 

Based on the logic of smart demand controllers, it is possible to claim that the higher 

the sensitivity is, the better effect the intertrip will gain post fault. This is why the 

selection process of intertrip should follow the ranking sequence using a smart 

intertrip controller.   

 

According to this logic, the ranking sequence should also follow the absolute value of 

the sensitivity. However, if the sensitivity factor is positive, it means that a reduced 

generation output or arming generationintertripwill improve the stability situation. If 

the sensitivity factor is negative, it means an increase in generation output is 

improving the stability situation [99-104]. In this way, the smart demand controller 

will redispatch generation or arm generator intertrip according to the location of the 

fault to get a more effective result. 

 

As shown inFigure 3.6, Chapter 3, the algorithm will start from wind energy 

forecasting and gathering information about wind output. Then it will calculate WIC 

and define which circuits are wind corridors. If there is any thermal, voltage or 
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stability constraint, the algorithm will start to calculate the sensitivity factors for each 

demand bus and produce a ranking sequence. The demand will be selected to intertrip 

according to the ranking sequence. If constraintwas optimised and solved, then the 

result for selecting demand intertrip will be implemented.  

 

5.4.3 Case study 

As shown above, Figure 5.11 depicts a partially reduced UK model. It consists of a 10 

nodes network and is used to simulate how intertrip can improve system stability.  

 

 
 

Figure 5.11 Part of the reduced UK model 
 

This model show a high wind study case, where the study assumption is that 1.2GW 

increase of wind in the area between Z32 to Z29/Z28. From equation (2), it can be 

calculated that Line Z30-Z28, Line Z31-Z29 and Line Z33-Z29 are with higher WIC, 

and they are defined as wind corridors. To keep the system under stable situation, N-1 

contingency is calculated, and, as shown in Figure 5.11, a fault on Line Z31-Z29 

appears to be the worse fault. 
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Figure 5.11 shows the fault on Line Z31-Z29 with a red flash. For this fault, Line 

Z33-Z29 will get overloaded, and the stability situation will get worse. Figure 3 

shows the rotor angle curve for 3 different situations. The Black Curve shows the 

rotor angle during Line Z31-Z29 fault after wind increases. The Green Curve shows 

the rotor angle during Line Z31-Z29 fault, and a smart intertrip controller is used to 

intertrip demand according to the algorithm. The Red Curve show the rotor angle 

during Line Z31-Z29 fault, when the system randomly intertrips the same amount of 

demand. 

 
Figure 5.12 Rotor angle for different demand intertrip scenarios 

 

From equation (3), the demand intertrip sensitivity factorα  of each zone can be 

calculated as Table 1. The assumption was made that each demand zone can be 

intertripped up to 20% of the total zone demand. The table shows furthermore, that 

Z33, Z32, Z31 are the most effective demands to be selected to intertrip during high 

wind. 
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Table 5.2Demand sensitivity factor 

ZONE α ( lineP∂ / loadP∂ %100× ) 

Z32 75% 

Z33 75% 

Z31 61% 

Z30 10% 

Z28 10% 

Z29 5% 

Z27E 2% 

Z27W 2% 
 

In Figure 5.12, without intertripping any demand, the rate of change for rotor angle is 

very high and less stable as markedby the Black Curve. After selecting all the demand 

on intertrip in the right order according to Table 5.2, the stability can be improved as 

shown by the Green Curve. However, if the demand was randomly selected on 

intertrip, it may make the situation worse, and this is shown in the Red Curve.  

 

To summarise, the smart intertrip controller achieved the task to improve system 

stability, and it should be used during high wind situations to avoid instability. 

Randomly selecting demand for intertrip may make the situation worse. 

5.5 Chapter Summary 

With the development of renewable energy, transmission systemsare increasingly 

facing challenges. Intertrip, as a traditional technology has been studied in this chapter 

as a fast demand or generation disconnection function. To get the most effective 

demand/generation selected for intertrip, a smart intertrip controller has been used. It 

calculates the sensitivity of individual demand areas/generations using PTDF method 

and ranking demand selection sequence in smart demand controller. 

 

The case study in this paper has proven the concept that a smart intertrip controller 

has a much better effect on system stability compared with randomly selected 

demand/generation on intertrip. 
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For a wind energy fluctuating scenario, demand intertrip can be selected to increase 

the wind corridor transfer capability. With the development of communication 

technology, the demand/generator intertrip service will be more flexiblein the future. 

The best way to choose the most effective demand/generator to dispatch or arm 

intertrip is the PTDF methodology. The smart controller with PTDF in the algorithm 

can be used to dispatch demand/generators or arm intertripaccording to different 

geographical areas depending on different faults. 

 

As discussed in reference [102], generator output/demand changes on different 

locations have different impacts on system security. The effectiveness of 

generators/demand for certain faults can be calculated and will be used as a ranking 

algorithm for different generation intertrip selection.  
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Chapter 6 Controllability of Smart 

transmission system 
 

6.1 Smart transmission 

6.1.1 Smart transmission overview 

The concept of Smart transmission is not defined by this project. It has been 

introduced in reference[63], whichshows how the smart grid concept can be extended 

into the transmission side and also describes the challenges for the future 

transmissionsin copingwith more renewable generation connected to the grid. The 

question of how new technologies like PMU can help with transmission control centre 

decision makingwas also investigated. 

 

Smart transmission has not been much researched into. The major focus regarding 

smart gridshas been on the demand side and on communications [46, 63], and many 

concepts concerning smart grids have been introduced. However,no sufficient 

solutionshave been offered to the difficulties of coping with the intermittency of wind 

[45, 46]. The research done so far focuses mainly on problems related to the 

frequency that wind intermittency causes. The system security aspect of the system is 

not fully studied. 

 

Ultilising technologies to cope with wind intermittency is a major part of a 

transmission smart grid, and it will be fully studied in this project in terms of system 

Security, Controllability and Predictability especially in dealing with WIC. 

 

Demand and generation intertrip are part of the controllability algorithm in smart 

controllers. The algorithm will automatically rank and select the most effective 

generation and demand to improve system security with different wind scenarios. 
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FACTs will also be used to optimise the impedance of the system. As mentioned 

before, wind energy is more intermittent and fluctuated.DIs will help improve the 

thermal, voltage and stability congested system and a 24-hour DI profile will be 

generated according to wind intermittency. 

 

Smartgrid is a concept and technology that can be used to improve system visibility 

and controllability.Smartgrid technologyisutilised to help transmission system 

managing constraint and system security. RegardingSmartgrid visibility, a new way to 

define wind corridor in power system is introduced. Furthermore, the concept of WIC 

(Wind Intermittency Constraint) is used in this project to track wind energy.  

 

To calculate the sensitivity or effectiveness of different cluster winds, PTDF 

methodology isused in the algorithmto define a wind corridor.In the future, demand 

and generation in power systems will be more flexible thanks to domestic or 

industrydemand/generation (electric vehicles [6], [7] and smart fridges). With the help 

of new communication technologies, individual demand/generation can be selected as 

part of the intertrip scheme. This Smartgrid technology can improve power system 

controllability.  

 

FACTs is another effective way of controlling power system flows and of improving 

system security. In this project, the concept of Dynamic Impedance (DI) will be used 

to calculate the best location and combination of FACTs. 

 

A new technology, the smart controller of power system, will also be introduced. This 

consists of a demand/generator intertrip and FACTs selection. Then, this paper will 

firstly show the algorithm of using sensitivity ranking and secondly investigate how 

demand/generator intertrip and FACTs technologies can improve power system 

stability. 

 

6.1.2 Visibility, controllability and predictability 

 

There are three main elements of a smart grid, namely visibility, controllability and 
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predictability [66], withvisibility being its critical part. The current way to increase 

smart grid visibility is mainly focused on the Phase Measurement Unit (PMU)in 

transmission, to improve condition monitoring as well as state estimation 

accuracy[5],[6]. Apart from power system status and dynamic event, there is also 

steady state to follow. 

 

Communication is very important in smart grids. With real time data, Transmission 

System Operators (TSOs) also need to have a method in taking actions pre and post 

event. By closely monitoring the transmission system status, a smart grid can also 

help predict any issues that may be caused by renewable energy.  

 

A. Visibility of Smart transmission system 

 
In attempting to better control a power system, visibility and situation awareness are 

the important parts of smart grid. In the context of a renewable energy connected 

system, it is essential to understand where the wind affected area is in a power system, 

and to have a control method to improve the system security. 

 

Wind intermittency is one of the issues for power systems. It causes the power system 

flow to fluctuate indiffering wind conditions, and in this case the transmission system 

experiences both frequency and security challenges. WIC is the constraint for system 

security, for example for thermal overload, stability or voltage, which are caused by 

wind intermittency 

 

WIC is different from conventional constraints. With the intermittency characteristic, 

WIC fluctuates and it is momentary to a transmission system. With the growth of 

wind energy, better visibility of WIC will help understand and control future systems.  

Conventional constraints will normally be solved by circuit enhancement or additional 

transmission capacity. A WIC, however, is only momentary and therefore a different 

method should be considered.  

 

B. Controllability of Smart transmission system 

Demand and generation intertrip are part of the controllability algorithm in smart 
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controllers. It will automatically select and rank the most effective generation and 

demand to improve system security with different wind scenarios. 

Meanwhile, FACTs will also be used to optimise the impedance of the system. As 

mentioned above, the wind energy is more intermittent and fluctuated, and thus DI 

will help improve the thermal, voltage and stability congested system. In addition,a 

DI profile will be generated accordingly to wind intermittency. 

C. Predictability 

With a high penetration of wind energy, the system variables will change with the 

weather. However, wind predictability has become more and more accurate, it will in 

fact be possible to predict system flows and status into the future. Predictability will 

help decide how systems should look like at a certain period. This projectwill consider 

current period A and wind prediction for period B. It will thentranslate the wind 

prediction into the best DI, generation and demand profiles. While the self correction 

function of this predictionis not in the scope of this project, it will help with a close 

feed back look every time there is a wind energy forecast error. 

6.2 Controller selector 

 

Figure 6.1 Controller selector function 
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6.2.1 Controller Selector Basics 

As shown above in Figure 6.1, the major function of a selector is to collect 

information from existing controllable equipment and to achieve the 3 regulator 

functions (Goals): Green, Security and Economical. This means that the objective of a 

selector is to collect current information on generator, demand and impedance, as well 

as use a 24-hour predicted wind information to decide the next best solution for the 

system tooptimise all the variables accordingly. 

6.2.2 Cost function block 

Cost regulation loop 

 

Figure 6.2 Cost function control loop 

Variables of the selector consideration are the cost of generator trip post fault, the cost 

of arming generator intertripprefault, the generator output reduction cost per unit, cost 

per movement of FACTs and the cost of arming demand intertrip. 

The movement of FACTs and the generation are shown as below: 
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T
T

gGEN PCC ∆×= ∑
=

24

1
 (6.2) 

 

If 

MWCMWPMW gT /50£,5030 =≤≤  (6.3) 

MWCPMW gT /70£,50 =<  (6.4) 

MWCMWP gT /20£,30 =<  (6.5) 

Demand cost is listed as follows. With similar principle, the higher the demand 

reduction is, the higher the price will be. 

T
T

dDemand DCC ∆×= ∑
=

24

1
 (6.4) 

If 

MWCMWDMW gT /80£,3020 =≤∆≤  (6.3) 

MWCDMW gT /100£,30 =∆<  (6.4) 

MWCMWD gT /15£,20 =<  (6.5) 

This is the basic principle of the controller selector. To ensure that the cost of each 

selection is minimised, at each selection time, the cost is TC , and the optimisation is 

as follows: 

TdTgTTFACTST DCPCPosPosCMinC ∆+∆×+−×= + )( )1(  (6.6) 

The cost of achieving certain amount of overload is used as LineTP∆ , the cost to do so 

is defined as C . The cost model can be defined as follows. 
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TdTgTT
T

FACTS DCPCPosPosCC ∆+∆×+−××= +
=
∑ )( )1(

24

1
 (6.7) 

Apart from physically changing generator output and carrying out demand side 

management, there are other ways to reduce overload and maintain security post 

event. As mentioned before, intertrip is quite an effective way to manage thermal 

overload stability of certain circuits.The cost of armingintertrip and the cost when it is 

really tripped can be shown as follows 

TBTADemandtripABGenTBTAGentripABdemandTI RCTTCRCTTCC −− +−×++−×= )()(.  (6.8) 

In this equation, AB TT −  is the period that generator or demand need to be armed for 

intertrip. demandC and demandC  are the cost to arm generator or demand for intertrip. 

TBTAR − is the possibility of an event happening or the risk of an event happening. 

From this equation, the controller selector can calculate the cost of arming generation 

or demand to intertrip. By comparing this cost to the maintenance cost of FACTs 

equipments, the selector can easily make decisions on whether to choose arming 

intertrip or instruct FACTs for different scenarios. 

)( )1(int +−×= TTencemaFACTS PosPosCC  (6.9) 

If 

TIFACTs CC /> , arm generation or demand intertrip 

TIFACTs CC /< , instruct FACTs new position 

As mentioned before, a green controller will generate a penalty factor to make sure 

certain levels of green energy will be maintained. This factor can be added in equation 

6.6 and is defined as follows: 

TdgreenTgTTFACTST DCfPCPosPosCMinC ∆+×∆×+−×= + )( )1(  (6.9) 
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For any green energy related generator output reduction, a penalty function Greenf  will 

be added. 

6.2.3 Green function block 

A. The basic principle of green controller 

The basic green control algorithm presents the requirement of green energy output as 

well as those challenges in control applications that have been addressed by green 

energy penetration 

UK has signed a legal act to deliver green/renewable energy at different stages for 

2020 and 2050. The Government’s energy and climate goals are to drive ambitious 

action on climate change in UK energy industry. To achieve the green target, the 

percentage of renewable energy must be secured and then maintained to a certain 

level. It is critical that the system security be maintained as well as keep the low cost 

green energy target [105]. 

 

In addition, UK has signed a legal act with the EU, setting the renewable target at 

15% of the overall energy by 2020.To achieve this goal, it is expected that about 30% 

of its electricity will come from renewable energy [105].  

 

For the longer term, it is also important that the reduction of emission from the energy 

industry come from electricity. In the next 2-3 decades, the legal binding target by 

2050is to reduce carbon emission by at least 80% of the 1990 level. 

This is the overall strategy and target for the electricity industry in terms of carbon 

emission reduction. This section of the project will briefly introduce how to maintain 

certain levels of green energy while dealing with system security and cost. 
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Figure 6.3 Green function control loop 

 

As shown above in Figure 6.3, green energy is marked in the system for certain 

generators. A penalty factor is set up to make sure green energy in the system doesn't 

drop down below a certain level. 

The amount of Green on a single day is defined as follows: 

∑
=

=
24

1T
TGREEN PP  (6.10) 

∑ ++= cBAT PPPP  (6.11) 

 

B. Deadband 

Regarding the decision making of green energy and the instruction sent out by the 

controller, it is controlled by the mechanical part of the generator. Frequently moving 

generator output for a small amount of gain will introduce a major maintenance cost. 

As shown in Figure 6.3, a dead band has been set up to make sure the controller does 

not over monitor the output of green energy and that the security block has been 

added to the function to maintain the level of power system security. 
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The rate of generator output change is a significant concern. This green control loop 

deadband will be reviewed on the basis of the yearly achievement of green energy 

output. This will help the generator keep its output steady as well as contribute to 

more green output. The controller result must go through the deadband before the 

actual output changes. 

The penalty factor has been put in to maintain the level of green energy. It is defined 

as follows: 

When a system security issue appears, the green block will put a penalty factor in to 

make sure the algorithm will not over reduce green energy nor will it take green as a 

cheap option to satisfy security. 

∑
=

× −=
24

1
)(

T
ABpGreen PPCf  (6.12) 

Greenf is the penalty function for pulling back green energy. 

pC is the penalty factor of each pull back of green energy 

AP and BP  are the energy output of position A and B. 

This green block will be added into the over all cost function. 

Penalty factor pC can be reviewed on a monthly or yearly basis to estimate the 

possibility of achieving the green target. 
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6.2.4 Security function block 

 

Figure 6.4 Security function control loop 
 

There are three factors to be considered in the context of system security: Thermal 

overload, Unacceptable voltage condition or system instability. These are the three 

limits of the security function. The security function is the core function of the smart 

controller. The Green function will use the penalty factor to make sure the level of 

renewable is maintained. It can be merged as part of the cost function. 
 

The security limit can be defined as follows: 
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max
max

,
min ,...,1,, jjNiPtPflowPt ijiii

=∈≤≤  (6.19) 

 

V is the voltage limit 

Pt is the thermal limit 

Pflow is the flow on the circuit 

 

This function has combined green, cost and security function all together. With the 

consideration of system security limit, the cost function should be minimised.  Several 

case studies have been done in Chapter 8 to show how these three functions work 

together. 

6.3 Discussion of Predictability 

Predictability is a fundamental function of smart grid. To operate a transmission 

system in a more effective and reliable way, Smartgrid should also focus on 

improving predictions for different scenarios. There are different ways of prediction, 

including dynamic condition, short term condition and long term strategy. 

 

With more renewable energy in power systems, predictability becomes more 

important than ever before. The system condition throughout the day can be divided 

into many points. The journey between A and B is predictable with the technology 

improvement on weather information.  The prediction of the A to B journey can help 

decide the best position of Generation, Demand and Impedance from A to B. 

 

6.4 Chapter summary 

This chapter introduces what modern smart transmission system consists of,which are 

visibility, controllability and predictability. There are three controllers defined and 

utilised in this thesis which are Demand, Generator and Dynamic Impedance 

controllers. Green, Economical and Security functions have used in the thesis to 

optimise the best output of the smart controllers. The result of the controllers and 

functions will be prove and tested in Chapter 8. 
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Chapter 7 A to B Wind Profile 
 

7.1 Wind modelling 

To calculate the wind power curve, there are many different factors to consider. The 

power that generated by wind turbine can vary depending on wind density, humidity, 

air pressure,wind direction and wind speed. The probability density distribution 

function has been used to calculate wind energy output as follows: 
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u is the variable wind speed, U is the mean value 
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In the case of different weather conditions, the Weibull distribution can be used in 

wind output calculation. As shown below, it can be in proportion of time as follows 
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(7.2) 

 

where 

 

mU is the mean wind speed. 

 

As shown in the Figure 7.1, there are cut out and cut in wind speeds. Most turbines 

can start generating at cut in speed which is about 3m/s or 3.5m/s. A normal wind 
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turbine can be generating from 3m/s to 25 m/s.  

 

When wind speed reaches or surpasses 25m/s, a wind turbine will start the braking 

process that precedes shut down to protect the equipment from being damaged. This is 

called cut out of wind energy. Due to the sudden change of wind cut out, it is one of 

the reasons for wind intermittency of its output.   

 

 
Figure 7.1 Typical wind turbine power output with steady wind speed 

 

The following weather data can normally be gained from the Met office. By using this 

data, a wind out put curve can be obtained, as shown in Figure 7.1 

 

A Danish company has built a wind output calculator based on air density, wind 

distribution data, wind speed, temperature and latitude. This equation has been 

simplified for this project as a spread sheet and the result is shown in Table 7.1 [105] 
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Table 7.1 Factors affecting wind output 

weather 

air 

temperature 

(degC) 

dew 

point 

(deg C) 

humidity 

(%) 

wind 

direction 

wind 

speed 

(knots) 

air 

pressure 

(hPa) 

mostly cloudy 7.7 1.5 65 240 22 1000.4 

rain 5.6 2.1 78 250 20 1001.6 

rain showers 4.7 1.2 78 250 18 1002.1 

showers 4.8 0.1 72 260 15 1002.7 

rain showers 4.5 0.6 76 240 20 1003.3 

showers 4.5 -0.4 70 220 15 1002.9 

partly cloudy 4.6 -1.1 66 230 16 1003.6 

showers 4.6 -0.7 
 

68 
240 15 1004.2 

rain showers 4.2 1.7 84 240 10 1004.9 

rain showers 3.5 2.3 92 250 10 1005.1 

rain 1.3 0.8 96 230 13 1005.3 

rain 2.7 1.5 92 260 6 1005.1 

rain showers 4 2.1 87 280 12 1006.2 

sleet showers 2 1.2 94 250 12 1006.6 

snow showers 2.7 1.2 90 250 18 1007.2 

showers 3.4 1.1 85 240 16 1008.2 

rain showers 2.4 1.3 92 250 16 1009.7 

rain showers 2.2 0.9 91 240 15 1010.2 

rain showers 2.3 1 91 250 18 1011.1 

clear 2.4 0.6 88 240 16 1011.2 

clear 2.7 0.5 85 240 17 1011.5 

partly cloudy 3.6 0.6 81 250 17 1012.2 

mostly cloudy 3.3 0.8 84 220 10 1011.8 

mostly cloudy 3.9 1.4 84 240 15 1011.7 
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Figure 7.2 Wind output calculator [107] 

 

 
Figure 7.3 Relationship between wind output and wind speed 

 

A frequency response function can also be used in the wind farm modeling as the 

generic model has been calculated as follows[107] 
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bfnomfaafk ∧×+−= )/()1()(  (7.3) 

 

Where in this model a= 1 and b= 0.15. 

 

Hence the curve is shown as follows 

 

 
Figure 7.4 Wind farm responses to frequency. 

 

A Frequency response model has been used in this project and especially in chapter 8 

to help with the slacking machine and improve the accuracy of simulation.
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Figure 7.5 Wind farm controller
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A wind farm controller is an important part of a dynamic simulation. The controller 

for the dynamic model simulation is shown in Figure 7.5. 

 

This controller will only be used to study the transient stability issue caused by wind 

intermittency and will not be used for any thermal and voltage study in this project. 

 

For thermal and voltage study, wind turbine and wind farm modeling will be treated 

as a generic synchrosemachine defined by transmission code. 

 

 
Figure 7.6 Offshore wind model 

 
An off shore model has been used in the modeling to simulate the effect of the wind 

off shore. As shown in the wind profilein the experiment, most high wind 

intermittency areas will be off shore where the wind speed change is about twice the 

wind speed change on shore 
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7.2 Wind profile 

 
 
Time: Sun 1st Jan 2012   00:00 GMT 

 
 

Time: Sun 1st Jan 2012   00:39 GMT 

 
 
Time: Sun 1st Jan 2012   03:00 GMT 

 
 
Time: Sun 1st Jan 2012   04:38 GMT 
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Time: Sun 1st Jan 2012   06:00 GMT 

 
 

Time: Sun 1st Jan 2012   07:38 GMT 
Figure7.7 6 wind profiles for UK 

 

A wind weather profile has been followed on UK weather data website XC 

weather.com. It was a typical day, 1st Jan 2012 from 00:00 GMT to 07:38 GMT. It 

can be observed that the wind was fluctuating on an hourly basis. 

 

At midnight, there was very high wind as shown across the north offshore as well as 

in the southern part of UK. In color Green and Yellow mean the wind speed is 

roughly 3-10 m/s, which is just the cut in speed for the turbines. 

 

The Orangecolour for the wind speed means10-20 m/s which will get the wind farms 

output reach 100%. The Red colour is for wind speed over 23m/s. For this high speed, 

most wind turbines will trigger the braking mechanism and the wind output will drop 

to 0 which is called wind cutout [104] 

 

To be able to use the data from the Met office wind map, a simplified model has been 

designed 
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Figure 7.8 Transfer wind speed into wind output 

 

As shown in Figure 7.3, the relationship between wind speed and wind output can be 

summarized as the diagram, and the curve can be simplified as per picture. 

 

In this way, the weather data from XC Weather can be transferred into wind farm 

output and downloaded into a UK simplified model. As shown in Figure 7.9, a heat 

map technology has been used to show the colour coding and to improve the 

expression of the flows in the system 
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Figure 7.9 Heat map of simplifiedUKsystem flow 
 

 

A heat map has been used to reflect the system condition for T1 and T2 during a high 

wind scenario to show the wind corridor flow changes. A detailed flow is shown as 

follows for wind change before and after. The colour Green means the system flow is 

less than 50%, yellow corresponds to system 80% >flow >50% and red means the 

flow is over 80% of its line rating. 

 

As shown in Figure 7.10, the circuits in orange on the right side are the corridors of 

wind energy. When wind output changed, these circuits weremost affected. As 

shownin Figure 7.11, the colour changes to red and circuits start to get overload. 

 

For the N-1 condition both thermal and stability issues appeared and will all be 

considered by the smart generator controller. 
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Figure 7.10 Heat map of system flow for T1 

 

As shown in Figure 7.10, the circuit flow changed from less loaded into heavily 

loaded with the change of wind energy output. This change was caused by the change 

of wind output and will be resolved in Chapter 8 by using different controllers. 

 

 
Figure 7.11 Heat map of system flow for T2 
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7.3 A to B Wind Profile 

As mentioned in Chapters 2 and 3, the most outstanding characteristic of wind energy 

is its intermittency. It will come and go quickly. In this part, an analysis will be done 

for wind output change for certain periods and its effect on power systems will be 

analysed. 

 

The function to describe the intermittency effect is defined as A to B. Here is an 

example wind profile for a windy day. As shown in Figure 7.12, the wind output 

profile has increased to point A (70% at time T2) and dropped back to point B (35% at 

time T3). It continues to increase to point B2 which is 50% at the time of sT4 and 

drop back to 22% at point B2 at time T5. It has maintained its output until time T7 

and increased to point B3 at time T8 to immediately drop back to 22% at to point 

B4again at time T9. The overall changes of output are shown as follows: 

 

 

 
Figure 7.12 Wind output for T1-T11 

 

As mentioned before,intermittency is a very typical problem of wind energy, and it 

will lead to power system flow swings, and the capacity on each circuit will be 

fluctuating. 
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A 9 nodes IEEE model has been used to prove the concept of wind intermittency and 

the effect on power system. 

The data of the model is shown as follows 

Table 7.2 Generation outputs for T2-T9 period 
Output T2 T3 T4 T5 T6 T7 T8 T9 

Gen1 70 32 50 22 22 22 70 22 

Gen2 80 120 100 130 130 130 80 130 

Gen3 60 60 60 60 60 60 60 60 

 

Table 7.3 Line flows for T2-T9 period 
Circuit T2 T3 T4 T5 T6 T7 T8 T9 

Line1 15.8 12.8 14 19.9 19.9 19.9 15.8 19.9 

Line2 27.9 46.6 37.3 51.3 51.3 51.3 27.9 51.3 

Line3 51.6 72.3 62 77.5 77.5 77.5 51.6 77.5 

Line4 14.9 4 9.3 1.2 1.2 1.2 14.9 1.2 

Line5 45.1 56 50.6 58.7 58.7 58.7 45.1 58.7 
Line6 55.3 44.6 49.9 41.9 41.9 41.9 55.3 41.9 

Line7 23.6 13.8 18.7 11.3 11.3 11.3 23.6 11.3 

 

Table 7.4 Demand for T2-T9 period 
Load1 20 
Load2 100 

Load3 90 

 

Table 7.5 WIC of each circuit for each wind output changes 
WIC1 -8% -6% 20% 

WIC2 47% 47% 47% 
WIC3 52% 52% 52% 

WIC4 -27% -27% -27% 

WIC5 27% 27% 27% 

WIC6 -27% -27% -27% 

WIC7 -25% -25% -25% 

 

The thermal rating of each circuit is 130 MVA and the Margin or capacity of each 

circuit is as follows: 
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Table 7.6 Margin of Line 2 and Line 3 from T2 to T9 
Period T2 T3 T4 T5 T6 T7 T8 T9 

Line 2 Margin 52.1 33.4 42.7 28.7 28.7 28.7 52.1 28.7 

Line 3 Margin 28.4 7.7 18 2.5 2.5 2.5 28.4 2.5 

 

 

Figure 7.13 Line 1 Margin between T1 and T8 
 

 

 
 

Figure 7.14 Line 2 Margin between T1 and T8 
 

To improve the calculation performance, a dead band will be used to filter out the 
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period margin that is more than 50%. 

 

A to B is a characteristic that can be defined with the help of a mathematical model to 

describe the wind intermittency and any actions that can help improve a circuit margin 

or capacity during the changes. 

 

Conversely, a risk factor can also be added into the equation for the certain period of

AT to BT . For different scenarios, it makes more economical sense to take the risk of a 

fault that may cost less money than the maintenance cost of moving machine, demand 

or FACTs equipments. 

The cost of taking the risk that a circuit will trip during period AT to BT  is defined in 

equation 7.4 

triptripMATC CC α×≤   Take action to avoid post fault issue 

triptripMATC CC α×≥  No Action needed 
(7.4) 

MATCC is the maintenance cost of FACTs equipment or QB which is defined in 

equation 7.5 

tripC is the cost of a circuit trip 

tripα is the likelihood of a circuit trip 

As mentioned above, here is the cost of FACTs due to mechanical moving and 

electronic wearing. 

)( TBTAMATCMATC PosPoscC −×= ∑  (7.5) 

 

With the help of the above information, the system can be studied 24/7 for the 

different wind scenarios, whereby the best solution can be found of  

Generation/Dynamic Impedance/Demand controllers position for the next 24hours 

 

Different combinations of Generation/Dynamic Impedance/Demand controllers will 
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be found as the result of a selector algorithm. For example, for the next 4 hours the 

available controller solution is QB movements (40 taps), Demand disturbance (400 

MW), Generation pull back (500 MW). The QB movement can be described as 

follows: 

Absolute value sum: 

QB Movements= |a-x00:00|+|x00:00-X01:00|+…………….|X23:00-X24:00|,  

 

Cost of QB Movements=|a-x00:00|×Cost1+|x00:00-X01:00|+…………….|X23:00-

X24:00| 

 

More than 1 QB = effectiveness×cost× |a-x00:00| 

 

With the prediction of wind 24-HR profile, the wind corridor will change throughout 

the date and the control strategy of controller should change accordingly.Each control 

strategy got different effectiveness for different wind scenarios. 



 143 

 
Figure 7.15 IEEE 9 nodes standard model
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A 9 nodes IEEE standard system has been used to find a wind corridor. To visualize 

system flows moreeasily, aheat map has been used that reflects system stress level. 

The system flow has been downloaded into the heat map traffic light system 

 

Figure 7.16 Heat map for T1 
 

Figure 7.17 Heat map for T2 

 

Figure 7.18 Heat map for T3 
 

Figure 7.19 Heat map for T4 
 

From this example, it can be found that wind energy output changes will certainly 

change both the system flow and the condition. However, the effect is predictable and 

can be monitored.As shown in the pictures, the circuit with highest WIC is the wind 

corridor, and it proves that with the wind energy output changes, the flow on WIC 

circuit will change most.  

 

This example is the proof of a concept. A more comprehensive 39 IEEE model will be 

used in Chapter 8 to prove how different controllers can help optimise the flow of 

WIC circuits. 
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7.4 Chapter summary 

This chapter simulates how power system flow will move with different weather 

conditions. A concept of A to B is used to define system condition change between 

different scenarios. A 9 weather model has been simulated with the algorithm to show 

how system flow moves between different periods. An IEEE 39-node model has also 

been used to simulate the flow of each weather periods. The concept of A to B has 

been tested further in Chapter 8 as forecast model.
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Chapter 8 Controllers package 

simulation 
 

8.1 Initial conditions of the Case study 

A 39-node IEEE Standard system has been used to study the effects on cost, green and 

security of different controllers. System security has been put as priority 1 for the first 

controller. 

 

5 periodsof wind scenarios have been used in the study to prove the concept. The 

output of all generations including wind is shown in Table 8.1. As mentioned in 

Chapter 7, the A to B effect of wind is simulated by using data from the Met website 

XC weather and the weather data has been translated into wind energy output. 

 

This section will simulate the scenario with security, green and cost functions through 

DI, generation and demand controllers. The initial condition and result will be shown 

in the following part.
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Figure 8.1 39-nodestandard IEEE Model



 148 

8.1.1 The initial conditions 

In this study, wind generator 4 G4 has been set up as the wind generator. The output 

of G4 is calculated by using the XC weather data. The rest of the generators are as 

standard IEEE 39-node output.G2 has been set up as the slack machine for the system  

 

Table 8.1 Generator output between T1 and T5 period 
GEN T1 T2 T3 T4 T5 

G 01 1000 1000 1000 1000 1000 

G 02 365 356 365 359 356 
G 03 850 850 850 850 850 

G 04 0 300 600 450 150 

G 05 600 600 600 600 600 

G 06 500 500 500 500 500 

G 07 760 760 760 760 760 

G 08 550 550 550 550 550 

G 09 930 930 930 930 930 
G 10 600 300 0 150 450 

 

In this study,all the load is modelled as original IEEE 39-node model data, and all 

with the assumption of being able to offer Demand Side Management. 

Table 8.2 Demand between T1 and T5 period 
LOAD MW Mvar 

Load 03 322 2.4 

Load 04 500 184 

Load 07 233.8 84 

Load 08 522 176 

Load 12 7.5 88 

Load 15 320 153 
Load 16 329 32.3 

Load 18 158 30 

Load 20 628 103 

Load 21 274 115 

Load 23 247.5 84.6 

Load 24 308.6 -92.2 

Load 25 224 47.2 
Load 26 139 17 
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Load 27 281 75.5 

Load 28 206 27.6 

Load 29 283.5 26.9 

Load 31 9.2 4.6 
Load 39 1104 250 

 

At the initial condition, T0 has been calculatedwith the output changes of G4, the 

system flows have been studied and result for the period of T1 to T5 is shown below. 

Table 8.3 Circuit flows between T1 and T5 period 
 MW MW MW MW MW 

Line 01 - 02 175 144 115 129 159 

Line 01 - 39 165 144 123 134 155 

Line 02 - 03 596 417 250 331 506 

Line 02 - 25 177 255 332 293 216 

Line 03 - 04 149 126 108 116 137 

Line 03 - 18 107 22 128 71 51 
Line 04 - 05 121 116 117 116 118 

Line 04 - 14 226 280 334 307 253 

Line 05 - 06 415 427 445 435 420 

Line 05 - 08 294 309 326 318 302 

Line 06 - 07 394 408 425 416 401 

Line 06 - 11 459 488 514 501 473 

Line 07 - 08 160 176 193 184 168 
Line 08 - 09 54 48 48 47 50 

Line 09 - 39 58 48 45 45 52 

Line 10 - 11 456 482 506 494 469 

Line 10 - 13 386 360 337 348 372 

Line 13 - 14 380 351 325 338 365 

Line 14 - 15 133 66 32 39 98 

Line 15 - 16 204 256 314 285 229 

Line 16 - 17 106 99 302 200 11 
Line 16 - 19 131 273 542 405 159 

Line 16 - 21 320 320 320 320 320 

Line 16 - 24 54 54 56 55 54 

Line 17 - 18 57 167 288 227 108 

Line 17 - 27 129 64 40 40 95 

Line 21 - 22 598 598 601 599 598 

Line 22 - 23 75 75 76 75 75 

Line 23 - 24 412 412 412 412 412 
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Line 25 - 26 151 82 64 61 114 

Line 26 - 27 432 354 280 316 392 

Line 26 - 28 184 185 185 185 185 

Line 26 - 29 236 237 237 237 237 
Line 28 - 29 397 397 397 397 397 

 

From these flow changes during a wind scenario, the WIC of all circuits can be 

calculated as shown below: 

Table 8.4 WIC of circuits between T1 and T4 period 
WIC T1 T2 T3 T4 

Line 01 - 02 -10% -10% -10% -10% 

Line 01 - 39 -7% -7% -7% -7% 

Line 02 - 03 -60% -56% -54% -58% 

Line 02 - 25 26% 25% 25% 26% 

Line 03 - 04 -8% -6% -5% -7% 

Line 03 - 18 -28% 35% 38% 7% 
Line 04 - 05 -2% 0% 1% -1% 

Line 04 - 14 18% 18% 18% 18% 

Line 05 - 06 4% 6% 7% 5% 

Line 05 - 08 5% 5% 5% 5% 

Line 06 - 07 5% 6% 6% 5% 

Line 06 - 11 10% 9% 9% 9% 

Line 07 - 08 5% 6% 6% 5% 
Line 08 - 09 -2% 0% 0% -1% 

Line 09 - 39 -4% -1% 0% -2% 

Line 10 - 11 9% 8% 8% 8% 

Line 10 - 13 -9% -7% -7% -8% 

Line 13 - 14 -10% -9% -8% -9% 

Line 14 - 15 -22% -11% -5% -20% 

Line 15 - 16 17% 19% 19% 18% 

Line 16 - 17 -2% 68% 68% 63% 
Line 16 - 19 47% 90% 92% 82% 

Line 16 - 21 0% 0% 0% 0% 

Line 16 - 24 0% 1% 1% 0% 

Line 17 - 18 37% 40% 41% 40% 

Line 17 - 27 -22% -8% 0% -18% 

Line 21 - 22 0% 1% 1% 0% 

Line 22 - 23 0% 0% 0% 0% 

Line 23 - 24 0% 0% 0% 0% 
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Line 25 - 26 -23% -6% 2% -18% 

Line 26 - 27 -26% -25% -24% -25% 

Line 26 - 28 0% 0% 0% 0% 

Line 26 - 29 0% 0% 0% 0% 
Line 28 - 29 0% 0% 0% 0% 

 

It is clear fromTable 8.4 that there are 7 lines with WIC over 20% thatare affected by 

wind intermittency. The most affected circuits are line 2-3 and line 16-19. These 

circuits will show how the controllers can help with mitigating system security issues 

without compromising the green target in an economical manner. 
 

8.2 Initial condition analysis 

Pictures below show the heat map of system transfer flow and voltage for the 39-node. 

It is defined in a similar way as the heat map above. 

 

Red: over 85% of the rating 

Yellow: 85%>Y>70% 

Green < 70% 

 

As shown in Figure 8.5, at the initial condition circuit, lines 2-3 and lines 21-22 are 

heavily loaded(over 85%). The wind condition then starts to change to T2. 

When the wind output starts to increase, the over load on lines 2-3 disappeared. As 

shown in the WIC matrix, lines 2-3 are mainly affected by wind intermittency and the 

flows on the circuits need close monitoring. 

 

In an entirely different condition to wind changes, lines 21-22 did not change at all. 

This is because the WIC of lines 21-22 is only 1%, and will not be affected by any 

changes of the wind output.For this reason, even though the flow in lines 21-22 is 

already very high, it is not getting any worse during a wind scenario. 
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 Figure 8.2 Heat map for T1 
 

Figure 8.3 Heat map for T2 

 

Figure 8.4 Heat map for T3 
 

Figure 8.5 Heat map for T4 

 

Figure 8.6 Heat map for T5 

Initial Condition of Wind Period T1-T5 

At T2, as shown in Figure 8.3, the over load on lines 2-3 (The vertical circuit on the 

middle right as per Figure 8.1) disappeared, and the overload on circuit lines 22-23 

(The horizontal circuit on the middle right as per Figure 8.1) didn't change. 
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Circuits on the right hand side of the picture start showing more yellow than before, 

which means the flow starts increasing and traveling to the east side of the network. 
 

At T3 period, the wind has reached the highest level, and the overload starts to turn up 

on lines 16-19, whichwas all predicted by the WIC matrix. The WIC of lines 16-19 is 

about 90%, meaning that it will suffer most during wind intermittency. 

 

As mentioned in Chapter 3, this WIC circuit needs closely monitoring. A PMU 

visibility is a must have for this circuit. Due to the cost of PMU, Chapter 3 matrix can 

be used to optimise the system observability and minimise the number of PMUs 

required. 
 

At T4 period, the wind has decreased slightly, however the overload issue at lines 16-

19 still exists. This will all be taken into account of the smart controllers’ algorithm, 

and an optimised profile will be offered later in the chapter. 
 

At T5, the wind output is about 20% and the problem of lines 2-3 overload is still 

marked orange/yellow meaning that it is over 75% of the rating. The design of the 

controllers will take into account the fact that the wind output will keep increasing, 

and the flow on lines 2-3 will start to decrease. In the A to B process mentioned in 

Chapter 7, a risk factor will be used to compare the cost of the circuit trip and intertrip 

generator/ demand accordingly, against the maintenance cost of the generator/FACTs 

for moving them around. 

 

8.3 Dynamic Impedance (DI) controller 

5 TCSCs’ model has been added in to the 39-nodeNew England model. These 5 

TCSCsare to improve the controllability of system flow and deal with wind 

intermittency. 

 

The assumptions are shown as follows 
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Table 8.5 Generator output between T1 and T5 period with DI 
 

GEN T1 T2 T3 T4 T5 
G 01 1000 1000 1000 1000 1000 

G 02 365 356 365 359 356 

G 03 850 850 850 850 850 

G 04 0 300 600 450 150 

G 05 600 600 600 600 600 

G 06 500 500 500 500 500 

G 07 760 760 760 760 760 

G 08 550 550 550 550 550 
G 09 930 930 930 930 930 

G 10 600 300 0 150 450 

 

Load 

Table 8.6 Load between T1 and T5 period with DI 
 

LOAD MW Mvar 

Load 03 322 2.4 
Load 04 500 184 

Load 07 233.8 84 

Load 08 522 176 

Load 12 7.5 88 

Load 15 320 153 

Load 16 329 32.3 

Load 18 158 30 
Load 20 628 103 

Load 21 274 115 

Load 23 247.5 84.6 

Load 24 308.6 -92.2 

Load 25 224 47.2 

Load 26 139 17 

Load 27 281 75.5 

Load 28 206 27.6 
Load 29 283.5 26.9 

Load 31 9.2 4.6 

Load 39 1104 250 

 

Flows on each circuit has changed as follow 
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Table 8.7 Line flows between T1 and T5 period with DI 
 MW MW MW MW MW 

Line 04 - 05 104 95 92 93 99 
Line 06 - 07 334 346 360 353 340 

Line 06 - 11 435 463 488 475 449 

Line 10 - 11 418 442 463 453 430 

Line 10 - 13 319 300 284 291 309 

Line 13 - 14 368 344 322 333 356 

Line 16 - 19 136 276 548 409 163 

Line 16 - 21 305 305 305 305 305 

Line 08 - 09 129 113 108 109 120 
Line 07 - 08 140 155 171 163 148 

Line 26 - 29 231 232 232 232 232 

Line 16 - 24 130 129 132 130 129 

Line 26 - 28 189 189 189 189 189 

Line 28 - 29 161 161 161 161 161 

Line 23 - 24 237 237 237 237 237 

Line 22 - 23 125 125 125 125 125 

Line 03 - 18 103 72 215 142 44 
Line 02 - 25 184 252 318 285 218 

Line 01 - 02 153 127 101 114 140 

Line 25 - 26 126 77 48 57 100 

Line 17 - 18 83 215 360 287 145 

Line 26 - 27 421 357 296 326 388 

Line 17 - 27 153 89 45 61 120 

Line 16 - 17 39 57 150 104 13 
Line 15 - 16 212 260 313 286 235 

Line 14 - 15 154 93 37 64 123 

Line 04 - 14 241 287 334 311 264 

Line 03 - 04 122 108 92 100 115 

Line 01 - 39 201 173 144 159 188 

Line 09 - 39 106 83 73 76 93 

Line 05 - 08 307 325 344 335 316 

Line 05 - 06 390 400 415 407 394 
Line 02 - 03 567 383 215 295 474 

Line 21 - 22 605 604 607 605 604 
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Table 8.8 WIC for each circuits between T1 and T5 period with DI 
WIC     

Line 04 - 05 -2.88% -0.97% -0.49% -1.92% 

Line 06 - 07 4.12% 4.68% 4.83% 4.39% 

Line 06 - 11 9.08% 8.34% 8.17% 8.69% 

Line 10 - 11 7.76% 7.17% 7.03% 7.45% 

Line 10 - 13 -6.41% -5.34% -5.08% -5.87% 

Line 13 - 14 -8.18% -7.15% -6.90% -7.65% 

Line 16 - 19 46.92% 90.47% 92.43% 81.96% 

Line 16 - 21 0.00% 0.03% 0.04% 0.00% 

Line 08 - 09 -5.30% -1.57% -0.49% -3.59% 

Line 07 - 08 4.85% 5.34% 5.47% 5.08% 

Line 26 - 29 0.22% 0.03% -0.01% 0.13% 

Line 16 - 24 -0.38% 1.12% 1.50% 0.36% 

Line 26 - 28 0.21% 0.03% -0.01% 0.13% 

Line 28 - 29 -0.03% 0.00% 0.00% -0.02% 

Line 23 - 24 -0.03% 0.10% 0.14% 0.03% 

Line 22 - 23 -0.06% 0.18% 0.24% 0.06% 

Line 03 - 18 -10.47% 47.91% 49.28% 32.60% 

Line 02 - 25 22.68% 22.19% 22.11% 22.39% 

Line 01 - 02 -8.54% -8.94% -9.08% -8.70% 

Line 25 - 26 -16.57% -9.36% -5.88% -14.37% 

Line 17 - 18 43.97% 48.32% 48.57% 47.40% 

Line 26 - 27 -21.33% -20.24% -19.92% -20.82% 

Line 17 - 27 -21.51% -14.48% -10.51% -19.70% 

Line 16 - 17 6.23% 31.06% 31.10% 30.09% 

Line 15 - 16 15.94% 17.83% 18.16% 17.05% 

Line 14 - 15 -20.34% -18.72% -18.09% -19.69% 

Line 04 - 14 15.40% 15.72% 15.82% 15.55% 

Line 03 - 04 -4.81% -5.05% -5.07% -4.96% 
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Line 01 - 39 -9.37% -9.90% -10.08% -9.59% 

Line 09 - 39 -7.62% -3.22% -1.75% -5.78% 

Line 05 - 08 6.23% 6.31% 6.35% 6.25% 

Line 05 - 06 3.29% 5.09% 5.55% 4.19% 

Line 02 - 03 -61.25% -56.02% -53.70% -59.45% 

Line 21 - 22 -0.27% 0.78% 1.05% 0.25% 

 

As shown in the tableabove, lines 21-22 are very close to their thermal limit. However, 

its WIC is very low and will not be affected by the change of wind output. Hence the 

circuit doesn't need close monitoring even with a higher transfer. 

 

In contrast, lines 16-19 do not have a very high transfer at the initial condition.Due to 

the high WIC, however, the circuit flow will be affected massively by wind, and will 

need a close monitoring and control. As shown in the result, the circuit flow can go 

about 97% of its capacity at one wind stage. 

 

Lines 17-18 have a very high WIC, however, the margin on the circuit is over 50%, 

hence it will be filtered out by the controller algorithm. 

 

8.3.1 FACTs Controller 

 

To understand the effectiveness of each FACTs equipment, it has been calculated for 

each change of Subsidence according to the logic that is shown as follows. 

FACTS

line
FACTS X

P
∂
∂

=α  (8.1) 

 

In this 39-node model, the effectiveness FACTSα  can be calculated, and the results are 

as follow 

Table 8.9 Effectiveness of each Caps on each circuits 
Line Cap1 (MW/B) Cap2 (MW/B) Cap3 (MW/B) Cap4 (MW/B) Cap5 (MW/B) 

Line 04 - 05 -616 -24 -95 -195 65 

Line 06 - 07 -104 -6 11 -992 -29 

Line 06 - 11 -730 -32 -55 -52 -29 
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Line 10 - 11 -621 -28 -51 -47 -25 

Line 10 - 13 497 18 17 33 21 

Line 13 - 14 651 24 30 41 27 

Line 16 - 19 -6 37 21 -2 5 
Line 16 - 21 0 0 0 0 0 

Line 08 - 09 27 -10 -97 -103 52 

Line 07 - 08 -120 -5 22 -1135 -34 

Line 26 - 29 0 -2 -2 0 0 

Line 16 - 24 -2 12 7 -1 2 

Line 26 - 28 0 -2 -2 0 0 

Line 28 - 29 0 0 0 0 0 

Line 23 - 24 0 1 1 0 0 
Line 22 - 23 0 2 1 0 0 

Line 03 - 18 -94 16 6 -15 9 

Line 02 - 25 28 -53 -8 -25 9 

Line 01 - 02 59 1 -86 -111 97 

Line 25 - 26 -22 63 -4 20 -16 

Line 17 - 18 76 232 314 9 5 

Line 26 - 27 -28 79 4 24 -17 

Line 17 - 27 -28 77 -1 25 -19 
Line 16 - 17 -52 2 -20 3 -3 

Line 15 - 16 -69 -100 -239 1 -7 

Line 14 - 15 122 92 211 -8 15 

Line 04 - 14 570 -100 -265 57 12 

Line 03 - 04 23 89 300 54 -38 

Line 01 - 39 67 4 -104 -123 130 

Line 09 - 39 71 7 -35 -74 73 
Line 05 - 08 46 5 72 1341 -57 

Line 05 - 06 -557 -29 -86 1111 8 

Line 02 - 03 -50 -85 152 111 -73 

Line 21 - 22 -1 9 5 0 1 

 

In this scenario, line 2-3 is the circuit that was affected by wind intermittency. As 

shown in the study result, Cap 3 is the most effective equipment to relieve the 

momentary overload on the circuit.  

 

Through the FACTs controller, one of the important factors is the direction of 

effectiveness. If the margin is less than 50% and the effectiveness is the opposite 

direction of proposed equipment, that circuit will also be considered and calculated by 



 159 

the FACTs controller algorithm. 

 

To explain further the direction of effectiveness, that table shows that the effectiveness 

of Cap 3 on lines 2-3 is positive 152, and the effectiveness on lines 15-16 is negative 

250. This means that every MW reduction on lines 2-3 will cause 1.64 MW increase 

on lines 15-16. This thermal limit will be considered during calculation. 
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8.4 Demand controller 

As introduced in previous chapters, demand on different locations has different impacts on different wind scenarios. In this 39 model, the 

effectiveness of demand has been calculated and then ranked.As shown in Chapter 6, demand reduction can be sorted into different levels. It will 

be taken into account for system security function and cost function.In this 39 model, the effectiveness of demand is shown as follows: 

Table 8.10 Effectiveness of each load on each circuit 
Effectiveness L3 L4 L7 L8 L15 L16 L18 L20 L21 L23 L24 L25 L26 L27 L28 L29 L39 

Line 04 - 05 -44% -49% 13% 13% -39% -40% -42% -40% -40% -37% -38% -35% -37% -38% -36% -35% -14% 
Line 06 - 07 -17% -16% -62% -47% -18% -18% -19% -18% -18% -17% -18% -21% -19% -19% -19% -19% -31% 

Line 06 - 11 27% 25% 0% 2% 39% 34% 31% 34% 34% 31% 32% 23% 25% 27% 25% 25% 14% 

Line 10 - 11 23% 21% 0% 1% 33% 29% 26% 29% 29% 27% 28% 20% 22% 23% 21% 21% 12% 

Line 10 - 13 -19% -18% -1% -2% -27% -24% -22% -23% -23% -21% -23% -16% -17% -18% -17% -17% -9% 

Line 13 - 14 -24% -23% -1% -3% -35% -30% -28% -30% -30% -28% -29% -21% -23% -24% -22% -22% -12% 

Line 16 - 19 4% 3% 4% 4% 1% 2% 3% -7% 4% 7% 2% 6% 5% 4% 7% 8% 5% 

Line 16 - 21 0% 0% 0% 0% 0% 0% 0% 0% 79% 46% 5% -2% -2% -2% -2% -2% -2% 
Line 08 - 09 16% 13% 9% 8% 17% 18% 18% 18% 18% 18% 18% 24% 21% 20% 21% 22% 45% 

Line 07 - 08 -20% -19% 26% -53% -19% -20% -21% -20% -20% -19% -19% -23% -21% -21% -21% -21% -35% 

Line 26 - 29 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 34% 45% 0% 

Line 16 - 24 1% 1% 1% 1% 0% 1% 1% 1% 12% 32% 73% 2% 1% 1% 2% 2% 1% 

Line 26 - 28 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 57% 47% 0% 

Line 28 - 29 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% -15% 21% 0% 

Line 23 - 24 0% 0% 0% 0% 0% 0% 0% 0% 10% 27% -6% -1% -1% -1% -1% -1% -1% 
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Line 22 - 23 0% 0% 0% 0% 0% 0% 0% 0% -11% 37% 3% -1% -1% -2% -1% -1% -1% 

Line 03 - 18 24% 17% 14% 14% -15% -22% -23% -23% -24% -24% -21% 12% -10% -18% -11% -12% 17% 

Line 02 - 25 8% 8% 6% 5% 11% 12% 16% 12% 12% 11% 11% 77% 44% 29% 45% 46% -4% 

Line 01 - 02 28% 25% 15% 14% 23% 24% 25% 24% 24% 23% 23% 30% 27% 26% 26% 26% -20% 

Line 25 - 26 -7% -7% -5% -5% -9% -10% -13% -10% -10% -10% -10% 16% -35% -24% -32% -32% 3% 

Line 17 - 18 -6% 0% 4% 4% 33% 42% -21% 42% 41% 37% 41% 12% 28% 39% 26% 26% 3% 

Line 26 - 27 -7% -7% -5% -5% -10% -11% -15% -11% -11% -10% -11% 19% 49% -31% 48% 48% 3% 
Line 17 - 27 -8% -8% -6% -6% -11% -12% -16% -12% -12% -11% -12% 19% 51% 67% 50% 50% 2% 

Line 16 - 17 9% 6% 5% 5% -9% -12% 15% -13% -13% -13% -12% 13% 13% 13% 14% 15% 10% 

Line 15 - 16 6% 0% -1% -1% -30% 21% 14% 20% 20% 17% 20% 6% 8% 10% 8% 8% 3% 

Line 14 - 15 -16% -8% -5% -5% -49% -36% -28% -36% -36% -34% -35% -15% -18% -20% -18% -18% -9% 

Line 04 - 14 -9% -18% 4% 2% 20% 9% 2% 9% 9% 9% 9% -5% -3% -3% -3% -3% -3% 

Line 03 - 04 24% -16% -9% -8% 8% 14% 18% 14% 13% 12% 13% 16% 17% 18% 15% 15% 6% 

Line 01 - 39 35% 32% 21% 20% 30% 31% 32% 31% 31% 30% 31% 37% 34% 33% 33% 33% -18% 

Line 09 - 39 24% 21% 18% 17% 25% 26% 27% 26% 26% 25% 26% 33% 29% 28% 29% 29% 61% 
Line 05 - 08 -9% -6% -48% -65% -11% -12% -12% -12% -12% -12% -12% -17% -14% -13% -14% -15% -36% 

Line 05 - 06 -51% -53% -33% -49% -48% -49% -51% -49% -49% -46% -48% -48% -48% -49% -47% -47% -48% 

Line 02 - 03 -22% -18% -7% -6% -13% -12% -10% -12% -12% -11% -12% 41% 15% 2% 15% 15% 29% 

Line 21 - 22 1% 1% 1% 1% 0% 0% 1% 1% -16% 49% 5% -1% -1% -2% -1% -1% -1% 

 

As shown in the table, the most effective demand is Load 25for lines 2-3. However, as each load has got a different cost factor, they will be 

calculated in the cost function. 
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Generator Controller 

Table 8.11 Generator effectiveness on each circuit 
Effectiveness Gen1 Gen3 Gen5 Gen6 Gen7 Gen8 Gen9 

Line 04 - 05 30% 21% 107% 53% 53% 50% 51% 

Line 06 - 07 24% 3% 20% 10% 10% 13% 11% 

Line 06 - 11 -19% -75% -74% -37% -37% -28% -30% 

Line 10 - 11 -16% -68% -63% -31% -31% -24% -25% 

Line 10 - 13 13% -21% 52% 26% 25% 19% 20% 

Line 13 - 14 17% -23% 67% 33% 33% 25% 26% 

Line 16 - 19 0% -2% 107% -2% -3% -2% -2% 
Line 16 - 21 0% 0% 0% -60% -49% 0% 0% 

Line 08 - 09 -26% -3% -9% -5% -5% -11% -9% 

Line 07 - 08 28% 4% 23% 12% 11% 15% 13% 

Line 26 - 29 0% 0% 0% 0% 0% 0% -45% 

Line 16 - 24 0% -1% 2% -20% -23% -1% -1% 

Line 26 - 28 0% 0% 0% 0% 0% 0% -46% 

Line 28 - 29 0% 0% 0% 0% 0% 0% -20% 

Line 23 - 24 0% 0% 0% -22% -28% 0% 0% 
Line 22 - 23 0% 0% 0% 28% -41% 0% 0% 

Line 03 - 18 0% 2% 93% 46% 46% 5% 31% 

Line 02 - 25 9% -1% -12% -6% -6% -73% -40% 

Line 01 - 02 37% -2% -15% -7% -7% -13% -10% 

Line 25 - 26 -7% 1% 10% 5% 5% -21% 28% 

Line 17 - 18 0% -4% -45% -25% -24% -8% -17% 

Line 26 - 27 -9% 1% 12% 6% 5% -25% -53% 
Line 17 - 27 -9% 1% 12% 6% 6% -25% -53% 

Line 16 - 17 -3% 2% 45% 23% 23% -6% -8% 

Line 15 - 16 -4% 0% -32% -16% -15% -7% -9% 

Line 14 - 15 8% -5% 66% 33% 33% 13% 17% 

Line 04 - 14 9% -19% -5% -3% -3% 11% 9% 

Line 03 - 04 -15% -3% -37% -19% -19% -22% -21% 

Line 01 - 39 41% -2% -17% -8% -8% -13% -10% 

Line 09 - 39 -40% -1% -16% -8% -8% -15% -11% 
Line 05 - 08 23% -2% -5% -2% -2% 3% 0% 

Line 05 - 06 50% 19% 98% 48% 47% 50% 48% 

Line 02 - 03 -37% 1% 8% 3% 3% -48% -23% 

Line 21 - 22 0% 0% 1% -62% -50% 0% -1% 
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8.5 Controller input 

The information of the generator, demand and of FACTs will be used as input for the 

controller selector. The algorithm process is shown as follows: 

 

As shown in Figure 8.7, the flow in lines 2-3 has been optimised and improved. The 

red line shows the original flow in the circuit.  The blue line is the optimised curve for 

the circuit 

 

Figure 8.7 Result for Line 2-3 transfer 
 

Table 8.12Demand Profile optimised 
LOAD T0 T1 T2 T3 T4 T5 

Load 03 322 292 292 275 275 292 

Load 04 500 500 500 500 500 500 
Load 07 234 234 234 234 234 234 

Load 08 522 522 522 522 522 522 

Load 12 8 8 8 8 8 8 

Load 15 320 320 320 320 320 320 

Load 16 329 329 329 329 329 329 

Load 18 158 158 158 158 158 158 

Load 20 628 628 628 628 628 628 
Load 21 274 274 274 274 274 274 

Load 23 248 248 248 248 248 248 

Load 24 309 309 309 309 309 309 

Load 25 224 324 324 374 374 324 
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Load 26 139 139 139 139 139 139 

Load 27 281 281 281 281 281 281 

Load 28 206 206 206 206 206 206 

Load 29 284 284 284 284 284 284 
Load 31 9 9 9 9 9 9 

Load 39 1104 1154 1154 1180 1180 1154 

 

 

Figure 8.8 Demand profile change period T0 to T5 
 
As shown in Figure 8.8, due to the cost and the availability of demand, the profile did 
not change much. 
 

Table 8.13Generation Profile optimised 
Gen T0 T1 T2 T3 T4 T5 
G 01 1000 900 940 940 940 900 

G 02 365 345 385 385 385 345 

G 03 850 830 870 870 870 830 

G 04 0 0 300 500 450 150 

G 05 600 580 280 280 280 580 

G 06 500 500 500 500 500 500 

G 07 760 760 760 760 760 740 

G 08 550 350 390 390 390 350 
G 09 930 910 950 950 950 910 

G 10 600 600 300 100 150 450 

 

Table 8.14Demand Profile optimised 
% Line flow T1 T2 T3 T4 T5 

Line 04 - 05 33 27 23 24 32 

Line 06 - 07 36 30 27 27 34 
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Line 06 - 11 37 31 29 29 35 

Line 10 - 11 66 46 31 34 62 

Line 10 - 13 4 19 25 24 18 

Line 13 - 14 48 33 33 33 32 
Line 16 - 19 49 34 34 34 33 

Line 16 - 21 26 11 24 20 9 

Line 08 - 09 26 10 24 20 8 

Line 07 - 08 1 38 38 38 26 

Line 26 - 29 42 47 52 51 43 

Line 16 - 24 55 95 96 96 81 

Line 26 - 28 56 58 60 59 56 

Line 28 - 29 56 58 60 60 57 
Line 23 - 24 65 77 79 78 72 

Line 22 - 23 79 60 63 62 66 

Line 03 - 18 24 36 38 38 32 

Line 02 - 25 18 19 21 20 17 

Line 01 - 02 13 13 15 15 11 

Line 25 - 26 78 62 64 64 67 

Line 17 - 18 52 77 75 75 72 

Line 26 - 27 50 78 75 76 71 
Line 17 - 27 50 77 75 75 71 

Line 16 - 17 9 30 23 25 28 

Line 15 - 16 49 34 39 38 35 

Line 14 - 15 48 29 53 47 17 

Line 04 - 14 84 41 70 63 25 

Line 03 - 04 48 52 52 52 60 

Line 01 - 39 21 22 22 22 26 
Line 09 - 39 52 33 50 45 31 

Line 05 - 08 52 33 50 45 31 

Line 05 - 06 7 7 9 8 13 

Line 02 - 03 94 97 98 98 98 

Line 21 - 22 21 21 21 21 24 
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Figure 8.9 Generation profile change period T0 to T5 

 
As shown in Figure 8.9, Gen4 is the wind generator of which the controller didn’t 

constrain any of the outputs even during a high wind scenario. The rest of the 

generation has been optimised, and the cost is shown in Figure 8.10. 

 

 

Figure 8.10 Generation profile cost period T0 to T5 
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Figure 8.11 Demand profile cost period T0 to T5 
 

 

 

Figure 8.12 System cost period T0 to T5 
 

8.6 Results 

T1 period, this is the thermal and voltage heat map with the effect of 3 controllers. 

As shown in Pic 8.8, the overload of Line 2-3 circuit has been optimised as the flow 

has been more evenly dispatched. 
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Figure 8.13 OptimisedHeat map for T1 Figure 8.14Optimised Heat map for T2 

 

Figure 8.15 Optimised Heat map for T3 
 

Figure 8.16Optimised Heat map for T4 

 

Figure 8.17 Optimised Heat map for T5 

 

Optimised Heat map for period T1-T5 

 

At period T2, the most challenging optimisation has changed from lines 2-3 to lines 

16-19 as the wind has started to increase.The algorithm predicted the change to line 
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16-19 and has issued a new profile for DI, generator and demand through these three 

controllers.As shown in the picture, the flows have been alternated and more evenly 

dispatched. 

 

For T3, lines 16-19 are still overloaded with the output of wind. The algorithm has 

seen this issue and produced a new profile for the system. This new profile has 

changed the colour for lines 16-19 from red to yellow, which means that it has fallen 

to under 60%. As mentioned in Chapter 6, this will trigger the dead band effect of the 

controller, and the algorithm will stop mitigating the problem further due to reasons of 

cost. 

 

For T4, a similar method has been used, and the system condition has been improved. 

After the profile change of T3, the system was not under stress for T4. Therefore, the 

algorithm decided to stay with the current DI, generation, and demand profile to avoid 

unnecessary moving of machine. 

 

A similar condition has happened here in T5, where the system has already been 

optimised from T5, and the margin dead band function will stop the controllers from 

any further movement to decrease the cost. 

 

8.7 Stability Case study for three controllers 

Stability is another important part of system security. As the IEEE 39-node model is 

not a dynamic model for testing stability, it is tested separately in the simplified UK 

model. 

 

Three controllers have been studied in this model to prove the effect of improving 

system stability. These three controllers have been separately studied for stability 

issues, and rotor angle index has been tracked as shown inFigure 8.18.A cooperation 

effect of three controllers together has also been investigated, and the result has been 

compared with other three individual controllers. 

 

As shown in the picture, regardless of system cost and green function, demand 
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controller has the best effect on improving system stability. The obvious reason is that 

system demand can be very evenly disconnected or connected for different system 

conditions. 

 

 
Figure 8.18 Rotor angle with different controllers 

 

With the consideration of cost as well as the green function, the overall cooperation of 

three controllers scored secondly. It achieved a similar security level to other 

controllers. However,regardingthe cost function, it will be as good as the pure demand 

controller. 
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Chapter 9 Conclusions andFuture work 

9.1 Introduction 

Wind volatility and intermittency have caused a lot of issues to transmission systems. 

The most significant problem brought about by wind intermittency is that the flow 

changesconstantly with the weather, which causes temporary system constraints. 

These constraints are defined as Wind Intermittency Constraint (WIC) 

 

This project has used a PTDF method to calculate WIC and other factors to 

understand the different effectiveness of generation, demand and FACTs equipments. 

At the beginning of the project, a 6-node IEEE model was used to prove the concept 

of WIC. Then WIC has been used throughout the project to define which circuits are 

affected most by wind intermittency. It was concluded that the higher rank the WIC, 

was, the more affected the circuits were by wind intermittency. 

 

The project has covered the relationship between PMU and system visibility, FACTs 

and Dynamic Impedance. It also invented 3 controllers which are demand, generation 

and FACTs controllers. Based on the characteristic of wind, the project introduced an 

A to B model and added control strategies considering wind prediction and cost of 

movement from A to B. 

 

FACTs have been discussed in detail in terms of changing system impedance. The 

concept of Dynamic Impedance has been introduced to show how FACTs can help 

with system impedance and to identify the best way to produce a 24-hour impedance 

profile to cope with 24-hour wind profile changes. It has also discussed the best way 

to place FACTs equipments by using effectiveness calculation. 

 

Demand, Generation and impedance controllers have also been introduced, and 

investigated how this can improve the smart transmission system. Visibility, 

Controllability and Predictability have been defined as the three major parts of a smart 

transmission system. It has been proved that demand/generator/impedancecontrollers 
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will help improve the controllability of a smart transmission. A case study has been 

done to prove that different demand and generation strategies will have different 

impacts on system security. The best way is using the PTDF ranking algorithm and 

chooses the best demand or generation for the controller. A system stability study has 

been done to show the rotor angle differences of 4 control strategies. 

 

Three new functions have been introduced and used in the algorithm, namely Green 

function, Security function and Economical function. These functions were designed 

to make sure that the algorithm will maximise green energy out within the budget and 

will keep the system secure. A 39-node IEEE model has been used to prove the 

concept. 

 

A new concepthas been used to describe the wind profile change from A to B. It has 

translated a 24-hour weather date into a wind profile, and eventually into system 

flows. Energy changes from period A to period B have been studied. This project uses 

the wind prediction method to calculate the system condition for the following periods 

and the optimisation algorithm to find the best strategy to move systems from A to B 

without too much cost, risk andwithout pulling back green generation. 

 

A case study has been used in Chapter 8 to demonstrate how the algorithm can help 

improve the visibility and controllability of the system. A 39-node IEEE model has 

been used to prove the algorithm has delivered the green and secure flow within the 

defined budget. It has also shown how the algorithm will consider the three functions 

and produce a 24-hour generation/demand/impedance profile for the 24-hour wind 

scenario. 

9.2 WIC-The new way to track wind intermittency 

The new concept of Wind Intermittency Constraint (WIC) has been explained in the 

project.WIC has proved that the wind energy in transmission system can be tracked. 

By using the PTDF method, the circuits that are most affected by wind energy will be 

identified and ranked. Circuits with the highest WIC are the wind corridors 

 

The development of WIC can help system visibility and controllability. When wind 
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corridors are identified, the smart transmission can focus more on WIC circuits during 

high wind scenarios. A strategy of PMU placement has been used in Chapter 3 to 

improve the visibility issue of WIC. 

 

A 6-node IEEE model has been used to prove the concept of WIC and rank the 

circuits that will be affected most during high wind scenarios. 

 

9.3 PMU and DI to improve transmission system visibility 

and controllability 

Chapter 3introduced a new algorithm based on WIC to identify the best location to 

place PMUs. Due to the high cost of PMUs, the system visibility needs to be 

optimised with a limited number of PMUs. This algorithm uses the PTDF method and 

the connection of each circuit to calculate the highest score WIC, which is the highest 

visibility of wind behaviour in the transmission system.A small case study has been 

used to show how the WIC method will help to find the best location to place PMU 

and improve the visibility of wind. 

 

In this project, the relationship of PMU, Dynamic Impedance (DI) and system 

stability has also been discussed. It has been prove that, with the help of PMUs, 

system stability can be improved. Considerable further research is needed to build a 

feedback algorithm for PMUs and DIs, so that the PMU can then identify at transient 

levels when a system may go unstable, and send a control signal to the DI to improve 

the system condition by changing system impedance. This will be discussed and 

studied in future projects. 

 

The present project has discussed in detailDynamic Impedance as a new way to 

improve system controllability. FACTs equipment has been considered to be the most 

appropriate way of changing system impedance. Different models of FACTs have 

been introduced in Chapter 4, which has proven that changing system impedance by 

FACTs can improve system stability and security. The chapter utilises an algorithm 

and a process to rank the effectiveness of each FACTs equipment in helping improve 

system security, and has built a 24-hour dynamic impedance matrix for 24-hour wind 
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scenarios. 

 

Chapter 4 has also introduced 3 case studies to prove the relationship between system 

stability and DI. The first case shows that different location of FACTs can have a 

different effectiveness. Case 2 proves further how stability can be improved by 

choosing different location of FACTs equipment. Case 3 uses a stability study to 

compare different rotor angles of using FACTs equipment and of using generation 

intertrip. It is possible to conclude from this that Dynamic Impedance can help 

improve system stability. The DI algorithm will help choose the best FACTs 

equipments. 

9.4 Smart controllers and the algorithm 

3 new controllers,smart generation, demand and impedance controller,have been 

introduced in the project. These three controllers have been designed to be instructed 

by the controller selector (smart control algorithm). The controller selector has an 

algorithm to collect current system condition and also download the wind profile for 

the next 24 hours. 3 new goal functions have also been introduced in these two 

chapters, namely economical, green and system security functions. 

 

The algorithm will maximise system security, maximise green energy output, and 

minimise operational cost. The result will be sent out to different controllers to 

optimise the position of generation, demand and impedance according to different 

wind scenarios. 

 

The wind profile has also be considered by the algorithm, which is discussed in 

Chapter 7. 

9.5 Predictably of smart transmission system 

In this project, ithas been shown how wind profile can change during 24 hours. The 

concept of A to B profile has also been proven, namely that wind energy moves from 

period A to period B, how system flows and that the control strategy changes with it. 
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This A to B concept focuses on the system condition of the period A including system 

flows, system voltage condition, position of FACTs equipment, output of generation 

and the demand profile at the period. Then the algorithm will download the wind 

condition of period B and calculate the best generation output, demand profile, FACTs 

equipment positions with green, security and economical goal functions in order to 

produce the profile of period B. It has taken into account the cost of moving from A to 

B also considering maintenance cost, and finalised the economical function. 

 

A 9 nodes IEEE model has been used to prove the concept of different strategy for 

different period. Weather data has been downloaded and transformed into wind energy 

output in a UK system. The project has also used a heat map to show the stress levels 

of the system during different wind scenarios. 
 

9.6 Simulation result 

In Chapter 8, A39-node IEEE system has been used to simulate the smart controller 

behaviour during different wind scenarios. It has also visualised with the help of the 

heat map the system flows and stress levels for different system conditions. As the 

simulation result, it has shown that the smart controllers will optimise system 

generation/demand pattern and FACTs position for different times of the day and for 

different wind scenarios. The input is the wind profile from Period 1(T1) to Period 5 

(T5). With the help of the controller, the system security has been improved with more 

green energy and similar cost. The best position of each equipment from T1 to T5has 

also been considered and minimising the costhas been attemptedalso. 

 

A stability method has also been used to simulate the different effects of controllers. It 

has been proven that demand controller works better than the overall controller. With 

the help of controllers, the system stability could be improved. 

9.7 Future work 

In Chapter 3, a group impedance algorithm was introduced. This algorithm needs 

further study to show how system impedance can be divided into different groups. It 

also needs to identify the best strategy for FACTs placement considering the impact 
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on the group. This will be a future opportunity for developing the algorithm further 

and putting it as part of the decision making matrix for FACTs placement. There are 

two ways to score the best location for placing FACTs. One is to consider the overall 

impact of all the circuits in percentage, and the other one is to take any circuits with 

over 20% effectiveness as one score and add all the score together. The difference 

between the two types of logic is that the first one will focus on the impact of all the 

circuits and the second one only focuses on the critical circuit over 20%. 

 

Another opportunity for future development lies within the possibility to use a 

dynamic PMU to improve system stability. As discussed in Chapter 3, PMUs can be 

used to snapshoot systems at transient level. This project only studied how PMUs can 

improve system visibility and hasn’t covered any transient level studies. 

 

In the future, further studies could be done on how PMUs can be put in wind corridors 

and monitor wind dynamic behavior. A wind prediction can also be used in the study 

to see if the system will be stable. If it is not stable, an algorithm can be developed to 

redispatch generation, demand and FACTs to help restabilise the system.  

 

Prediction is an important part of smart transmission systems. This project has studied 

the basic prediction of wind energy using Met office information.  For future work, a 

prediction error can be added into the calculations, which in return will help with a 

close feedback loop and thus provide a more accurate solution. With the consideration 

of prediction error, the system will optimise and update with every error correction. 
 
. 
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