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Abstract

Electricity networks are undergoing a period of rapid change and transformation, with in-

creased penetration levels of renewable-based distributed generation, and new influences on

electricity end-use patterns from demand-manageable loads and micro-generation. This cre-

ates a number of new challenges for the delivery of a reliable supply of electrical energy.

The main aim of this PhD research is to provide a methodology for a more detailed and

accurate assessment of the effects of wind-based distributed generation (DG) and demand side

management (DSM) on transmission network operation. In addition, the work investigates the

potential for co-ordinated implementation and control of DG and DSM to improve overall

system performance.

A significant amount of previous literature on network integration of DG and DSM resources

has focused on the effects at the distribution level, where their impact is direct and often easily

observed. However, as penetration levels increase, DG and DSM will have a growing influence

on the operation and management of the bulk transmission system. Modelling and analysis of

the impact of embedded and highly-dispersed DG and DSM resources at transmission voltage

levels will present a significant challenge for transmission network operators in the future.

Accordingly, this thesis presents a number of new approaches and methodologies allowing for

a more accurate modelling and aggregation of DG and DSM resources in power system studies.

The correct representation of input wind energy resources is essential for accurate estimation

of power and energy outputs of wind-based DG. A novel modelling approach for a simple

and accurate representation of the statistical and temporal characteristics of the wind energy

resources is presented in the thesis. An "all-scale" approach to modelling and aggregation of

wind-based generation is proposed, which is specifically intended for assessing the impact

of embedded wind generation on the steady state performance of transmission systems. The

methodology allows to include in the analysis wind-based generation at all scales and all

levels of implementation, from micro and small LV-connected units, through medium-size wind

plants connected at MV, up to large HV-connected wind farms.

The thesis also presents an assessment of the potential for DSM in the UK residential and

commercial sectors, based on the analysis and decomposition of measured demands at system

bulk supply points into the corresponding load types. Using a section of the Scottish transmis-

sion network as a case study, a number of DG and DSM scenarios are investigated in detail.

These results demonstrate the importance of accurately modelling the interactions between the

supply system and various DG and DSM schemes, and show that the aggregated effects of

highly-distributed DG and DSM resources can have significant impacts on the operation of the

bulk transmission system.
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Chapter 1

Introduction

1.1 Background

Concerns related to climate change have led to an increased focus on low-carbon energy

systems worldwide. In many countries, this has resulted in the development of ambitious targets

for the reduction of carbon emissions [1] and the implementation of renewable electricity

generation technologies. In the United Kingdom (UK), the electrical power sector represents

the largest source of emissions (146 MtCO2, or 33% of the national total in 2011). The UK

government has set a target for zero emissions from the power sector by 2050 [2]. This transi-

tion to low-carbon electricity generation, and particularly the large-scale adoption of variable

renewable energy sources, will create huge challenges for the operation of power networks and

delivery of a secure, reliable and affordable electricity supply [3, 4].

It is widely recognised that the modernisation of existing transmission and distribution net-

works, as well as the further implementation of advanced communication and control technolo-

gies in power systems, will be crucial to enable the effective integration of high penetrations of

renewable energy sources. Variable energy sources, such as wind, impose additional require-

ments for system operators to efficiently maintain sufficient capacity and reserve levels, and

manage network congestions. In a number of studies, such as [5, 6, 7, 8], it is acknowledged that

the provision of greater system flexibility, on both the supply side (i.e. electricity generation)

and the demand side (i.e. customer end-use) will be key to operating power networks effec-

tively in the future. New metering technologies, modified end-user behaviour and increased

levels of small-scale and micro-generation will facilitate a more direct and pro-active system

support. However, the integration of these technologies into the current system also creates new

challenges for the delivery of an uninterrupted and high-quality supply of electrical energy.

1
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1.2 Project Objectives and Scope

Many studies have identified increased penetration of renewable-based distributed generation

(DG) and system-wide implementation of demand side management (DSM) as two important

aspects of the operation and functionality of future electricity networks (e.g. [9, 10, 11]). These

technologies are embedded in the distribution networks, rather than connected directly to the

transmission system. While their influence on distribution system is direct and often easily

observed, the full impacts of DG and DSM on the overall power system are difficult to analyse

and quantify effectively using simple metrics.

For transmission level studies, it is becoming increasingly important to consider the effects of

embedded DG on the system performance [12, 13]. This PhD research focuses on the modelling

and analysis of wind-based DG, since this is by far the most significant source of variable

renewable energy in terms of installed capacity, particularly in countries such as the UK. Wind-

based generation is now present at all scales and levels of implementation, ranging from multi-

megawatt units installed in large numbers in commercial wind farms (WFs), to sub-kilowatt

units operating in individual installations.

One of the major challenges in modelling and analysis of power system with high penetrations

of wind is the accurate representation and aggregation of many highly-dispersed DGs. An

assessment of the wind resources available across multiple, diverse locations must be carried

out, and an appropriate method for aggregating wind turbines (WTs) needs to be used in the

analysis.

Additionally, a realistic assessment of the potential for DSM to provide system flexibility

and useful network services requires that the system load be modelled in detail, in order to

accurately determine which part of the load may be deferrable, or demand-manageable, and

to model the changes to the electrical characteristics of the load which occur as a result of

applying DSM actions.

These models of DG and system loads need to incorporate realistic representations of the

interconnecting networks, in order to fully examine the range of complex interactions be-

tween the transmission and distribution systems, where significant penetrations of highly-

dispersed DG and DSM technologies are present. The methodologies presented in this thesis

are demonstrated using a case study of a section of the Great Britain (GB) transmission grid

corresponding to Central and Southern Scotland. Where possible, measurements from existing

DGs and various network locations have been used to validate the obtained results. Finally,

some of the impacts of DG and DSM on transmission system operation and management are

assessed, and the potential for coordinated control of DG and DSM to provide useful network

services is discussed.
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1.3 Thesis Contributions to Knowledge

This PhD research presents an "all-scale" approach to the modelling and aggregation of dis-

tributed generation and demand-responsive loads, which is missing from current literature. The

modelling and aggregation methods for DG are illustrated using wind generation systems as

an example in this thesis, while analysis of DSM focuses on load in the UK residential and

commercial sectors. This modelling framework is specifically intended for use in planning and

operation studies of transmission systems, and allows the user to effectively model distribution

level-connected resources.

A novel approach for building an efficient model of the available wind energy resources is pre-

sented, and validated using two high-resolution wind data sets. This model combines Markov

Chain and distribution-fitting approaches to represent both the statistical and temporal charac-

teristics of the wind energy resources, where the model states are defined using a typical wind

turbine power curve. This model allows large wind data sets to be represented accurately with

some simple analytical expressions.

After assessing the wind energy resources in the area of interest, significant effort is directed

towards the modelling and aggregation of distributed wind generation systems. A number of

different approaches are analysed and eventually an aggregate power curve model is selected,

as this is shown to provide a reasonable level of accuracy. Additionally, the standard measured

power curve approach for modelling the steady state output of a WT is generalised to represent

entire WFs, and the aggregation of highly-dispersed wind generation and their interconnecting

networks is discussed. Publications arising from this research: [14, 15]

A methodology is presented for the identification and decomposition of bulk system loads into

sectors and categories, based on an aggregate Grid Supply Point (GSP) demand. This allows the

DSM portion of the system load to be accurately identified, and a range of DSM scenarios and

schemes to be analysed. The resulting load models, which incorporate the demand-manageable

part of the load are then aggregated with the interconnecting MV and LV networks. Publica-

tions arising from this research: [16, 17]

Finally, the developed models of DG and DSM are applied in transmission system analysis,

and the potential for coordinated control of DG and DSM resources to contribute to the man-

agement of transmission constraints is analysed. The impact on overall system performance

is assessed, using a section of the actual GB transmission grid as a case study. The presented

case study includes analysis of system constraint management, security and voltage stability. A

novel methodology is also proposed for using OPF to evaluate which DSM-enabled loads in a

given distribution network provide the maximum "value" to the system, in terms of their ability

to relieve upstream network constraints. Publications arising from this research: [18, 19, 20].

It is expected that the modelling techniques, analysis, and insights provided in this report will

be primarily of interest to operators of both transmission and distribution networks with high
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penetrations of variable renewable resources. Additionally, the estimates of the impact and

expected potential for DSM technologies in the residential and commercial sectors will be of

interest to policy makers, researchers, and utility providers as it provides a detailed assessment

based on UK load data, which is not available in previous literature.

1.4 Thesis Structure

Chapter 2 provides the background and literature review for the thesis. First, the characteristics

of GB transmission and distribution networks are outlined, along with the expected future

system trends and changes which are of most relevance to this work. The terms "Distributed

Generation (DG)" and "Demand Side Management (DSM)" as they relate to this thesis are

defined clearly, and a detailed literature review of modelling approaches for DG and DSM,

focusing on the impacts on the wider transmission network, is provided.

Chapter 3 discusses approaches for modelling the statistical and temporal properties of wind

energy resources, and an analysis of high-resolution onshore and offshore wind data sets is

presented. A methodology for building an accurate Markov Chain-based model of wind en-

ergy resources, which correctly represents both the statistical and temporal properties of the

resource is presented and validated. Additionally, the aggregation of resources over large areas

is discussed, and a methodology for modelling of system wind energy resources at various

levels of aggregation is outlined.

Chapter 4 describes the modelling and aggregation of distributed wind energy conversion sys-

tems. Several methods for modelling wind turbines and wind farms are outlined and compared,

and the use of measured power curve models for steady-state representation of wind energy

conversion is discussed in detail. Moreover, the development of aggregated equivalent models

of wind farms and their interconnecting networks, and the methodology used to aggregate wind

DG at all scales of implementation is presented and validated.

In Chapter 5, the modelling of aggregate system loads and DSM is outlined in detail. A novel

approach for analysing aggregated load measurements and estimating the contributions from

each load sector is proposed. The modelling and aggregation of medium and low voltage distri-

bution networks is discussed in the context of system load representation. The decomposition

of system loads, and the development of load models incorporating realistic DSM scenarios is

discussed.

Chapter 6 describes the case study used in the network analysis and its main characteristics.

The grid impacts of the previously developed models of DG and DSM technologies are exam-

ined through simulation of transmission system operation and performance. Furthermore, the

potential for coordinated control of DG and DSM resources in order to improve the overall

system performance is assessed.
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Chapter 7 reviews the main results of the thesis, and discusses the implications of the results

as they apply to transmission system operation and management. Lastly, suggestions for future

research work and final thoughts and conclusions are shared.



Chapter 2

Literature Review

This chapter discusses the background and literature review related to the analysis of distribu-

tion generation (DG) and demand side management (DSM), in the context of transmission

system operation. The general characteristics of transmission and distribution systems are

discussed, along with the planned and expected future developments in the area of power

system operation. A review of modelling approaches and requirements for grid integration

of DG currently available is presented, focusing on the impacts of highly-distributed wind

resources on transmission systems. A summary of the available literature on DSM is also

provided, and the requirements for building realistic models of loads which incorporate DSM

capabilities are outlined.

2.1 Transmission and Distribution Networks

2.1.1 Introduction

The basic components of the electrical power system are generation, transmission, distribution

and end-use. In the traditional, centralised power system, electrical power is generated in large

thermal plants, with capacities typically to the order of several hundred Megawatts (MW)

each. It is then transformed to high voltage (HV) for bulk transmission and converted to

medium voltage (MV) for distribution and finally to low voltage (LV) for end-use in the various

load sectors. Power flow is designed to be unidirectional, i.e from generation through bulk

transmission to distribution and end-use.

Generation from large power stations is dispatchable, in that output can be adjusted through

centralised control by the system operator in order to respond to the constantly changing system

demand levels [21]. However, recent growth in variable renewable energy sources has meant

that a significant proportion of generation in electricity grids is non-dispatchable [22], where

its availability depends on an inherently variable renewable energy resource, such as wind or

solar [23].

Additionally, more and more generation is being connected at the distribution level [24, 25],

rather than directly to the transmission network as is typical in the traditional, centralised power

6
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system. This has resulted in more complex interactions, and in some cases, bi-directional power

flows between the transmission and distribution networks [12]. These factors have created new

challenges for network operators, as electricity grids are operated in a manner not intended by

their original design [26].

2.1.2 General Characteristics of the GB Network

The first electricity systems appeared in the late 19th century in the United States and Europe

and mainly served small, isolated users; power was typically generated at, or very close to, the

point of consumption. The concept of a national, integrated transmission system was initially

proposed in the Industrial Age in order to take advantage of the economies of scale provided

by generating electricity in bulk at larger, more efficient power stations, and also to improve

quality of service reliability through interconnection [27]. The National Grid (NG) in GB1, as

in many developed countries, was largely designed and built in the 1920s and 1930s [28] with

many small, incremental extensions and improvements taking place over the intervening years

in order to adapt to the changing requirements of the system.

The GB grid is an isolated system, with relatively limited interconnection to other national

electricity systems [29]. Historically, the system has been constrained by limits on power flows

from North to South [30]. This is due to the fact that a larger proportion of generation has

always been located in the North, with the main demand centres (e.g. central London) in the

South. Traditionally this was due to a greater concentration of coal fields in the North, whereas

today there is a much greater proliferation of wind-based renewables in the Northern part of

the network, particularly in Scotland. Figure 2.1 shows a map of the GB transmission system.

The GB transmission system is comprised of 400 kV, 275 kV and 132 kV networks2. Follow-

ing bulk transmission over large distances, electricity is distributed to end users using lower

voltages, typically 33 kV, 11 kV, 6.6 kV, and 0.4 kV. The distribution system is comprised

of much denser layers of networks which ultimately connect all end-users to the electricity

grid. The interface between the transmission and distribution systems occurs at the grid supply

transformer substations (typically 132:33 kV or 275:33 kV in Scotland, or 275:132 kV or

400kV:132 kV in England and Wales [32, 31]).

In 1991, the UK became one of the first countries in the world to liberalise its electricity

market [33], leading to a structure where the transmission networks are owned and operated

by an independent Transmission System Operator (TSO), while the distribution networks are

managed by a number of independent Distribution Network Operators (DNOs), which vary

according to the geographical area. The actions of the TSO and DNOs are regulated by and

1. Note that the GB transmission grid does not include the Northern Ireland network, as this is synchronised with
the Irish grid system instead.
2. In the National Grid Electricity Transmission (NGET) system, which serves England and Wales, 132 kV
systems can also be classified as distribution networks.
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Figure 2.1: Map of the GB transmission system [31].

by an appointed government regulating body (this role is carried out by the Office of Gas and

Electricity Markets (OFGEM) in the UK). Additionally, all users of the electricity grid must

comply with the technical requirements outlined in the Grid Code [34].

2.1.3 Future System Trends

A lack of investment in new infrastructure in power networks in many areas worldwide has

meant that transmission and distribution systems are characterised by ageing assets and com-

ponents in need of upgrading and/or replacement [35]. Recent efforts to de-carbonise electricity

systems and the requirement of more flexibility to integrate distributed, renewable energy

sources into the system have increased the pressure on power companies to update ageing

equipment. In Northern Europe, efforts are ongoing to develop offshore transmission grids in

order to integrate offshore wind resources into the current power system, and to provide greater
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interconnection between the countries surrounding the North Sea [36, 37].

The majority of current electricity systems worldwide have real-time monitoring and control

capabilities only in the high-voltage bulk transmission parts of the network, with very limited

or no real-time metering capabilities at the distribution level [38]. Advances in communica-

tions and information technology have led many experts to envisage a transformation of the

current electricity grid and a large-scale replacement of old network technologies with a more

advanced and intelligent system [39, 40], which will better be able to meet the requirements of

a sustainable future energy system.

Many reports (e.g. [41, 42, 43, 44]) outline potential scenarios where all users of the electricity

grid communicate and interact with the system, both on the supply-side (where small- and

micro-scale distributed generators are provided access to the main electricity market through

aggregators, or Virtual Power Plants (VPPs)), and on the demand-side (where advanced me-

tering and "smart" appliances allow all end-users to participate in DSM programs), with po-

tential improvements in system performance and reliability. These overall efforts aimed at

grid modernisation are often referred to using the umbrella term "smart grids". However,

some critics have pointed out that many smart grid proposals in the literature are neither

feasible, practical, nor cost-effective enough to be realised fully [45, 46]. The results presented

in Chapters 4, 5 and 6 of this thesis outline in detail the potential of these technologies to

contribute to improving system performance, and could be applied by system operators and

policy makers to more accurately assess the benefits from smart grid schemes.

2.1.4 Focus of Research

This PhD research focuses on the modelling and analysis of two aspects of grid modernisation

efforts, DG and DSM, which are expected to have an important influence on future transmission

network operation. When discussing DG, this thesis focuses entirely on wind-based DG, as this

represents by far the largest proportion of DG connected in countries such as the UK [47];

although it is recognised that other forms of DG, such as solar PV, are having a growing

influence in many areas worldwide. The background and literature review related to DG and

its modelling challenges and requirements are outlined in the following sections.

2.2 Grid Integration of Distributed Generation

The term DG is often loosely defined and can be used to refer to small, domestic generating

installations with capacities of a few kW, to commercial projects in the tens of MW range.

In this thesis, DG is used as a general term to refer to any form of generation connected to

the distribution networks rather than directly to the bulk transmission system, whereas the

term Embedded Wind Generation (EWG) specifically refers to wind DG connected at the
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distribution level. One of the particular characteristics of EWG and other renewable-based DG,

is that devices are typically connected in peripheral parts of the network, since geographically

remote regions often contain the greatest availability of natural resources, and hence, the best

potential for energy production.

2.2.1 Impacts of Distributed Generation on Distribution Networks

Most existing distribution networks were designed for one-directional flow, where power flows

from the grid substation to end-users at lower voltages, and were not intended to accommodate

active power generation [48]. Traditionally, distribution networks are designed as passive sys-

tems, where the only active control elements are the tap-changing transformers at the primary

distribution transformers (which provide a limited degree of voltage regulation along the main

feeders), and in some cases, reactive compensation equipment at certain network locations.

The connection of variable, renewable-based DG introduces significantly more variability into

distribution system power flows [25], and can cause a number of well-documented issues such

as voltage rise [49] and reverse power flows [50]. Other studies have discussed some of the

impacts of DG on distribution network power quality, harmonics and reliability (e.g. [51], [52]).

The presence of DG can also increase network fault levels, creating issues for protection system

coordination [53].

The exact nature and extent of the impacts of DG connection depend on the network in ques-

tion, the size of the generating units and the connection voltage. There is a requirement for

DG owners and network operators to carry out detailed studies before connection of DG

and take necessary measures to ensure that its connection does not result in an unacceptable

degradation of network performance. However, with appropriate system planning, it has been

shown that DG can provide some benefits such as reliability improvement, reduced power

losses, and deferral of network investment [54]. Comprehensive overviews of the impacts of

DG on distribution networks are given in [24, 55] and [56].

In the case of variable DG, such as EWG, it is important to consider the relationships between

the DG outputs and the network demands [57]. According to [58], it is not economic to connect

new DG on the basis that the network can accommodate all possible demand and generation

scenarios. A considerable amount of research has been carried out into the use of non-firm

connections for DG (e.g. [26, 59, 60]) to maximise the allowable penetration of DG, given the

constraints in the distribution system.

Research in the area has seen a move away from a passive "fit and forget" approach to distri-

bution network design and operation, to the use of real-time control and communications tech-

nology to improve utilisation of network assets. Many techniques for mitigating the negative

impacts of DG have been investigated, such as coordinated voltage control [61], optimisation

of DG curtailment schemes [62], and the use of combined voltage and power factor control of
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DG units to maintain network voltages and power flows within acceptable limits [63].

However, most of the material in the literature considers the impact of DG at the distribution

level, where its effects on network performance are direct and easily observed. DG also affects

the operation and performance of the transmission system indirectly in a number of different

ways. These transmission system impacts are discussed in the following sections.

2.2.2 Impact of Distributed Generation on Transmission System Stability

In addition to the effects of DG at the distribution level already mentioned, DG can have a

significant influence on both the steady state and dynamic performance of the bulk transmission

system. At the shortest time scales (from the first cycles after a network fault up to a few

seconds post-fault), DG has a number of impacts on the transmission system (a summary of

these is given in [12]).

Increased output from DG (e.g. during a windy day in a network with a large penetration of

EWG) results in less production from conventional, centralised generators. Wind-based DG

reduces the total system inertia, since modern wind generator rotors are either partially de-

coupled from the grid (in the case of the Doubly-Fed Induction Generator (DFIG) [64]), or fully

de-coupled from the grid in the case of full converter-based turbine designs [65] and inverter-

connected devices [66]. This can reduce the overall system transient stability margin [67, 68].

Additionally, DG can alter the pre-fault power flows in the network, with the result that the

stability margins assumed by the system operator can become incorrect. Wind-based DG can

also affect the voltage stability and small signal stability of the system [69].

2.2.3 Impact of Distributed Generation on Transmission System Operation

At longer time scales (from minutes to hours), DG has a number of impacts on the system.

Some aspects of DG connection are considered to be beneficial to transmission system opera-

tion. For instance, DG can have the effect of reducing the peak demand at locations where it

is connected. This can help to reduce bulk transmission system power flows when the demand,

and hence, the pressure on transmission constraints is at its greatest. Similarly, reductions in

peak demand can allow investment in new network infrastructure to be deferred in certain

cases [70].

Since DG is connected to the distribution network, the transmission system operator often has

either very limited, or no visibility of these DG units. Recommendations and regulations for

which generators are monitored directly by the transmission system operator vary according

the network operator and country/region (for example, the limits in GB are based on the rated

capacity of the DG [34]), but in many cases, the connection of DG results in a portion of

generation which is "invisible" to the system operator.
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Where DG is not monitored, its impact on the transmission network can be observed only

indirectly, e.g. through a reduced demand at high voltage (HV) substations, or changes in

system fault levels. An example of the impact of Embedded Wind Generation (EWG) on

demand levels is illustrated in Figure 2.2, which shows demand data at 04:00 hours on summer

nights over the course of 3 years (2009-2011) for a group of grid supply substations in the

North-east region of England, where significant EWG is connected, [15]. The reduction in

demand on windy summer nights due to EWG can be clearly seen3.

Figure 2.2: Measured reduction in demand due to EWG at 04:00 hours on summer nights at
selected nodes/buses in North-east England [15].

It is shown here that EWG has a large impact on the active power demand at the selected

HV substations (on average, around 9 MW per 1 m/s increase of wind speed, Figure 2.2).

Since demand is usually at its lowest on summer nights, the effect of EWG on demand is

very pronounced at this time. Clearly, unless accurate models of the EWG are used in the

analysis of the system, this variability in demand due to wind could result in mismatches

between the forecasted and actual demands, and inaccuracies in the calculated transmission

system constraints [15].

DG connected at lower voltage levels can also significantly influence the patterns of reactive

power transfer between the transmission and distribution systems [56, 71, 72]. High penetra-

tions of EWG can have a major impact on the reserve requirements for transmission system

operation [9]. EWG also affects the unit commitment and scheduling of conventional genera-

tors [73].

A summary of the methods used in estimating the costs of integrating EWG into the electricity

system is given in [74], however, this type of cost/benefit analysis is beyond the scope of this

thesis. Instead, this PhD research focuses on the methodologies applied for modelling and

aggregation of EWG resources for use in the analysis of transmission system operation and

planning, Chapters 3 and 4.

3. Before the analysis, the raw demand data were processed using linear regression to remove the influence of all
other variables affecting demand, such as a day of the week, temperature variations, etc.
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2.2.4 Modelling of Wind Energy Resources

The accurate modelling of wind energy generation systems requires the correct estimation of

the available wind energy resources. The accuracy and resolution (both spatial and temporal)

of the wind energy input data used in any power systems study are crucial to the results.

Wind measurement data can be obtained from publicly-available sources such as national

meteorological offices [75], or other scientific institutions, e.g. the British Atmospheric Data

Centre [76]. However, the wind DG of interest may be located far away from the measurement

stations for which data is available, and local terrain characteristics can have a significant effect

on the wind profiles [77]. In order to overcome this problem, wind resource models with high

spatial resolutions, such as [78], are required. The modelling and aggregation of wind energy

resources is discussed in detail in Chapter 3 of this thesis.

A summary of the general characteristics of the UK wind resource is provided in [79]. Of

particular importance for power systems analysis is the correlation between the wind speeds at

different sites where wind DG is installed in the network [80, 81], since this has implications for

the total variability in generation output seen by the network operator, and the system reserve

requirements [5].

This point is illustrated in Figure 2.3 below, which shows the recorded power outputs from:

• (a) An individual wind turbine (WT).

• (b) A whole wind farm (WF).

• (c) The total output from all wind generation in the Scotland region.

All of the data shown in Figure 2.3 were recorded over the course of one month (January

2010)4. The WT output (Figure 2.3a) is the output recorded at a single WT in Aikengall, a 48

MW WF located in the South-east of Scotland [82]. The WF output (Figure 2.3b) is the total

measured output at the point of grid connection at the Aikengall WF. Finally, the total output

in the Scotland region (Figure 2.3c) is calculated as the average of the outputs recorded by

National Grid at the point of connection to the transmission network for 25 individual WFs in

various locations across the SHETL and SPTL systems [15].

From Figure 2.3, it can be seen that the output from the single WT is relatively closely corre-

lated with the output from the rest of the WF. There is some correlation with the output from the

entire region (Figure 2.3c), but clearly there are times output is high at other wind farms, and

low at Aikengall, and vice versa. It is noticeable that the level of variability in output is highest

in the single WT case (a), and lowest in case (c), where the changes in the level of output are

far more gradual. When modelling the overall impact of wind DG on the power system, this

effect of aggregation at various scales needs to be considered.

4. The values of power output in each of the cases (a)-(c) are expressed in per unit (p.u.) in order to make the
patterns of generation easier to compare.
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(a) Individual WT

(b) Whole WF

(c) Total regional output

Figure 2.3: Recorded wind generation output at various levels of aggregation [15, 82].

2.2.5 Modelling of Wind Energy Conversion Systems

Once an accurate assessment of the wind energy resource is made, the conversion system needs

to be modelled in order to correctly calculate active and reactive power outputs. In modern

power systems, the dominant wind DG technology is the horizontal-axis, variable-speed WT,

with older, fixed-speed WTs making a relatively small and ever-decreasing contribution [83].

In order to accurately assess the impact of wind DG on system transients, stability, power
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quality and reliability, detailed models of the WT mechanical system (i.e. turbine blades and

gearbox/transmission), the power conversion unit, and all associated control and protection

systems must be applied in the analysis. Overviews of the general modelling approaches for

representation of WTs and the associated power electronics are provided in [84], [85] and [86].

2.2.6 Aggregation of Distributed Wind Generators

Conventional generation systems are usually based on a relatively small number of large power

stations, with machine rated capacities to the order of hundreds of MW. This means that the

entire conventional generation fleet of a given network region may only consist of a few tens of

generating sets, and hence can be modelled effectively using only several tens of machines. In

contrast to this, wind-based DG typically consists of thousands of highly-dispersed generators

with machine rated capacities in the kW to several MW range.

Representing each one of these individual WTs explicitly in a power system analysis would

be extremely difficult in terms of the computational effort and time required for running the

resulting network model. The aggregation of highly-dispersed wind DGs into more manageable

and useful models is therefore a very important part of the analysis. Methods and approaches

for aggregation of WTs and WFs are discussed in [87] and [88]. Ultimately, the level of

model detail required and the approach taken to modelling and aggregation will depend on

the application and type of analysis required.

2.2.7 All-scale Modelling Approach

From much of the literature studied on wind generator modelling, it was found that while de-

tailed and accurate models of the most relevant WT technologies are already available (e.g. [64,

65, 85, 86]), many of these were not developed with a specific intended application, and the

aggregation of WTs and WFs for efficient and effective analysis of transmission system impacts

is still a major challenge. Additionally, while models of the WT itself and its associated control

and protection systems may be readily available, there is a relative lack of literature containing

procedures for modelling the interconnecting network, which connects the WTs to the main

grid. However, some recent US-based studies by WECC [89] and NREL [90] have begun to

address this issue. This interconnecting network includes the cabling within the WF itself,

as well as the medium voltage (MV) and low voltage (LV) networks, which connect DGs

embedded within the distribution network to the main transmission system. This is important,

as the interconnecting network can have a significant effect on parameters such as active and

reactive power losses [87].

One of the main contributions of this thesis is an "all-scale" approach to modelling distributed

wind energy resources, which provides a framework for modelling and aggregation of wind

generation at all scales, including EWG connected at MV and LV. This approach is outlined

fully in Chapters 3 and 4.
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2.3 Modelling of System Loads and Demand Side Management

Demand side management (DSM) is the modification of consumer demand for electrical en-

ergy. This can refer to many different processes on the electricity end-use, or the "demand side"

of the network, ranging from long-term efficiency measures aimed at reducing the system peak

load; to short-term, direct control of loads in the event of an emergency network condition.

DSM is also referred to as demand side participation, demand side response, load management,

or load response, with these terms often being used more or less interchangeably. In this thesis,

the term DSM is used throughout.

Traditionally, conventional generators have provided the majority of the ancillary network

services required for system balancing and maintaining security margins in power system

supply, such as spinning and non-spinning reserve, as well as other emergency reserves and

special services such as black-start capability [91]5. In light of the growth in variable renew-

able power sources and the decreasing contribution of conventional generation to the overall

generation portfolio, many studies have identified a need for future networks to provide this

system flexibility through alternative means (e.g. [4, 7, 92]). In particular, increasing wind

penetrations have resulted in a rapid growth in the requirements for ancillary services (e.g.

the GB system has to provide 0.3 MW of operating reserve for each additional MW of wind

generation connected [9]).

2.3.1 Previous Research on DSM

DSM is not a recent idea, and network operators have used various schemes to influence

load behaviour and improve system balancing for many decades. An overview of the main

concepts and approaches used in "network-driven" DSM (referring to DSM schemes with the

objective of improving network performance and security) is provided in [93]. The majority

of DSM initiatives implemented to date have been focused on large industrial customers,

e.g. [94, 95, 96], as these are the only users which have loads of sufficient size to make a

significant contribution to transmission network services. For instance, the GB National Grid

requires that users must meet minimum MW and MWh requirements to participate in the

Balancing Mechanism (BM), e.g. active power peak demand must be larger than 10 MW at a

given site in order for it to be considered for the provision of certain demand side services [94].

However, advances in digital information and communication (ICT) technologies are expected

to encourage further implementation of DSM amongst smaller customers in other load sectors,

e.g. residential and commercial [97, 98, 99]. The GB National Grid "Operating in 2020" Final

Consultation Report [9] discusses this potential, describing:

5. The terminology used to refer to reserve and other ancillary services varies according to the country and region.
For instance, in the UK and US, the terms spinning, non-spinning and supplemental reserve are commonly used,
while in continental Europe, the terms primary, secondary and tertiary control are applied.
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"A rapidly evolving market for reserve products .... much greater dependence
on sources of reserve provided outside of the Balancing Mechanism, e.g. from
smaller embedded generating units or by demand side management."

In order to achieve the volumes of demand required to participate in the BM and make a

significant contribution to network ancillary services, various means of combining and co-

ordinating DSM actions from many highly-distributed users have been proposed, such as the

Aggregator [100] and Virtual Power Plant (VPP) concepts [101, 102].

In addition to the enabling ICT technologies required to realise DSM schemes in the residential

and commercial load sectors, new market mechanisms are also required. These electricity

market and economic barriers to the further development of DSM are discussed in [103]

and [104]. It should be noted however, that the work presented in this thesis focuses on the

accurate electrical modelling of DSM for the purposes of transmission system analysis, and

not on the electricity market mechanisms, or the enabling ICT infrastructure required for the

implementation of the DSM schemes discussed.

2.3.2 Classification of DSM Schemes

Previous studies such as [93], [105] and [106] have attempted to classify DSM schemes by

the type of network service offered. A summary of the main classifications of DSM schemes,

with examples from the literature is given below. Note that there is some overlap between the

categories described, as many DSM schemes have multiple objectives [93, 97].

Energy Efficiency Measures and Reduction of Overall Consumption of Electricity

An energy efficiency measure can be described as any activity which attempts to reduce the

overall consumption of electricity through the use of more efficient systems for the conversion

and utilisation of electrical energy. Some examples include: encouraging the use of improved,

low-power lighting sources [107, 108] and energy efficient home appliances [109]. In addition

to energy efficiency technologies, efforts have also been made to reduce end-users’ overall

consumption of electricity through increased public awareness of electricity use patterns and

behaviour [110]. These are typically long-term policy measures, and are outside the scope of

this thesis.

Investment Deferral and Asset Utilisation

DSM can be used in certain scenarios to defer investment in upgrading network infrastructure

and to help maximise the utilisation of network assets [111, 112]. Investments in network asset

upgrades and replacements are typically cost-intensive, and may have long lead times (to the

order of several years). In certain cases, for example, when a transmission line rated capacity

is exceeded on only a few occasions throughout the year, it may be more cost-effective to



2.3. Modelling of System Loads and Demand Side Management 18

defer upgrading of a particular line by removing the overload through a demand side measure.

In such scenarios, the network operator may attempt to arrange a DSM contract to provide

financial incentive for end-users served by this transmission line to reduce consumption when

the rating is exceeded, deferring the need for immediate line upgrading or replacement.

Load Shaping

DSM is often used by network operators to adjust the overall shape of the system demand by

methods often described as peak-shifting, or peak-clipping. In general, operators attempt to

take measures which reduce demand during peak hours and shift consumption to the off-peak

hours in order to flatten the overall daily load curve. This allows a larger proportion of the load

to be served by more efficient base-load generation, and less reliance on expensive peak-load

generators. Perhaps the most well-known example of load shaping is the reduced electricity

tariffs provided in many countries during off-peak hours, such as "Economy 7" and "Economy

12" in the UK [113].

Figure 2.4: DSM applied to shift load from peak hours to off-peak hours.

Figure 2.4 shows a typical UK load curve over the course of one week. A DSM scheme has

been applied to shift load from the peak hours, which occur in the early evening, to the off-peak

hours, which are in the early morning. The DSM adjusted load curve (red line in Figure 2.4)

has a reduced range and variability in load demand. The flattening of load curves generally

results in reduced requirements for generator ramping, and a reduction in the number of system

balancing and corrective actions needed. This can provide a number of benefits for system

operation [114], network security [115] and reliability [116]. These types of DSM schemes are

examined in depth in Sections 5.3-5.5 and 6.3 - 6.4 of this thesis.
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Provision of Operational Reserves

Various types of operating reserves are required in power systems to provide additional gener-

ation capacity when required. System frequency fluctuates due to constant changes in demand

and generation, and contingency events such as a transmission fault or the loss of a large

generating unit can cause large deviations. Fast-acting, on-line, spinning reserves are required

to maintain system frequency within control limits at all times (e.g. +/- 1 % of the nominal 50

Hz frequency in the UK [32]). These are automatically controlled systems designed to detect

and respond to any change in system frequency.

At longer time-scales, reserves are needed for balancing purposes, typically to compensate for

mismatches between forecast and actual demand, and changes in generation fleet availability

and running schedules. These are typically non-spinning reserves, and may include generating

resources which are on standby, or are off-line with an option to be started and connected to the

system at relatively short notice. Requirements for such non-spinning and other supplemental

reserve varies considerably according to specific network operator requirements at any given

time. Table 2.1 gives a brief summary of the various types of reserve and the relevant time

scales under which they operate (adapted from [117] and [118])6.

Reserve Type Control Method Operational Time Scale
Frequency response Automatic 0 - few seconds
Spinning reserve Automatic few seconds - 30 mins
Non-spinning reserve Manual or Automatic few minutes - several hours
Supplemental reserve Manual few hours - day ahead

Table 2.1: Summary of reserve types and operational time scales.

Many transmission system operators have contracts with large customers in industries such as

metal processing, water treatment, and cold storage where deferrable loads are connected to

under-frequency relays and disconnected during low frequency events (e.g. [94]). Kirby [117]

suggests that responsive loads are under-utilised in most power systems, and outlines some

of the benefits of providing reserve through DSM, rather than through conventional means.

In particular, reserve provided from a large number of individual DSM-enabled loads may be

more reliable than depending on reserve provided by a few very large conventional generators.

Additionally, the response times of automated DSM loads can be quicker than conventional

generator adjustment and re-dispatch [117]. The "dynamic demand" concept is introduced

in [119], where the provision of short-term reserves is provided through highly-distributed

DSM loads in the domestic load sector.

6. The exact classification of each type of operating reserve varies according to the country/region and network
operator. In the specifications outlined by the European Network of Transmission System Operators for Electricity
(ENTSO-E), these services are defined as primary, secondary and tertiary control reserve.
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Direct Load Control

A comprehensive overview of literature on actively controlling highly-distributed loads in

power system applications is provided in [120]. Direct load control has clear advantages over

DSM schemes based on the user’s response to price signals, as it can provide faster and

more predictable responses, which more closely emulate traditional services such as frequency

response and spinning reserve.

Some authors have discussed potential applications for real-time demand control, and have

even proposed dispatching system loads in a similar fashion to that of generation dispatch,

in order to improve network performance and mitigate variability from renewable generation

sources [121, 122]. However, the volume of load in each sector to which direct load control

can be applied, and the time scales in which DSM actions can realistically operate are limited.

This is discussed in more detail in Section 5.3.2.

2.3.3 Gaps in Current Literature on Modelling DSM

Many studies envisage significant potential for DSM in the residential and commercial sectors

(e.g. it is estimated in [9] that as much as 5% of the total GB system load at peak demand could

be deferrable). However, determining the exact portion of potential DSM load in of each of the

main load sectors (residential, commercial and industrial), where loads are distributed across a

large network, is a difficult problem.

A comprehensive methodology to correctly identify what load is connected in each area of

the network, and which parts of that load may be suitable for DSM is missing from existing

literature. Without such a methodology, it is difficult to realistically assess the potential con-

tribution of DSM to improve performance in a given power system. Better understanding of

the composition of the main load sectors and the composition of the loads in each sector is

therefore crucial to the analysis.

This part of the research in the thesis (see Chapter 5) builds on the previous load modelling

work described in [123, 124, 125, 126, 127]. The models presented in these papers can be de-

scribed as component-based models, in which the desired bus load model is built by combining

individual models of each of the devices connected to the system (Section 2.3.5 below outlines

the component-based approach in more detail).

These load models are built using statistical data, and capture both the short-term variation

of the loads (daily variations in electricity end-use) and the long-term variations (seasonal

changes in the load mix). The resulting models are shown to be useful for modelling DSM,

since aggregate load measurements can be decomposed and the portion of load potentially

available for DSM can be identified (this analysis is carried out in Section 5.1).

Previous studies such as [114] and [115] have discussed DSM schemes which shape the actual

power demand according to network operator requirements, and apply DSM directly to the
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overall system demand profiles. This is not a very realistic modelling approach, since many

DSM schemes typically involve management of certain load sectors only (e.g. a DSM scheme

applied only to commercial sector loads), or only certain load devices (e.g. management of

"wet" loads only, i.e. domestic washing machines and dishwashers [127]).

Hence, DSM actions typically result in temporal changes not only in the magnitude of load

demand to be supplied, but also to the load composition, and the electrical characteristics of

the load. In order to accurately identify the demand-manageable portion of the load in a given

part of the network, or to estimate the wider impacts on network operation and performance, a

detailed, aggregate model of the load in each of the relevant sectors is crucial to the analysis.

Additionally, many of the more detailed DSM studies in the literature, particularly those which

focus on direct load control (e.g. [128, 129, 130]), focus on the use of air-conditioning load

to provide ancillary services. These studies are more relevant to countries with warm climates,

where peak load occurs during summer, primarily as a result of increased air-conditioning

demand. This thesis provides a comprehensive analysis of potential DSM loads in the UK,

where the climate and the overall composition of the load are are quite different, with peak

load occurring in winter, driven by increased heating and lighting demand (see Chapter 5).

2.3.4 Basic Load Modelling Concepts

A load model can be described as a mathematical or analytical description of the changes in

active and reactive power flows to a device, or group of devices connected to the power system,

typically with respect to voltage and/or frequency. Load models are traditionally classified

into two main categories, static and dynamic. Steady state load models describe the active

and reactive power demands at a specific instant in time. Dynamic load models are typically

expressed in the form of difference, or differential equations and express active and reactive

power demands as a function of time. These are typically used for analysis of inter-area oscil-

lations and long-term system stability [131].

This PhD research focuses on the steady-state analysis of power systems, therefore only steady

state load models are applied, while dynamic load models are not discussed in the further text.

Static loads models are commonly divided into three types [123]:

• Constant Power: Active and reactive power flow to the load is constant, irrespective of

voltage. This is also referred to as the "Constant MVA" model.

• Constant Current: Active and reactive powers vary linearly with respect to voltage

magnitude.

• Constant Impedance: Active and reactive powers vary in proportion to the square of

voltage magnitude. Also described as the "Constant Admittance" model.

Figure 2.5 illustrates this graphically, showing the active power demand drawn by the three

general load types, as a function of voltage. Typically, power system loads contain different
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proportions of each of the three load types, depending on the exact load mix at that network

location. It is important to model this voltage sensitivity of aggregate loads correctly in many

power system analysis applications [67, 132]. One of the most common methods of expressing

this static load model analytically is through the polynomial, or "ZIP" model. This describes

the load as the sum of the constant power (P), constant current (I) and constant impedance (Z)

active and reactive power components, as shown in (2.1) and (2.2).

Figure 2.5: Active power demand created by 1 kW of each of the three load types, as a
function of the supply voltage.
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where: P,Q are the actual active and reactive powers drawn by the load, V is the actual supply

voltage, Vo is the nominal supply voltage, Po and Qo are the nominal/rated active and reactive

powers, and Zp, Ip, Pp, Zq, Iq, Pq are the polynomial, or "ZIP" model coefficients, which are

typically constrained according to 2.3 and 2.4:

Zp,q + Ip,q +Pp,q = 1 (2.3)

0≤ Zp ≤ 1 (2.4)

In some applications, a frequency component can also be included in the polynomial equations;

however, analysis of system phenomena outside the fundamental frequency of 50Hz are not of
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interest in this research, hence this component has been omitted.

2.3.5 Component-based Load Modelling and DSM

There are two main approaches to obtaining the load models and coefficient values described

by (2.1) and (2.2): the measurement-based approach, and the component-based approach. The

measurement-based approach is implemented by installing measurement and data acquisition

devices at the substation or system bus of interest (e.g. [133, 134]). The resulting load mod-

els should be accurate, since the load models are based on actual measurements from the

modelled device(s). However, measurement-based models have a number of disadvantages,

including [123, 131]:

• Obtaining measurements can be costly and time-consuming, and collecting data for a

wide range of voltage conditions is often impractical.

• The models obtained from measurements at one substation are only valid at another

substation if the loads are known to be very similar.

• Measurement-based load models are inflexible; in order to take into account changes

in the load characteristics due to seasonal effects, or changes in end-use, measurements

need to be made on an ongoing basis.

The component-based approach to load modelling is implemented by aggregating physical

and circuit models of individual load devices in order to build the desired bus load model.

This is illustrated schematically in Figure 2.6. One of the most difficult aspects of this method

is finding accurate statistical information on the load mix and load devices connected, and

how this varies on a daily, weekly and seasonal basis. Some of this information is made

publicly available, through published regional or national statistics on electricity end-use, such

as in [135, 136, 137].

One major advantage of the component-based approach is that the resulting models are flexible,

as the aggregate load models can easily be built to incorporate future or expected changes in

the load composition, by adjusting the contributions from each load type and load sector. A

considerable amount of work has been carried out in developing and updating component-based

load models based on UK load data, particularly focusing on the residential and commercial

load sectors (e.g. [123, 124, 125, 126, 127, 138, 139]). The resulting component-based load

models are particularly well suited to the modelling of DSM.

Aggregate substation load measurements can be decomposed in order to accurately identify the

proportion of the load which is potentially available for DSM, and the times during the day at

which DSM actions could be applied (see Section 5.1 for details). Additionally, the application

of DSM actions will not only change the amount of the load demanded when DSM actions are

applied, but also the composition of the load. Using the component-based approach to build

load models, the changes in the load composition, and hence, the changes in the load electrical
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Figure 2.6: Component-based approach to load modelling [138].

characteristics, due to applied DSM actions can be modelled effectively. This is discussed in

more detail in Chapter 5 of this thesis.

2.4 Grid Integration of DG and DSM

2.4.1 Network Modelling

Any useful network analysis first requires an accurate model of the power system of interest.

The electrical characteristics of system components such as transmission lines, transformers

and synchronous machines, as well as standard techniques for modelling them are detailed

in [140, 141, 142]. An understanding of the characteristics of the individual elements allows us

to interconnect these and build a composite representation, describing the behaviour of all of

the components acting together as a system [21, 143]. This results in a network model in the

form of a matrix of bus impedances, which is solved using power systems analysis software to

calculate the magnitude and phase angle of the voltages at each system bus and the active and

reactive power flows in each system branch.

Performing this steady state analysis accurately is crucial to identifying potential out-of-control

situations and network issues such as overloads and congestions under various operating con-

ditions. Optimal power flow [144] extends the power flow to optimise generation patterns and

minimise losses, allowing more economic operation of the system, and can be further modified
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to incorporate security constraints [145]. Power system dynamics and stability theory [67, 146]

deals with the electromechanical behaviour of the equipment in the network. Realistic mod-

elling of the various types of generators, their excitation and control systems, and the make

up of system load is important in assessing the response of the network to faults and large

disturbances. In this thesis, all modelling of transmission and distribution networks presented

is carried out using Siemens PSS/E [147], with the Python language used to handle program

automation, as well as pre- and post-processing of input/output data (see Chapter 6).

2.4.2 Grid Impacts of DG and DSM

As previously discussed, it is expected that the aggregation of highly-distributed DG and DSM

resources will make a significant contribution to the provision of ancillary services in future

transmission and distribution networks. In order to accurately model the potential impacts and

benefits of DG and DSM on the bulk transmission system, it is important to consider the effect

of the interconnecting distribution networks, and also how potential DSM schemes interact

with DG embedded in these networks.

This requires the aggregation of models of system loads, network components and installed

DG at various voltage levels. Typically load devices are connected at low voltage (LV), with

DG connected at medium voltage (MV), and micro/small-scale DG connected at LV. In order

to apply these models and carry out analysis at the transmission level, these models ideally

need to be aggregated to higher voltages. The voltage levels used throughout this thesis are as

per defined in [148]:

• Low voltage (LV): V ≤ 1kV

• Medium voltage (MV): 1kV <V < 35kV

• High voltage (HV): V ≥ 35kV

An "all-scale" approach to modelling and aggregation of system bulk supply point loads, which

accurately allows for DG and DSM at each scale of implementation to be included in the

analysis is proposed in this PhD research. This is specifically intended for a more accurate

analysis of the steady state operation of transmission systems, with high penetrations of DG and

DSM technologies embedded at the distribution level. The intention was to build simple, yet

accurate and scalable models which could be reproduced throughout the network as required.

Figure 2.7 illustrates this approach schematically.



2.4. Grid Integration of DG and DSM 26

Figure 2.7: Schematic illustration of the "all-scale" modelling approach incorporating DG,
typical LV/MV networks, and load models with DSM incorporated in aggregate HV load
models.



Chapter 3

Modelling of Wind Energy Resources

This chapter discusses the modelling of wind energy resources for power system studies,

focusing on the requirements for accurate representation of wind energy resources, in order

to assess the outputs from wind-based generation at all scales of implementation. First, the

statistical and temporal characteristics of the wind energy resource are analysed, using two

examples of high-resolution wind speed data sets, one onshore and one offshore.

A novel analytical model is presented for simple and accurate representation of wind energy

resources. Several approaches are analysed and compared, including Markov Chain, autore-

gressive and statistical models to correctly represent both the statistical and temporal charac-

teristics of the wind energy resources. The resulting model allows large wind data sets to be rep-

resented accurately with some simple analytical expressions. Finally, an "all-scale" approach

to wind resource assessment for modelling EWG at all scales and levels of implementation in

transmission-level studies is discussed.

3.1 Characteristics of Wind Energy Resources

3.1.1 Temporal Variations at Different Time Scales

Wind energy resources are by their nature, characterised by variability and intermittency. This

creates challenges for building useful and accurate models of the wind resource for use in

power system analysis applications. Errors and uncertainties in the modelling of wind energy

resources lead to errors in the calculation of wind-based generation outputs, and uncertainty

around the impact that connected wind generation will have on the power system [83].

Wind energy resources vary temporally, with significant variation at various time scales, and

also spatially, in that the exact wind regime is different at every location. Figure 3.1 shows mea-

surements of wind speed at one onshore UK site, illustrating the temporal variation observed

at several different time scales (the measured data is taken from [149]).

27
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(a) One month.

(b) One day.

(c) One hour.

Figure 3.1: Measured wind speed at an onshore wind site, showing temporal variations at
different time scales [149].
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3.1.2 Diurnal and Seasonal Patterns in Wind Resource Data

Additionally, there are noticeable patterns in the wind energy resource data, which need to

be considered in the modelling approach. Of particular importance for the integration of wind

generation into power systems are the daily and seasonal patterns in wind regimes. Figures 3.2a

and 3.2b show the average hourly wind speeds for each hour of the day in the summer and

winter seasons at three weather stations in the Edinburgh city region (measurement data is

taken from [76]).

These measurements illustrate intra-day (diurnal) and intra-seasonal patterns (e.g. summer/winter)

which are typical of the UK wind resource; on average, wind speeds are higher during the day

than than at night, and wind speeds in winter are higher than in summer.

(a) 2009/10 summer season.

(b) 2009/10 winter season.

Figure 3.2: Average hourly wind speeds recorded at three UK measurement sites.

Identifying patterns such as these is important in studies involving the integration of wind into

power systems, particularly regarding the problem of matching electricity supply and demand

patterns [57]. For instance, the daily and seasonal patterns in the average wind data shown

in Figures 3.2a and 3.2b have some positive correlation with electricity demand patterns, as

demand in most Northern European countries tends to be higher during daytime hours and

during the winter season.
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3.2 Modelling Statistical Properties of Wind Energy Resources

3.2.1 Wind Data Resolution

The resolution of the wind data used is an important consideration in any study of wind

energy resources. In the relevant international standards (e.g. [150]), it is recommended that

a wind speed data resolution of 10 minutes is suitable for analysis of the performance of wind

generation systems. However, it is unclear from the relevant standards exactly what effect the

selection of input wind data resolution has on model accuracy and performance.

The analysis presented in this section uses high-resolution, i.e. second-by-second (1 Hz) mea-

sured wind speed data recorded at two locations: one onshore site on the West coast of Scotland,

and one offshore site in the North Sea, both recorded continuously over a period of about 150

days by on-site meteorological masts.

The statistical properties of the wind speed measurements from the onshore site and the off-

shore sites are given in Table 3.1. The number of recorded 1 Hz data points and the overall

mean wind speed, along with the standard deviation, variance, minimum and maximum are

shown for several different data resolutions.

Site Resolution Data points Mean
(m/s)

Std. dev.
(m/s)

Variance
(m/s)

Min.
(m/s)

Max.
(m/s)

Onshore 1 sec 10,725,600 8.66 4.99 24.87 0.00 54.26
10 sec 1,072,650 8.66 4.93 24.35 0.00 45.48
1 min 178,760 8.66 4.84 23.37 0.09 37.74

10 min 17,876 8.66 4.73 22.35 0.17 29.82
1 hr 2,979 8.66 4.64 21.48 0.28 28.71

Offshore 1 sec 15,811,200 10.12 5.15 26.55 0.00 34.45
10 sec 1,581,120 10.12 5.14 26.43 0.00 32.86
1 min 263,520 10.12 5.12 26.23 0.06 30.41

10 min 23,352 10.12 5.09 25.95 0.13 28.99
1 hr 4,391 10.12 5.06 25.55 0.30 28.35

Table 3.1: Wind speed statistics at various data resolutions for onshore and offshore sites.

It can be observed that the mean values remain constant at all data resolutions, but there is

some loss of information related to the range and variability at lower resolutions, most notably

minimum and maximum wind speed values in the last two columns of Table 3.1. It is expected

that this loss of information due to averaging may be significant in applications where short-

time variations are of interest.
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3.2.2 Representation of Wind Data Using PDF Models

Figures 3.3a and 3.3b show the probability distribution functions (PDFs) for the recorded 1 Hz

wind data at the onshore and offshore sites respectively. Also shown are the calculated lower

resolution data, where 10-minute and 1-hour resolution PDFs have also been calculated by

averaging the 1 Hz data. There are only relatively small differences between the PDFs at each

data resolution shown, but there is some smoothing effect on the probability distributions for

lower resolutions due to averaging.

(a) Onshore site

(b) Offshore site

Figure 3.3: Measured and calculated probability distributions for high and low resolution data.

A standard assumption frequently used during the assessment of wind energy resources is that

the annual probability distribution function (PDF) for wind speeds can be analytically described

using either the Rayleigh or Weibull distribution [150, 151, 152]. The Weibull distribution for

a mean wind speed (MWS) of 8.66 m/s and for several values of shape factor is illustrated
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in Figure 3.4. The Rayleigh distribution, (3.1) is a special case of the more general Weibull

distribution, (3.2):

Figure 3.4: Weibull distributions for MWS = 8.66 m/s and different values of shape factor.

R(v,σ) =
v

σ2 e−v2/(2σ2) (3.1)

W (v,λ ,k) =
k
λ

( v
λ

)k−1
ev/λ k

(3.2)

where: v is the wind speed, k is the shape factor, σ and λ are the scaling factors. The rela-

tionship between the mean wind speed (MWS) and the coefficients k and λ in the case of the

Weibull distribution is given in (3.3):

λ = MWS / Γ(1+1/k) (3.3)

where: MWS is the mean wind speed, Γ is the gamma function. The Rayleigh distribution is

obtained when k = 2 is set for the Weibull distribution (with σ = λ/
√

2 = MWS
√

2/π).

3.2.3 Multi-term PDF Models for Wind Data

It is clear from Figures 3.3a and 3.3b that neither a single Rayleigh distribution, nor a single

Weibull distribution can provide an exact fit, or match, to the wind speed distributions at the

two considered sites. Therefore, in order to more accurately represent the wind characteristics,

a more general, flexible function should be used.

Rather than using a single term distribution such as in (B.1) or (3.2), a multi-term distribution

can be used. The multi-term, or "mix of Normals" distribution described in (3.4) was selected

for this purpose for two reasons. Firstly, since it is a very flexible function, it can be used

to model a wide range of statistical distributions. Secondly, the fitting of multiple Normal
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distributions is well-documented, with the best fit "mix of Normals" distribution typically

calculated using the Expectation-Maximisation (EM) algorithm (e.g. [153], [154]). All of the

multi-term PDF fitting shown in this thesis is implemented using the Matlab Statistical Toolbox

package [155].

F(v) =
Ndist

∑
i

mi
1√

2πσ2
i

e
(v−µi)

2

2σ2
i , i = 0,1,2, ....,N (3.4)

where: v is the wind speed, i is the distribution number, m is the mixing proportion, with

∑mi = 1, σ represents the variance, µ the mean value of the Normal distribution, and N the

number of Normal distributions used. The values of N and corresponding µ should generally

correspond to the number and location of the "peaks" in the PDF, and number of Normal

distribution terms has to be pre-selected when applying the EM algorithm [156].

(a) Onshore site

(b) Offshore site

Figure 3.5: Best match probability distributions (5-term mix of Normals). The dashed lines
indicate the mean values in each distribution.

In general, it is found that the match to the recorded probability distribution improves as
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more terms are added, but this also increases computational requirements. The 5-term Normal

distribution was found to be a good trade-off between model accuracy for both data sets and

computational complexity. Any further increase in the number of terms used (for example, 6 or

7-terms) resulted in only negligible improvement in matching. The best matches obtained are

illustrated in Figure 3.5.

As demonstrated above, PDF models can be used to provide a good statistical fit to the wind

speed data. In particular, the application of multi-term distributions, such as the "mix of Nor-

mals", can provide an accurate model of the overall wind resource available over a long time

period (e.g. an annual wind speed distribution). These models can be useful in various applica-

tions such as estimating total wind generator energy output over a period of months to years.

However, the main drawback of these models is that they provide no temporal correlation, and

cannot represent the variations in wind speed which are present at shorter time scales. The

following section describes the methods used to model the temporal properties of the wind

energy resource.

3.3 Modelling Temporal Properties of Wind Energy Resources

3.3.1 Overview and Definition of Markov Chain Model

The use of Markov Chains (MCs) for modelling wind resources is discussed in [157, 158,

159, 160, 161, 162, 163, 164]. The main advantage of using Markov Chains in this context is

their ability to model the temporal correlations in the wind data. MC models are often used for

synthetic wind generation, which is used for a number of power system applications includ-

ing sizing of energy storage or assessment of spinning reserve requirements [165], reliability

studies [166] and various network applications requiring short time steps [167]. However, most

of the MC-based models in the literature cannot capture the variability of wind resources over

time periods shorter than one hour. The following presents an approach for building an MC

model of the wind resources which can accurate represent both the statistical characteristics

and the short-term temporal variations in the wind data.

The MC is an analytical representation of a stochastic model, describing a dynamic process,

in which the future state of the modelled process is dependent on its current state [168]7.

MC models are defined in terms of time and state space, which can be either discrete or

continuous, depending on the segregation of events in the modelled process. The MC model

is built through an analysis of the state probabilities, given by (3.5) and (3.6), consisting of

transition probabilities (describing the possible transitions from one state to another) and steady

state probabilities (describing the probability of staying in the same state).

7. For first-order MCs, the next state is dependent only on the current state, but it is also possible to define higher-
order MCs, e.g. a second-order MC where the next state is dependent on the previous two states.



3.3. Modelling Temporal Properties of Wind Energy Resources 35

pi j∀ ∈ S (3.5)

Nstates

∑
j∈S

pi j = 1 (3.6)

where: pi j is the transition probability from state i to state j (including j = i), S is the set of all

possible states, and Nstates is the total number of states in the MC model.

The state probabilities in a Discrete Time Markov Chain (DTMC) are then combined into a

state-transition matrix (3.7), which gives the probabilities of moving from any particular state

to another, including staying at the current state, in the discrete time and state space.

Pt,t+1 =


p11 p12 ... p1n

p21 p22 ... p2n

. . ... .

pn1 pn2 ... pnn

 (3.7)

where: Pt,t+1 is the state transition probability matrix, where t and t+1 are the current and next

states, respectively.

3.3.2 Markov Chain Modelling of Wind Energy Resources

The following sections describe a novel approach to the modelling and representation of wind

resources, based on the DTMC model. The basic requirement used for building the model is

that the number of DTMC states and the order of the DTMC model is kept to a minimum. This

requirement is put in place to produce a simple and computationally efficient wind resource

model. In order to achieve this, a typical wind turbine (WT) power curve is used for the

selection of both DTMC states, and for determining the ranges of corresponding wind speed

distribution values, Figure 3.6.

This is in contrast to the previous work reported in the literature (e.g. [160, 161, 162, 163, 164]),

which rely on the use of relatively complex Markovian models. For instance, Negra et. al.

proposed a third-order model with 45 MC states in [160], and acknowledges that one of the

main drawbacks of such a model is the long computation time.

The important advantage of the model presented below is that it allows for an accurate repre-

sentation of large sets of historical data with relatively few analytical functions. The presented

modelling approach is illustrated using two large sets of high-resolution wind speed data,

recorded at one onshore and one offshore location.
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3.3.3 Typical WT Power Curve for Defining DTMC States

One of the most common applications of wind resource models is to analyse the conversion of

available wind energy into electricity, i.e. to estimate generated power by WTs at a particular

site. Accordingly, the states in the DTMC model are defined here using a typical WT power

curve, as shown in Figure 3.6. The proposed general states correspond to characteristic points

on the WT power curve, which are also described in Table 3.2.

Figure 3.6: Six general states used in the DTMC model based on a typical WT power curve.

This approach is computationally efficient, as defining the DTMC model states based on the

characteristics of the WT power curve results in a reduced number of general states, compared

to defining one state for each 1 m/s in the wind speed range, as many authors have done (e.g.

[158, 159, 161, 162]). The proposed model can be readily applied to estimation of wind energy

production8.

While the presented approach reduces the computational requirements of the DTMC model,

it is important to note that a lower number of model states can result in larger discontinuities

in switching from one model state to the next. This could potentially have disadvantages for

certain power system applications (for instance, this could be an issue if the DTMC wind model

was used in a study of transmission grid ramping requirements).

Low-resolution average values instead of the actual measured high-resolution wind speeds

are used for the state allocations. Hourly average values were calculated from the available

second-by-second measurements, and one hourly value is allocated to each corresponding state.

Figure 3.7 illustrates this process. The model states highlighted here are as defined using the

8. In case of a WT with different characteristic points on the power curve (e.g. different cut-in, or cut-out wind
speeds), the corresponding general states can be either adjusted, or the number of the required general states can be
increased or decreased, as appropriate.
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State Wind speed (m/s) Power curve region
1 0-3 below cut-in
2 3-7 low power production
3 7-11 medium power production
4 11-15 high power production
5 15-25 rated/maximum power production
6 >25 above cut-out

Table 3.2: Six general states used in the improved DTMC model based on a typical WT power
curve.

typical WT power curve (see Table 3.2), and the hourly average values are used for each state

allocation.

Figure 3.7: Sample of onshore wind data with DTMC model states and transitions.

3.3.4 DTMC Modelling and Analysis of Onshore Wind Data

Table 3.3 shows the state transition matrix for the entire set of measured onshore wind data. The

state transition matrix gives the probability of transition from the row state to the column state.

It can be seen that the largest state probabilities are located on the diagonal of the matrix. For

example, if the current state is State 1, the probability that the next state will also be State 1 is

0.797, while the probability that the next state will be State 2 is 0.203. There is zero probability

of transition from State 1 to any of the States 3-6. In the presented analysis, any state transition

probability of less than 0.001 was disregarded, and set to zero in the state-transition matrix.

In order to preserve the information on high-resolution measurements (e.g. second-by-second

recordings within each hourly average value), corresponding probability distributions are fitted
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to the high-resolution measurements in each state.

State 1 2 3 4 5 6
1 0.797 0.203 0 0 0 0
2 0.083 0.755 0.162 0 0 0
3 0.001 0.15 0.707 0.14 0.002 0
4 0 0.005 0.198 0.686 0.111 0
5 0 0 0.014 0.231 0.748 0.007
6 0 0 0 0 0.4 0.6

Table 3.3: State transition matrix for onshore site DTMC model.

3.3.5 Combined DTMC-PDF Wind Resource Model

The data statistics for each of the DTMC model states 1-6 are given in Table 3.4. In order to

preserve this statistical information for each state in the model, the wind speeds in Table 3.4 are

additionally described by PDFs fitted to the statistical distribution of wind speeds in each state.

Figure 3.8 shows the fitted PDFs. It can be seen from Figure 3.8 that the Weibull distribution

does not provide a good fit for some states, in particular States 3-6.

State N Mean
(m/s)

Std. dev.
(m/s)

Var.
(m/s)

Min.
(m/s)

Max.
(m/s)

1 1,260,000 1.90 1.01 1.02 0.17 9.58
2 3,042,000 5.19 1.76 3.09 0.17 19.10
3 3,189,600 8.94 2.18 4.74 0.27 27.90
4 2,181,600 12.73 2.50 6.24 0.37 36.14
5 1,029,600 17.33 3.57 12.75 0.17 54.26
6 18,000 26.93 3.21 10.27 15.23 43.98

Table 3.4: Data statistics for onshore site DTMC model.

In order to overcome the problem of the poor fit of the Weibull distribution to some model

states, an alternative distribution is required. Generally, the Gamma distribution (given by

(3.8)) is better suited than the Weibull distribution for data sets which have a narrow range

of values [169]:

G(v,λ ,k) = vk−1 e−(v/λ )

λ kΓ(k)
(3.8)

where: v represents the wind speed, k shape factor, λ scaling factor, and Γ is the Gamma

function, defined as Γ(n) = (n−1)!. Based on the results from the EM algorithm, the Weibull

distribution is used to fit States 1-2, while Gamma distribution is used for States 3-6. Table 3.5

shows the details of the PDFs fitted to each of the DTMC model states. As before, the Matlab

Statistical Toolbox package [155] is used to fit distributions to the data, and to compare the
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Figure 3.8: Probability distribution functions for onshore DTMC model states.

obtained distribution fit, or match, in each case9.

State Distribution type (best fit to data) Scaling factor (λ ) Shape factor (k)
1 Weibull 2.14 1.95
2 Weibull 5.79 3.20
3 Gamma 15.92 0.56
4 Gamma 25.01 0.51
5 Gamma 23.67 0.73
6 Gamma 68.68 0.39

Table 3.5: PDF details for onshore DTMC model states.

With this approach, the description of a large volume of wind data (almost 11 million recorded

data points for onshore site) is reduced to a small number of probabilities in state-transition

matrix (the non-zero values in Table 3.3), and six simple analytical expressions representing

the PDFs of the DTMC model states (Table 3.5).

9. A criteria of less than 5% error between the recorded data and model PDFs was used to determine if the fit was
sufficient.
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3.3.6 DTMC Modelling and Analysis of Offshore Wind Data

Similar analysis was carried out on wind data set for the offshore site. The state transition

matrix is given in Table 3.6, and the data statistics for each state are shown in Table 3.7.

State 1 2 3 4 5 6
1 0.806 0.19 0.004 0 0 0
2 0.052 0.841 0.107 0 0 0
3 0 0.087 0.827 0.086 0 0
4 0 0 0.119 0.79 0.091 0
5 0 0 0 0.1 0.896 0.004
6 0 0 0 0 0.25 0.75

Table 3.6: State transition matrix for offshore site DTMC model.

State N Mean
(m/s)

Std. dev.
(m/s)

Var.
(m/s)

Min.
(m/s)

Max.
(m/s)

1 4,031,994 1.95 0.85 0.73 0.13 9.93
2 14,659,164 5.25 1.28 1.64 0.13 14.43
3 17,711,953 8.93 1.45 2.11 1.36 19.27
4 12,787,161 12.91 1.62 2.63 3.17 24.13
5 11,419,168 17.85 2.53 6.38 2.17 34.46
6 57,600 27.09 2.17 4.70 20.12 34.54

Table 3.7: Data statistics for offshore site DTMC model.

The state probability distributions are illustrated in Figure 3.9, with corresponding analytical

expressions described in Table 3.8.

Figure 3.9: Probability distribution functions for offshore DTMC model states.
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State Distribution type (best fit to data) Scaling factor (λ ) Shape factor (k)
1 Weibull 2.19 2.40
2 Weibull 5.75 4.59
3 Gamma 36.57 0.35
4 Gamma 62.22 0.24
5 Gamma 51.41 0.35
6 Gamma 155.78 0.17

Table 3.8: PDF details for offshore DTMC model states.

3.3.7 Comparison of Onshore and Offshore Wind Resources

The presented wind resource model allows the user to identify the most relevant characteristics

in each of the analysed data sets, and highlights some important differences between the

onshore and offshore data. The state transition matrix for the offshore data set (Table 3.6) has

much larger probabilities along the diagonal than in the onshore case (Table 3.3). Comparing

the data statistics (Tables 3.4 and 3.7), it is also clear that for the offshore site, the standard

deviation and variance values are smaller, and that the ranges of state values are narrower than

for the onshore site.

These differences are expected, since onshore sites are affected by the local terrain, which

causes turbulence and wind shadow effects. This is not the case for offshore sites, where wind

flows are more constant and show less temporal variation. This is not immediately obvious

from Table 3.1, since the standard deviation and variance values (expressed in m/s) shown

are slightly larger for the offshore site. However, the mean wind speed at the offshore site is

significantly higher than at the onshore site (10.12 versus 8.66 m/s), and the standard deviation

and variance values as a percentage of the wind speed are actually lower for the offshore data.

Hence, the state probabilities along the diagonal of the offshore state transition matrix in

Table 3.6 have larger values, due to a greater likelihood that the wind speed will remain constant

over a given period of time. This suggests that the presented wind resource model may be used

for efficient benchmarking and comparison of different sites, and for different times of year,

i.e. by developing wind resource models for each month or season. Appropriate performance

indicators could then be identified after a larger database of wind sites is established.

3.4 Applications and Performance of DTMC Wind Model

3.4.1 Synthetic Wind Speed Generation

MC-based wind models are often used for synthetic wind speed generation (e.g. [157, 158, 159,

160, 161, 162, 163, 164]). Synthetic wind speed of time series of any length can be generated

using the DTMC model as follows:

1. First, an initial state is selected.
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2. The intra-hourly values for this state are then allocated using the corresponding Weibull

or Gamma wind speed distribution for that state (see Section 3.4.2 for more details).

3. A random number generator is used to provide a number between 0 and 1.

4. This number is compared against the corresponding column values in the current state,

or row in the state transition probability matrix, in order to calculate the next state.

5. Intra-hourly values for the new state are again allocated if required.

6. The process is repeated for the duration/length of the required data set.

Figure 3.10 illustrates the synthetic wind generation algorithm graphically (see Appendix A

for full detail of the Matlab code used). The method allows very large wind data sets to be

synthetically, but correctly reproduced, or reconstructed using only a small number of simple

analytical expressions. The exact values and sequencing of the generated wind speed data

series will differ from the original data set, and each generated synthetic data series is unique.

However, all synthetically generated wind speed series will be analytically equivalent to the

original measured wind speed data set, as they will have the same, or very similar statistical

and temporal characteristics.

Figure 3.10: Synthetic wind generation algorithm flow chart.
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3.4.2 Allocation of Intra-hourly Wind Speed Values

In order to capture the higher frequency dynamics in the wind data (e.g. second-by-second

variations), a method of allocating the intra-hourly values is required. As previously discussed,

the MC-based wind models previously described in the literature are developed using hourly

(or in some cases, half-hourly) average wind speed measurements, and are not capable of

modelling short-term variations. One of the main contributions of the presented approach

to modelling wind energy resources is that these higher-frequency variations in wind speed

are captured by the model. Three methods of allocating intra-hourly values are discussed and

compared below:

• DTMC-PDF: Intra-hourly values are selected randomly from the corresponding PDF

for each of the states 1-6 (see Tables 3.4 and 3.7)

• DTMC-ARMA: Intra-hourly values are taken from an Autoregressive Moving Average

(ARMA) model, which is built using the high resolution data for each state. An ARMA

4,3 model similar to that applied in [170, 171] is used.

• DTMC-Nested: Intra-hourly values are allocated using a separate, high-resolution MC

model for each of the states 1-6. The "nested" 1-second MC models each have states

defined at 1 m/s intervals across the wind speed range for that state. For instance, the

second-by-second wind speed values for State 1 range from 0-10 m/s at the onshore

site (Table 3.4), so the 1-second MC model is defined with 11 states corresponding to

0,1,2,...,10.

In each case, States 1-6 of the MC model (States 1-6) are used to represent the low-resolution

(hourly) variations in wind speed. The allocation of intra-hourly values according to the PDF,

ARMA or Nested methods allows the higher-resolution dynamics in the wind speed data to be

modelled. The performance of the model is assessed below using each of the three methods for

allocating intra-hourly values.

3.4.3 Assessment of Model Performance

Figure 3.11 shows a sample of the wind speed data from the recorded onshore data and the

outputs from the synthetic wind data sets, for each of the cases described: DTMC-PDF, DTMC-

ARMA, and DTMC-Nested (Figures 3.11b- 3.11d).
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(a) Recorded data

(b) Synthetic data (DTMC-PDF)

(c) Synthetic data (DTMC-ARMA)

(d) Synthetic data (DTMC-Nested)

Figure 3.11: Comparison of wind speed time series for each method of allocating intra-hourly
values.
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It is clear from Figure 3.11 that the DTMC-ARMA and the DTMC-Nested methods provide a

more realistic representation of the intra-hourly variations in wind speed than the DTMC-PDF

method. This is because the DTMC-PDF method does not model the correlation between each

one-second data point and the next effectively, as these values are selected randomly from the

corresponding PDF for each state.

The performance of each synthetic wind speed generator can be fully quantified and assessed

by comparing the model output to recorded wind data using the following criteria [160]:

• Data statistics (e.g. mean, standard deviation, maximum/minimum values)

• Probability distribution functions (PDFs)

• Autocorrelation plots

Comparison of Data Statistics

The data statistics obtained using each method are compared in Table 3.9. It is shown that all

three methods preserve the mean wind speed of the data (second column in Table 3.9), however,

the DTMC-ARMA model does not represent the rest of the data statistics accurately, as the

standard deviation, variance, minimum and maximum values do not match the corresponding

values in the recorded data.

Data set N Mean
(m/s)

Std. dev.
(m/s)

Var.
(m/s)

Min.
(m/s)

Max.
(m/s)

Recorded 10,724,400 8.66 4.99 24.90 0 54
Synthetic (DTMC-PDF) 10,724,400 8.72 4.98 24.80 0 41

Synthetic (DTMC-ARMA) 10,724,400 8.65 3.40 11.56 0 26
Synthetic (DTMC-Nested) 10,724,400 8.70 4.41 19.45 0 47

Table 3.9: Data statistics comparing outputs from each synthetic wind speed generator.

Comparison of Probability Distribution Functions

Figure 3.12 compares the PDFs obtained using each method for synthetic wind speed gen-

eration. The DTMC-PDF and DTMC-Nested methods show a good match to the statistical

distribution of the recorded data. However, the DTMC-ARMA method (represented by the

blue dotted line with triangular symbols in Figure 3.12), again does not provide a close match

with the recorded data. It is similarly noted in [167] that one of the drawbacks of ARMA wind

models is their inability to reproduce the statistical characteristics of the modelled data set.
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Figure 3.12: Comparison of PDFs obtained from each synthetic wind speed generator model.

Comparison of Autocorrelation Results

The autocorrelation function [172] is commonly used to analyse the dynamics of the wind

model. It provides a measure of the correlation between each data point and another data

point that is k time steps, or lags, behind it. Given the time series y1, y2, ... yN , the lag k

autocorrelation can be defined as in (3.9):

Rk =
∑

N−k
n=1 (yn− ȳ)(yn+k− ȳ)

∑
N
n=1 (yn− ȳ)2

(3.9)

Figure 3.13 shows a comparison of the calculated autocorrelation values from 0 to 120 lags

for the recorded data and each of the three synthetic wind generators. In the DTMC-PDF

case, the autocorrelation drops off very quickly, indicating that second-by-second temporal

variations in the data are not modelled effectively (see also Figure 3.11b). The DTMC-Nested

case demonstrates the best autocorrelation performance although the autocorrelation values

obtained are still somewhat lower than the recorded data. The autocorrelation could potentially

be improved by increasing the MC model order, however, this improvement comes at the

expense of increased model complexity and longer computation times [160, 167].

Summary of Results

In summary, the DTMC-Nested model is selected as the best overall option for allocating

intra-hourly values in the proposed wind speed model, since this represents both the statistical

and temporal characteristics of the wind speed data with an acceptable level of accuracy. The

DTMC-PDF method provides an accurate statistical fit to the data, but does not capture the dy-

namic, high-frequency temporal variations correctly (Figures 3.11a and 3.13). The opposite is

true for the DTMC-ARMA model, which shows relatively good autocorrelation performance,

but the outputs do not match the statistical characteristics of the original data set.
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Figure 3.13: Comparison of autocorrelation plots for each synthetic wind generator model.

The DTMC modelling approach outlined in the previous sections allows large wind data sets

to be represented accurately by several relatively simple analytical functions. The presented

methodology has the advantage that it can be applied to represent the temporal characteristics

in the wind speed data over shorter time scales than the DTMC models currently available in the

literature, which are limited to time scales of 30 mins, 1 hour, or longer. The DTMC states are

defined based on the typical WT power performance curve and hence the model can be readily

applied to calculation of energy outputs. The conversion of wind speeds into power/energy

outputs is discussed in detail in Chapter 4 of this thesis.

3.5 All-scale Modelling of Wind Energy Resources

This section discusses the requirements and selection of a wind energy resource model capable

of providing wind speed data over a large geographical area (e.g. a country or region). This is

necessary for modelling wind-based generation at all scales of implementation in transmission-

level studies, including devices ranging from large commercial WFs, to highly-dispersed small-

scale installations.

3.5.1 Wind Energy Resource Modelling Requirements

The accuracy and resolution (both spatial and temporal) of used input wind energy data are

crucial for the correct estimation of the outputs and assessment of performance of wind-based

generation systems in network studies. Wind speed measurements in the form of meteoro-

logical station data are generally publicly-available and relatively easy to access (e.g. [76]).

Figure 3.14 shows the locations of all meteorological stations in the area of interest (the SPTL

network region of Central and Southern Scotland), for which recorded hourly average values

of wind speed were available.
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Figure 3.14: Locations of weather stations in SPTL region providing detailed wind data.

Data from weather stations such as those shown in Figure 3.14 could potentially be used for

assessment of input wind resources, but the station locations may be far away from the wind

DG of interest. Even if the station is relatively close, local terrain features, such as hills and

forestation, or buildings in the case of urban areas can have a significant impact on the actual

wind regimes. A wind resource data set with a higher spatial resolution is required in order to

accurately model highly-dispersed wind resources.

3.5.2 Mesoscale Atmospheric Model of Wind Energy Resources

One promising approach for the detailed assessment of wind energy resources is the imple-

mentation of mesoscale atmospheric modelling, which uses available weather system data, and

some information on land use and terrain features in the region of interest, to build weather

models for both long-term resource assessment and short-term forecasting. This thesis uses

wind data from the study described in [78] in order to model input wind energy resources in

the region of interest.

The mesoscale atmospheric model data set used is based on a reanalysis of UK wind regimes

using the Weather Research and Forecast (WRF) model [173]. The reanalysis is carried out in

order to recreate the long-term wind resources at a high spatial resolution (3 km x 3 km) over the

entire UK and Ireland area, for the years 2001-2010. Mesoscale models, as the name implies,

function at "middle" scales, that is, somewhat smaller than the scale of a global weather model,

but larger than the micro-scale flow and computational fluid dynamics studies used for wind

farm design and turbine micro-siting (e.g. [174]). Figure 3.15 shows a simplified overview of

the WRF model inputs and outputs.

Ten years of hourly wind speeds were simulated in the study carried out at the University of

Edinburgh [78], requiring over five million processing hours on the UK Research Council’s

high performance computing platform, HECToR [175]. The obtained wind speed outputs can
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Figure 3.15: Simplified overview of the Weather Research and Forecast (WRF) model.

be extracted at various heights above the ground or sea level, in order to match the actual

WT hub heights at locations where wind generation is installed. A complete description of

the mesoscale atmospheric model, as applied to the long-term UK wind resource, along with

validation of the model, and a full discussion of its features and limitations is provided in [78].

The mesoscale atmospheric study data was selected for several reasons; firstly, the model

provides wind speed and direction data at a relatively high spatial resolution (wind speed

regimes can be extracted at a resolution of up to 3 km x 3 km). Secondly, the model provides

wind data across the network region of interest (the SPTL network in Central and Southern

Scotland, see Section 6.1 for full details on the case study). Thirdly, unlike commercial weather

data sources, the mesoscale atmospheric model was freely and readily available for use. Finally,

the UK long-term analysis study had been carried out on-site at the University of Edinburgh,

which meant that user support was easily accessible.

3.5.3 Identification of Coherent Wind Regions

When aggregating wind energy resources, it is useful to divide large geographical areas into

coherent "wind regions", i.e. regions which have similar wind regimes and can be represented,

or aggregated by using average values, without a significant error. The cross-correlation be-

tween wind speeds at each site can be applied as a means of determining which sites should be

included in a particular wind region. The cross-correlation between the wind speed time series

at any two sites x and y, Rx,y, can be expressed as:

Rx,y =
1
n ∑

n
i=1(xi−µx)(yi−µy)

σxσy
(3.10)

where: xi, yi are the individual wind speed values measured in the first and second time series

respectively, µx, µy are the mean wind speeds, σx, σy are the standard deviations, and n is the
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total number of measurement points. In general, a cross-correlation of R> 0.8 suggests a strong

correlation between two time series, while a correlation of R < 0.5 suggests a weak correlation.

The use of cross-correlation in the context of determining coherent wind regions is discussed

in [77, 79, 81], where it is shown that cross-correlation is mainly a function of distance,

Figure 3.16. It is also demonstrated in [77, 79] that generally Rx,y > 0.8 at distances of 150km

or less, implying a strong correlation between wind regimes. Table 3.10 shows that the aver-

age cross-correlations between wind regimes at the considered sites are strong in the region

of interest, with only M1 and M5 sites having lower average cross-correlations due to their

peripheral location.

Figure 3.16: Cross-correlation as a function of distance between wind sites [77].

Using the calculated cross-correlation values (3.10), a matrix that shows the cross-correlations

for sites M1-M10 can be built, as in Table 3.10 below, where the Rx,y values in rows 2-11

represent the cross-correlations between the individual sites, while the last row gives averages

of the cross-correlation values between each individual site and all other sites M1-M10. This

provides a straightforward method of identifying which sites have coherent wind regimes. All

of the values along the diagonal in Table 3.10 are 1 since these values represent each site’s time

series correlated with itself. Figure 3.17 shows the average cross-correlation values on a map

of the region of interest.

The cross-correlation analysis can be used to determine which sites should be included when

determining coherent wind regions. It has been shown in [15] and [77] that grouping wind

energy resources by region can result in significant cancellation of modelling errors. The

average modelling error over an aggregated region is generally less than the error at a single

site, as a result of errors at individual sites cancelling each other out, provided that there is no

overall bias in the wind resource model.

Ultimately, the selection of appropriate wind regions will depend on the system and the type of
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M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
M1 1 0.9 0.84 0.81 0.65 0.89 0.68 0.67 0.77 0.7
M2 0.9 1 0.93 0.94 0.83 0.91 0.85 0.85 0.86 0.83
M3 0.84 0.93 1 0.94 0.82 0.84 0.86 0.85 0.8 0.81
M4 0.81 0.94 0.94 1 0.86 0.82 0.91 0.91 0.86 0.84
M5 0.65 0.83 0.82 0.86 1 0.75 0.86 0.85 0.75 0.8
M6 0.89 0.91 0.84 0.82 0.75 1 0.79 0.79 0.88 0.81
M7 0.68 0.85 0.86 0.91 0.86 0.79 1 0.98 0.86 0.92
M8 0.67 0.85 0.85 0.91 0.85 0.79 0.98 1 0.87 0.92
M9 0.77 0.86 0.8 0.86 0.75 0.88 0.86 0.87 1 0.92
M10 0.7 0.83 0.81 0.84 0.8 0.81 0.92 0.91 0.92 1

Average 0.79 0.89 0.87 0.89 0.81 0.85 0.87 0.87 0.86 0.86

Table 3.10: Wind speed correlation between 10 wind sites in the SPTL region.

Figure 3.17: Wind speed cross-correlation averages in SPTL region.

study required. For instance, the choice of which sites to include in a specific network region

may also be influenced by the electrical characteristics of the network (e.g. the study may be

focused on certain constrained transmission lines), or by other factors (e.g. the study may be

focused on modelling all wind generation resources owned by a particular distribution network

operator).

3.5.4 Modelling Errors and Adjustment of Wind Resource Data in Urban Areas

While the mesoscale model was shown to provide accurate estimates of wind energy resources

in large, open spaces [78], care must be taken when applying the mesoscale model in certain

situations, as the model is incapable of capturing the effects of small terrain features and

obstructions in built-up areas on wind regimes effectively.

The issue of smaller terrain features impacting wind regimes is particularly apparent in the

case of modelling small- and micro-scale wind installations in urban or suburban areas. These

units experience much larger variations in wind regimes due to surrounding buildings and other

obstructions, than in the case of large-scale commercial wind farms built in open spaces [176,
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177, 178]. Accordingly, it was necessary to adjust the wind resource model outputs in some

cases in order to take these factors into account.

Performance of Mesoscale Atmospheric Model in Open Terrain

Figures 3.18a and 3.18b compare the wind speed time series and PDFs recorded at the Aiken-

gall wind farm located in the east of Scotland [82] to the values produced by the mesoscale

atmospheric model over the course of one full year.

(a) Wind speed time series (a sample of around two weeks of data is shown)

(b) Wind speed PDFs

Figure 3.18: Comparison of recorded data and model output at Aikengall wind farm site.

Time Series Data points Mean
(m/s)

Std. dev.
(m/s)

Var.
(m/s)

Min.
(m/s)

Max.
(m/s)

Recorded 8760 7.74 4.04 16.35 0.71 25.17
Model 8760 7.89 4.03 16.26 0.05 22.37

Table 3.11: Data statistics for recorded and model output at Aikengall.

The data statistics, calculated using hourly wind speed values over the course of one full year,

are shown in Table 3.11. The bias, i.e. how much the model over- or under-predicts the wind
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regimes at the Aikengall site is obtained by subtracting the average model wind speed, v̂m from

the average recorded wind speed v̂r, (3.11):

B = v̂m− v̂r =+ 0.15 m/s ≈ 2% (3.11)

This indicates that the model only slightly over-estimates the wind speed at this site (by around

2%). The average error is calculated using the formula for Root Mean Squared Deviation

(RMSD, (3.12)) and expressing this value as a percentage:

RMSD(vm,vr) =
√

MSE(vm,vr) =

√
∑

N
i=1(vm,i− vr,i)2

N
(3.12)

where: MSE is the mean squared error, vm,i and vr,i are the i-th values in the model and recorded

time series, respectively, and N is the total number of data points.

Overall the matching of recorded and model wind regimes at this site is good, with an annual

average error of 7%, and a maximum error (i.e. the absolute value of the largest error) of 23%.

This is typical of the performance of the UK mesoscale atmospheric model for wind regimes in

large, open spaces. Note that the aim here is not to validate the performance of the mesoscale

atmospheric model (the detailed description of the model and its validation is provided in [78]),

but to illustrate the differences in model performance between open terrain and built-up spaces.

Performance of Mesoscale Atmospheric Model in Urban Areas

In order to demonstrate the effect of small terrain features such as buildings on wind regimes, a

survey of sites in a typical UK urban area (Edinburgh city) was carried out. The average values

of wind speed for the urban area were then compared with the corresponding outputs from the

mesoscale atmospheric wind resource model (Figures 3.19a and 3.19b).

Time Series Data points Mean
(m/s)

Std. dev.
(m/s)

Var.
(m/s)

Min.
(m/s)

Max.
(m/s)

Recorded 8760 4.12 1.73 3.01 0.27 12.44
Model 8760 4.59 2.58 6.67 0.24 15.93

Table 3.12: Data statistics for recorded and model output in Edinburgh city.

The results show that there is overestimation of wind energy resources by the model in this case.

While this overestimation is not immediately obvious from the PDF plots in Figure 3.19, it is

shown more clearly by the results in Table 3.12. The calculated annual mean wind speed from

recorded data was 4.1 m/s, while the model annual mean was 4.6 m/s, Table 3.12 (a positive

bias, or overestimation of B =+0.13). The calculated annual average and maximum errors are

much larger than in the open terrain case shown above, at 22% and 46%, respectively.
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(a) Wind speed time series (a sample of around two weeks of data is shown)

(b) Wind speed PDFs

Figure 3.19: Comparison of recorded data and model output averaged across Edinburgh city
sites.

The above error in model estimates of wind resources in Edinburgh urban area is in a similar

range to the results obtained from the trial measurements of micro-wind installations at several

UK urban locations described in [176, 177]. In [176], a simple approach was outlined for

adjusting the general wind resource model by applying a scaling factor for urban areas.

A similar method is used in this thesis to adjust the mesoscale atmospheric wind resource

model to provide a more accurate estimate of wind resources for the analysis for small- and

micro-scale wind installations in urban areas. Time series values from the mesoscale model in

the area of interest are compared to values from the model over a time period of a year or more.

The bias at each site is calculated by (3.13):

Bi = E(v̂i)− vi (3.13)

where: E(v̂i) is the expected, or average value of the wind speed v at site i, over all observations,

and all sites where data is available. This bias is then subtracted from the model data to give

the scaling factor, Surban, (3.14):
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Surban = 1− ∑
Nsites
i=1 Bi

Nsites
(3.14)

For the considered Edinburgh city urban area, the calculated scaling factor is 0.86. This agrees

well with the values measured in wind trials carried out by Encraft [176], where similar scaling

factors are calculated for a range of UK urban locations.

In the Encraft study, it was recommended that the wind speed database values should be

adjusted by a factor of 0.87 for building-mounted turbines in urban areas where there are no

nearby obstructions higher than the WT hub height. These scaling factors decrease to 0.5-0.7

where there are significant obstructions close to the WT installed location (at distances less

than 10 times the turbine height).

(a) Wind speed time series (a sample of around two weeks of data is shown)

(b) Wind speed PDFs

Figure 3.20: Comparison of recorded and adjusted model outputs in Edinburgh city area.

Figures 3.20a and 3.20b show the model wind speeds after the wind speed values have been ad-

justed using the calculated scaling factor in (3.14). The average and maximum errors decrease

to 6% and 30%, respectively. The validation of the all-scale modelling approach, after the wind

regimes have been converted to power/energy outputs is discussed in detail in Section 4.5 of

this thesis.
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3.6 Chapter Summary

3.6.1 Wind Energy Resource Characteristics and Modelling Requirements

In this section, the modelling requirements for accurate representation of wind energy resources

in power system studies are discussed. First, some issues related to the resolution of input wind

speed data, which are not discussed in the previous literature, are considered. It is shown that

as higher resolution measurements (e.g. second-by-second) are averaged to lower resolutions

(e.g. 10 minutes, or 1 hour), the mean and standard deviation values are preserved, but some

information on the variance and range of the data is lost. This can have implications for certain

types of wind integration studies requiring high resolution data such as calculation of energy

storage requirements, and WF control applications.

The problem of fitting statistical distributions to the measured wind data sets is also analysed.

The appropriate choice of distribution will depend on the time period of interest and the

characteristics of modelled wind energy resources, but it is demonstrated in this section that, in

general, a multi-term distribution function is required to provide an accurate statistical fit for

large wind data sets.

3.6.2 Markov Chain Wind Modelling

A novel approach for modelling wind energy resources is presented, based on a combination of

a Discrete Time Markov Chain (DTMC) model and first-order statistical distributions fitted to

the measured data. This model allows large historical data sets to be accurately represented with

some simple analytical expressions. Unlike the previously proposed modelling approaches, the

definition of the states and transition boundaries used in the DTMC model are based on the

power curve of a typical commercial wind turbine (WT). This allows the total number of states

in the DTMC model to be reduced, resulting in a simpler and more computationally efficient

final model.

It is shown that analytical wind resource model presented in this thesis can be applied to gen-

erate synthetic wind data sets, which demonstrate good performance in terms of reproducing

the statistical and temporal characteristics of the original data. A "nested" approach to DTMC

modelling of wind resources is proposed, in order to improve the performance of the model at

short times steps in Section 3.4.2.

The approach proposed in this chapter applies one MC model to represent the long-term (e.g.

hourly) changes in wind speed and separate MC or ARMA models to represent the short-

term (e.g. second-by-second) variations within each model state. It is shown that the proposed

"nested DTMC" approach offers significant advantages, as demonstrated by its close matching

to the actual recorded data on each of the main model performance criteria (i.e. statistical

matching, PDF function and autocorrelation plots).
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3.6.3 All-scale Modelling of Wind Energy Resources

Finally, the mesoscale atmospheric model used in this thesis for the assessment of wind regimes

for transmission-level studies is introduced and discussed. While the reader is referred to [78]

for the full description of the mesoscale atmospheric model used and its validation, some of the

limitations of the model with respect to the required application are identified and discussed in

this section.

In particular, it is shown that the mesoscale atmospheric model is unable to capture some of the

smaller terrain features in the region of interest, most notably in built-up urban and suburban

areas. In order to overcome this, a simple method is provided for developing appropriate scaling

factors, which adjust the wind resource model outputs in areas affected by obstructions. Finally,

the influence of input wind directon on power/energy outputs is not discussed in this chapter,

instead this is analysed in Section 4.4 of the thesis.



Chapter 4

Modelling of Distributed Wind

Generation Systems

In this chapter, the modelling and aggregation of wind energy conversion systems is discussed.

The aim of this part of the research is to determine an appropriate model for accurate estimation

of the steady state power outputs from wind turbines (WTs), and to provide a methodology for

aggregating wind turbines and wind farms (WFs) together for use in the network analysis which

follows in later chapters.

After investigating various detailed WT models, a power curve approach is selected for mod-

elling WTs, and several methods for clustering and aggregating WFs and entire wind regions

are investigated. The presented methodology is illustrated using WF data recordings which

have been filtered to remove measurement errors and missing data points due to WT outages

and network faults, and hence the developed models do not consider WT availability.

4.1 General Approaches for Wind Turbine Modelling

In order to develop an accurate model for analysing the conversion of wind input data into

power/energy outputs, detailed measurements were recorded at an operational WF on the West

coast of Scotland. The measurement data set comprises of 50 hours of high resolution (1Hz)

SCADA recordings of WT wind speed inputs and active/reactive power outputs. Using this

data, several approaches to modelling the WT in detail were analysed and compared.

The intention of this part of the research was to develop a detailed WT model, which could

be used to estimate power/energy outputs with a very high level of accuracy. This WT model

would then be used a reference for developing aggregate WT and WF models, so that the

performance of subsequent reduced models could be benchmarked against the detailed model.

Several different approaches for building the detailed WT model were investigated, including

the use of standard WT models provided in PSS/E [147] and Matlab SimPower Systems [179],

as well as system identification methods. The results of this modelling effort are detailed fully

in Appendix B.

58
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In summary, it was found that none of the WT models investigated could provide a close match

to the recorded 1 Hz WT measurements (see Table B.2, Appendix B). Additionally, it is shown

that the input wind speed data resolution does not have a significant impact on the calculation

of WT energy outputs (the improvement in accuracy obtained by using 1 Hz wind speed data

versus hourly wind speed measurements less than 0.5%, Table B.3, Appendix B.6).

Since the estimation of steady state energy outputs from EWG is the main focus of this chapter,

it was decided that the detailed WT models described in Appendix B would not be required for

the subsequent analysis presented in this thesis. Instead, a measured WT power curve approach

was selected for modelling EWG, since this method provides a sufficient level of accuracy for

the required application, with relatively simple aggregate WF models. The following sections

outline the development of this methodology for building aggregate power curve models, in

order to characterise the steady state performance of highly-dispersed EWG resources.

4.2 Measured Power Curve Models

The European standard EN 61400-12-1 [150] specifies a general procedure for measuring

the performance characteristics (i.e. output power) of a single WT connected to an electrical

network. The standard acknowledges the fact that the actual performance of the WT in a

particular target application, represented as a "measured power curve", may be different from

the one specified by the manufacturer ("manufacturer power curve").

The measured power curve of an individual WT is determined by collecting simultaneous

measurements of input wind speeds and output powers for a long enough period of time, and

can be used to estimate the energy production of the turbine. The standard [150], however,

does not discuss how this approach can be generalised and used for modelling or representing

a whole WF with one or more equivalent WTs and corresponding measured power curve(s).

Power curves of WTs specified by the manufacturers are commonly used in network studies,

e.g. to estimate the production from a particular wind site during the planning or general

design phase, or when there are no other available WF output data (e.g. [180, 181]). However,

manufacturer power curves are obtained in controlled conditions, where the effects of short-

term wind speed/direction variations, presence of turbulence, overall dynamics of WT and other

site/application specific factors are usually not fully represented [181, 182]. Consequently, if

the manufacturer power curve is used to calculate energy production, this will typically result

in overestimated energy outputs [183].
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4.2.1 Aggregation of Wind Turbine Data

Various methods for equivalencing WFs have been presented in the literature and applied for

steady state and dynamic analysis, with a comprehensive overview of current methods provided

by the CIGRÉ Working Group C4.601 report [87]. It is recommended in [87] that smaller WFs

should be modelled as a single lumped equivalent, assuming that the power fluctuations from

each WT more or less coincide. Larger WFs, with a greater geographical spread, should be

aggregated using one equivalent model for each radial line, in cases where the WF layout is

arranged in a radial network, or by grouping of WTs at the end of each major feeder.

An equivalent model of a WF has been developed in [184], while aggregation of WTs based on

identical incoming wind speeds has been carried out in [185] and [186]. Similarly, a coherency

method has been implemented in [187] to identify groups of WTs with similar input wind

speeds. In [188], equivalent models have been obtained after considering wind speed profiles

affected by multiple wake effects and wind directions of individual WTs as input data for a

clustering algorithm.

These methods for equivalencing WFs have been verified in the literature as being acceptable

for representing large installations with many tens of turbines with a reduced configuration.

However, more testing is needed to assess their performance using real WF data, and applying

these methods to WFs with different characteristics.

Accordingly, a simple, efficient and accurate methodology for equivalencing a WF is pre-

sented, which is specifically intended for the calculation/estimation of WF energy outputs.

The equivalent WF model is given in the form of one or more power curves, obtained from the

available measurement data for individual WTs within the WF. This power curve representation

is a widely-used tool in describing the performance of a wind-based generation system and

estimation of power outputs.

4.2.2 Identifying Equivalent Power Curves

As previously mentioned, the relevant standard for describing the WT power performance [150]

only provides a methodology for a single WT. The following analysis outlines two potential

methods, both of which extend this approach to modelling entire WFs using equivalent power

curve models. The two methods proposed for identifying the equivalent power curves are:

• Aggregate Measured Power Curve: perhaps the simplest way to model a WF is to

represent the whole WF by a single equivalent WT and corresponding equivalent power

curve. This equivalent WT will have rated power equal to the sum of the rated powers

of all individual WTs within the WF. This approach is denoted here as the Aggregate

Measured Power Curve (AMPC) method, where the equivalent WT power curve is

established by averaging past simultaneous measurements of input wind speeds and

output powers of all WTs in the WF.
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• Cluster Measured Power Curve: this approach is based on the application of the

support vector clustering (SVC) technique described in [189] for identifying one or

more equivalent power curves, which are used to represent the steady state performance

of the WF. This is described as the Cluster Measured Power Curve (CMPC) approach.

Recorded data from two actual WFs are used to develop and validate the models. The results

presented below are reproduced from [14].

4.2.3 Description of Wind Farms Used in the Analysis

The performance of the two proposed methods for obtaining accurate steady state equivalent

WF models is tested on two existing WFs, each with very different characteristics. The first set

of data (labelled Wind Farm 1, or WF1) is taken from an 18 MW UK wind farm, consisting of 6

x 3 MW DFIG-based units. The WTs are located near the west coast of Scotland, on relatively

flat terrain, with a mean altitude of 300 m. Input wind speeds and power outputs of individual

WTs were recorded as average 10-minute values over a period a three years (2007-2009).

The second data set (Wind Farm 2, WF2) was collected during a period of around six months

from a WT located in Sicily, Italy, on very irregular and hilly terrain, with a mean altitude of

1200 m. This WF consists of 32 DFIG-type WTs, each with a rated power of 850 kW. The WF

is divided in three main feeders: the first and second feeder have 11 WTs, while the third has

10 WTs. The layout of both WFs is shown in Figure 4.1.

(a) Wind farm 1. (b) Wind farm 2.

Figure 4.1: Layout of the two wind farms used in the analysis (not to scale).
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4.2.4 Measured Power Curves for Individual Wind Turbines

Using the available recordings, the measured power curves were first obtained for each individ-

ual WT. The estimated energy outputs are then compared with the corresponding manufacturer

power curves. Figure 4.2 compares the manufacturer power curves with the actual measure-

ments at one selected WT at WF1. Wind speed measurements at WF1 were measured both at

the turbine nacelle and at an on-site anemometer mast (also referred to as the meteorological,

or "met" mast). For both cases, the measured power curve is obtained according to the "method

of the bins" described in [150], where each "bin" represents a specific wind speed from the

range of measured values, (4.1):

Vi =
1
Ni

(
Ni

∑
j=1

Vi, j) , Pi =
1
Ni

(
Ni

∑
j=1

Pi, j), f or i = 1, ...,n (4.1)

(a) Scatter plot of data recorded at WT4 nacelle and WF1 met mast.

(b) Measured and manufacturer power curves.

Figure 4.2: Comparison of measured data and manufacturer power curves for individual WT
at WF1.

where: Vi and Pi are the average values of wind speeds and power outputs allocated to bin i, Vi, j

and Pi, j are the measured j-th values of wind speed and power output in bin i, Ni is the total
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number of measured values in bin i, and n is the total number of bins. The bin size used is 0.5

m/s, which gives a total of 51 bins for the considered range of wind speeds from 0 to 25 m/s.

Local air density, ρ , at the turbine height also influences wind power performance and must

be taken into account. Lower air pressures at high altitudes reduce the air density, while lower

temperatures have the effect of increasing air density. Given that there were no measurements

of air density available, the annual mean air density values were estimated from annual mean

temperature and pressure recordings as follows. The air density at turbine height is calculated

by the standard formula:

ρ =

(
Patm

RgT

)
e−g h

RgT (4.2)

where: Patm is the sea level atmospheric pressure in Pa, Rg is the specific gas constant (assumed

to be the standard value for dry air of 287.06J/kgK), T is the absolute value of air temperature

in Kelvin (K), g is the gravitational constant 9.81 m/s, and h is the turbine hub height above sea

level in m. This calculation for WF1, located on the west coast of Scotland, is shown in detail

below:

• Mean annual temperature at location [75], T = 7.8 C◦C, or 281.83 K.

• Mean annual pressure at sea level [75], Patm = 10.13 kPa.

• Average turbine hub height: 380 m.

ρ = 1.265 e0.0462 = 1.199∼= 1.20 kg/m3 (4.3)

Similar calculations for WF2 resulted in a mean air density value of 1.12 kg/m3 [190]. Mea-

surements and calculated power curves are given in Figure 4.3 for an individual WT at WF2 .

In the WF2 case, there is no on-site measurement mast, hence nacelle measurements only are

shown. For the most of input wind speeds, the actual power outputs (represented by measured

power curves) are lower than those described by the manufacturer power curve. Note that only

measurement data points within the operating range of the turbine (between the cut-in wind

speed of 4 m/s and cut-out of 25 m/s) are shown here. The decrease in power outputs for higher

wind speeds (near 25 m/s) is due to the occurrence of short-duration cut-out wind speeds in the

recorded average 10 minute values.
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(a) Scatter plot of data recorded at WT15 nacelle.

(b) Measured and manufacturer power curves.

Figure 4.3: Comparison of measured data and manufacturer power curves for individual WT
at WF2.

4.2.5 Correction of Wind Speeds Measured at the Turbine Nacelle

The differences between the measured power curves for wind speeds recorded at the nacelle

and at the mast (Figure 4.2b) are as expected. WT4 is located at a distance of approximately 1

km from the mast, where the wind speed profile at the turbine nacelle is considerably different

than at the mast. Even in cases when the mast is located in the vicinity (for example, directly

in front of the WT to be analysed), there will be differences between the two measurements.

The wind speed measured by the anemometer at the nacelle is generally lower than the actual

wind speed in front of the WT blades due to changes in the air stream characteristics when the

air passes through the blades.

In order to mitigate this effect, the wind speed measured at the nacelle is corrected to give a

more accurate representation of the actual wind speed in front of the blades. For that purpose,

the energy balance method outlined in [190] is used. This is described by (4.4):
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vw,IN =
3

√√√√ Pelec
ηgearηDFIG

+ 1
2 ρ

π

4 D2
OUT v3

w,OUT
1
2 ρ

π

4 D2
(4.4)

where: ρ air density at the WT hub height, D diameter of the blades, DOUT diameter of the

stream tube at the anemometer location, Pelec electrical power output, ηgear, ηDFIG gearbox and

DFIG efficiencies, vw,OUT wind speed recorded by anemometer, and vw,IN recalculated wind

speed in front of the blades. The method assumes that the product of the gearbox and DFIG

efficiencies, ηgearηDFIG is constant over the wind speed range of interest [190]. The measured

power curves after the wind speed correction has been applied are illustrated in Figure 4.4

and 4.5 in Section 4.3 below.

4.3 Aggregation and Validation of Measured Power Curve Models

Using the basic principles outlined in Section 4.2, equivalent power curve models of the two

considered WFs can be created using both AMPC and CMPC methods. As the equivalencing

of the whole WF requires simultaneous measurements at all individual WTs, the recorded data

are filtered. The following types of data entries were considered unusable and were removed

from the data set before continuing:

• Entries without readings at all WTs.

• Entries with unrealistically low or high power outputs for the given wind speed.

• Data points clearly influenced by system faults, measurement errors, or availability

issues.

After the data is filtered, the aggregation process can be carried out in order to obtain the

equivalent power curve models of wind farms WF1 and WF2.

4.3.1 Equivalent AMPC Wind Farm Models

Figure 4.4a shows normalised scatter plot of the power outputs from WF1 (1.0 p.u. corresponds

to the sum of the rated powers of all WTs in the WF) obtained after the recorded data has been

filtered. The aggregate measured power curves (AMPCs, Figure 4.4b) are obtained using the

"method of bins" (4.1), this time using measurements from all of WTs in the WF.

The results shown are calculated using the met mast, nacelle, and the corrected nacelle wind

speed measurements. It is noticeable that the power outputs for the nacelle wind speeds in

Figure 4.4a are much less scattered than the corresponding mast-measured values. This is due

to the fact that the nacelle measurements represent the normalised mean of all individual WTs,

hence averaging effects remove some of the more outlying data points.
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(a) Normalised scatter plot of aggregate power outputs.

(b) AMPC equivalent model for WF1.

Figure 4.4: Comparison of aggregate measured data and manufacturer power curves for
WF1.

Similar plots from WF2 are illustrated in 4.5. Again, only nacelle measurements are displayed,

as there is no mast on-site. The normalised power output may not reach unity for higher values

of wind speed (Figure 4.5b), due to two reasons. Firstly, there are relatively few measure-

ments at higher wind speeds once all bad points in the data have been filtered out. The EU

Standard [150] for an individual WT specifies that missing values above the rated wind speed

(e.g. above 15 m/s) should be extrapolated from the last available bin. This extrapolation has

similarly been carried out for the aggregated case. Secondly, there is an absence of simultaneous

maximum measurements at all WTs, due to the effects of averaging power output across the

whole site. This is expected, since the WF2 site is located on very irregular terrain and the wind

speed profiles vary significantly between WTs.
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(a) Normalised scatter plot of aggregate power outputs.

(b) AMPC equivalent model for WF2.

Figure 4.5: Comparison of aggregate measured data and manufacturer power curves for
WF2.

4.3.2 Equivalent CMPC Wind Farm Models

The application of the cluster measured power curve (CMPC) method for obtaining an equiva-

lent power curve model of a WF uses a different approach. Instead of having just one equivalent

power curve model, the clustering algorithm can provide one or more equivalent power curves,

as the number of equivalent curves generally depends on the input wind and output power

patterns of individual WTs within the WF.

A clustering algorithm is required to group the data points from each WT. For this purpose,

the support vector clustering (SVC) algorithm described in [189] is used to create distinctive,

non-overlapped classes of wind speed and/or power output profiles. In the SVC approach, data

points are mapped to a high-dimensional feature space using a kernel function. The aim is to

map the data points to a feature space where the data is linearly separable, and therefore more

easily grouped into clusters.

Two types of data features are identified during the first stage of the SVC algorithm, support

vectors (SVs) and bounded SVs [191]. The second stage involves the identification and la-
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belling of similar clusters. In the second stage (cluster labelling stage), final clusters are formed

using the deterministic procedure described in [189].

The SVC algorithm is selected for this application since it is particularly suited for identifying

small clusters in a given data set, and since it is computationally efficient compared to other

clustering methods [189]. Figure 4.6 illustrates a sample of the clustering results for the UK site

(WF1), showing the input wind speeds over a short time interval. The CMPC method identifies

two clusters, one comprising of WT1 and WT2, whereas WT3-WT6 are assigned to the second

cluster. The results shown below are reproduced from [14].

(a) Cluster 1. (b) Cluster 2.

Figure 4.6: Sample of input wind speeds for clusters at WF1 using the CMPC method.

Figure 4.7a shows some of the results for equivalent power curves obtained using the CMPC

method for WF1, where it is represented by two clusters, where each cluster has its own power

performance curve. The corresponding results for WF2 are given in Figure 4.7b, where three

clusters are identified.

In both cases, the corrected nacelle-measured wind speeds are used, and 1 p.u. corresponds to

the sum of the rated powers of all WTs within each cluster. For the WF1 case, the difference

between clusters is low, as expected, since the site located on regular terrain. However, the

CMPC provides more different clusters in the WF2 case, due to the irregularity of the terrain,

and the resulting wider distribution of wind speeds and power outputs.

4.3.3 Application of AMPC Equivalent Models

The equivalent power curve WF models presented provide a reduced, simplified representation

of WF performance. These can be used for steady state performance analysis in a number of

applications. The performance of the two proposed equivalencing methods (AMPC and CMPC)

is assessed by comparing the measured total energy production with the results estimated using

the equivalent models.

For a given set of input data, the power outputs at each time instance are determined from

the power curve. Total energy production is calculated for each WF, over the entire period for
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(a) CMPC equivalent model for WF1.

(b) CMPC equivalent model for WF2.

Figure 4.7: Cluster measured power curve models.

which simultaneous measurements at all WTs were available. This estimate is then compared

with the actual recorded energy production in that time period.

Results are given in Table 4.1 for WF1. The second and third columns in Table 4.1 clearly show

that the annual energy output of a single unit (WT4) are overestimated by around 9.5% if the

manufacturer power curve is used to estimate energy outputs. A more accurate estimation, with

an error of less than 1%, is achieved when the measured power curve is used.

The same conclusion can be drawn when the whole UK WF is modelled as an equivalent

power curve with the AMPC method (fourth and fifth columns in Table 4.1). The calculated

annual energy outputs for three input wind speeds (at the nacelle, mast and for corrected nacelle

measurements) are very close to the actual recorded values (all have less than 1% error), while

an error of about 7.5% is obtained when manufacturer power curve is used. The smallest error

obtained with the AMPC method is when nacelle corrected wind speeds are used. These results

clearly demonstrate that an equivalent steady state model of the WF can be established using

the AMPC method.

The analysis is repeated for the 32-turbine Italian site, WF2. The results for the estimated
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Individual WT Whole WF
Calculation Method WT4 Error WF1 Error

(GWh) % (GWh) %
Actual Recordings 9.340 - 57.079 -
AMPC (Mast) 9.271 0.739 56.642 0.766
AMPC (Nacelle) 9.269 0.760 56.990 0.156
AMPC (Corrected) 9.431 0.011 57.066 0.023
Manufacturer Power Curve 10.135 9.508 60.810 7.536

Table 4.1: Estimated energy production for WF1 using the AMPC method.

energy production with the AMPC method for a single turbine (WT 15) and for the whole WF

are illustrated in Table 4.2. In the case of WF2, there were large sections of data for which

simultaneous entries were not available. Therefore the total energy production is much smaller

in this case. The overall trend in the results are similar to the WF1 case, errors for both the

individual WT and the whole WF are less than 1%. The best matching is obtained for the

corrected nacelle measurements, while the manufacturer power curve gives 5-7% errors.

Individual WT Whole WF
Calculation Method WT4 Error WF1 Error

(MWh) % (MWh) %
Actual Recordings 262.310 - 771.911 -
AMPC (Nacelle) 261.786 0.199 769.205 0.351
AMPC (Corrected) 262.554 0.093 779.881 0.133
Manufacturer Power Curve 276.237 5.231 828.155 7.286

Table 4.2: Estimated energy production for WF2 using the AMPC method.

4.3.4 Application of CMPC Equivalent Models

The CMPC method, which represents the whole WF with several power curves, obtained by

clustering similar WTs, produces results with similarly small errors. The mismatch between

recorded and estimation energy production is less than 1% in all cases, with the one-cluster

CMPC results matching the AMPC results, Table 4.3. The best solution for WF1 is "CMPC -

2 clusters (corrected)", highlighted in bold in Table 4.3.

It is noticeable that for the uncorrected nacelle wind speed results, the errors increase slightly

as the number of clusters increases. This is perhaps surprising, as it would be expected that

the error should decrease in the case of a more detailed model. A simple explanation is that

the energy production is overestimated by the CMPC method due to the errors incurred when

data measured at the nacelle of each individual WT are used. These results demonstrate the

importance of the correction of the wind speeds measured at the nacelle (these results are

marked as "corrected" in Tables 4.1 and 4.2), as the corresponding "corrected" results for annual

energy production provide an almost exact match with the measurements.
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Calculation Method WT Cluster Components Energy Error
(GWh) %

Actual Recordings - 57.079 -
CMPC - 1 cluster {1,2,3,4,5,6} 56.990 0.160

CMPC - 1 cluster (corrected) {1,2,3,4,5,6} 57.066 0.022
CMPC - 2 clusters {1,2} {3,4,5,6} 56.934 0.250

CMPC - 2 clusters (corrected) {1,2} {3,4,5,6} 56.934 0.017
CMPC - 3 clusters {1},{2,3,5}, {4,6} 56.843 0.410

CMPC - 3 clusters (corrected) {1},{2,3,5}, {4,6} 57.064 0.027
CMPC - 6 clusters {1},{2,3,5}, {4,6} 56.843 0.410

CMPC - 6 clusters (corrected) {1},{2},{3},{4},{5},{6} 57.084 0.009

Table 4.3: Estimated energy production for WF1 using CMPC the method.

The results of the CMPC method (Table 4.4), however, show that the accuracy is influenced

by the relatively small size of measured data set with complete data entries for all WTs. In

some cases, the errors are slightly greater than 1% for the uncorrected data. In other words,

the CMPC method ideally requires a larger set of input data than was available in this study, in

order to provide a better representation of the whole WF with equivalent power curve models.

Calculation Method WT Cluster Components Energy Error
(MWh) %

Actual Recordings - 771.911 -
CMPC - 1 cluster {1-32} 769.205 0.351

CMPC - 1 cluster (corrected) {1-32} 770.881 0.133
CMPC - 2 clusters {1-13,16-25, 27,29-32}, 763.682 1.066

{14,15,26,28}
CMPC - 2 clusters (corrected) {1-13,16-25, 27,29-32}, 769.650 0.293

{14,15,26,28}
CMPC - 3 clusters {1-6,13,17,19-25,30,32}, 768.890 0.391

{10-12,14-16,26-29,31}, {7-9,18}
CMPC - 3 clusters (corrected) {1-6,13,17,19-25,30,32}, 769.262 0.343

{10-12,14-16,26-29,31}, {7-9,18}
CMPC - 6 clusters {6,23},{3,16-22,29-32}, 761.973 1.288

{1,2,4,5,7-10,12-14,27},
{11,26,28},{24,25},{15}

CMPC - 6 clusters (corrected) {6,23},{3,16-22,29-32}, 773.896 0.257
{1,2,4,5,7-10,12-14,27},
{11,26,28},{24,25},{15}

Table 4.4: Estimated energy production for WF2 using the CMPC method.
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4.3.5 Discussion

The comparison of the results of the two methods outlined for equivalencing WFs, AMPC and

CMPC, shows good matching with recorded outputs for both approaches, with errors less than

or around 1%. This is in contrast with the results produced using the relevant manufacturer

power curves, which were shown to have relatively large errors, in the range of 5 - 10% at both

WFs. This analysis highlights the importance of using measured data to realistically assess the

outputs from WFs. These results are in strong agreement with a detailed study on WF power

performance verification carried out in Denmark by RISØ([183]), which concludes:

"In general, power curve measurements are having high uncertainties, i.e. typi-
cally 5-10% in AEP (Annual Energy Production) in flat terrain."

The above analysis has also shown that if the nacelle-measured wind speed values are corrected

(i.e. if the actual wind speeds in front of the WT blades are calculated), much better matching

with regards to the measurement data can be achieved. After the correction of the nacelle-

measured wind speeds, the CMPC method is generally more accurate than the AMPC method.

The CMPC method is more complex, as it may require more than one equivalent power curve

to represent the whole WF, whereas the AMPC approach requires only one equivalent power

curve. It is suspected that the error in the estimation of the energy outputs of a WF modelled

with a single equivalent machine (i.e. with a single equivalent power curve) may increase for

larger WFs with a greater number of WTs, although the results for WF2 do not demonstrate

that.

The analysis could be improved if more extensive data sets with fewer measurement errors

and missing entries are available. This is an issue particularly in the WF2 case, where after

filtering, the final data set, consisting of simultaneous measurements from all WTs, was quite

small. Additionally, it would be useful to apply the methodologies described on an even larger

WF, perhaps a hundred, or several hundred WTs to further validate the proposed approaches.

Another potential weakness in this analysis is that the density of air (which has a significant

influence on obtained power outputs [150]) is taken as an annual average. This is somewhat

unrealistic, since in reality, air density has intra-day and intra-seasonal variations, depending

on changes in local temperature and humidity. In order to improve this, measurements of local

temperature and humidity could be used to re-calculate the air density at regular intervals.

The AMPC method is applied for estimation of WF outputs in the subsequent sections of this

thesis, since this method is simple and provides a high degree of accuracy, once recorded data

is available to build the required model.
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4.4 Directional Equivalent Power Curve Model

The WT models discussed up to this point do not consider the effect of wind direction on power

production. This is generally considered to be a reasonable assumption when calculating the

steady state energy outputs from a WF, since modern WTs can quickly adjust themselves to

compensate for any change in the incoming wind direction. However, there may be differences

in the wind shadows caused by the local terrain and surrounding obstacles with different

incoming wind direction. Additionally, the WT wake effects which propagate throughout the

WF, and hence the wake losses, vary considerably with wind direction [192], [193].

Rather than attempt to build a sophisticated wind flow model of the site, incorporating separate

models of each WT and its wake effects, the following describes a "directional" version of

the traditional WF equivalent power curve, which allows the effect of wind direction to be

included in the model. A similar direction-dependent approach to WF equivalencing has also

been proposed previously in [68] and [194], although the development and validation of the

directional model and its application in power system studies is not outlined in detail in these

references.

The directional equivalent model proposed below requires only a recording of the total WF

power production at the point of connection to the external network, and the overall wind

speed and direction at the site, which could be obtained either as a measurement recorded on-

site (e.g. from an anemometer mast), or as an estimate from an atmospheric wind model such

as the one mentioned in Section 3.5.2.

4.4.1 Development of Directional Equivalent Power Curve Model

Figure 4.8 illustrates a three-dimensional scatter plot, showing wind speed and direction mea-

surements (expressed as vector components x and y), and the corresponding aggregate power

outputs from the UK wind farm WF1 described previously. In the example shown below,

the wind speed and direction measurements are recorded at a single point (the WF1 on-site

anemometer mast). The total power outputs, aggregated from all WTs are converted, or nor-

malised to per unit values.

The data shown in Figure 4.8 can be interpolated and fitted to a three-dimensional surface

using a standard surface-fitting approach such as described in [195]. The surface fitting here

was carried out in Matlab [196] using the "griddata" function provided. The resulting surface

is plotted in Figure 4.9.

The directional equivalent model can be considered as a standard power curve rotated through

360 degrees. In the example shown in Figures 4.9, zero degrees represents north. The power

output matrix, which represents the directional equivalent model, can be described by (4.5):
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Figure 4.8: Normalised 3-D scatter plot of wind speed/direction components and power output
at WF1.

Pout =


p(x1,y1) p(x1,y1) . . . p(x51,y1)

p(x1,y2) p(x2,y2) . . . p(x51,y2)
...

...
. . .

...

p(x1,y51) p(x51,y2) . . . p(x51,y51)

 (4.5)

xi = vksin(θ), f or i = 1, ...,51; k = 1, ...,N (4.6)

y j = vkcos(θ), f or j = 1, ...,51; k = 1, ...,N (4.7)

where: Pout is the power output matrix obtained from the surface fitting (see Figures 4.9a

and 4.9b), xi and y j are the wind speed/direction components in the i-th and j-th bins, p(xi,y j)

are the power outputs corresponding to the wind speed/direction components xi and y j, vk is

the wind speed, θk wind direction, k current input values, and N is the total number of input

values. The bin size used is 1 m/s, which gives a total of 51 bins for each wind speed/direction

component, ranging from -25 m/s to 25 m/s in both the x and y directions.

The resulting model, which can be expressed as a power output matrix, as described by (4.5)

and Figure 4.9b is interesting, since it illustrates graphically the impact on power outputs from

input wind speeds coming from various directions. For the wind farm modelled (WF1), all

power outputs in the 180◦ to 270◦ quadrant (Figure 4.9b) are close to 1 per unit.
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(a) Surface fitted to directional power curve data

(b) Contour plot of showing power output matrix

Figure 4.9: Directional equivalent power curve model for WF1.

This suggests that there are no major wind shadow or terrain effects when the incoming wind

speed comes from a south-westerly direction. However, there are noticeable reductions in

average outputs when the wind comes from a south-easterly (see the lower output values in

the 90◦-180◦ quadrant in Figure 4.9b). Similarly, when the incoming wind is from a north-

westerly direction (270◦-360◦ in Figure 4.9b), power outputs are lower, which suggests that

wind shadows, terrain effects and/or wake effects are having an impact on power production.
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Figure 4.10 shows the wind direction rose plot for WF1, which illustrates that the prevailing

wind direction at the site is from the south-westerly direction. The wind rose plot correlates

well with the calculated power output matrix in Figure 4.9b, in that the quadrants which

produce the greatest output coincide with the prevailing wind conditions; whereas the quadrants

most affected by terrain and wake effects (90◦-180◦ and 270◦-360◦) coincide with the least

commonly-occurring wind direction. This is as expected, and indicates that the WT micro-

siting for WF1 was carried out correctly during its planning stages.

Figure 4.10: Wind direction rose plot for WF1.

4.4.2 Validation of Directional Equivalent Power Curve Model

The performance of the directional equivalent power curve model can be validated by estimat-

ing power production using the model, and comparing the obtained values to recorded data,

similar to the analysis in Section 4.3. The directional equivalent model (in the form of a power

output matrix (4.5)) is fed with the input x and y components ((4.6) and (4.7)), and the results

are compared with recorded power production values from the whole WF over the entire three

year period for which data is available (2007-2009). A sample of the recorded and model time

series power outputs is illustrated in Figure 4.11.

The results for total energy production are compared in Table 4.5 below. The overall error

obtained, 0.751%, is very similar to the value obtained when using the AMPC model (i.e.

the 2-dimensional equivalent power curve) and mast measurements (0.766%, see Table 4.1,

Section 4.3.3).
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Figure 4.11: Comparison of active power output time series from directional equivalent model
compared with recorded data at WF1.

WF1 Error
(GWh) %

Actual Recordings 57.079 -
Directional Model 56.650 0.751

Table 4.5: Estimated energy production for WF1 using directional equivalent model.

4.4.3 Discussion

The directional equivalent power curve model presented is useful in illustrating how the WF re-

sponds to changes in incoming wind direction. However, it is clear from the results in Table 4.5

that, at least in the case of WF1, the directional model does not offer a significant improvement

in accuracy over the AMPC model (0.751% error compared with 0.766%). This appears to

confirm that the wind direction does not have a major impact on the obtained power output for

the considered site, which has no major obstacles in the prevailing wind direction.

Despite this result, it would be interesting to carry out a similar comparison of the performance

of the AMPC and directional models on a wide range of WFs10. It may be the case, that in

larger WFs with more complex or unusual layouts (e.g. WTs situated along a mountain ridge,

or WTs in surroundings where there are significant obstacles due to local terrain or buildings),

that the power production could be affected very significantly by incoming wind direction and

that the overall performance could be better captured by including the direction component in

the equivalent power curve model.

However, it would have taken considerable time and effort to fully test this hypothesis, and

in any case, the AMPC model presented in Section 4.3.3 provides a high enough level of

accuracy for the analysis required in the subsequent chapters of this thesis. Hence, this line

10. The directional equivalent model is only tested here for WF1. Unfortunately, there were no wind direction
measurements available for the Italian site (WF2) to repeat the analysis at this location, since WF2 is an ideal site
to examine the effect of wind direction at a site with complex terrain and an unusual layout.
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of research in directional equivalent modelling was not pursued further, but it could potentially

be an interesting starting point for further work on WF modelling and aggregation.

4.5 All-scale Modelling and Aggregation of Embedded Wind Gen-

eration

Wind-based generation is present in many power systems at various scales and levels of im-

plementation, ranging from multi-megawatt units installed in large numbers in WFs, to sub-

kilowatt units operating in individual installations. Hence, an accurate assessment of the influ-

ence of variable wind-based generation systems on the overall network performance requires

their realistic representations at all scales of implementation, and at all levels of aggregation.

Such an "all-scale" approach for modelling wind generation is still missing in the existing

literature, and this part of the thesis aims to fill that gap.

4.5.1 Embedded Wind Generation

For the purposes of this study, wind generation plant is classified into three categories, based

on the total size of the WF/installation, (expressed as the total rated capacity of all units at the

site), and the voltage level at which it is connected to the electricity grid:

• Large-scale wind: Refers to large, commercial wind developments, with a total rated

capacity of over 30 MW, and potentially up to 100s of MW for the largest onshore and

offshore arrays. These are typically connected directly to the High Voltage (HV) trans-

mission and sub-transmission networks, where HV refers to the voltage level V >35 kV,

[197].

• Medium-scale wind: Refers to medium-sized WFs, with typical rated capacities be-

tween 1 MW and 30 MW. These are generally connected to the distribution networks,

rather than directly to the main transmission grid, at Medium Voltage (MV, 1kV <V ≤
35 kV)

• Small and micro-scale wind: This describes small and micro-wind systems, where

individual WTs have rated capacities of less than 100 kW. In some cases, installations

may consist of only a single wind turbine. These are typically connected to low-voltage

networks (LV, V ≤ 1 kV).

As discussed in Section 2.2.3, the modelling and representation of large-scale wind is analysed

extensively in the available literature (e.g. [65, 73, 85, 86, 198]). Transmission system operators

typically monitor the operation of large WFs in real-time, recording parameters such as total

active and reactive power outputs at the HV point of connection. This allows their impact on

the network to be directly and accurately assessed.
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In the case of MV-connected WFs, however, network operators often have only limited visibil-

ity, while they generally have no information on outputs of wind-based generation connected at

LV, [15]. Embedded wind generation (EWG) in this thesis refers to wind generation which is

not monitored by the transmission system operator. The GB Grid Code [34] specifies that WFs

(and any other generating plant) classed as "small" are not required by legislation to provide

metering data. Additionally, these small WFs do not take part in the grid balancing mechanism,

or provide ancillary services to the grid. This classification is based on installed capacity, and

varies according to network region in the GB as shown in Table 4.6.

Network Region Description Plant Capacity
SHETL Scotland (North) <10 MW
SPTL Scotland (Central and South) <30 MW
NGET England and Wales <100 MW

Table 4.6: Generation plant classified as "small" in GB according to region [34].

4.5.2 Motivation for All-scale Modelling Approach

The exact classification of wind plant embedded in the distribution system, and the regulations

governing whether generators need to provide metering data and other services, such as reactive

power support, varies according to each country. In GB, there is a significant amount of EWG

classified as "small", particularly in the Scotland and North-eastern England regions. Table 4.7

shows the breakdown of metered WFs and unmetered EWG (i.e. wind plant classified as

"small") connected in these regions.

Network Region Total Installed Metered Unmetered
(MW) (MW) (MW)

Scotland 2565 2180 382
North-eastern England 503 267 236

Table 4.7: Metered wind plant and unmetered EWG in Scotland and North-east England
[199].

In addition to these unmetered WFs (which are typically connected to MV distribution net-

works, MW-EWG), there is also some contribution from small and micro-wind systems (de-

fined in [200] as WTs with rated capacities of less than 100 kW). These are generally connected

at LV (LV-EWG). According to [200], approximately 43 MW of small and micro-wind devices

were connected in GB during the years 2005-2010, with the number of new installations

increasing each year. The current split between on-grid and off-grid devices is roughly half

and half, although the statistics show that there is much larger growth in deployment of grid-

connected devices, particularly those in the 50 kW to 100 kW range.

For MV-EWG and LV-EWG that is not monitored or controlled by the system operator, its
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impact on the transmission network can be observed only indirectly, e.g. through a reduced

demand at HV substations, or changes in system fault levels. Generally, EWG can contribute

to a number of grid operating issues, including:

• Mismatches between forecasted and actual system demands, which can result in an

increase of the number of required balancing or corrective actions.

• Errors in the expected or estimated fault levels (which can result in the incorrect opera-

tion of protection systems).

• Inaccuracies in the calculated transmission system operating constraints and limits (which

can increase risks to system security).

The focus of the "all-scale" approach presented is on modelling and aggregating MV-EWG

and LV-EWG, in order to produce simple, but accurate generic models for a more accurate

transmission system steady state analysis. This presents a number of modelling challenges,

including the aggregation of very highly-dispersed units, modelling a wide range of wind

energy conversion technologies, and also incorporating the effects of the "interconnecting

network", i.e. the part of the network connecting EWG to the main grid.

4.5.3 Modelling and Aggregation of MV-EWG

MV-EWG plants are connected at the distribution network level, and the transmission system

operator may, or may not directly monitor their power outputs (in GB, this depends on the

region and the MV-EWG rated capacity, Table 4.6). In cases where metered data are available,

the AMPC approach described in Section 4.3.3 is applied. The resulting model is a simplified

aggregate representation of the whole MV-EWG, which is scalable and can be added at relevant

nodes throughout the transmission network model as required.

In cases where metered data is not available, estimating the aggregate power output from a large

number of highly dispersed MV-connected units is not as straightforward as simply applying an

individual WT power curve and scaling it up to the required number of turbines. The aggregate

model output is sensitive to the WT type (i.e. manufacturer/model/control technology), inter-

connecting network, and also to the assumptions made around losses due to wake and terrain

effects within the WF and electrical losses [14, 201, 202].

The following sections describe an approach for building an "Aggregate Generic" model of

MV-EWG and the interconnecting network (i.e. the part of the distribution network connecting

the EWG to the transmission system bulk supply point), which is based only on publicly-

available statistical data. The resulting model is a simplified aggregate representation of all MV-

EWG in a considered region. In order to illustrate the methodology, the same SPTL network

region of Central and Southern Scotland described previously in Section 3.5 is used.
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4.5.4 Aggregation of Power Performance Curves and Inclusion of Array Losses

Typically, the selected region containing the MV-EWG to be analysed will have a mixture of

WT technologies and sizes connected. A survey of all MV-connected EWG currently installed

in the Central and Southern Scotland, or SPTL region, based on publicly-available statistical

data in [199] was carried out. The range of turbine types and capacities were classified into

seven categories, WT1-WT7, based on the turbine technology (e.g. fixed-speed, DFIG), and

their nameplate capacities. A full summary of the EWG sites in the Central and Southern

Scotland region along with the selected wind turbine categories is provided in Appendix C.1.

The performance characteristics (i.e. power curves) of each WT category were per-unitised

based on WT rated power, and the proportion of each WT category in to the total installed the

EWG region was calculated. This allows the aggregate performance of all MV-connected WTs

in the considered EWG region to be represented by a single generic power curve (or "Aggregate

Generic MV-EWG" model), illustrated in Figure 4.12.

Figure 4.12: Power performance curves of MV-connected EWG in SPTL region, represented
by the WT categories.

The aggregate generic MV-EWG model given in Figure 4.12 can be expressed analytically

as in (4.8). The Aggregate Generic performance curve is expressed as the sum of the per

unitised WT1-WT7 components. This Aggregate Generic performance curve can be expressed

analytically by (4.9). The use of a polynomial with an exponential component allows the

performance curve to be approximated, or fit very closely, with an error of less than 0.1%.

PMV−EWG(v) =
NWT

∑
i=1

ai WTi(v), f or vcut−in ≤ v≤ vcut−out , i = 1, ...,NWT (4.8)

where: ai is the percentage contribution of WT category i, NWT is the number of WT categories,

v is the input wind speed in m/s, and PMV−EWG is the aggregate active power output, in per unit,

from each MW of wind generation installed in the EWG region.
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Additional adjustments should be made to the generic MV-EWG model to account for array

losses (i.e. due to the wake/terrain effects within WFs). Some previous studies have used a

simple percentage adjustment applied across all WFs in the study to account for array losses,

e.g. 10% in [203]. In [57], a percentage adjustment is made based on the number and density

of WTs at each site. However, losses due to wake and terrain effects are not distributed evenly

across the wind speed range, so these methods may lead to inaccurate results [78].

On the other hand, some authors have discussed the use of advanced CFD models for deter-

mining wake losses, e.g. [204, 205]. However, this requires very detailed knowledge of the

local topology and WT micro-siting. It also adds significantly to the modelling effort required

and the complexity, and hence is not suitable for modelling large numbers of small, distributed

WFs.

A number of approaches have been developed in order to adjust the power performance curve

in order to take array losses into account e.g. [78, 182, 202]. This paper adjusts the aggregate

MV-EWG power curve using the approach applied in the Garrad Hassan study described

in [201], where the aggregate power curve is modified to account for array losses and wind

cut-out effects over multiple turbines using a simple per-unit adjustment. The applied per-unit

adjustment is in the form a look-up table and details are provided in Table C.3 in Appendix C.2

The resulting aggregate power curve model can be fitted using non-linear regression to form a

simple analytical equation (4.9), which represents the performance of all WTs in the selected

region. It was found that the use of a fourth-degree polynomial, fitted using regression analysis,

allows the aggregate EWG power curve to be approximated very closely, with an average error

of less than 0.1%:

PMV−EWG = 0.000286v4−0.00175v3 +0.0304v2−0.096v−0.0094 (4.9)

The reactive power capability of MV-EWG is determined by distribution network operator

requirements. In GB, this is outlined in the Distribution Code [206]. In the analysis presented

in this thesis, power factors for MV-EWG are assumed to be set at 1.0 throughout the network,

since the majority of the WTs are variable speed devices (which typically operate at unity power

factor), or in the case of fixed speed WTs, reactive compensation will typically be installed to

regulate power factor close to unity.

In Appendix C.1, full details of all of the MV-EWG WFs connected in the Central and Southern

Scotland (SPTL) region are provided, including the network locations, WT types, and MW

capacities. It is shown in Tables C.1 and C.2 that around 10% of the MV-EWG connected in

the SPTL region is made up of fixed-speed WTs, and the remaining 90% are variable speed

(either DFIG or full-converter direct drive technologies).
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4.5.5 Modelling of MV-EWG and Interconnecting Networks

MV-EWG is embedded in the distribution networks, rather than directly connected to the main

transmission system. Figure 4.13 illustrates the typical connection arrangement in the UK.

When modelling MV-EWG it is important to consider the interconnecting network, or "internal

grid", which connects the WF of interest to the grid supply point (GSP), i.e. the interface

between the transmission and distribution networks. This internal grid can have a significant

effect on active power losses and reactive power requirements from a given WF, as seen at the

GSP [87].

Figure 4.13: Typical connection of MV-EWG in UK.

In general, it is not feasible to model all of the distribution network components along with

the connected EWG in detail, when carrying out a large-scale, transmission-level study. The

following analysis proposes a simple, generic model of the "internal grid" based on statistical

data gathered from the region of interest, which can be added at each GSP in the transmission

system where MV-EWG is present. This is intended to allow for a more accurate assessment

of the steady state power flows at the GSP.

This "internal grid" in the SPTL region typically has total MV distribution network line lengths

of 10-20 km [207], along with the WT Grid Step-Up (GSU) transformers and the WF cabling

connecting the WTs to the point of connection in the distribution system. It was assumed that

MV-EWG in the region of interest (SPTL) is connected to the grid supply point using double

radial overhead 33kV feeders. This is generally the case, as MV-connected WTs are commonly

installed away from urban areas (where meshed distribution network arrangements are more

common).

In addition to the MV lines running from the WF, the WF collector system is made up of

a network of underground cabling, or a mixture of underground and overhead lines in larger

WFs with multiple feeders [89]. A method for equivalencing all of the lines in the WF collector

system, which can be applied in cases where all of the individual line impedances in the WF

are known, is outlined in a study by NREL [90].

In Figure 4.14, a generic model of the interconnecting network is proposed, which is based on

publicly-available statistical data on the network components in the EWG region. An analysis
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Figure 4.14: Generic model of MV-EWG and internal grid, including representation of MV
feeders and WF collector system.

of the network parameters published by the distribution network operator in [207] showed that

the typical impedance per km for this type of OHL feeder was 0.008+ j0.015 per unit (on 100

MVA base). The WF internal cabling is modelled using the typical electrical characteristics of

400 mm2 aluminium cable described in [208]. An average cable length per WT for MV-EWG

in the selected region of 1 km is assumed (this estimate is based on the cabling required to

connect WTs with a blade diameter of 60-80 m, and a spacing of 5-10 turbine diameters).

The model in Figure 4.14 includes the main internal MV feeder and an aggregate representa-

tion of the cabling within the WF. However, the WT generator and GSU transformer are not

represented in detail in the proposed generic model. The WTs are modelled as a constant power

source at the 33kV bus with unity power factor (PF), where the aggregate output from all of

the WTs in the WF is calculated using (4.9).

Clearly, there may be significant variations between the used types of cable and line lengths

due to local conditions at any particular WF. However, this simplified approach still allows

to include some effect of the charging susceptance due to the underground cables. In order to

build the presented internal grid model, the only required data in order to calculate the internal

WF grid impedances in Figure 4.14 are:

• The number of WTs and their rated powers.

• The estimated distance of the WF to the GSP substation.

The following shows some validation of the presented approach to modelling the MV-EWG

internal grid by comparing results for steady state power flows using the detailed model and

aggregate/generic model. Figure 4.15a shows the detailed MV-EWG model, which includes a

full representation of one selected WF and its interconnecting network (parameters for this are

based on data taken from [199] and [207]).

Figure 4.15b shows the same WF modelled using the simplified MV-EWG model. Figure 4.15c

compares half-hourly active power outputs over a time period of one month. The results ob-

tained using input wind data from the wind resource model demonstrate that the generic aggre-

gate model closely matches the detailed model case (less than 3% RMSD error).
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(a) Detailed representation of embedded WF and network

(b) EWG generic model

(c) Active power output time series

Figure 4.15: Comparison of detailed and aggregate models of MV-EWG.

Although it was not possible to obtain data from a wide range of WFs, with varying layouts

and characteristics to fully validate the performance of the aggregation approach, the presented

results indicate that the proposed generic model can be a valid approximation for steady state

analysis of MV-connected EWG.
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4.5.6 Validation of MV-EWG Models using Recorded Data

In order to provide some validation of the overall modelling approach and assess its suitability

for use in network analysis, recorded historical data from six existing WFs (WF1-WF6) within

the selected Southern Scotland region are compared to the model outputs, which are calculated

by applying input wind speeds from the mesoscale wind data to the MV-EWG model (see

Section 3.5.2).

The recorded WF data is in the form of per-unitised hourly measurements of active power

output over one full year, recorded at the point of connection to the 33 kV HV substations.

Before carrying out the analysis, all recorded power output data were filtered, in order to

remove bad data points due to missing entries, faulty recordings, measurement errors, or EWG

unit unavailability. The WFs for which measured data were available are a mixture of both

embedded and transmission-connected plant. The details for these WFs are given in Table 4.8,

and their locations are shown in Figure 4.16.

Wind Farm Name Latitude Longitude Label Capacity (MW)
Dalry 55.76◦ −3.73◦ W1 18

Hadyard Hill 55.70◦ −4.72◦ W2 120
Dalswinton 55.16◦ −4.67◦ W3 30
Earlsburn 56.08◦ −4.08◦ W4 38

Black Law 1 55.23◦ −4.72◦ W5 27.6
Minsca Park 55.12◦ −3.22◦ W6 36.8

Table 4.8: Wind farms used for validation of EWG models.

Figure 4.16: Wind farm locations used for the validation of the EWG models.

Figure 4.17 illustrates the results at each individual WF, showing the average annual error

(calculated using (3.12)) and bias in each case. Errors at individual EWGs vary from 9-15%,

with over-estimation at some locations (indicated by a positive value of the bias, B) and under-

estimation at others (indicated by a negative bias).

The aggregated results for all six WFs (WF1-WF6) are given in Figure 4.18. The overall RMSD

error, which represents combined errors from the wind resource and WT power conversion
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(a) WF1 (b) WF2

(c) WF3 (d) WF4

(e) WF5 (f) WF6

Figure 4.17: Comparison of recorded and model per unit outputs for individual sites WF1-6,
showing mean average error and bias for each site.

models, decreases to 6%, with a bias of 0.03 per unit. These results indicate that while the

model may show larger inaccuracies at individual sites, the aggregated power output from a

number of sites within a region can be estimated with a reasonable degree of precision using
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(a) WF5 (b) WF6

Figure 4.18: Comparison of recorded and model outputs aggregated over WF1-WF6: a)
scatter plot showing average error and bias; b) PDFs.

the presented all-scale model.

4.5.7 Modelling and Aggregation of LV-EWG

Although highly dispersed and small in size, the total number of LV-EWG units installed in an

urban area can be significant. When aggregated, their effects are essentially, similar to those of

medium to large scale WT technologies. In [200] and [209], micro-wind generation is identified

as one of the main technologies in the future microgeneration mix, with significant year-on-year

growth in penetration levels. However, apart from [66], there is virtually no work in the existing

literature on modelling and aggregation of LV-EWG, which will be required for evaluating the

impact of higher penetration levels of LV-EWG on overall network performance.

This thesis uses the aggregate representations of micro/small WTs connected at LV described

in [66], which are based on detailed models of permanent magnet synchronous generator

(PMSG) WTs, with an inverter interface for grid connection. These generic models are iden-

tified from a database of manufacturer specifications for more than 60 currently available

micro/small WTs on the UK market (providing power curves with only WT mechanical con-

version efficiencies). The WT models are normalised using the corresponding WT swept areas,

and outputs adjusted considering the electro-mechanical conversion efficiency of the PMSG

and electronic conversion efficiency of the ac-dc-ac inverter. Full details of this analysis are

provided in [210].

The results in [66] showed that the majority of micro/small WTs in the database could be rep-

resented using four generic micro-WTs (µWTs, see Figure 4.19) and equations(4.10)-(4.13)).

These are then aggregated into a single LV-EWG model, using the estimates on the proportion

of each of the four generic LV WTs installed in the region of interest, with values a1 = a4 =

18%, a2 = a3 = 32% identified from the WT database. This allows the range of micro/small
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WTs in the region to be represented using a single LV-EWG model, which is given in analytical

form in (4.14).

PG1 µWT = (1− e−0.75(v−2.4))(−5.6v+2.38v2), f or v≥ 2.4 m/s (4.10)

PG2 µWT = (1− e−0.75(v−3))(−8.76v+3.25v2−0.092v3), f or v≥ 3 m/s (4.11)

PG3 µWT = (1− e−0.75(v−3.5))(−10v+3.31v2−0.12v3), f or v≥ 3.5 m/s (4.12)

PG4 µWT = (1− e−0.75(v−3.6))(−4.73v+2.18v2−0.08v3−6.88), f or v≥ 3.6 m/s (4.13)

PLV−EWG =
4

∑
i=1

aiPGi µWT (v) (4.14)

where: PG1 µWT to PG4 µWT are the four generic LV micro-WT models, and PLV−EWG is the

single aggregate generic LV micro-WT model, giving electrical power output at a given input

wind speed, in W/m2 of the WT swept area.The power curve model in this case is expressed

analytically by fitting a polynomial with exponential component using regression analysis:

PLV−EWG = (1− e−0.75(v))(7.9v+2.9v2−0.084v3) (4.15)

In this thesis, the impact of LV-EWG is only considered in terms of network active power de-

mand reduction (assuming all devices operating at unity power factor). Modelling the "internal

grid" in the LV-EWG case is far more difficult than in the case of MV-EWG, as the intercon-

necting urban distribution network is likely to be complex and meshed. References [124, 125,

126, 127] provide a more detailed analysis of this, combining models of micro-generation and

system LV loads.
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(a) Generic model µWT1 (b) Generic model µWT2

(c) Generic model µWT3 (d) Generic model µWT4

(e) Generic model showing aggregate mechanical output (f) Generic model showing aggregate electrical

Figure 4.19: Building generic models of micro/small LV-connected EWG [66].

4.5.8 All-scale Aggregation of EWG in Selected Region

The modelling approach described in the previous sections can be used to build an aggregate

representation of all EWG (MV and LV-connected) in a selected network region, based on

publicly-available information on WF capacities and types of installed WTs. The proposed

methodology has two main advantages: a) grouping of many highly dispersed EWG WTs re-
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duces the model complexity and computational burden, and b) wind modelling and forecasting

errors for a network region are significantly smaller than the errors for an individual site.

Figure 4.20 shows the calculated annual power outputs from the EWG in the considered region

aggregated at all scales, based on the estimated installed capacities in the Southern Scotland re-

gion (approximately 400 MW of installed MV-EWG capacity, and 3 MW of installed LV-EWG

capacity [199]), for one year (2009). These models are applied in analysis of the transmission

system in Chapter 6 of this thesis, illustrating the effect of EWG on aggregate demands at HV

substations, and on grid power flows and congestions.

Figure 4.20: Total active and reactive power output from all-scale EWG in considered region
for the year 2009.

4.5.9 Discussion

An "all-scale" approach to modelling wind generation is presented in this chapter, which is

intended to allow for accurate modelling of embedded (MV and LV-connected) wind generation

in power system studies. Since measured performance data from MV-EWG and LV-EWG may

not be available, generic models, based on statistical data are proposed. Generic aggregated

models are built for the WTs and the interconnecting networks, or internal grid.

Whereas previous work in the literature on the impact of wind generation on the grid, has

focused only on larger, transmission-connected WFs, the outputs from the EWG modelling

approaches outlined in this chapter can be used to include all connected EWG in the analysis,

i.e. including EWG which is highly-dispersed and embedded in MV and LV networks. The

outputs from this PhD research can be used to more accurately estimate the impacts on real and

reactive power flows at system grid supply points. It is demonstrated in Chapter 6 that EWG

can have a significant impact on the performance and operation of the grid, and the application

of the proposed models to transmission system analysis is discussed in detail here.

Although the validation presented above is carried out using a limited data set (comprised
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of recorded data at six WFs in the region of interest), the results indicate that the proposed

models are capable of providing a good approximation of the actual performance of EWG.

It is important to consider the modelling of the power conversion systems carefully, since

inaccuracies in the power performance curve models used will add significantly to the total

error obtained from the combined wind resource and EWG conversion model.

The mesoscale atmospheric model presented in Section 3.5.2 is used for estimation of wind

energy resources in the selected EWG region, where the EWG region corresponds to a group

of grid supply points with a high local EWG penetration. However, it should be noted that the

proposed methodology has a number of limitations. The EWG aggregation procedure presented

is only suitable for steady state analysis with time steps of 30 minutes to several hours. At

shorter timescales, the assumptions around correlation and coherency of wind speed regimes

in a given EWG region may be no longer valid.

Additionally, the performance of the all-scale model in extreme wind scenarios (e.g. storm

conditions) is not fully validated, and further work is required to assess the suitability of this

approach in such situations. Finally, the analysis assumes that all WTs in a given EWG region

are fully available, and does not consider the impact of technical issues such as outages, faults

and maintenance of WFs and their interconnecting networks. However, the technical availabil-

ity of modern WTs is very high, typically 97-98% for onshore WTs [78, 203, 211, 212], so this

is not expected to have a major impact on results.



Chapter 5

Modelling of Grid Supply Point Loads

and Demand Side Management

This chapter deals with the modelling of Grid Supply Point (GSP) loads and the identification

of the portion of the system loads which are potentially available for Demand Side Management

(DSM) applications. It is expected that the largest proportion of the growth in the implemen-

tation of DSM actions and schemes will be in the residential and commercial load sectors (see

literature review and discussion in Chapter 2).

In the following sections, a methodology for estimating the contribution of each load sector to

an aggregate GSP load demand is described. The residential and commercial sector loads are

then decomposed into individual load types in order to identify which loads may participate in

DSM, and the times throughout the day in which each load category is typically present.

One of the challenges in modelling DSM-enabled loads in power system analysis is the aggre-

gation of highly-dispersed loads and their interconnecting MV and LV distribution networks;

this is also discussed in detail. Finally, the availability and potential for DSM in the UK

residential and commercial sectors is assessed, and the DSM scenarios used in the final analysis

are described.

5.1 Load Identification Methodology

This section analyses electrical demand data measurements, which were available at all of

the GSPs in the SPTL network region in the form of half hourly measurements of active and

reactive power demands, over the course of one full year. This data was recorded at the 33

kV GSPs, i.e. at the interface between the transmission and distribution networks. The 33 kV

GSPs are illustrated by the red squares in Figure 5.1, which shows the distribution network in

the Edinburgh city area11.

11. Note that only the Edinburgh city part of the network is illustrated here. The overall network area used in the
study is much larger, comprising of 89 GSPs across the entire Central and Southern Scotland region.

93
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Figure 5.1: Map illustrating the 33 kV distribution system in the Edinburgh city region [207].

A load identification methodology is required in order to disaggregate the electrical demand

data into load sectors, before the load measurements could be decomposed and the demand-

manageable portion identified. In general, each GSP serves a mixture of residential, commercial

and industrial load sectors (along with other load types with a smaller contribution to the overall

demand, such as transportation, street lighting, agriculture, public administration etc.).

Full information on exactly what proportion of load is served at each GSP is very difficult

to obtain. In the UK, publicly-available information on electricity end use and breakdown of

load sectors is only available in the form of statistics compiled at the national or regional

level [135, 136, 137].

Hence, an algorithm for separating the GSP load into each of the main load sectors was

developed, which measures the statistical fit of "typical" residential, commercial and industrial

load curves to the actual GSP measurements, and apportions load into each sector based on

the fit results. This is described in detail below through example, using measurements from the

maximum winter demand day in the 2009/10 recording year12, 7th January, 2010.

12. The recording year used by the Distribution Network Operator (DNO) runs from 1st April to 31st March.
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5.1.1 Typical Daily Load Curves for Winter Peak Demand

First, "typical" daily load curves were established for the residential, commercial and industrial

cases. These are illustrated in Figure 5.3 for the maximum winter day. These typical load curves

were established by selecting GSP demand measurements which were made up entirely (or

almost entirely) of a single load sector for the selected day. These GSPs were selected based

on the information in [207] on the sizes and geographic locations of the loads in the relevant

distribution system network, and also on visual inspection of the daily load curve.

For example, a purely residential active power demand curve has a characteristic shape on

weekdays [137]: a lower first peak in the morning (around 08:00 hours), followed by a trough

or constant demand in the afternoon hours (as many dwellings are unoccupied during working

hours), and a higher second evening peak (around 18:00 hours). These characteristics are

clearly shown in the residential load curve in Figure 5.2, which is taken from measurements at

the "Kilbowie" GSP node in the SPTL network [207].

Figure 5.2: Recorded active power demand at Kilbowie GSP for maximum winter day.

The active power demand curve in Figure 5.2 is assumed to be entirely made up of residential

load, and is also assumed to be representative of the typical residential load curve for the

maximum winter day on the SPTL system. The KILB load curve is expressed in per unit of

the daily peak demand (11.75 MW) in Figure 5.3a. The reactive power demand (also recorded

at the GSP for each half-hourly period) from this node on the selected day is used to build the

"typical" reactive daily load curve Figure 5.3b.

Similarly, GSPs with a large proportion of demand from the commercial load sector can be

easily identified, as they are located in highly urban city centre areas, and the largest demand

there occurs during working hours, with a gradual decrease throughout the late afternoon and

early evening hours (Figure 5.3a). In the SPTL network, the DEWP and WGEO nodes are good

examples of city centre GSPs with mainly commercial load [207].

The industrial load sector case is the most difficult to model, since load shapes can vary

considerably depending on the type of industrial load at each particular site (e.g. heavy industry,
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(a) Active power demands

(b) Reactive power demands

Figure 5.3: Typical load curves used for residential, commercial and industrial sectors for
maximum winter day case, expressed in per unit of the daily peak MW demand.

light industry etc.). Industrial load shapes can also have large variations from day to day,

depending on the actual type of processes involved (e.g. brewing, metalworking) and tasks

performed on that day. In the presented analysis, the industrial load shape in Figure 5.3a was

assumed to be a typical representative of industrial loads in the SPTL system. The base load

is higher than in the residential and commercial load sectors, since certain equipment and

processes will run on a 24-hour basis, and there is a relatively moderate increase in demand

during working hours.

5.1.2 Description of the Load Identification Algorithm

An algorithm was developed to identify the proportion of each of the three main load sectors

present in the aggregated demand measured at each GSP in the network. A "top-down" ap-

proach is used, where the previously identified "typical" daily load curves from Figure 5.3a are

fitted to the real power demand measurements. Firstly, the GSP demands are per unitised, and

the "fit" of the three typical demand curves to the recorded GSP demand is quantified using a

Goodness-Of-Fit (GOF) metric. The GOF is defined as the two-dimensional cross-correlation
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coefficient:

GOF =
∑

N
i (xi− x̄)(yi− ȳ)√

∑
N
i (xi− x̄)2.∑N

i (yi− ȳ)2
(5.1)

where: x is the measured demand time series, y is the typical daily load curve for each sector,

N is the total number of measurement points in the daily load curve time series (in this case

48, corresponding to average 30-min demands over 24 hours), x̄ and ȳ are the means of the

measured demand and typical daily load curve values, respectively.

The three typical curves (i.e. the residential, commercial and industrial components) are com-

bined in various proportions, where the weights of each component are adjusted in the range

from 0 to 1.0 in increments of 0.01, to build the model daily load curve, Pmodel:

Pmodel =
N

∑
i
(Pres,i wres +Pcom,i wcom +Pind,i wind), f or wres +wcom +wind = 1.0 (5.2)

The component weights (wres, wcom, wind), which provide the maximum value of GOF of all

possible combinations, are used to create the "best fit" final load model. The load identification

algorithm is shown in flow chart form in Figure 5.4. This load identification algorithm is applied

to demand measurements from each of the 89 GSPs in the SPTL network, and some examples

of the typical results obtained are given in Section 5.1.3 below.

There are some relatively small contributions to the aggregate GSP demand from other types

of load such as transportation, agriculture, public administration etc. However, according to

data in [135] and [136], the three main load sectors (residential, commercial and industrial)

make up more than 95% of the total demand in UK. Hence, the algorithm focuses only on

the identification of these three main load sectors. Details of the code used to implement the

algorithm in Matlab are provided in Appendix D.

5.1.3 Load Identification Examples

The results obtained using the load identification algorithm at one selected GSP in the SPTL

network (the node at Bathgate, substation code BAGA) are given in Table 5.1 and 5.5. This

represents the best fit for the maximum winter day case, after the weights of the three load

sector components have been adjusted for all possible combinations of the typical daily load

curves.

The contributions from each component change over the course of the day, with the average

values as follows: residential component 0.57 (or 57%), commercial component 0.24 (24%)

and industrial component 0.19 (19%). The "model" column shown in Table 5.1 is the daily



5.1. Load Identification Methodology 98

Figure 5.4: Load identification algorithm flow chart.

demand model, Pmodel , built using (5.2) with these weights. The calculated maximum GOF

was 0.992.

Figure 5.5a shows the measured daily load curve at the BAGA GSP node, expressed in per unit.

The results from the load identification at BAGA are given in graphical form in Figure 5.5b. The

"model" daily load curve, shown in red represents sum of the best fit residential, commercial

and industrial components shown in Table 5.1. For this node, the algorithm has identified a

large residential component.

Figure 5.6 shows the results from a GSP with a much higher industrial component identified.

The demand at these buses is characterised by a high base load level and a relatively moderate

increase in demand during daytime hours.

Figure 5.7 shows a GSP which is composed entirely of commercial load, according to the

algorithm (i.e. the best GOF fit is obtained where commercial component is 1.0, with both
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(a) Measured demand in per unit

(b) Load identification results

Figure 5.5: Results of load identification at BAGA node (large residential component).

residential and industrial components set to 0). This load curve is typical of nodes located in

highly urban areas, where almost all of the demand is from commercial loads (e.g. city centre

office and retail sites).

5.1.4 Handling of Non-standard Load Curves

At approximately 25% of the nodes in the SPTL system analysed in the study (22 of the 89

GSPs examined), the total load curve does not follow a standard pattern. Figure 5.8a illustrates

an example of a demand measurement for the maximum winter day at one GSP, showing a

non-standard load curve. It can be very difficult to identify patterns in the load in cases where

the measured GSP demand has a large proportion of components with non-typical load curves

(e.g. transport, heavy industry), or when there is significant embedded generation connected to

the distribution network.

For instance, the Berwick (BERW) node shown in Figure 5.8 illustrates an example where

the load identification algorithm performed poorly. The maximum GOF found using all com-

binations of the typical load curve components is 0.91, below the pre-defined threshold of
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Time Res Com Ind Demand Model
(hr) %) (%) (%) (p.u.) (p.u.)

00:00 57.1 22.3 20.7 0.64 0.62
00:30 57.7 21.8 20.5 0.65 0.63
01:00 58.3 21.3 20.4 0.65 0.63
01:30 57.9 21.5 20.6 0.63 0.63
02:00 57.7 21.4 20.9 0.61 0.62
02:30 57.2 21.6 21.2 0.6 0.6
03:00 57 21.9 21 0.59 0.58
03:30 56.6 22.2 21.3 0.6 0.57
04:00 56.3 22.1 21.6 0.58 0.56
04:30 56.2 22.1 21.7 0.57 0.55
05:00 56.6 22.2 21.2 0.57 0.55
05:30 56.5 22.6 20.9 0.59 0.57
06:00 57 22.3 20.7 0.63 0.61
06:30 57.2 22.2 20.6 0.67 0.67
07:00 57.6 22.3 20.1 0.69 0.72
07:30 57.5 22.9 19.7 0.71 0.75
08:00 56.2 23.9 20 0.73 0.75
08:30 53.8 25.8 20.4 0.74 0.75
09:00 52.7 26.8 20.5 0.76 0.76
09:30 51.8 27.5 20.8 0.78 0.77
10:00 51.1 28 20.9 0.8 0.78
10:30 50.7 28.3 21 0.8 0.79
11:00 50.1 28.7 21.2 0.8 0.79
11:30 50.1 28.7 21.2 0.81 0.79
12:00 50.2 28.8 21.1 0.82 0.78
12:30 50.5 29 20.6 0.81 0.78
13:00 50.6 29.3 20.2 0.8 0.78
13:30 50.3 29.6 20.1 0.79 0.77
14:00 50.6 29.2 20.3 0.8 0.77
14:30 51.1 29 19.9 0.8 0.77
15:00 52.1 28.5 19.4 0.82 0.8
15:30 54.3 27.3 18.4 0.85 0.84
16:00 57.8 25.3 16.8 0.9 0.9
16:30 60.6 23.5 15.9 0.97 0.96
17:00 62.5 22.2 15.2 1 0.99
17:30 63.5 21.4 15 0.99 1
18:00 63.9 21.1 15.1 0.98 0.99
18:30 63.9 21 15 0.97 0.96
19:00 63.9 20.9 15.1 0.94 0.94
19:30 64.7 20.5 14.8 0.93 0.94
20:00 65.7 19.8 14.5 0.92 0.94
20:30 66 19.4 14.6 0.94 0.93
21:00 66.3 19.1 14.6 0.92 0.91
21:30 65.9 19 15.1 0.86 0.87
22:00 65 19.3 15.8 0.81 0.83
22:30 63.8 19.8 16.4 0.77 0.8
23:00 61.7 20.7 17.7 0.73 0.74
23:30 59.4 21.7 18.9 0.65 0.69

Whole day
average 57.4 23.7 19 0.77 0.77

Table 5.1: Weights of components from load identification at BAGA bus.
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Figure 5.6: Results of load identification at SHRU node (large industrial component).

Figure 5.7: Results of load identification at WGEO node (large commercial component).

GOF > 0.96 (see algorithm flow chart, Figure 5.4).

For all GSPs where the best fit GOF obtained using the algorithm below 0.96, it is assumed that

there is another component in the load mix, defined here as "miscellaneous" ("Misc"), which

does not correspond to any of the residential, commercial, or industrial categories.

In non-standard cases, such as the BERW example above, the load model components which

provide the best fit (GOF = 0.91) are shown by the "Res", "Com" and "Ind" lines in Figure 5.8.

The miscellaneous component, Pmisc is simply calculated by taking the error between the mea-

sured demand and the model built from the residential, commercial and industrial components

(5.3). Afterwards, this Pmisc component is simply removed from the load analysis and not

considered for further load decomposition.

Pmisc = Pdemand−Pmodel (5.3)

Furthermore, for some GSPs, it is apparent that there is embedded DG connected, (e.g. this
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(a) Measured demand in per unit

(b) Load identification results showing "Misc" component

Figure 5.8: Results of load identification at BERW GSP node (large "miscellaneous" load
component).

is obvious if there is negative demand, or if publicly available data [32, 207] indicates that

there is significant DG present at the GSP). In these cases, the "DG" component is removed

before carrying out the load identification. Figure 5.9 shows an example of negative demand

occurring at the Tongland (TONG) GSP. It is known from data provided in [207] that there is

an embedded 30 MW hydro-electric pumped storage DG installation at this node.

There is a large export from TONG during the daytime hours, particularly during the peak

evening hours (16:00-20:00). It is clear that the hydro-electric plant exports only during the

peak hours, which is generally when electricity prices are highest. The "Misc" component

identified in Figure 5.9b is likely to be the result of hydro-electric plant pumping during off-

peak hours.

A table showing full results of the load identification for all 89 nodes in the system is provided

in Appendix D.2. All identified components are expressed in per unit, and the combined sum

of all load components, minus the contribution from DG must sum to 1:
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(a) Measured demand in per unit

(b) Load identification results showing DG component

Figure 5.9: Results of load identification at TONG GSP node (large DG component).

Pres +Pres +Pres +Pmisc−PDG = 1.0 (5.4)

5.1.5 Typical Daily Load Curves for Minimum Summer Demand

Using the same approach as outlined above for the maximum winter demand case, the load

identification was carried out for each of the 89 GSPs in the network using the measured

demands for the minimum summer day. As demonstrated earlier in Section 5.1.1, "typical" load

curves for the minimum summer day were determined by selecting measurements from nodes

which were known to be made up almost entirely of one the three main sectors (residential,

commercial or industrial). Figure 5.10 shows the typical load curves selected for the minimum

summer day.

As before, all load curves are expressed in per unit, where 1.0 p.u. represents the daily peak

MW load. The actual MW demand recorded at the daily peak is around 50% lower for the

minimum summer day compared to the maximum winter day. There are also some noticeable

differences in the typical load curve characteristics for the minimum summer day (Figure 5.10),
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for instance, there is a second, later evening "peak" in the residential load curve, Figure 5.10a.

Additionally, the load pick-up during the morning hours (07:00-10:00) is more gradual in both

the residential and commercial cases. These differences are driven primarily by the different

lighting and heating requirements in each season. This is dealt with in more detail later, when

load decomposition is discussed in Section 5.1.7.

(a) Active power demands

(b) Reactive power demands

Figure 5.10: Typical load curves used for residential, commercial and industrial sectors for
minimum summer day case.

The load identification algorithm described by Figure 5.4 is applied to determine the residen-

tial, commercial and industrial components at each node. As an example, Figure 5.11 below

illustrates the load components identified for the BAGA node (best fit obtained GOF = 0.98).

Detailed results for all nodes in the SPTL system are provided in Appendix D.
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Figure 5.11: BAGA node (minimum summer day).

5.1.6 Load Identification Results and Discussion

While it is not possible to fully validate the results of the load identification algorithm at each

GSP individually (this would require detailed information about the load sectors present at

every node in the system), it is possible to compare the total proportion of each load sector in

the total load mix with statistical data. The load identification algorithm identifies the following

total percentage contributions of each load sector across the entire SPTL network, calculated

as the average of the maximum winter and minimum summer cases.

• Residential: 41%

• Commercial: 22%

• Industrial: 31%

• Miscellaneous/Other: 6%

Figure 5.12 compares the overall percentage contributions from each load sector identified in

the analysis of all 89 nodes with the corresponding statistical data for the SPTL system given

in [135, 136]13. This comparison provides a simple "reality check" of the load identification

algorithm, indicating that the overall percentages of each load sector identified are correct

when averaged across the system. However, it does not explicitly verify that the contribution

identified at each individual GSP node is accurate.

The selection of the typical daily load curves is crucial for the above analysis. For instance, the

"typical " residential sector curve selected needs to be representative of all of the residential

loads in the system. There are certain limitations to the proposed load identification approach,

as it uses only three main load sectors (excluding the Misc. and DG components). The overall

methodology could be improved by expanding the numbers and types of load sectors to include

different sub-sectors in the residential, commercial and industrial load sectors, [134, 213].

13. Note that all of the figures shown exclude electricity consumption due to transmission and distribution losses
and energy industry use of electricity (e.g. generating station loads).
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Figure 5.12: Total percentage contributions from each load sector identified compared with
statistical data.

For instance, separate sectors could be created for light and heavy industry, or for office and

retail commercial loads, or for urban, suburban and rural residential sub-sectors. Additional

load sectors could also be added, e.g. for transport, street/public lighting, agricultural load, etc.

In the absence of reliable measurements, or information on the typical daily curves in each of

these additional sectors for the SPTL network, the presented work does not include any of these.

However, the overall modelling framework/methodology for load identification outlined above

could still be applied and further refined, as more detailed load measurements and statistics

become available.

5.1.7 Load Decomposition

Every aggregate GSP load in the system now has the proportion of each load sector identi-

fied. The next step in the analysis decomposes each load sector into end-use device types,

or load categories, according to the method outlined in [123, 124, 125, 126, 127, 138, 139].

Collin [138] has carried out a significant amount of research into developing and updating

component-based load models from UK load data, particularly focusing on the residential and

commercial load sectors. This approach is is illustrated schematically in Figure 5.13. These

models are aggregated to higher voltages and applied in network analysis in this thesis.

Figure 5.14 shows an example of a UK residential load curve, decomposed into each of its

constituent load types according to the method provided in [138], using statistical information

on the load mix and load devices connected (e.g. [135, 136, 137]). The contribution of each

load type, and hence the structure and electrical characteristics of the load, change considerably

over the course of the day.

For instance, the contribution of the "Consumer Electronics/ICT" load type in Figure 5.14 is

very small during the morning and afternoon hours (06:00-18:00), but makes up the largest



5.2. Modelling and Aggregation of the MV and LV Networks 107

Figure 5.13: Component-based approach to load modelling [138].

proportion of the load during the evening hours from 20:00-22:00. The load types can then be

broken down further into load device categories and sub-categories (e.g. "Consumer Electron-

ics/ICT" loads can be further classified according to high/low power consumption, and which

type of PF correction they employ [138]).

Full details of the modelling approach applied for the load decomposition and its validation

are not reproduced here, instead, the reader is referred to the citations mentioned above, in

particular Collin et al [124, 125] and [138]. The load decomposition approach is applied in this

thesis to build an accurate, equivalent representation of the aggregate load at each node in the

network, and also to allow the portion of the load at each GSP node which could potentially be

used for DSM to be identified (see Section 5.3).

5.2 Modelling and Aggregation of the MV and LV Networks

In order to build an accurate model of the aggregate load at each GSP, it is necessary to create an

equivalent representation of the supplying MV and LV networks. It is not feasible to fully model

the distribution network at each GSP due to the modelling and computing effort necessary.

Instead, for each of the 89 GSPs in the SPTL system, the supplying network was classified

according to the four distribution network sub-sector equivalents defined in [214]:
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Figure 5.14: An example of the decomposition of the load curve into load types for the UK
urban residential load sector [138].

• Highly Urban (HU)

• Urban (U)

• Suburban (SU)

• Rural (R)

5.2.1 Definition of Supplying Network Sub-sectors

The classification of GSPs is based on the MVA ratings of the primary distribution transform-

ers, using the data given in the SPTL Long Term Development Statement [207]. The primary

transformer ratings (33:11 kV, or less commonly, 33:6.6 kV in UK systems) are used for the

classification since, of all the distribution network parameters, these provide the best indication

of the capacity and ratings of the downstream MV and LV network components and connected

load.

Table 5.2 shows the typical parameters for 33:11 kV transformers and the MVA ratings corre-

sponding to each sub-sector. The values shown are based on those calculated in [214].

Sub-
sector Rating Vector

Group
Resistance

(R)
Reactance

(X)
Zero seq.

(X0) OLTC tap range Tap step

MVA p.u. on 100MVA Min Max p.u.

HU 30 Dyn11 0.03 0.78 4.0 0.80 1.04 0.143

HU,U 24 Dyn11 0.03 0.71 0.5 0.85 1.05 0.143
15 Dyn11 0.06 1.00 5.0 0.80 1.05 0.143

U,SU 10 Dyn11 0.07 1.00 0.5 0.85 1.045 0.143

SU,R 7.5 Dyn11 0.10 1.08 0.5 0.85 1.045 0.143
5 Dyn11 0.14 1.30 0.8 0.85 1.045 0.143

2.5 Dyn11 0.36 2.80 1.8 0.81 1.04 0.143

Table 5.2: Parameters of typical 33:11 kV distribution transformers [214].
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In all of the analysis shown, the classification of sub-sector (HU/U/SU/R) was made at the GSP

level. The following simplifying assumption was made: at each GSP, all feeders were assigned

to the same sub-sector load type. In reality, however, individual GSPs often serve a mixture of

sub-sectors.

Table 5.3 shows an example of one GSP in the SPTL system, Govan (GOVA), where there

is a mixture of HU, U and SU feeders. The median value of the transformer MVA rating at

all feeders was used to classify the GSP. In the case of GOVA, the median rating is 15 MVA,

so it is assumed that the GOVA GSP (and therefore, all connected feeders) have U sub-sector

characteristics. This simplification greatly reduces the complexity of the calculation of the MV

network equivalents. The results of this sub-sector classification for all nodes in the SPTL

system are provided in Tables D.1 and D.3, Appendix D.

Primary
substa-

tion

Secondary
substation Tx From kV To kV Vector

Group

Transformer
Rating
(MVA)

CARDONALD 1 CARDT1 33 CARD10 11 DYN11 11.5
CARDONALD 2 CARDT2 33 CARD20 11 DYN11 11.5

ELIZ. ST 1 ELIST1 33 ELIS10 6.6 DYN11 10.0
Govan ELIZ. ST 2 ELIST2 33 ELIS20 6.6 DY11 10.0

HELEN ST 1 HELST1 33 HELS10 6.6 DYN11 20.0
HELEN ST 2 HELST2 33 HELS20 6.6 DYN11 20.0

LINTHOUSE 1 LINTT1 33 LINT10 11 DYN11 7.5
LINTHOUSE 2 LINTT2 33 LINT20 11 DYN11 7.5

Table 5.3: Example of MV system classification at GOVA bus [214].

5.2.2 MV and LV Network Equivalent Impedances

The results in [214] provide equivalent impedances for the LV (0.4 kV) and MV (11 kV or 6.6

kV) networks in each sub-sector, which can be applied directly in the analysis. The values are

provided in Table 5.4. In the GOVA example, the Urban Zeq,LV can be used to represent the

LV supplying network (i.e. 0.4 kV components), and the Urban Zeq,MV to represent the MV

supplying network (i.e. the secondary transformer, and all other 11 kV or 6.6 kV components

downstream).

5.2.3 Modelling the Interconnecting 33 kV Networks

A similar classification procedure was used to find equivalents for the interconnecting 33 kV

networks. These interconnecting networks typically consist of several 33 kV feeders running

from the GSP to the 33 kV:11 kV (or in some cases, 33 kV:6.6 kV) primary transformers.

Figure 5.15 shows an example of a typical urban interconnecting 33 kV network.

Generally, highly urban and urban 33 kV networks serve sizeable loads and hence have high

ratings, with a large proportion of underground cables. Suburban and rural 33 kV networks,
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Sub-sector LV distribution network MV/LV distribution network
Zeq,LV Zeq,MV

R(Ω) X(Ω) R(Ω) X(Ω)

Highly Urban 0.002023 0.001178 0.090291 0.187118
Urban 0.006257 0.001716 0.165367 0.272784

Sub-Urban 0.015 0.004057 0.58564 0.93775
Rural 0.0237455 0.003045 2.42968 3.58402

Table 5.4: MV and LV overall network impedances per load sector [207].

on the other hand, are composed mostly of overhead lines with smaller capacities. Rather than

modelling all of the 33 kV networks throughout the SPTL system, four "characteristic" nodes

on the SPTL system were selected to represent the interconnecting networks for each of the

four sub-sector classifications:

• Highly Urban (HU): WGEO - West George St.

• Urban (U): GOVA - Govan

• Suburban (SU): KAIM - Kaimes

• Rural (R): NETS - Newton Stewart

These 33 kV MV networks, including the On-line Tap-changing (OLTC) primary transformers

were built in detail in PSS/E, in order to quantify the typical effects of the 33 kV network

on real and reactive power losses, in each of the sub-sectors. This approach is based on the

assumption that the selected sample nodes for each sub-sector (HU/U/SU/R), are representative

of all other nodes in the system with the same classification, e.g. all other urban loads have

similar characteristics to the selected GOVA node.

This greatly reduces the modelling effort required, as only the four "characteristic" nodes are

simulated in detail. The modelling of the interconnecting networks incorporates the action of

the primary OLTC transformers (33 kV:11kV), which regulate the substation voltage within

the specified 0.94-1.06 p.u. range. Accordingly, the results obtained at each time step in the

simulation are taken after any automatic adjustments of the transformer taps was performed

(any necessary OTLC adjustments are typically carried out within timescales of tens of seconds

to several minutes).

5.2.4 Aggregation of 33 kV Networks

The load components, along with the interconnecting networks are aggregated at the GSP level

to produce a simplified, aggregate load model at each HV network bus, which fully incorporates

DSM loads. This load model can be reproduced throughout the network as required, and is

flexible, since the component-based approach allows for changes in the load structure and

composition, e.g. due to a DSM action, to be implemented easily in the network analysis.
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Figure 5.15: Govan GSP 33 kV network [207].

The end result of the aggregation is that the component-based load models (expressed in

polynomial ZIP form), the LV and MV equivalent impedances, and the interconnecting 33

kV network are replaced by a single aggregate ZIP representation at the GSP, at each time step

in the simulation. Figure 5.16 illustrates the general methodology in a flow diagram.

The method applied for finding aggregated ZIP model coefficients is similar to that used

in [124]. The main steps carried out for each network node can be summarised as follows:

• The aggregate LV load models for each sector are combined according to the proportion

of each of the main load sectors identified in Section 5.1.

• The appropriate network model is selected from one of the four sub-sectors HU/U/SU/R.

• The LV ZIP load models, along with the equivalent impedances, Zeq,LV and Zeq,MV are

connected at the secondary substations.

• A voltage sweep in the range 0.9-1.1 per unit is carried out by adjusting the voltage at

the GSP in increments of 0.025 and calculating the power flow.

• The active and reactive power flows at the GSP are recorded for each voltage increment.

• The polynomial ZIP coefficients at the 33 kV node are found by least squares estimation

fitting of the active and reactive power results.
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Figure 5.16: GSP load aggregation methodology.

The analysis is carried out at each half-hourly interval, resulting in a time-varying set of ZIP

coefficients, expressing the changes in the load composition at each interval over the course of

the day:

Pn = Po,n

[
Zp,n

(
V
Vo

)2

+ Ip,n

(
V
Vo

)
+Pp,n

]
f or n = 1, ...,48 (5.5)

Qn = Qo,n

[
Zq,n

(
V
Vo

)2

+ Iq,n

(
V
Vo

)
+Qq,n

]
f or n = 1, ...,48 (5.6)

where: Pn, Qn are the actual active and reactive powers drawn by the load at each time step

n, V is the actual supply voltage, Vo is the nominal supply voltage, Po,n and Qo,n are the

nominal/rated active and reactive powers, and Zp,n, Ip,n, Pp,n, Zq,n, Iq,n, Pq,n are the polynomial,

or "ZIP" model coefficients. Some examples of the results obtained from the load aggregation

are provided in the following section.
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5.2.5 Aggregated Polynomial and Exponential Load Models Incorporating Net-
work Effects

The load aggregation methodology outlined in Figure 5.16 describes the load characteristics

and their variations over the course of the day, expressed in the form of polynomial models

(the standard "ZIP" model, see Section 2.3.4, (2.1) and (2.2)), or exponential load models. In

order to illustrate an example of the outputs from the aggregation process, the active power ZIP

coefficients obtained from the aggregate 33 kV load model at one selected node (Bathgate -

BAGA) are shown in Figure 5.17.

(a) Active power (b) Reactive power

Figure 5.17: Polynomial ZIP model coefficients calculated at BAGA node.

This ZIP model incorporates the effects of the network (i.e. after running a voltage sweep at

33 kV in the range 0.9-1.1 p.u. and fitting ZIP coefficients to the results). The corresponding

reactive ZIP coefficients are given in Figure 5.17b. The ZIP coefficients are constrained so that

they must sum to unity in both the active and reactive cases.

For the purposes of displaying and comparing the load models in a graphical format, the

exponential load models ((5.7) and (5.8)) are often preferred, since these make the results

of the analysis easier to visualise. The exponential models are also fitted using least squares

estimation, after carrying out the voltage sweep at 33 kV.

Pn = Po,n

(
V
Vo

)np,n

f or n = 1, ...,48 (5.7)

Qn = Qo,n

(
V
Vo

)nq,n

f or n = 1, ...,48 (5.8)

where np,n and nq,n are the exponential model coefficients. Figure 5.18 shows the resulting

np and nq values for the maximum winter day. These aggregated 33 kV GSP load models are

applied in transmission network analysis in Chapter 6.



5.3. Identification of DSM Portion in System Loads 114

(a) Active power (b) Reactive power

Figure 5.18: Exponential coefficients calculated at BAGA node.

5.3 Identification of DSM Portion in System Loads

This section discusses the assessment of residential and commercial loads and the identification

of the portion of each GSP load which may be able to participate in DSM actions and schemes.

Using the LV load models previously developed in [123, 124, 125, 126, 127, 138, 139], the

presented methodology allows loads with potential for use in DSM schemes and their estimated

contributions to the overall demand at each settlement period throughout the day to be identified

at each GSP in the system. The approach enables the user to model various DSM scenarios,

by adjusting the various components in the load mix. The aggregate load model at 33 kV can

then be rebuilt and expressed in polynomial or exponential format, as previously outlined. The

approach is illustrated using the maximum winter and minimum summer days for the SPTL

system.

5.3.1 Decomposition of Residential and Commercial Load Curves

Residential Sector

The decomposition of the typical UK residential load curve identified in Section 5.1.1 into its

constituent load types is shown for the maximum winter day and the minimum summer day

in Figures 5.19 and 5.20. The majority of the storage heating, including Domestic Hot Water

(DHW), is concentrated in the night and early morning hours (00:00-08:00), mainly due to the

off-peak tariffs offered during these hours (e.g. "Economy 7"). In the early evening, cooking

loads make up the largest component, while later in the evening (20:00-24:00), Consumer

Electronics (CE) and Information and Communications Technology (ICT) and lighting loads

dominate.

There are considerable differences between the maximum winter and minimum summer days.

In particular, there is a lower contribution from heating load in the summer, and the evening

pick-up in summer (Figure 5.20) is much more gradual, with the evening peak occurring at a

later time due to longer daylight hours.
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Figure 5.19: Decomposition of typical UK residential daily load curve for maximum winter day
[138].

Figure 5.20: Decomposition of typical UK residential daily load curve for minimum summer
day [138].

Commercial Sector

Decomposition of the commercial loads is shown in Figures 5.21 and 5.22. This is based on

the analysis in [138], using publicly available statistical data for commercial office and retails

buildings provided in [137] and [215]. In the maximum winter day case, Lighting and heating,

which includes Hot Water and Space Heating load types, make up the largest component of

demand. For the minimum summer day, the contribution from heating is minimal and there is

a large air-conditioning load, particularly during daytime hours.
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Figure 5.21: Decomposition of typical UK commercial daily load curve for maximum winter
day [138].

Figure 5.22: Decomposition of typical UK commercial daily load curve for minimum summer
day [138].

Industrial Sector

The industrial load is assumed constant in all scenarios, and the load model used is the "light

industrial" model described by EPRI in [134, 213]. The detailed decomposition of the industrial

load is beyond the scope of this work, since, as already discussed, the industrial load varies

considerably depending on the type of industry, and hence it is much more difficult to develop

a general model. Additionally, the focus in this thesis is on the potential for development of

DSM in the residential and commercial sectors.
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5.3.2 Assessment of DSM Potential

The load categories in the residential and commercial load sectors and the potential of each

load type to be used for DSM are given in Tables 5.5 and 5.614. A qualitative description of

the disruption to the end user is proposed in this assessment, i.e. how much impact the planned

load deferral is likely to have on end user comfort.

The suggested maximum amount of time for which each load type could potentially be deferred

is also shown in Tables 5.5 and 5.6. Additionally, the last columns in each table show the

estimated contribution of each load type at the maximum winter peak hour in the SPTL system.

It should be noted that the proposed maximum load deferral times are not based on detailed

modelling of the method by which controlled loads are deferred (e.g. by a price signal, or fre-

quency control signal to consumer smart appliances). The total amount of time for which load

types can be deferred may vary depending on how the loads are aggregated and coordinated

across multiple users in a particular DSM scheme.

Load category Available for
DSM?

Disruption to
end user

Max. time
deferrable

Contribution at
system maximum
winter peak (%)

Lighting No - - 26.2
Storage heating Yes Low 0-2 hrs 0
Direct electric heating Yes Very High 0-1 hr 3.5
Top up heating No - - 5.4
Direct electric DHW Yes High 0-1 hr 4
Storage DHW Yes Low 0-2 hrs 0
Refrigeration Yes Low 0-30 mins 7.9
Wet Yes Low 4-8 hrs 10.8
Cooking Yes Very High 0-1 hr 39.2
CE and ICT No - - 3.1

Table 5.5: DSM potential estimated for SPTL residential sector.

Load category Available for
DSM?

Disruption to
end user

Max. time
deferrable

Contribution at
system maximum
winter peak (%)

Lighting No - - 40.5
Space Heating Yes Very High 0-1 hr 31.7
Hot Water Yes High 0-2 hr 3.3
Refrigeration Yes Low 0-30 mins 3.9
Catering No - - 7.2
CE and ICT No - - 9.4
Cooling Yes High 0-30 mins 0.0
Lifts No - - 4.0

Table 5.6: DSM potential estimated for SPTL commercial load sector.

14. Some light dimming in commercial loads may be possible, but it is not considered in this study.
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5.3.3 Load Types and Length of Times Available for DSM

The load categories and the loads with potential for use in DSM highlighted above are further

classified according to the proportion of demand-manageable, or deferrable load in each load

sector at each 30-minute settlement period throughout the day, and also the length of time that

each load type can be deferred for. In order to obtain a more conservative estimate of the total

load available for DSM, it is assumed in the analysis that:

• Loads with "Low" disruption to end user: 80% of the load category is deferrable, e.g. in

the case of residential wet load, it is assumed that 80% of all wet loads are available for

DSM.

• "Medium" disruption to end user: 60% of load category is available for DSM.

• "High" disruption - 40% of load category is available for DSM.

• "Very High" disruption - 20% of load category is available for DSM.

Residential Sector

Figure 5.23 shows that there is considerable potential for DSM in the residential sector, given

the assumptions made. However, a large part of the demand-manageable load does not coincide

with the times of high overall system demand, particularly the settlement periods around 17:00-

19:00. At winter peak loading levels, the system (i.e. the UK transmission grid) peak demand

level coincides with the maximum residential sector demand and typically occurs during the

17:30-18:00 settlement period [32].

It is important to note that a significant amount of the deferrable domestic load, particularly

storage space and water heating, is already shifted to the off-peak hours, Figure 5.23. This

means that DSM actions on these loads cannot provide any reduction or smoothing of demand

during system peak hours, although DSM could still possibly be applied for other purposes

(e.g. congestion or system stability remedial actions/interventions).

Commercial Sector

Figure 5.24 shows estimates of the DSM load available in the commercial sector, and the

length of time for which each load type is deferrable. A larger portion of the load is available

from DSM in the minimum summer case (Figure 5.24b) than in the maximum winter case

(Figure 5.24a), although the overall pattern of when DSM loads are available (i.e. hours of

day/night) does not change significantly. It is important to note that all demands shown in this

section have been per unitised for the purposes of the DSM analysis; the actual MW demands

at minimum summer demand levels are typically 50-70% lower than in the maximum winter

case.
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(a) Maximum winter day

(b) Minimum summer day

Figure 5.23: Estimated load available for residential DSM at each settlement period, showing
the amount of time load can be deferred for.

5.4 Application of DSM Scenarios

This section shows an illustrative example, which applies a simple DSM scenario at one se-

lected GSP. Some discussion on load diversity and its relevance to DSM implementation is

provided, and finally, the DSM scenarios used in the grid impacts analysis in Chapter 6 are

outlined.

5.4.1 Residential DSM Example

A basic peak-shifting DSM example is demonstrated below using the Bathgate (BAGA) node in

the SPTL system. It was previously shown in Section 5.1 using the load identification algorithm

that this node has a large residential component equal to approximately 57% of the total demand

on the maximum winter day. At the peak settlement period (17:30), the load at this GSP has a

64% residential component, 21% commercial component and 15% industrial component.

Figure 5.25a below illustrates the residential load decomposition at BAGA with the "wet" load

category highlighted. Figure 5.25b shows the residential after 50% of the wet load is shifted
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(a) Maximum winter day

(b) Minimum summer day

Figure 5.24: Estimated load available for commercial DSM at each settlement period, showing
the amount of time load can be deferred for.

from the peak hours (16:00-20:00) and reconnected over the period from 00:00-4:0015.

It is assumed, for the purposes of this example, that full control over the residential wet load

category is available (e.g. through the use of smart appliances, or similar). The four-hour

"block" of demand-manageable load is deferred by simply disconnecting 50% of the wet load

in each settlement period and deferring it for the maximum time possible. For instance, load is

first shifted from the settlement period 16:00-16:30 to 00:00-00:30, then from 16:30-17:00 to

00:30-01:00, and so on. The load shifting action reduces the daily peak demand, which occurs

in the 17:30-18:00 settlement period, by 7.5%, Figure 5.25.

This load shifting approach may not be optimal, since there is now a noticeable daily peak in the

residential load profile at the later time of 20:30 (Figure 5.25b). Moreover, if the reconnection

of loads is not managed carefully, DSM actions can result in undesirable system effects, such

as multiple demand peaks [97]. A better (and more realistic) method of DSM implementation

15. In order to show the effect of the load shifting clearly on one graph, the 50% of the wet load from the previous
day’s peak hours is re-connected during 00:00-04:00.
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(a) Base case (b) DSM peak-shifting

Figure 5.25: Decomposition of residential load at BAGA with wet load highlighted.

would be to gradually disconnect and reconnect loads at each individual network node to

provide a smoother final load profile. This is discussed in more detail in Section 6.3.1.

However, this simplified example demonstrates a methodology for estimating the potential for

DSM to reduce the GSP active power demand during the peak hours, and the resulting changes

in the load characteristics seen at the GSP. Figure 5.26 shows the calculated effect on the active

and reactive power load profiles at BAGA node after the LV and MV network aggregation

process described in Figure 5.16 has been carried out.

(a) Active power (b) Reactive power

Figure 5.26: Simulated power flows at BAGA GSP before and after applying DSM action.

The DSM action (shifting 50% of residential wet load from the peak hours in the early evening)

has a noticeable effect on both the overall GSP active and reactive power flows. For the active

power flow (Figure 5.26a), the demand peak which originally occurs at 17:30 is moved to the

later time of 20:30. Total demand in the peak period (16:00-20:00) is reduced by around 4%.

The analysis also allows to calculate the impact of the DSM action on the load characteristics

(expressed as exponential load models, aggregated to 33 kV). This is illustrated in Figure 5.27

There are significant changes in both the calculated reactive power demand and load model

coefficients at the BAGA bus during the settlement periods in which the DSM action is im-
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(a) Active power (b) Reactive power

Figure 5.27: Exponential load model coefficients at BAGA GSP before and after applying
DSM action.

plemented (Figures 5.26b and 5.27b). This is due to the fact that the aggregate load becomes

less inductive as wet loads are disconnected (these are motor loads, and hence have low power

factors relative to the rest of the load types). The above example demonstrates the typical

results obtained from applying a simple DSM scheme using the presented methodology for

load modelling and aggregation. These models are applied in transmission network analysis in

Chapter 6 of this thesis.

5.4.2 Load Diversity and DSM

It is important to consider the effect of load diversity on any DSM action which is carried out on

multiple loads in the system. Load diversity factor, DF , is defined as the relationship between

the sum of the individual load peaks and the group load over a given period of time [216]:

DF =
∑ Individual Peaks

Group Peak
(5.9)

When considering individual end user loads, such as domestic customers, the load diversity

increases with the number of loads, Figure 5.28 (data taken from [217]). Typical load diversity

factors converge to around 2-3 for 100 or more individual customers [216, 217, 218]. Load

diversity factor varies depending on the exact load mix in a given region. There is also some

seasonal variation, with DF tending to be lower in the peak season [218], corresponding to

winter in the UK and most countries with cold or temperate climates.

Load diversity is particularly relevant for network planning [219]. Network components such

as transformers and conducting lines which serve multiple loads do not need to have a rated

capacity equal to the sum of all individual load peaks, since load peaks do not always coincide.

Instead, planning engineers typically estimate DF in various parts of the system in order to

take advantage of load diversity and utilise network assets more efficiently [216].
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Figure 5.28: Illustration of load diversity [217].

Similarly, when implementing a DSM programme across multiple system loads and areas, the

diversity factor must be considered, since the portion of the load available for management or

deferral is also affected by diversity. Each measured GSP demand and its corresponding load

model in the above analysis represents the aggregation of hundreds to thousands of customers.

The diversity factors for the SPTL network are calculated using the GSP measured demands

for winter (taken as December-February), summer (June-August) and for the entire year below.

It was found that at these higher levels of aggregation, the load profiles are not very diverse.

DFmax winter =
∑ Individual Peaks

Group Peak
=

4237 MW
3928 MW

= 1.08 (5.10)

DFmin summer =
3018 MW
2530 MW

= 1.19 (5.11)

DFannual =
4393 MW
3928 MW

= 1.12 (5.12)

The results show that when considered at the GSP level, the load peaks across the system occur

around the same time, and load diversity does not have a large effect. In the above analysis,

demands are recorded at half-hourly intervals, corresponding to the settlement periods used in

the UK system [220]. It is expected that at higher time resolutions (e.g. if loads were measured

at 10-minute or 1-minute intervals instead), the calculated diversity factors would be higher,

however, the analysis of DSM actions and schemes at time intervals shorter than 30 minutes is

beyond the scope of this thesis.
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5.4.3 DSM Scenarios Applied in Final Analysis

A number of DSM scenarios are examined in the final analysis presented in Chapter 6, in

order to demonstrate the applicability of the proposed modelling approach, and to assess the

potential for DSM in the residential and commercial sectors to contribute to transmission

network services. This is based on the assessment of DSM resources presented in previous sec-

tions, particularly the identification of the amount and times at which DSM load is potentially

available (given in Figures 5.23 and 5.24 in Section 5.3.3). DSM scenarios are implemented

with the following three control objectives:

• Peak shifting: simple deferral of "blocks" of residential and commercial load from

the peak hours to the off-peak hours, similar to the example previously shown in Sec-

tion 5.4.1.

• Load shaping: optimised disconnection and reconnection of DSM load in order to

flatten the overall load profile. This is somewhat similar to peak shifting, but the control

objective in this case is to improve the overall system load factor, rather than reduce the

peak load.

• Contingency load shedding: disconnection of deferrable load in order to relieve net-

work congestion due to a contingency event, which may occur outside of peak loading

hours.

It is assumed throughout the analysis that the necessary degree of control over the relevant

system loads is available. The technological and economic barriers which need to be overcome

in order to achieve this level of DSM functionality are beyond the scope of this thesis. Instead,

the purpose of this analysis is to provide a methodology for assessing the potential for DSM in

the residential and commercial sectors to make a meaningful contribution to the improvement

of overall system performance, and to determine which aspects of DSM implementation are

likely to provide the greatest benefits for network operation.

5.5 Discussion

In this chapter, the modelling of aggregate system loads is discussed. A novel methodology

is proposed for the identification of load sectors present in an aggregate demand, through

comparing the daily demand characteristics with the typical load profiles for each of the main

load sectors. This approach allows the user to estimate the proportion of each of the main load

sectors at each node in the system.

Building on the previous work in [123]-[138], the loads are then decomposed into individ-

ual load categories, which describe in detail the changing contributions from each load type

throughout the course of the day. This information can used to assess the potential for DSM

implementation in residential and commercial sectors, based on an analysis of the composition
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of the loads in the present UK system. The approach allows the user to identify the amount of

potential DSM load and the times at which it is available for. It is also important for network

operators identify where potential DSM loads are located in the system, and the presented

methodology can be used to determine which nodes in the system could potentially provide the

most benefit if DSM schemes are implemented.

When aggregating the load models to build HV equivalents, the interconnecting networks need

to be modelled correctly, since these have an impact on the load model characteristics as

well as real and reactive power losses. One of the major challenges is the complexity of the

interconnecting distribution system networks, which makes it infeasible to model all of the

MV and LV networks in detail in a transmission level study.

In order to overcome this, equivalent models of several types of distribution networks are used

to build aggregate 33 kV models, which can be applied throughout the transmission network

as required. The presented methodology for aggregation of the loads, and their corresponding

MV and LV networks is subject to a number of simplifying assumptions. Ultimately, there

is a trade-off between the modelling effort and computation time to simulate the distribution

networks in detail, and the provision of simplified but usable models.

The list of loads and DSM scenarios identified in this chapter is far from exhaustive. There are

other types of load not discussed here, which could potentially be developed for future DSM

applications, such as electric vehicle chargers (i.e. vehicle-to-grid technologies) and advanced

storage heaters, which are well-suited to DSM applications. However, it is very difficult to

accurately estimate the future uptake of any particular technology. Instead, the main contri-

bution of this chapter is the formulation of a general methodology for accurately identifying

the contribution of each load sector and load category in a given aggregate load profile, and

building an aggregate load model capable of incorporating a range of DSM scenarios.



Chapter 6

Grid Impacts of Distributed

Generation and Demand Side

Management

In this chapter, all of the models developed and discussed previously in Chapters 3 to 5 are

applied to the analysis of the power system, using the Scottish Power Transmission Ltd. (SPTL)

network as a case study. The impacts on the steady state performance and operation of the

transmission system from Embedded Wind Generation (EWG) and demand-responsive loads

are discussed, and the potential for improving overall system performance through coordinated

control of these resources is assessed.

6.1 Description of Case Study

The SPTL transmission system is used in this chapter as a case study for investigating the

transmission network impact of DG and DSM. The transmission system serves Central and

Southern Scotland, and is comprised of 4,495 km of overhead line and cable circuits at 400,

275, and 132 kV [31], with a peak system load of almost 4 GW. Figure 6.1 shows a map of the

system, with the SPTL region highlighted.

The SPTL system is selected for the case study in this thesis for several reasons. Firstly, a

significant amount of data for this system is readily available, including information on the

network components, and detailed measurements from substations and wind farms throughout

the network, which are required for model development and validation.

Secondly, the system has a high penetration of wind generation (1.8 GW capacity installed

at the end of 2012, with significant further wind connections planned). Around 400 MW of

these wind resources are embedded in the distribution networks [32, 199], making it suitable

for analysing the effects of EWG on system operation.

Lastly, the SPTL system is of a suitable size for the purposes of the study being carried out, in

that it is large enough to analyse some of the effects of embedded resources on transmission

126
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Figure 6.1: Map of SPTL system [32].

system operation in detail, but not so large that the modelling effort and data requirements

become excessive.

6.1.1 Characteristics of the SPTL system

A detailed model of the SPTL transmission network was built in Siemens PSS/E software [147]

for the purposes of the analysis, comprising of 562 buses, 270 transmission lines, 320 trans-

formers, 75 equivalent machines, 10 switched reactive compensation devices, and one phase-

shifting transformer16. The transmission system serves 89 Grid Supply Points (GSPs) which

are represented as aggregate 33 kV loads.

As shown in Figure 6.1, the SPTL system has has three interconnections to external systems:

• SHETL system to the north.

• NGET system to the south.

• Moyle HVDC interconnector to Ireland at Auchencrosh.

The correct modelling of these external systems and the import/export to and from the SPTL

system is very important in order for the model to provide realistic operating scenarios for

the network analysis. A summary of how these external systems and the boundary nodes (i.e.

16. In some documentation, this is also referred to as a quadrature booster.
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points of connection to the SPTL system) are modelled is provided in Appendix E.1.

6.1.2 Network Model Validation

In order to validate the SPTL network model before carrying out further analysis, the fault

levels at substations throughout the system are calculated and compared with the corresponding

values published in the National Grid Seven Year Statement [47]. The SPTL network model is

simulated for winter peak loading conditions and the 3-phase peak asymmetrical fault current

is calculated at each substation using the guidelines provided in Engineering Recommendation

G74 [221].

The inital peak fault current is defined in [47] as follows:

This is the short circuit current that circuit breakers must be able to close onto
in the event that they are used to energise a fault, hence this duty is known as
the Peak Make. However, this name is slightly misleading because this peak also
occurs during spontaneous faults. All equipment in the fault current path will be
subjected to the Peak Make duty during faults and should therefore be rated to
withstand this current. The Peak Make duty is an instantaneous value.

In order to obtain Ip,RMS, the initial root mean squared (RMS) value of the 3 phase fault

current (I′′k ) and the R/X ratio at each network node are calculated first using PSS/E. The

initial symmetrical short circuit current, I′′k , is defined according to the IEC-60909-0 standard

guidelines [222] as:

I′′k =
cVn√
3Zk

(6.1)

where: c is the voltage factor that accounts for the maximum system voltage (1.1 for voltages

> 1 kV [222]), Vn is the nominal voltage at the system location, and Zk is the equivalent positive

sequence short circuit impedance. The inital peak fault current, Ip,RMS, is then given by:

Ip,RMS =
√

2
(

1.02+0.98 e−3( R
X )
)

I′′k (6.2)

Figure 6.2 illustrates the model and published fault level values for the SPTL 33kV nodes

graphically17. The values are arranged in order of increasing fault level to make visual compar-

ison easier. Full details of the fault level calculations and results are provided in Appendix E.2.

Comparing the model fault level results to the published data provides a useful method of

validating that the network model used is accurate. In order to obtain the correct fault levels

at each substation, all transmission network components must be modelled accurately, and

17. At 33kV substations where MV-EWG is installed, the EWGs are represented as constant current sources, since
variable speed WTs can be assumed to output a constant current during a 3-phase fault
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Figure 6.2: Comparison of model and published fault level values for SPTL 33kV nodes.

the steady state power flows throughout the system must correspond to the actual values. The

average error between model and NG published fault levels was around 6% (Appendix E.2).

6.1.3 Generation Dispatch

In order to model realistic operating scenarios, conventional (i.e. non-variable) generation on

the SPTL system needs to be dispatched in a realistic fashion. For example, nuclear plant

should be dispatched in order to serve the base load, medium and large thermal units serve the

intermediate load, while pumped storage and small thermal are typically used for peak load.

Many power system operational studies dispatch generation using Optimal Power Flow (OPF)

methods, first introduced in [144]. However, OPF dispatch requires that the cost curves for each

of the generating plants on the system are known. It was difficult to set up a realistic OPF in

the SPTL case, since full information on the cost curves and other operational characteristics

of each generating plant are not available due to their commercial sensitivity. Additionally,

the exact generation dispatch in the real system in any given scenario depends on a range of

external factors which are beyond the scope of this study, such as fuel prices, bidding strategies,

unit availability, and so on.

In order to overcome these issues, a custom SPTL dispatch algorithm is developed to dispatch

the conventional generating plant on the SPTL system for any given system loading and wind

generation output level. The intention is to create an algorithm which dispatches generation for

a wide range of load/wind scenarios in a realistic manner. All generation plants on the SPTL

system were lumped into five categories; Base, Intermediate, Hydro18, Peak, and Wind. The

capacities of each plant type on the modelled SP network, along with the generation output

from the load flow solution at winter peak are summarised in Table 6.1

Measured data is available for the MW and MVAr demands at each of the 89 GSPs throughout

18. The "Hydro" plant category includes contributions from hydro-electric pumped storage units.
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Plant type Total capacity (MW) Generation at winter
peak (MW)

Base 2289 1842
Intermediate 3388 2724
Hydro 473 306
Peak 259 215
Wind 1795 755

Table 6.1: Classification of generating plant and output at winter peak in SPTL (based on
2009/2010 data).

the SPTL network (see Chapter 5). This data, along with the estimated import/export across

the interconnections (see Appendix E.1) is used to calculate the load profile at each half-hourly

settlement period.

Variable generation (which is almost entirely wind-based in SPTL) has priority over conven-

tional generation and is dispatched whenever the resource is available. It is assumed that any

excess wind generation can be exported to the external NGET system, and wind generators are

only curtailed when network constraints/limits are exceeded. The dispatch algorithm operates

as follows:

• All system demands and variable wind inputs for a half-hourly settlement period are

read into the system. The total wind generation and system load are calculated.

• Generation plant is dispatched according to the merit order described, depending on the

total system demand - the dispatch varies from all generation units running at winter

peak, to most of the demand being served by base units at the summer minimum.

• Border flows are scaled appropriately to cover for any shortfall/excess in generation

on SP system, e.g. if there is an abundance of wind generation, this is exported to the

external networks, provided no transmission constraints are violated.

• Generation at the slack bus in the power flow model is checked to ensure that it is kept

below pre-defined threshold of 10 MW. If not, this is achieved through re-dispatching

generation plant and/or adjusting border flows. Imposing this limit on slack bus gen-

eration ensures that the generation is re-dispatched from the available plant in order

to cover any significant changes in demand, rather than using the model slack bus to

compensate, which is unrealistic.

Full details on the dispatch algorithm used are provided in Appendix E.3, where a flow chart

for the algorithm is given in Figure E.1.
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6.1.4 Generation Dispatch Validation

In order to validate the performance of the proposed SPTL dispatch model, historical record-

ings of the outputs of all generating plants participating in the system Balancing Mechanism

(BM) were obtained from the Elexon archive [223]. Figure 6.3 below shows the outputs ob-

tained from [223] for all coal-based thermal generating BM units on the system for a single

day.

Figure 6.3: Output from all coal BM units for typical winter day (3rd Dec. 2009).

The combined values for each class of generating plant (Nuclear, Intermediate, Hydro, Peak,

Wind) are compared with the same values obtained from the SP dispatch model described

above, for one typical winter day and one typical summer day in Figures 6.4 and 6.5 below.

The "Hydro" values shown include pumped storage units, but the pumping demand is not

shown in the diagrams here. The "Wind" output from the dispatch model is calculated from

the aggregated output from the wind generation models described in Chapters 3 and 4.

(a) Recorded output (b) Dispatch model output

Figure 6.4: Comparison of recorded and model system dispatch for typical winter day (3rd

December 2009).

The results validate that the algorithm dispatches generation in a realistic fashion for the

selected typical days. The algorithm allows the SPTL transmission network model to be used
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(a) Recorded output (b) Dispatch model output

Figure 6.5: Comparison of recorded and model system dispatch for typical summer day (11th

June 2009).

to analyse a wide range of operational scenarios, and is employed for dispatching generating

plant in the network simulations presented throughout this chapter.

6.2 Impact of DG on System Load Profiles

Variable DG connected at the distribution level can influence the load profiles and contribute

to a number of network operating issues. In particular, embedded wind generation (EWG)

can cause mismatches between forecasted and actual system demands and inaccuracies in the

calculated transmission system operating constraints and limits. This can increase the number

of balancing or corrective actions required by the transmission system operator, and ultimately

increase the risks to system security and operating costs.

6.2.1 Impact of EWG on Individual GSP Demand

The following analysis illustrates how the EWG models outlined in Section 4.5 can be used

to estimate the impacts on active and reactive power flows at an individual network GSP. It

is known from publicly available data in [199] that there is 31.2 MW of unmetered EWG

connected at the Kaimes (KAIM) GSP. The EWG comprises of two 15.6 MW capacity WFs

connected to the MV network. The active and reactive power flows are measured at the LV

side of a 275:33 kV grid supply transformer. These are shown for a typical spring day with no

significant wind by the solid lines in Figure 6.6.

The dashed red lines in Figure 6.6 show the recorded active and reactive power flows for a high

wind day in spring (8th of April 2009). Active power demand is reduced and reactive power

demand is increased due to the influence of EWG.

The dotted line in Figure 6.6 shows the results obtained using the all-scale modelling approach

outlined in Section 4.5 for estimating the output from the MV-EWG connected at this GSP.
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(a) Active power flow (b) Reactive power flow

Figure 6.6: Recorded and modelled impact of EWG on demand at an individual GSP.

These results show that the presented EWG models can be applied to estimate the impact on

system loads and power flows from unmetered EWG with an acceptable level of accuracy.

Further validation of the EWG model and comparison of model outputs with recorded data are

given in Section 4.5.6.

6.2.2 Aggregation of EWG and Impact on Total System Demand

The all-scale EWG modelling approach can also be applied to estimate the impact of EWG

on the total demand in the SPTL system for Minimum Demand/High Wind scenarios. In

Section 2.2.3, it is shown that high penetrations of EWG can cause dramatic reductions in active

power demand in Minimum Demand/High Wind scenarios. Figure 6.7 illustrates the measured

reduction in demand on windy summer nights at selected nodes in North East England (data is

taken from National Grid [15]).

Figure 6.7: Measured reduction in demand due to EWG at 04:00 hours on summer nights at
selected nodes in North East England.

The reduction in demand at 04:00 hours on summer nights in the SPTL network is calculated

below for two scenarios in which EWG penetration was equal to 10% of the region peak

demand:

• (a) all EWG is represented as MV-EWG.

• (b) all EWG is represented as LV-EWG.
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For the MV-EWG case, demand is reduced by about 30MW per 1 m/s increase in wind speed

(Figure 6.8a). The corresponding reduction in demand for the LV-EWG case (Figure 6.8b) is

far less significant (about 6.5 MW per 1 m/s increase of wind speed)19. This is due to both the

lower conversion efficiencies of micro/small EWG and the reduced wind resources in urban

locations, where these devices are typically installed. These results show, however, that the

impact of EWG in a given network region can be considerable, particularly in case of MV-

EWG for Minimum Demand/High Wind scenarios.

(a) MV-EWG (b) LV-EWG

Figure 6.8: Estimated reduction in demand in considered region at 04:00 hours on summer
nights with EWG penetration equal to 10% of the total peak demand.

6.3 Impact of DSM on System Load Profiles

The following analysis discusses the potential for embedded DSM resources in the residential

and commercial sectors to be used to influence the system load profile, aimed at improving

system energy balancing and overall transmission system performance. The effect of DSM

implementation on the load profiles at selected individual nodes, and on the overall system

load profile is examined.

In Section 5.3.3, an assessment of the amount and times during the day for which DSM loads

are available in the residential and commercial sectors is presented. A simple DSM scenario

is outlined, where available DSM load is deferred from the peak hours (16:00-20:00) to the

off-peak hours at one individual node.

However, the peaks (maximum MW daily demand) and valleys (minimum daily MW demand)

occur at different times during the day at each node in network. For instance, the daily peak

occurs in the early evening in nodes where load is mostly residential. Where the load is mostly

commercial, demand peaks in the early afternoon. Additionally, the times at which peaks and

19. A straight trend line is fitted to the data in Figure 6.7 in order to show the general trend of demand decreasing
with wind speed; however, a non-linear, or polynomial trend line may describe the relationship more accurately,
since the WT power performance curves are flat in the 12-25 m/s region (above rated wind speed).
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valleys occur vary from season to season, since the amount by which demand is driven by

heating or lighting load changes according to the weather conditions and the time of year.

6.3.1 DSM Load Shaping Scenarios

Rather than attempting to re-schedule all loads across the network at the same time, the fol-

lowing analysis uses the available DSM load to reduce the load peak at each individual node.

For each GSP, the peak demand settlement period for each day throughout the year is found.

The available DSM load, identified in Section 5.3.3, is used to shift as much load as possible

from the peak period, subject to the constraints on how long each load type can be deferred

for (e.g. certain load types are identified in Tables 5.5 and 5.6, Section 5.3.3 as being possible

to defer for 1 hour, 2 hours, 4-8 hours etc.). All DSM loads are reconnected in the same order

as they are disconnected, i.e. if a given amount wet load is discounted during the 17:00-17:30

settlement period, it must be re-connected at 01:00-01:30 the following morning or before.

Figure 6.9 shows the results for a typical week, for one node with a large residential load

component (BAGA) and also for a node mostly commercial load (DEWP). The amount of load

shifted from the peak in each day is relatively less in the DEWP case, since a smaller proportion

of the commercial load is available for DSM.

Similarly, for the night valley, the off-peak hours are found in each daily load curve, and any

deferrable load is shifted to this period (Figure 6.10). Again, all DSM actions are subject to

the constraints around how long DSM load can be deferred for and when it needs to be re-

connected defined in Tables 5.5 and 5.6.

This process of shifting the identified DSM load at the peak and valley periods is carried out

at each GSP node in the network for the entire year for which data is available (April 2009

to March 2010). The resulting impact on the system load (i.e. the sum of all 89 individual

demands) is shown in Figure 6.11, there is significant smoothing of the overall load shape (see

also Table 6.2).

The analysis shows the potential opportunities for applying DSM to shape individual GSP

demand curves, and also the overall system demand, using the methodology and assumptions

outlined in Chapter 5 to estimate the DSM potential in the residential and commercial load

sectors. The overall "improvement" in the load profile can be quantified in terms of the load

factor. Load factor, LF is calculated as:

Load Factor, LF =
Average MW load

Peak MW load
(6.3)

Table 6.2 shows the results, highlighting changes in maximum and minimum demand and daily

load factors at the system level as a result of the DSM implementation.
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(a) BAGA node (mostly residential)

(b) DEWP node (mostly commercial)

Figure 6.9: DSM peak shifting calculated for each day in a typical winter week.

Scenario Parameter Base case DSM Improvement
(%)

Maximum MW demand 3928 3772 4.0
Winter Minimum MW demand 1425 1521 6.7

Average daily load factor 0.807 0.832 3.1

Maximum MW demand 2512 2474 1.5
Summer Minimum MW demand 939 963 2.6

Average daily load factor 0.830 0.842 1.4

Table 6.2: Impacts of DSM implementation on Minimum demand and average load factors in
each season.
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(a) BAGA node (mostly residential)

(b) DEWP node (mostly commercial)

Figure 6.10: DSM valley filling calculated for each day in a typical winter week.

6.3.2 Discussion

The presented analysis quantifies the potential for DSM in the residential and commercial

sectors, and shows that there are operational benefits to be gained through widespread im-

plementation of DSM in order to shape the load. A reduction of the total system load peak

is achieved, with reductions of 4.0% and 1.5% in the winter and summer cases, respectively,

based on the analysis of DSM potential in each of the 89 GSP nodes in the SPTL network.

While these may appear to be small percentages, the potential impact of 4% winter peak

demand reduction on overall system operation is significant, since the winter peak demand

is generally served by the most expensive and most carbon-intensive generation. The load

smoothing illustrated in Figure 6.11 could also be expected to have an impact on electric-

ity prices, although the analysis of the potential impact on the electricity market from DSM

schemes is beyond the scope of this thesis.
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(a) Winter

(b) Summer

Figure 6.11: System load profile with DSM load peak shifting and valley filling at all nodes.

There are also improvements in the average daily load factors (Table 6.11), which would have

obvious benefits for system energy balancing, and in reducing the ramping requirements for

the generation fleet. This analysis of the potential for DSM schemes to influence the overall

demand profile could be further improved if load measurements at a better granularity were

available (e.g. at each distribution network secondary substation, or at individual LV distribu-

tion feeders).

6.4 Combined Impact of DG and DSM on Transmission Network

Constraints

The following section discusses the combined impacts of DG and DSM on transmission net-

work constraints. Contingency analysis is carried out by systematically selecting and evaluating

N-1 and N-D contingencies on the SPTL system for several different network operating sce-

narios. The number of contingencies which result in unacceptable network voltage levels or

overloading are evaluated. It is shown that Minimum Demand / High Wind scenarios present
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a major challenge for network operation. The potential for coordinated control of embedded

wind DG and DSM in order to mitigate these issues is discussed.

6.4.1 Contingency Analysis

Contingency analysis was carried out for both the N-1 criterion (which corresponds to any

single network component out of service), and the N-D criterion (similar to N-1, but also

including all parallel double circuits with the same right of way, in accordance with standard

network security analysis procedure [32]). This analysis is applied to all lines, transformers and

generating units at the 400, 275, and 132 kV voltage levels. The failure criteria examined for

each contingency are as follows:

• All voltages must remain within the operating ranges specified in the Grid Code [34]:

These are specified as +/- 5% at 400 kV, +/- 10% at 275/132 kV, and +/- 6% at 33 kV

and below.

• All transmission line power flows within seasonal MVA ratings (Winter/Spring/Summer).

• All transformers within MVA ratings.

The contingency analysis is carried out for the following four SPTL network operating con-

ditions outlined in Table 6.3. These are based on four key settlement periods which occurred

in the recording year 2009/2010, and were selected since they represent the "extremes" of

network loading and wind generation output on the system. The SPTL network model used

in the analysis corresponds to the transmission system in the 2009/2010 recording year, when

there was a total of 1796 MW of wind generation installed, with 1464 MW of this connected

directly to the HV transmission system and 331 MW of EWG connected at MV and LV.

The total SPTL demand, given in the third column in Table 6.3, includes the impact (i.e. reduced

demand) due to the presence of EWG. The total SPTL wind output (fourth column in Table 6.3)

shows the output from transmission-connected wind only.

Operating condition Date and time Total SPTL
demand (MW)

Total SPTL
wind generation

output (MW)
(i) Maximum Demand /

Low Wind Jan. 13th, 2010 18:00 3774.6 256.5

(ii) Maximum Demand /
High Wind Jan. 6th, 2010 18:00 3762.6 819.2

(iii) Minimum Demand /
Low Wind Aug. 7th, 2009 04:00 1484.5 79.5

(iv) Minimum Demand /
High Wind Aug. 16th, 2009 04:00 1052.6 1169.2

Table 6.3: Operating conditions selected for contingency analysis, representing the "ex-
tremes" of network loading and wind generation which occurred in the 2009/2010 recording
year.
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6.4.2 Contingency Analysis Results

An N-1 contingency analysis is carried out for each of the cases (i)-(iv). A total of 555 contin-

gencies are tested in order to simulate the failure of any individual component in the system

(e.g. line, transformer or generating unit). The results of the N-1 contingency analysis for each

of the four selected operating conditions are given in Table 6.4 and 6.12, showing the total

number of contingencies which cause voltage violations or line overloads.

For the Maximum Demand / Low Wind case, low voltage issues dominate. The number of

failed contingencies due to low voltage is lower in the Maximum Demand/High Wind case

(8 versus 2 failure events), as the output from distributed wind generators serves to improve

voltage conditions throughout the network. When demand is low, there are no contingencies

which cause voltage violations. Instead line overloads dominate, particularly in the Minimum

Demand / High Wind case. This is due to the fact that the SPTL system is exporting heavily

across thermally-constrained lines during this time.

The majority of the contingency violations occur at the East and West Interconnectors, which

connect the SPTL system to the England and Wales (NGET) system to the south (a more

detailed description of the system interconnectors Appendix E.1), and also on a number of

constrained transmission lines and network buses in the south-western part of the SPTL sys-

tem. These are parts of the system which are currently awaiting network reinforcements and

upgrades. According to National Grid "Connect and Manage" arrangements [224], some wind

generators in the SPTL system are not required to comply fully with Security and Quality

of Supply (SQSS) standards (e.g. they may not meet N-1 requirements under all operating

conditions), and are allowed non-firm access to the transmission grid before the enabling

transmission system improvements have been completed. Such policies can be implemented

on a temporary basis by system operators in order to meet overall system strategic goals, such

as meeting renewable energy penetration targets [224].

Operating condition
Number of low

voltage
violations

Number of high
voltage

violations

Number of line
overloads

(i) Maximum Demand /
Low Wind 8 0 2

(ii) Maximum Demand /
High Wind 2 0 2

(iii) Minimum Demand /
Low Wind 0 0 10

(iv) Minimum Demand /
High Wind 0 0 37

Table 6.4: Results of N-1 contingency analysis.

In the real system, each of the contingency events resulting in an out-of-control condition

would require the system operator to take corrective action to resolve through, for instance,
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Figure 6.12: Results of N-1 analysis, showing total number of violations in each case.

network reconfiguration or generator redispatch, in order to return the system to a secure state

of operation.

Table 6.5 and Figure 6.13 show the results for the N-D contingency analysis. The N-D crite-

rion also considers the possibility of simultaneous failure of parallel double line circuits, as

outlined in the National Grid Security and Quality of Supply Standards [225]. This provides

a more thorough analysis of system security, since parallel transmission lines can often fail

simultaneously due to a common root cause, e.g. a collapsed transmission tower or falling tree.

The inclusion of all parallel double line circuits means that there are now 1655 contingencies

to be tested. The total number of voltage and overloading failure events is considerably larger

than in the N-1 analysis, but the overall pattern across the four selected operating conditions is

similar.

Operating condition
Number of low

voltage
violations

Number of high
voltage

violations

Number of line
overloads

(i) Maximum Demand /
Low Wind 77 0 21

(ii) Maximum Demand /
High Wind 65 0 22

(iii) Minimum Demand /
Low Wind 4 0 84

(iv) Minimum Demand /
High Wind 2 5 207

Table 6.5: Results of N-D contingency analysis.

The majority of the violations in the Maximum Demand cases in Table 6.5 are again due to low

voltage events, whereas at very low demand levels, network overloads occur more frequently.
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Figure 6.13: Results of N-D analysis, showing total number of violations in each case.

This is particularly evident in the Minimum Demand / High Wind case, where 207 of the

1655 contingencies tested resulted in line overloads. In practice, this Minimum Demand / High

Wind operating condition would require significant amounts of wind generation to be curtailed

in order to manage the network constraints.

6.4.3 Negative Reserve Requirements

Much of the recent discussion around the integration of high penetrations of wind resources

into the transmission system is concerned with the provision of sufficient capacity and positive

reserve generation in high demand/low wind scenarios (i.e. the scheduling of enough "back-up"

dispatchable plant to meet demand for non-windy winter peak days [5, 79]). However, the op-

posite scenario, low demand and medium-to-high wind output (or low-to-medium demand and

high wind output) becomes increasingly problematic for system operators as wind penetrations

increase.

The requirement for negative reserve (i.e. the ability to reduce generation to respond to a sudden

drop in demand, or a rapid increase in wind output) is growing with wind penetration. This is

especially the case in networks such as the SPTL transmission system where the majority of

the base load is served by inflexible plant (e.g. nuclear). Figures 6.14a and 6.14b show the total

demand, and the recorded output from all generators on the SPTL system by plant type for

the Minimum Demand / High Wind conditions which occurred on August 16th 2009 (case (iv)

above). All data shown is obtained from [223].

Figure 6.14b shows that the vast majority of non-wind plant on the system is inflexible, par-

ticularly during the hours from 00:00 to 08:00. The capability of the conventional plant to

adjust output for load/supply balancing or in order to respond to changes in the system due to

transmission system faults is very limited. Any fault event which results in the transmission
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(a) Demand (b) Generation

Figure 6.14: Recorded demand and generation by plant type for SPTL system on 16th August
2009.

capability of the network being reduced, or any large loss of demand, will clearly require

significant wind curtailment in SPTL in order to manage the network constraints.

As wind penetrations on the GB networks increase, provision of sufficient negative reserve is

becoming a more problematic issue for the system operator. In [9], it is estimated that by 2020

it will be necessary to curtail wind output on 38 days/year, at an annual cost of £3.5 million

in compensation to wind plant owners, to provide extra negative reserve. This calculation

estimates the impact on total energy balancing only, i.e. before transmission constraints are

taken into account.

Although the impact on constraint management depends on the exact transmission system con-

figuration and future upgrades/reinforcements, it is likely that these type of "negative reserve"

events will result in significantly more control actions and higher constraint management cost in

the future. Total annual costs for management of transmission constraints in GB are in the range

of £200-300 million (based on published 2009-2012 data [226]), so this represents a significant

expenditure for system operators. Similar negative reserve issues during low demand/high wind

conditions on the German electricity system are noted in [227].

6.4.4 Case Study: B6 Constraint

In the GB transmission system, power typically flows from North-South, with the SPTL system

exporting to the NGET system to the South at almost all times throughout the year. The power

transfer across the SPTL-NGET boundary (see Figure 6.1), or the Boundary 6 (B6) as it is

commonly known, represents one of the most critical constraints in the system. The required

transmission capability across B6 (where active power transfer varies from approximately 0 to

around 4 GW, depending on system demand and wind output levels) is significantly in excess

of its actual capability of 2.8 GW [47].

Borders transfers across B6 use two sets of double 400 kV lines at Gretna and Stella West,
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known as the East and West Interconnectors. The thermal capacities20 of the Interconnectors

are given below. The practical transfer capability at the SPTL-NGET boundary is significantly

lower than the combined thermal capacity of the two Interconnectors due to stability concerns

(there is a risk of generator pole-slipping if the export limit of 2.8 GW is exceeded [32]).

• East Interconnector: Double 400kV line at GRNA40 (2x 2010 MVA)

• West Interconnector: Double 400kV line at STWB40 (2x 2770 MVA)

6.4.5 B6 Constraint Analysis

It is apparent that future transmission networks with high wind penetration will require sig-

nificantly greater levels of flexibility than are currently available, and as demonstrated, larger

amounts of negative reserve to cope with low demand situations with high outputs from variable

generation. The following analysis examines the potential for EWG and DSM-enabled loads to

contribute to management of transmission constraints, using the SPTL B6 constraint as a case

study.

Figure 6.15 shows the simulated flow across B6 for each half hourly settlement period for

one year (based on data for 2009/2010), using the SPTL network model. The simulation uses

recorded MW and MVAr demands at each of the 89 GSPs in the system for each of the 17520

half-hourly settlement periods. WF outputs are estimated using the wind resource and power

conversion models described in Chapters 3 and 4, and conventional generation is dispatched

using the algorithm outlined earlier in Section 6.1.3.

The settlement periods in which the export across B6 exceeds the transmission system capabil-

ity are highlighted in Figure 6.15

Figure 6.15: Simulated power flow at B6 constraint for one year, highlighting settlement
periods where export limits are violated.

The planned transfer across B6 (i.e. the MW export across B6 calculated after running the SPTL

model at each settlement period throughout the year) is proportional to the average wind speed

20. MVA ratings shown are winter ratings.
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recorded across the system, as shown in Figure 6.16a. The export across B6 is also inversely

proportional to the system demand, Figure 6.16b. In both graphs, the black trend line represents

the linear fit to the wind and demand data points, calculated using least squares estimation21.

(a) Demand (b) Generation

Figure 6.16: Correlation of planned transfer across B6 with system average wind speed and
demand.

The planned transfer exceeds B6 transfer capability for 679 out of the 17520 half-hourly

settlement periods throughout the year in which the study is carried out. These violations are

broken down by the settlement period, or hour of the day in which they occur as in Figure 6.17.

The majority of B6 constraint issues occur during the night hours, particularly from 02:00 to

07:00.

Figure 6.17: B6 violations by hour of day.

It was calculated that the total amount of negative reserve, or adjustments required to bring the

constraint into control for the year, amounted to 120.1 GWh. In the SPTL system, these adjust-

ments typically involve curtailment of transmission-connected wind plant (this is also known as

"buying off" wind plant, since generators are allowed to set buy/sell prices, and scheduled plant

21. The relationships between planned B6 transfer and wind speed/demand in Figure 6.16 could possibly be
described more accurately by using a non-linear fit, however, the intention of the black trend lines is simply to
illustrate the overall pattern in the results.
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will need to be paid not to generate in these instances). The scope for adjustment/curtailment

conventional plant are typically limited due to the high proportion of inflexible plant on the

system (see Figure 6.14).

6.4.6 DG and DSM Applied to Constraint Management

Analysis was carried out to determine the potential for coordinated control of embedded DG

and DSM to contribute to the management of the B6 constraint. It is shown in Section 6.3.1

above, that widespread implementation of DSM in the residential and commercial load sectors

could be used to reduce the load demand during on-peak periods, and increase demand during

the off-peak, or valley hours. DSM load shaping could potentially also provide benefit for

management of constraints, as the variation in network power flows and the import/export

across system boundaries is reduced due to the improved load factor.

In addition to this, coordinated curtailment of EWG could provide a means of managing

transmission constraints. In practice, transmission-connected generating plant, including large

wind farms are curtailed in order to manage operational constraints. However, EWG are too

small to participate in the current GB balancing mechanism (according to the Grid Code [34],

only embedded generators with rated capacity greater than 30 MW in the SPTL network region

can take part in the balancing mechanism, see also Section 4.5).

It is possible that highly-distributed EWGs could be used to provide negative reserve, by

curtailing power at dispersed units in response to a central control signal. The effectiveness of

this coordinated control of EWG is also assessed, using the B6 constraint as an example. Using

the SPTL network model, the power flows for an entire year (17520 half-hourly settlement

periods) were simulated for the following four scenarios:

• (i) Base case.

• (ii) DSM load shaping.

• (iii) EWG curtailment.

• (iv) DSM load shaping and EWG curtailment.

In the DSM load shaping scenario (ii), DSM is implemented across the system as described in

Section 6.3.1. For scenario (iii), EWG generation across the SPTL network is curtailed during

settlement periods in which the B6 constraint is violated. Scenario (iv) applies both DSM and

EWG curtailment in the simulations.

Table 6.6 gives the results for each case, including the number of settlement periods throughout

the year in which the transfer capability at B6 is exceeded, and the annual volume of adjust-

ments required to manage this constraint, i.e. the total amount of energy which needs to be

curtailed in order to avoid exceeding the B6 transfer limits.

It is demonstrated that both DSM implementation and EWG curtailment reduce the number

and volume of violations, with EWG curtailment (particularly during periods of low demand
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Scenario Number of B6
violations/year

Annual volume of
adjustments required to

manage B6 constraint (GWh)
(i) Base case 679 120.1
(ii) DSM load shaping 597 102.4
(iii) EWG curtailment 354 55.8
(iv) DSM and EWG curtailment 316 46.5

Table 6.6: Impact of DSM implementation and EWG curtailment on management of B6
constraint.

and high wind) proving more effective than DSM, providing an almost 50% reduction in the

annual number of violations and total volume of adjustments required. It is also apparent

from Table 6.6, that there is some coincidence between the application of DSM and EWG

curtailment.

The combined impact in case (iv), in terms of reducing number of B6 violations and GWh

adjustments, is less than the sum of the impacts from the individual cases (ii) and (iii). This

indicates that for many of the settlement periods where B6 violations occurred, the constraint

could be resolved by applying either DSM or EWG curtailment.

6.5 Application of DG and DSM Models to Steady State Voltage

Stability Analysis

Voltage instability is generally characterised by the loss of a stable operating point, and by a

deterioration of voltage levels in and around the area of voltage collapse [67, 228]. PV (Power-

Voltage) curves are a commonly used method to determine the ability of the power system to

maintain voltage stability under both normal and contingency steady state conditions [229].

The following applies the aggregate 33kV models proposed in Section 5.2.4, with DG and

DSM incorporated, to the calculation of PV curves for steady state voltage stability.

6.5.1 Application of Aggregate Load Models

Voltage Stability Calculation for GSP with Residential Load

Figure 6.18 shows the PV curves calculated at the BAGA substation, where the aggregated 33

kV loads are represented first by a "constant P/Q" model (i.e. no voltage dependency), and then

by using the accurate, aggregate 33 kV ZIP models described in Section 5.2.4. The PV curves

shown are calculated for a single settlement period (17:30 on the maximum winter demand

day).
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Figure 6.18: PV curves at BAGA node for constant PQ and aggregate 33 kV ZIP models.

It is clear from Figure 6.18 that the inclusion of a more realistic load model with voltage

dependency affects the voltage stability margin. Voltage instability occurs earlier as power

transfer is increased in the constant PQ case. When the Aggregate ZIP model model is applied,

the constant current and constant impedance elements in the load result in a higher initial

voltage, and reduces the rate of voltage drop as the power transfer increases, delaying the onset

of voltage collapse. The inclusion of voltage dependency provides a more realistic estimate of

the steady state voltage stability margin22.

Voltage Stability Calculation for GSP with Commercial Load

Similar PV curve analysis for the WGEO node, which serves largely commercial demand is

shown in Figure 6.19. The onset of voltage instability occurs at a much larger power transfer

level than in the BAGA case, due to the different demand levels and network characteristics at

this node, but again the Aggregate ZIP model estimates a larger voltage stability margin.

6.5.2 DG and DSM Scenarios

Voltage Stability Calculation with EWG

The proposed aggregate 33 kV load models allow the voltage stability analysis to be carried out

for various DG and DSM scenarios. Figure 6.20 shows the PV curves calculated at the Kaimes

GSP (KAIM)23.

The PV curves are given for scenarios where the EWG output is zero, and where EWG is

22. The actual onset of voltage collapse may vary according to the network operating conditions and protection
schemes. The PV analysis presented here does not consider factors such as the operation of undervoltage relays and
motor stalling effects.
23. There are two 15.6 MW wind farms embedded in the distribution network at the KAIM node, giving a total
EWG capacity of 31.2 MW.
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Figure 6.19: PV curves at WGEO node for constant PQ and aggregate 33 kV ZIP models.

Figure 6.20: PV curves at KAIM node for aggregate 33 kV ZIP models at various EWG output
levels.

generating with a total output of 20 MW. The EWG has the effect of increasing the voltage

stability margin when, as the output from the EWG reduces the demand seen at 33 kV.

Voltage Stability Calculation with DSM

DSM scenarios can also be examined using PV curve analysis, Figure 6.21. In this case, the

implementation of a simple DSM action (rescheduling of residential sector wet loads), shows

a slight increase in voltage stability margin, mainly due to the reduction in real and reactive

power demand.

The results shown above for steady state voltage stability analysis provide only several isolated

examples of possible scenarios, using "snapshots" of network operating conditions, in order

to illustrate the application of the proposed Aggregate ZIP models. A more comprehensive

analysis could apply a time series voltage stability analysis, such as that described in [230] to
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Figure 6.21: PV curves at BAGA node for constant PQ and aggregate 33 kV ZIP models with
DSM action applied.

investigate a wide range of operating scenarios, over a period of months or years.

6.6 Optimal Network Locations for DSM

Harrison and Wallace [231] demonstrate that Optimal Power Flow (OPF) can be used to

determine the optimum locations for DG capacity in the distribution network, using the "reverse

loadability" technique. This involves adding negative load at each bus iteratively and utilising

the OPF algorithm [144] to maximise the added DG capacity until either the network bus

voltage or transmission line constraints are broken. The methodology allows the effect on the

network "headroom" of adding DG at any bus location to be analysed.

The analysis in [231] shows that the addition of DG at certain buses is much more beneficial

from a network operation point of view, and how connection of DG at inappropriate buses

can effectively "sterilise" other parts of the network, i.e. use all of the available headroom and

prevent any further DG connections. A similar approach could be used to determine where the

application of demand-manageable loads, or DSM resources, would be of most benefit to the

network.

The problem can be stated as follows: given a particular network contingency/constraint, and

a number of downstream loads, each with a demand-manageable, or deferrable portion, PDSM,i,

calculate the optimum use of DSM resources which will allow all of the network constraints to

be met with the minimum amount of total load disconnected by a DSM scheme.
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6.6.1 OPF Formulation

OPF has previously been used as a tool for determining the optimum load-shedding (e.g. [232,

233, 234] where network operating conditions are unacceptable, due to violation of voltage or

thermal line limits. The objective in this OPF formulation is to minimise the total amount of

load deferral required to bring the networks constraints into control, (6.4)-(6.8).

min F(Ψ) =
Nloads

∑
i=1

Ci MW0 (1−Ψi) (6.4)

where Ψ is the load adjustment factor, Nloads is the number of network load buses where DSM

are applied, Ci represents the cost of load deferral at each bus, and MWo is the initial active

power bus load. The OPF is subject to the following constraints:

Ψmin,i ≤Ψi ≤Ψmax,i (6.5)

MVAi = Ψi×MVA0 (6.6)

Vmin, j ≤Vj ≤Vmax, j (6.7)

Sk ≤ Smax,k (6.8)

where Ψmin,i and Ψmax,i are minimum and maximum capacity factor adjustments for each load

at bus i (based on the proportion of demand-manageable load available), MVA0 and MVAi

are the initial and total load deferred at load bus i, Vmin, j and Vmax, j minimum and maximum

allowed voltages at each bus j, and Sk is MVA power flow through network branch k.

An upstream network contingency is simulated (e.g. thermal overload on a HV line or trans-

former), and the contribution of each downstream DSM load’s ability to bring the constraint

under control is compared (all the while maintaining the rest of the network voltages and flows

within the allowed limits). This analysis could be used to estimate the "value" of DSM load at

certain locations in the network, i.e. where responsive loads have the greatest ability to relieve

critical upstream network contingencies.

The analysis could also demonstrate some network locations where DSM is of little or no

real benefit. This methodology could potentially be used by network operators to encourage

the development of DSM programs at the optimal network locations (through appropriate

incentives). Since the aggregate load is built from known load components, there is also the

potential to consider the "value" of each load type for DSM at a given load bus.
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6.6.2 Application of OPF to Determine Optimal Locations for DSM

The following example applies the OPF formulation described by (6.4)-(6.8) to one selected

distribution system in the SPTL region. The Newton Stewart distribution system (grid sub-

station code: NETS) is illustrated in Figure 6.22 below. This is a rural distribution system,

which serves three 11 kV secondary substations through double OHL feeders, Newton Stewart

(NETS11), Creetown (CRTO11) and Sorbie (SORB11).

All data, including line and transformer impedances, for the modelled 33 kV and 11kV distribu-

tion network components are taken from the SPTL Long Term Development Statement [207],

Table 6.7. The MV and LV networks which connect each of the loads to its secondary substation

are modelled using the equivalent impedances for UK rural distribution networks described in

Section 5.2.2.

Circuit type From To Length Transformer
designation R X Rating

km p.u. p.u. MVA
Line NETS33 NETST1 1.53 - 0.014 0.013 20.9
Line NETS33 NETST2 1.57 - 0.014 0.013 20.9
Line NETSX1 SORBT1 19.53 - 0.332 0.580 20.9
Line NETSX2 SORBT2 20.92 - 0.350 0.606 20.9
Line NETS12 CRTOT1 10.9 - 0.184 0.321 20.9

Transformer NETST1 NETS10 - DZ6 0.048 0.959 24.6
Transformer NETST2 NETS20 - DZ6 0.052 1.035 5.0
Transformer SORBT1 SORB10 - YY6 0.070 1.398 10.0
Transformer SORBT2 SORB20 - YY6 0.073 1.454 15.0
Transformer CRTOT1 CRTO10 - YY6 0.073 1.458 5.0

Table 6.7: Newton Stewart distribution network components [207].

Figure 6.22 shows the NETS network under maximum winter loading conditions with one of

the 132:33 kV grid supply transformers (labelled T2 in Figure 6.22) outaged. The remaining

132:33 kV transformer (T1) is overloaded, with the MVA flow equal to 104% of the transformer

thermal rating.

Assuming that there is demand-manageable load at each of the three load buses, the OPF

function is used to minimise the amount of demand which needs to be deferred at each load

bus in order to relieve the overloading at the grid supply transformer, while also maintaining

voltages throughout the distribution network within acceptable limits (0.94-1.06 p.u.).

The results of applying the OPF at each of the load buses are given in Table 6.8. The amount

of load which needs to deferred in order to resolve the transformer overload varies at each

individual load bus. This is due to the differences in the electrical characteristics of the network

components which connect each of the three load buses to the grid supply point.

It is shown that load at Sorbie (SORB) only requires 0.40 MW of DSM load to be deferred in

order to bring the MVA flow at the grid supply transformer to with its thermal limit (due to
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Figure 6.22: Newton Stewart distribution system at maximum winter loading with grid supply
transformer outage.

its larger physical and electrical distance to the GSP), while Creetown (CRTO) requires 0.55

MW of load to be deferred to resolve the same overload. Hence, there is a greater benefit to the

network in implementing DSM at SORB than at either of the other two secondary substations.

Substation Substation code
Initial

demand
(MW)

Final
demand
(MW)

Load
adjustment

(MW)
Newton Stewart NETS11 6.82 6.33 -0.49

Sorbie SORB11 3.71 3.31 -0.40
Creetown CRTO11 2.01 1.46 -0.55

Table 6.8: Results of OPF at each load bus

In a larger, meshed network, with a range of voltage and flow constraints, the problem of iden-

tifying optimal locations for DSM becomes more complex, but the OPF formulation described

above can be applied to minimise the required load deferral, while meeting all of the network

constraints. Moreover, the addition of variable DG at various locations in the distribution

network would require a more detailed analysis of multiple DG/load scenarios. A time-series,
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or probabilistic OPF could be used to optimise the allocation of DSM resources, assuming that

the load profiles and variable DG inputs at each network bus are known.

6.7 Chapter Summary

In this chapter, the models of DG and DSM developed earlier in the thesis are applied in

the analysis of transmission network steady state operation. The SPTL transmission network

model is used as a case study for the analysis. It is shown that the aggregated models of wind

energy resources and WTs described in Chapters 3 and 4 allow the impact of EWG on system

loads to be estimated with a higher degree of accuracy, than is possible without such an "all-

scale" modelling approach. The methodology presented in this thesis allows the "unknown"

EWG components to be separated from the load, and the proposed models could be applied to

improve demand forecasting at network locations where EWG is installed.

The potential for the DSM to be used to flatten the system demand profile is also evaluated.

It is estimated, after decomposing each individual GSP demand and identifying the portion of

each load potentially available for DSM, that the peak daily load at winter maximum could

be reduced by around 4%. This estimate broadly agrees with the National Grid assessment

of demand side potential outlined in [9]. However, consideration needs to be given to the

proper coordination of DSM actions, in terms of the order of disconnection and reconnection

of deferrable loads, in order to ensure the greatest overall benefit can be achieved. Moreover,

the analysis presented demonstrates that the effectiveness of DSM as a means to provide useful

network services at the transmission level is limited by load diversity (i.e. the peaks and valleys

of individual loads do not occur simultaneously, and do not necessarily match the global load

profile maximum and minimum points).

A detailed analysis of the constraints on the SPTL transmission system for N-1 and N-D con-

tingencies is presented, which indicates that low demand/high wind events are an increasingly

problematic issue on the system, as the penetration of variable DG increases. This section of

the chapter highlights this issue which has perhaps not received enough attention in previous

literature, as research has typically focused on the contribution of variable DG to system

security in periods of high demand.

The methodologies presented in this thesis allow for the potential of DG and DSM to contribute

to transmission network constraint management to be analysed in detail. This potential is

examined in Section 6.4.4, using the B6 constraint as a case study. It is found that applying

DSM to flatten the system load profile (i.e. peak reduction and valley filling) results in a

reduction in the frequency of B6 violations. The presented case study demonstrates that the

coordinated curtailment of EWG can also provide a significant amount of negative reserve and

can relieve the B6 transmission constraint in low demand/high wind scenarios (approximately

60% of B6 violations, based on analysis of the 2009/2010 recording year).
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Furthermore, it is demonstrated that the aggregate load models, incorporating DG and DSM,

can be applied to provide a more accurate analysis of steady state voltage stability. The analysis

shows that the voltage stability margin at each system node are affected by the composition of

the load, and by the operation of the connected DG and DSM resources.

Lastly, a novel approach is proposed for using OPF to evaluate which network loads in a

given distribution system are most beneficial for implementation of DSM, and provide the

most "value" in terms of improving overall system performance. The presented approach could

potentially be used by network operators to encourage the development of DSM schemes at the

optimum network locations.



Chapter 7

Summary and Conclusions

7.1 Synopsis

This thesis presents a number of methodologies intended for the modelling and aggregation

of distributed wind resources and demand-responsive loads, as well as the assessment of the

impact of these embedded technologies on transmission system operation and management.

Chapter 2 introduces the main concepts related to DG, focusing particularly on the integration

of embedded, wind-based generation. It is noted that much of the material in the literature

considers the impact of DG at the distribution level, where its effects on the MV network are

often direct and easily observed. The literature review highlights a relative lack of research

available on the impact of embedded DG on the operation and performance of the overall

transmission system. This chapter also discusses the background related to DSM, providing

a detailed review of literature in the area, and the potential for various current and future

DSM schemes to contribute to network services and improve overall system performance. The

aggregation of highly-dispersed DG and DSM resources into manageable and useful models

for use in transmission system analysis presents an important research challenge, which is one

of the motivations for this PhD research.

Chapter 3 describes the modelling and assessment of wind energy resources. A novel method-

ology for modelling wind resources is presented, which allows large historical data sets to

be replaced by some simple analytical expressions. The resulting wind model is significantly

less complex and has a reduced number of states compared to other Markov Chain-based

approaches in the literature. The applicability of the model is demonstrated using onshore and

offshore wind data sets. In addition to this, an assessment of the wind resources available at

each scale of implementation in the network region of interest is made.

Chapter 4 deals with the modelling and aggregation of wind generation systems, with a par-

ticular focus on highly-dispersed, Embedded Wind Generation (EWG). Several methods for

building simplified equivalent wind farm (WF) models are outlined in detail and compared, and

approaches for including losses from wake/terrain effects, and from the WF interconnecting

networks are discussed. Generic, aggregate models are proposed for both MV-EWG and LV-

EWG systems, and verified using available measured data.

156
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Chapter 5 discusses the modelling of system loads and DSM. A methodology for identifying

which load sectors are present in an aggregate load demand is proposed. Once the contribution

from each load sector is identified, the load profiles are then decomposed in load categories,

which describe the changing contributions from each load type throughout the course of the

day. This analysis is used to assess the potential for DSM in the residential and commercial load

sectors. These load models, and their corresponding distribution networks, are then aggregated

to HV for use in transmission system analysis.

Chapter 6 applies all of the models of EWG and DSM developed in previous chapters to

analysis of transmission network steady state operation. Both the separate and combined effects

of EWG and DSM on transmission system load profiles, network constraints and congestions,

and voltage stability are assessed, using an actual section of the GB transmission network as

a case study. The presented analysis highlights and quantifies some of the potential benefits to

system operation and management which could be obtained through coordinated control of DG

and DSM resources. Lastly, a novel methodology which employs OPF to optimise the network

locations for deployment of DSM resources is introduced.

7.2 Implications of Results

7.2.1 Modelling of Wind Energy Resources

The Markov Chain model presented in Chapter 3 can be applied as an efficient and accurate

method of representing wind energy resources at various locations, with the main advantage

that it is considerably less complex and computationally-intensive than previously proposed

Markov Chain wind models in the literature. This modelling approach has a number of useful

applications in power systems analysis, such as synthesising very large, but statistically accu-

rate wind data sets (this is particularly important for certain types of power system probabilistic

analysis, such as Monte Carlo simulations for reliability studies).

The mesoscale atmospheric modelling approach described in [78, 173] is shown to be useful in

providing input wind data for modelling highly-distributed wind resources, as it provides better

spatial resolutions than are available from standard publicly-available or commercial weather

data sources. However, it is noted that the mesoscale model has a number of limitations for

certain applications, particularly in urban areas where smaller terrain features, such as buildings

or other obstructions have an effect on wind profiles. Further adjustment, or fine-tuning, of the

wind model data based on field measurements may be required in these situations.
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7.2.2 Modelling and Integration of Embedded Wind Generation

The "all-scale" approach proposed for modelling wind DG is intended to allow the user to

include the impact from all wind generation, from small- to medium-scale EWG, up to large

HV-connected WFs, for transmission network steady state analysis. The methodology relies

on building generic models of the most relevant WT technologies and their interconnecting

networks, and aggregating WTs and WFs with similar input wind profiles. This approach is

validated using available recorded data from WFs and network grid supply nodes, demonstrat-

ing good accuracy (Section 4.5.6).

It is apparent from the analysis that the use of manufacturer power curves for estimation of

energy production typically results in overestimation of total WF output by 5-10%. Aggregate

power curve models, based on recorded data should be applied wherever possible. If detailed

WF recordings are not available, appropriate measures must be taken to build realistic aggregate

power curves, which model WF array and electrical losses realistically. Improved modelling of

EWG allows for more accurate forecasting of bulk supply point demands and transmission

power flows, which ultimately leads to less balancing/corrective actions, reducing system op-

erator risks and costs [9, 15].

There is a strong case to be made for improved monitoring of EWG in the GB system (e.g.

mandatory submission of real-time metering data from small-medium EWG to the system

operator), and for further developing initiatives for aggregating and including these devices

in the system Balancing Mechanism. It is shown there are significant operational benefits

to be gained through metering and coordinated control of EWG (Sections 6.2 and 6.4). The

occurrence of low demand/high wind events, and the provision of sufficient negative reserve

is shown to be of growing concern, particularly in a constrained transmission network with a

high wind penetration, such as the SPTL system.

7.2.3 Modelling of Grid Supply Point Loads and Demand Side Management

The methodology applied for load identification and decomposition builds on previous work

in [123] and [138] to identify the amount of potentially available demand-manageable load

at each bulk supply point in the system. This analysis raises a number of important issues

around DSM implementation. First of all, the potential for further development of DSM in

the residential and commercial load sectors is limited by a number of factors, including the

diversity of loads throughout the system, and also by the limited length of time that load types

suited to DSM can be deferred for.

Despite this, it is estimated that the system maximum winter peak demand could be reduced

by 4% through widespread DSM implementation in the residential and commercial sectors,

if the relevant technological and economic barriers can be overcome. There is also significant

potential for DSM to fill the "valley", i.e. increase demand during off-peak times, and improve
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the overall system load factor, which has benefits for system operation and the utilisation of

generation and transmission assets.

Finally, it is demonstrated that the benefit of any DSM scheme, in terms of relieving upstream

network constraints and congestions, is dependent on the exact locations of the DSM load

within the distribution system. When EWG (or any other form of embedded variable DG) is

also connected in the distribution system, the problem of coordinating DG and DSM resources

in order to maximise the improvement in overall system performance requires detailed analysis

of the networks over a wide range of demand/generation scenarios.

7.3 Research Limitations

7.3.1 Modelling and Aggregation of Wind Energy Resources

The wind energy resource models in Chapter 3 are validated using a limited data set, comprised

of measurements recorded at one onshore and one offshore site over around 150 days. While

it is demonstrated that the proposed models can reproduce the statistical and temporal charac-

teristics at these sites with a good degree of accuracy, the model validation could be improved

through testing over a longer time period, ideally with several years of continuous recordings.

It is likely that the model parameters will change considerably over the course of the year,

as the characteristics of wind flows will differ from month to month, and from season to

season. Given the limited amount of time for which high-resolution recordings were available,

it was not possible to investigate this fully. Furthermore, the model development and validation

could be improved through studying a larger number of onshore and offshore sites. Building

a library of such wind models would allow benchmarking between different wind sites, and

could potentially be useful for WF site selection.

With regard to the assessment of wind energy resources in urban areas described in Section 3.5,

the calculated scaling factors broadly agree with similar estimates obtained in wind trials

(e.g. [176, 177]), but further data collection and analysis over a wider range of sites is required

to fully validate this approach, and again for comparison/benchmarking across different sites.

7.3.2 Modelling and Integration of Embedded Wind Generation

The work on modelling and aggregation of wind energy conversion systems, system loads, and

their interconnecting networks is based on UK, and in particular Scottish, networks. The result-

ing models are therefore specific to UK/Scottish systems and are not directly applicable in other

regions with different network characteristics and DG connection arrangements. The general

methodology, however, is applicable to any other network, region, or country, provided that the

required input data can be obtained. In order to simplify the analysis, it is assumed throughout



7.3. Research Limitations 160

that all EWG is fully available, and the analysis does not consider potential reliability issues

(e.g. outages, faults and maintenance of WFs, or their interconnecting networks).

The models of EWG provided in Chapter 4 are applied only for steady state analysis of

transmission systems. The impact of EWG on transmission system dynamics and transient

stability is not addressed in this thesis. This is a growing concern for system operators, as DG

penetrations increase worldwide [12, 91, 235]. In Sections 4.2 and 4.3, aggregate models of

WFs are built through grouping turbines which receive similar input wind profiles, resulting in

an equivalent WF model with a much reduced number of machines. The equivalent WF models

are then applied for calculation of steady state energy production.

Similar WT aggregation methods could potentially be applied for building equivalent mod-

els for analysing WF dynamic performance. Grouping similar-performing WTs to build WF

equivalents for dynamic performance analysis is applied in [85, 188]. However, in the absence

of detailed recorded data on WF and system post-fault dynamics to develop the models and

validate results, it was not possible to carry out further research in this area during the PhD.

7.3.3 Modelling of Grid Supply Point Loads and Demand Side Management

In Chapter 5, a methodology for identifying which load sectors are present in an aggregate

demand is developed, which is based on comparing the aggregate demand at each node with

the "typical" residential, commercial and industrial load profile. The success of this approach

depends on how accurately the "typical" load profiles represent each load sector, e.g. the

"typical residential" daily load profile needs to be representative of all of the residential load

throughout the system studied.

This load identification approach performs well for the residential and commercial sectors,

since these sectors have a very characteristic (i.e. "typical") daily load profile. For instance,

the winter evening peak at around 18:00 in the residential sector is very pronounced and

therefore relatively easy to identify. In the case of industrial loads, however, the daily load

profiles can vary considerably depending on the exact type of industry, and so the identification

of a "typical" load profile is much more difficult. This issue could potentially be overcome by

adding more load sectors, and creating separate load sector categories for light/heavy industry,

transport, street lighting and so on. Since this thesis is mainly concerned with the development

of a general methodology for load identification, this line of research was not pursued further.

The decomposition of aggregate load demands into load types and categories is carried out

using measurements at 33 kV supply points throughout the SPTL system. Ideally, the load

identification and decomposition should be validated using detailed measurements of the load

at the secondary (11 kV) substations, or even at each LV feeder, to ensure that the load sectors

and categories identified in the analysis are correct.

Finally, the assumptions around which loads are potentially available for DSM do not consider
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how the load management is applied, i.e. by a voltage or frequency signal, or by a price signal

intended to influence the end users’ consumption patterns. Hence, the amount of load available

for DSM and the length of time for which load could be deferred for may vary significantly

depending on how DSM schemes are actually implemented. Other technologies which could

potentially be applied for DSM, such as district heating schemes, and electric vehicle chargers,

which are anticipated to be employed in large numbers in the near future, are not dealt with

here, but this should be addressed in further research.

7.4 Recommendations for Further Work

The following outlines the most important areas in which the methodologies proposed in the

thesis could be improved and further applied in analysis of systems with high penetrations of

DG and DSM technologies.

With regards to the wind resource modelling approaches outlined in Chapter 3, further work

should focus on gathering high resolution (e.g. 1 Hz or better) wind data from more onshore

and offshore sites (preferably continuously-recorded data over a period of several years). The

characteristics of the Markov models (e.g. the hourly state transition probabilities and intra-

hourly data characteristics) should be compared at each site, and also for each of the seasons

to form a detailed database.

Building a database of such DTMC wind models, would allow realistic wind speed time

series of any length and of any resolution to be generated for a range of different types sites

and locations: flat terrain, mountainous terrain, near/far offshore, urban areas etc. This would

complement existing wind resource databases, and would be useful in a number of wind

integration studies, particularly where the application requires very large sets of wind data

(e.g. Monte Carlo analysis), or where high-resolution wind data is required (e.g. dynamics and

control applications, estimating reserve requirements, sizing energy storage devices).

A major area of future work is in refining the methods for modelling and aggregation of WTs

and WFs, and applying these models to accurately estimate the impacts of EWG on active

and reactive power flows throughout the transmission system. The aggregation and turbine

clustering approaches outlined in Chapter 4 could be applied to standard WT dynamic models

(e.g. [83, 85, 86]), to investigate their effectiveness in building reduced WF equivalents for

dynamic analysis. In addition to this, the directional equivalent model proposed in Section 4.4

should be built for range of WF sites, particularly large WFs with complex, or unusual layouts.

This would determine whether the inclusion of wind direction is actually required in order to

better capture wake/terrain effects, and provide more accurate estimates of steady state outputs

at these sites than the standard, non-directional power curve model.

In Section 6.2, the proposed EWG models are used to estimate the impact on the active and

reactive power demands at HV grid substations. The approach is validated using historical data
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for wind profiles and load demands. Similar analysis should be carried out using forecasted

wind data, to determine how effective the EWG models are at providing more accurate demand

forecasts at nodes where EWG is present. Work is ongoing at the University of Edinburgh

and elsewhere to include other relevant forms of DG connected at the distribution level in the

analysis, e.g. CHP, small-scale hydro, and solar PV, in order to evaluate the combined impact of

different DG types on system load profiles and transmission network active and reactive power

flows.

The transmission system analysis presented in Chapter 6 is limited in that it focuses only on

one section of the GB transmission system, and discusses only a few isolated examples from

a wide range of possible DG and DSM scenarios. The analysis of the impact of EWG on HV

substation demands and on transmission system export constraints should be extended to carry

out the simulations on a model of the entire GB transmission network, examining each of the

boundary flows B1-B17 described in [47]. Moreover, the effect on fault levels at each network

GSP should be investigated, recalculating these for various DG and DSM scenarios.

Detailed analysis of the load structure and the assessment of DSM potential is applied only

for two "worst-case" operational scenarios, maximum winter and minimum summer demand

levels. While this provides some insight into the availability and potential for DSM resources

in the residential and commercial sectors, further research should carry out this load identifi-

cation and decomposition using an entire year, or several years of measurements at each node

throughout the considered network.

Finally, the approach for applying an OPF formulation in order to evaluate the optimum net-

work locations for deployment of DSM resources introduced in Section 6.6 is a promising line

of research. This should be investigated in detail by carrying out time series and/or probabilistic

simulations, examining the combined effects of different DSM schemes with various types of

embedded DG, in order to compare and quantify the potential benefits of DSM implementation

at each load point throughout the network in more detail.

This line of research is particularly important in the UK and Europe, where DSM is currently

being considered mostly by energy suppliers and energy retail businesses, while network opera-

tors remain unsure of what benefits DSM may provide to them. The corresponding cost-benefit

analysis will perhaps increase the motivation for network operators to further explore the po-

tential of demand side resources for network support and improvement of system performance.
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“All-scale modelling of wind generation and responsive demand in power system

studies,” in Proceedings of the IEEE PES General Meeting, San Diego, CA, 2012.

[17] I. Hernando-Gil, S. Ilie, A. Collin, J. Acosta, B. Hayes, and S. Djokić, “Co-ordinated
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Appendix A

Synthetic Wind Generation

The synthetic wind generator in Section 3.4.1 is implemented in Matlab using the following

code. The code for the DTMC-PDF case described in Section 3.4 is shown below.

% Wind Generator

% This code generates 1-sec resolution wind data based on a known 6x6 state

% transition probability matrix and known distributions for each state.

%

% Select probabilities from state transition matrix

p11=matrix(1,1); p12=matrix(1,2); p13=matrix(1,3);

p14=matrix(1,4); p15=matrix(1,5); p16=matrix(1,6);

p21=matrix(2,1); p22=matrix(2,2); p23=matrix(2,3);

p24=matrix(2,4); p25=matrix(2,5); p26=matrix(2,6);

p31=matrix(3,1); p32=matrix(3,2); p33=matrix(3,3);

p34=matrix(3,4); p35=matrix(3,5); p36=matrix(3,6);

p41=matrix(4,1); p42=matrix(4,2); p43=matrix(4,3);

p44=matrix(4,4); p45=matrix(4,5); p46=matrix(4,6);

p51=matrix(5,1); p52=matrix(5,2); p53=matrix(5,3);

p54=matrix(5,4); p55=matrix(5,5); p56=matrix(5,6);

p61=matrix(6,1); p62=matrix(6,2); p63=matrix(6,3);

p64=matrix(6,4); p65=matrix(6,5); p66=matrix(6,6);

% Define the total probability of occurrence of each state "ptotal"

% Variables "state1-6" are vectors consisting of all of the values in states 1-6

% "w1hr" is the total set of 1 hour averaged wind speeds

ptotal1=length(state1)/length(w1hr);

ptotal2=length(state2)/length(w1hr);

ptotal3=length(state3)/length(w1hr);

ptotal4=length(state4)/length(w1hr);

ptotal5=length(state5)/length(w1hr);

ptotal6=length(state6)/length(w1hr);

% Define number of hours of output data required

n_hours=(length(w1hr))*100;
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%Determine initial state "init" by comparing random value generated between 0 and 1

% with "ptotal" values for each state

x=rand(1);

if x<ptotal1;

init=1;

elseif x<ptotal1+ptotal2;

init=2;

elseif x<ptotal1+ptotal2+ptotal3;

init=3;

elseif x<ptotal1+ptotal2+ptotal3+ptotal4;

init=4;

elseif x<ptotal1+ptotal2+ptotal3+ptotal4+ptotal5;

init=5;

elseif x<ptotal1+ptotal2+ptotal3+ptotal4+ptotal5+ptotal6;

init=6;

else

fprintf(’Initialisation Error!’)

end

% Initialise output vector

% "n_hours" is the number of hours of synthetic data required

out=zeros((n_hours*3600),1);

% Set current state

current=init;

% Begin synthetic wind generation

% Iterate loop

n=1;

while n<n_hours+1

if current==1 % State 1

m=1;

% Allocate intra-hourly values using Weibull distribution "wbl1"

while m<3601

r=wblrnd(wbl1(1),wbl1(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

% Generate random number and compare with state transition probabilities

temp=rand(1);

if temp<=(p11)

next=1;

elseif temp<=(p11+p12);

next=2;

else

fprintf(’State1 Error!’)
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end

elseif current==2 % State 2

m=1;

% Allocate intra-hourly values using Weibull distribution "wbl2"

while m<3601 % allocate intra-hourly values

r=wblrnd(wbl2(1),wbl2(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

temp=rand(1);

if temp<=(p21)

next=1;

elseif temp<=(p21+p22)

next=2;

elseif temp<=(p21+p22+p23)

next=3;

else

fprintf(’State2 Error!’)

end

elseif current==3 % State 3

% Allocate intra-hourly values using Gamma distribution "gam3"

m=1;

while m<3601

r=gamrnd(gam3(1),gam3(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

temp=rand(1);

if temp<=(p31)

next=1;

elseif temp<=(p31+p32)

next=2;

elseif temp<=(p31+p32+p33)

next=3;

elseif temp<=(p31+p32+p33+p34)

next=4;

elseif temp<=(p31+p32+p33+p34+p35)

next=5;

else

next=3;

fprintf(’State3 Error!’)

end

elseif current==4 % State 4

% Allocate intra-hourly values using Gamma distribution "gam4"

m=1;
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while m<3601

r=gamrnd(gam4(1),gam4(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

temp=rand(1);

if temp<=(p41+p42)

next=2;

elseif temp<=(p41+p42+p43)

next=3;

elseif temp<=(p41+p42+p43+p44)

next=4;

elseif temp<=(p41+p42+p43+p44+p45)

next=5;

else

fprintf(’State4 Error!’)

end

elseif current==5 % State 5

% Allocate intra-hourly values using Gamma distribution "gam5"

m=1;

while m<3601

r=gamrnd(gam5(1),gam5(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

temp=rand(1);

if temp<=(p51+p52+p53)

next=3;

elseif temp<=(p51+p52+p53+p54)

next=4;

elseif temp<=(p51+p52+p53+p54+p55)

next=5;

elseif temp<=(p51+p52+p53+p54+p55+p56)

next=6;

else

fprintf(’State5 Error!’)

end

elseif current==6 % State 6

% Allocate intra-hourly values using Weibull distribution "wbl6"

m=1;

while m<3601

r=wblrnd(wbl6(1),wbl6(2));

out(((n-1)*3600)+m)=r;

m=m+1;

end

temp=rand(1);
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if temp<=(p61+p62+p63+p64+p65)

next=5;

elseif temp<=(p61+p62+p63+p64+p65+p66)

next=6;

else

fprintf(’State6 Error!’)

end

else

fprintf(’Current Error!’)

end

current=next; % move to next state

n=n+1; % increment counter

end



Appendix B

Detailed Wind Turbine Model for

Estimation of Power/Energy Outputs

High-resolution (second-by-second, or 1 Hz) recordings of input wind speed and turbine active

and reactive power outputs were obtained for an operational Vestas V90 3 MW wind turbine

(WT) [236], which were recorded at an 18 MW-rated commercial wind farm on the West coast

of Scotland. Typically, wind turbine recordings are in the form of Supervisory Control And

Data Acquisition (SCADA) measurements taken at 10-minute intervals. In order to accurately

capture the real time response of the turbine to changes in wind input, the monitoring equipment

at one turbine was adjusted to recorded 1 Hz data.

Approximately 50 hours of 1 Hz data were recorded in total in the study. Using this data,

attempts were made to build a WT model which could correctly reproduce the recorded active

power output data, given the recorded wind speed as an input. The intention was to find an

accurate model of the turbine, incorporating the full dynamics of the WT, including mechanical

and electrical losses. This model could then be used as a reference point for further modelling of

wind energy conversion systems, and the performance of subsequent simplified models could

then be benchmarked against it.

B.1 Vestas V90 Manufacturer Model

The full dynamic model of the Vestas V90 WT was obtained from the manufacturer. The

Vestas V90 is a Doubly-Fed Induction Generator (DFIG) machine, which is the WT technology

currently employed in the majority of onshore wind projects. Many WT manufacturers provide

electrical models of their WTs for use in Siemens PSS/E power system analysis software

([147]). These models are then applied in power system dynamics and grid stability studies,

particularly for verification of grid code compliance. Figure B.1 shows a control block diagram,

outlining the structure of the V90 manufacturer model.

The grey boxes in Figure B.1 represent parts of the turbine and its control system which are not

reprented in the V90 manufacturer model. Detail on the WT mechanical system, which com-
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prises of the rotor blades, turbine shaft and pitch control system are not part of the manufacturer

model.

According to the documentation provided by Vestas, the model is only suited to grid stability

studies over timescales of several hundred ms to several seconds, and that the user should

assume that wind speed remains constant over the course of the simulation. Additionally, it

was not possible to adjust the parameters Taero and Pmech in the V90 mode (Figure B.1) in

order to simulate changes in wind speed. Hence, the V90 manufacturer model was found to be

unsuitable for this application.

B.2 PSS/E Generic DFIG Model

As an alternative, the Generic DFIG model (WT3G2 [147]) provided in Siemens PSS/E was

used to model the Vestas V90 turbine. This model includes a representation of the WT me-

chanical system, and allows the user to simulate the WT response to changes in input wind

speed. Similar to many WT software models, the PSS/E generic DFIG model is built using a

modular approach, where separate models of the turbine blades, transmission (i.e. turbine shaft

and gearbox), generator, and control systems, are connected together by control variables, and

combined together provide a full representation of the WT dynamics. A control block diagram

of the Generic DFIG model is shown in Figure B.2.

The mechanical, or aerodynamic power on the rotor side, Paero was adjusted according to

the recorded input wind speed. Aerodynamic power was calculated using the standard cubic

formula:

Paero = cp(λ ,β )
ρA
2

v3 (B.1)

Figure B.1: Vestas V90 manufacturer model structure. The control blocks marked in grey are
not a part of the model.
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Figure B.2: Generic DFIG model structure [147].

Where: cp is the performance coefficient of the turbine (this was taken from a standard DFIG

performance curve provided in [237]), λ is the ratio of the rotor tip speed to wind speed,

β is the blade pitch angle (assumed to be zero initially), ρ is the air density at turbine hub

height, A rotor swept area, and v is the input wind speed measured in m/s. The parameters

in the Generic DFIG model were adjusted based the on values provided in the Vestas V90

manufacturer specifications and data sheets. Table B.1 lists the WT parameters used in the

model.

Parameter Units Value
MW base, Pbase MW 3.14

Rotor swept area, A m2 6362
Air density, ρ kg/m3 1.20

Generator number of poles - 4
Rotor speed (nominal) RPM 16.1

Rotor speed range RPM 9.9-18.4
Intertia constant, H s 5.0
Bus voltage, Vbus V 1000

Equivalent source resistance, Rsource p.u. 0.0066
Equivalent source reactance, Xsource p.u. 0.211

Max. power factor (leading) - 0.98
Max. power factor (lagging) - 0.96
Transformer reactance XGSU p.u. 0.0972

Table B.1: Parameters used for modelling of Vestas V90 3 MW unit.

A section of the recorded input wind speed, representing the first 2.5 hours of the data set is
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illustrated in Figure B.3 1. Figure B.4a shows the active power output from the Generic PSS/E

DFIG model (when fed with the 1 Hz wind input) compared against the recorded values. The

model error is illustrated in B.4b.

Figure B.3: Input wind speed recorded at Dalry wind farm.

Figure B.5 shows a shorter section of the data to illustrate the dynamics in the 1 Hz data. While

the model output follows the general trend of the recorded data, overall matching is poor and the

model clearly does not capture the second-by-second variations in output accurately. Further

tweaking and adjustment of control parameters in the Generic DFIG model was attempted, but

no significant improvement in matching was obtained. The average error is calculated using

the formula for Root Mean Squared Deviation (RMSD, 3.12) and expressing this value as a

percentage. The overall average error obtained is 13%, with a maximum error of 54%, see also

Table B.2.

B.3 Matlab SimPowerSystems DFIG Model

The Matlab SimPowerSystems Toolbox [179] was also used to model the Vestas V90 turbine, to

investigate if this approach could provide better accuracy. The Generic DFIG model provided

in the software was used, with model parameters adjusted to match the values provided by

Vestas (see Table B.1). Figure B.6 shows the best matching obtained using the Matlab DFIG

model.

Again, overall matching is poor, particularly when the 1 Hz data is examined in detail (Fig-

ure B.7). The overall average error for the model was calculated as 15% which is a larger error

than in the PSS/E case (see Table B.2 below for a comparison).

1. When the SCADA system is adjusted to record at 1 Hz, wind speed could only be measured accurate to the
nearest 1 m/s
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(a) Comparison of recorded active power output and output from PSS/E DFIG model

(b) Error from PSS/E DFIG model

Figure B.4: Results from PSS/E DFIG model.

B.4 System Identification for WT Modelling

Finally, the following section discusses attempts to build a "black box" model of the Vestas

V90 WT. This a different approach to modelling the WT than described previously, where the

PSS/E and Matlab cases relied a creating a physical model of each of the WT components. The

Figure B.5: Comparison of recorded active power output and results from PSS/E model over
a shorter time period to illustrate 1 Hz dynamics.



B.4. System Identification for WT Modelling 191

(a) Comparison of recorded active power output and output from Matlab DFIG model

(b) Error from Matlab DFIG model

Figure B.6: Results from Matlab DFIG model.

Figure B.7: Comparison of recorded active power output and results from Matlab model over
a shorter time period to illustrate 1 Hz dynamics.

black box model, on the other hand, is designed to reproduce the output time series, given the

corresponding data, without explicitly modelling any of the physical components in the device

such as the turbine blades, generator, control systems etc. Various types of linear and non-

linear ARX (autoregressive exogenous), and ARMAX (autoregressive moving average with

exogenous terms) are applied in order to achieve this. The general linear ARX model is given
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by:

A(z)y(k) = B(z)u(k−n)+ e(k) (B.2)

where: A(z) and B(z) are the linear ARX model coefficients, u(k) are the system inputs, y(k) are

the system outputs, n is the system delay, and e(k) is the model error. The single input-single

output (SISO) case is considered, where the single input is the 1 Hz wind speed measurement

and the single output is the corresponding 1 Hz active power output, measured in kW. The

single-input, single-output (SISO) linear ARX has the following time-domain equation:

y(t)+a1y(t−1)+ ... +anay(t−na) =

b1u(t)+b2u(t−1)+ ... +bnbu(t−nb−1)+ e(t) (B.3)

where: u(t) and y(t) are the system inputs and outputs respectively, and e(t) represents the

model error. The goal of the system identification is to find all of the coefficients an and bn so

that the linear ARX model predicts the current output, based on both the current value of the

input u(t), and previous values of u(t) and y(t) (i.e. wind speed and power output). All model

identification is carried out using the System Identification Toolbox provided in Matlab [238].

The linear ARX model can be modified to include a non-linear element (which can modelled

as a wavelet function, or a neural network). Various standard models are applied for the system

identification using the Matlab System Identification Toolbox, including linear ARX, ARMAX,

and several variants of the non-linear ARX model.

It was found that the non-linear ARX model, with a wavelet function trained to represent the

model non-linear element, was able to predict the power output most accurately. Figure B.8

illustrates the typical matching obtained using the identified non-linear ARX model. The re-

sulting overall average and maximum errors obtained were 12% and 45%, slightly lower than

both previously described models. However, the results show that the non-linear ARX model is

still not capable of modelling the very short-term variations in power output with an acceptable

degree of accuracy.
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(a) Comparison of recorded active power output and output from Non-linear ARX model

(b) Error from non-linear ARX model

Figure B.8: Results from non-linear ARX model.

Figure B.9: Comparison of recorded active power output and results from non-linear ARX
model over a shorter time period to illustrate 1 Hz dynamics.

B.5 Summary of Results

The results from all three modelling approaches are summarised in Table B.2 below. The best

performing model was the "black box" non-linear ARX model, which resulted in mean error

of 12% and a maximum error of 45%, when compared to the recorded 1 Hz measurements.

However, this model has the drawback in that there is no actual model of the physical process
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and the components involved in the energy conversion. The "black box" approach does not

provide any insight or understanding as to what is physically happening inside the WT, and the

resulting model is inflexible in that it is difficult to adapt it to other applications, for example,

modelling a slightly different WT, or extracting generator rotational speed, or reactive power

output, instead of active power output.

WT Model Bias Average Error Maximum Error
PSS/E - 0.03 13% 54%
Matlab + 0.06 15% 47%

Non-linear ARX + 0.02 12% 45%

Table B.2: Summary of results from full dynamic WT models.

One of the main problems with the above attempts to model the short-term dynamics was that

the 1 Hz input wind speed measurements could only be recorded with an accuracy of 1 m/s

by the SCADA system (i.e. each second-by-second measurement is rounded to the nearest

m/s), and no information on wind direction at 1 Hz was available. If the input wind regimes

could be measured with a greater accuracy, this could potentially allow for a more accurate

reproduction of the power output. In addition to this, the input wind speeds are measured at the

turbine nacelle, which is situated behind the turbine blades. This can mean that the recorded

wind speed is affected by the turbine wake, and that the wind speed recorded at the nacelle

does not correspond exactly to the actual wind speed in front of the turbine blades. This issue

is addressed in Section 4.2 of the thesis.

Finally, it may have been possible to achieve better results by building and validating a more de-

tailed physical model of the WT from first principles to suit the required application. However,

this was outside the scope of this thesis, and in any case, the detailed mathematical modelling

of WT systems is dealt with extensively in previous literature (e.g. [64, 65, 85, 86]). Despite

the difficulties encountered in developing the detailed WT model, the modelling and analysis

shown was useful in identifying some of the limitations of existing dynamic WT models,

particularly in relation to their ability to accurately respond to the high frequency fluctuations

in input wind speed.

B.6 Effects of Data Resolution on Steady State Performance Es-

timation

The following examines the effect of input wind speed data resolution on the estimation of WT

steady state energy output. In [66], it was found that for micro and small-scale wind generation

systems, the data resolution had a large impact on the estimation of steady state performance,

as high frequency variations in wind speed led to increased losses and inefficiencies in the
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energy conversion process. These high frequency variations are not captured when wind speed

is measured at longer time scales (e.g. 10-minute or hourly values). In order to quantify this

data resolution effect, the set of 50 hours of high-resolution measurements from the Vestas

V90 WT described in Section 4.1 is used to build measured power curves for various time

resolutions.

Figure B.10 shows a comparison of the measured power curves, built using the "method of

bins" described in the European standard EN 61400-12-1 [150] at various data resolutions.

The shape of the measured power curves are somewhat different to the corresponding WT

manufacturer power curve obtained from [236] 2.

Figure B.10: Comparison of measured power curves at different wind speed data resolutions.

The energy outputs at each data resolution were calculated as follows: first the 1-second reso-

lution wind input data is applied to the 1-second power curve, then the 10-second wind inputs

are applied to the 10-second curve, and so on. Table B.3 shows the resulting energy outputs.

Resolution Energy Output WT1
(kWh) %

Actual Recordings 71227.8 -
1 second 71170.1 0.081

10 second 71100.9 0.178
1 minute 71098.5 0.182

10 minute 71074.3 0.216
1 hour 70903.0 0.456

Table B.3: Comparison of estimated energy outputs over 50 hours at various wind speed data
resolutions.

The results in Table B.3 show that the effect of wind speed data resolution is minimal, and

the use of larger time scales (e.g. 10-minute) introduces only a very small error into the

2. Note that the 1 Hz data used was recorded manually during daytime hours only, and the original data was not
all continuous (i.e. the 50 hour data set is aggregated from a number of separate recording sessions).
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analysis. This "loss of information" effect, while very important for small and micro-scale

wind devices [66], is not significant in the case of larger, commercial-scale WTs.

The effect of high-frequency variations of wind speed on energy output are greatly reduced

due to the much larger inertia and swept area of the medium to large-scale WTs. The results in

Table B.3 demonstrate that for calculation of steady-state outputs, the improvement in accuracy

obtained by applying higher-resolution models is negligible for medium-large scale commer-

cial wind tubines.
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Embedded Wind Generation

C.1 Embedded Wind Generation in SPTL Region

The following Tables C.1 and C.2 list the installed Medium Voltage Embedded Wind Gen-

eration (MV-EWG) in the SPTL region, including site locations, wind turbine (WT) model,

WT types (fixed speed, variable speed DFIG, or full-converter direct drive technologies), along

with the number of WT units and the total MW capacities at each site. The data shown is taken

from [199] and turbine manufacturer data sheets. The substations, or Grid Supply Points (GSP)

at which each EWG is connected are determined from the network diagrams provided in [207],

or from information provided by individual wind farm developers.

Wind farm GSP WT model WT type WT
category

No.
Units

Total
MW

capacity
Hagshaw Hill Linmill Bonus Fixed speed WT1 26 15.6

Windy
Standard Coylton NEG Micon

600 Fixed speed WT1 36 21.6

Braiden Hill Coatbridge Enercon E53 Fixed speed WT1 1 0.8
Methil Docks Leven GWP47 Fixed speed WT1 1 0.75

Bowbeat 1 Kaimes Nordex N80 Fixed speed WT1 12 15.6
Bowbeat 2 Kaimes Nordex N80 Fixed speed WT1 12 15.6

Myres Hill Giffnock NEG Micon
900 Variable speed WT2 2 1.9

Hare Hill Coylton Vestas V47 Variable speed WT2 20 13
Artfield Fell Glenluce Bonus Variable speed WT2 20 19.5

Black Hill Eccles Siemens
SWT 1.3 Variable speed WT2 22 28.6

Wether Hill Dumfries Siemens
SWT 1.3 Variable speed WT2 14 18.2

Green
Knowes Devonside Acciona

AW1500 Variable speed WT2 18 27

Hagshaw Hill
Extension Linmill Siemens

SWT 1.3 Variable speed WT2 20 26

Ardrossan Saltcoats Vestas V80 Variable speed WT3 12 24

Table C.1: List of EWG connected in SPTL region, including substation codes and turbine
types.
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The turbines are classified into seven categories, WT1-WT7, based on the WT type (e.g. fixed-

speed, DFIG, full-converter), and their nameplate capacities. From Tables C.1 and C.2, it is

shown that only around 10% of the MV-EWG in the SPTL region is made up of fixed-speed

WTs, and the remaining 90% are variable speed (either DFIG or full-converter direct drive

WTs), see also Section 4.5.3.

Wind farm GSP WT model WT type WT
category

No.
Units

Total
MW

capacity
Greendykeside

Wind Farm Newarthill REPower
MM82 Variable speed WT3 2 4

Ardrossan
Extension Saltcoats Vestas V80 Variable speed WT3 3 6

Lochhead
Farm Wishaw REpower

MM82 Variable speed WT3 3 6.15

Pates Hill Bathgate Vestas V80 Variable speed WT3 7 14
North Rhins Glenluce Vestas V80 Variable speed WT3 10 22

Burnfoot Hill Devonside Repower
MM82 Variable speed WT3 13 26

Muirhall -
resubmission Wishaw REpower

MM82 Variable speed WT3 6 12.3

Glenkerie
Wind Farm Linmill Vestas V80 Variable speed WT3 11 22

Fintry Stirling Nordex N80 Variable speed WT4 1 2.5
Craig Wind

Farm Glenluce Nordex N80 Variable speed WT4 4 10

Craigengelt Stirling Nordex N80 Variable speed WT4 8 20
Carcant Kaimes Siemens 2.3 Variable speed WT5 3 6

Toddleburn Kaimes Siemens 2.3 Variable speed WT5 12 27.6
Wardlaw

Wood (Dalry) Saltcoats Vestas V90 Variable speed WT6 6 18

Millour Hill Saltcoats Siemens 3.0
DD Direct drive WT7 6 18

Table C.2: List of EWG connected in SPTL region, including substation codes and turbine
types (ctd.).
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C.2 Accounting for Array Losses

Table C.3 shows the per-unit adjustment which was applied to account for array losses at wind

farms where no measurement data was available, based on the methodology given in the Garrad

Hassan study in [201]. The wind speed bin size shown is 1 m/s. These values were used to

modify the Aggregate Generic WT power curve as described in Section 4.5.3.

Wind speed (m/s) Normalised
array losses

Per unit
adjustment

0 0 1
1 0 1
2 0 1
3 0 1
4 -0.002 0.998
5 -0.006 0.994
6 -0.02 0.98
7 -0.05 0.95
8 -0.071 0.929
9 -0.093 0.907

10 -0.123 0.877
11 -0.114 0.886
12 -0.08 0.92
13 -0.047 0.953
14 -0.024 0.976
15 -0.01 0.99
16 0 1
17 0 1
18 -0.015 0.985
19 -0.03 0.97
20 -0.05 0.95
21 -0.15 0.85
22 -0.25 0.75
23 -0.35 0.65
24 -0.45 0.55

Table C.3: Per-unit adjustment made to Aggregate Generic MV-connected power perfor-
mance curve to account for array losses.



Appendix D

Load Identification

D.1 Load Identification Methodology

The following shows the Matlab code which is used to implement the load identification

algorithm described in Section 5.1.

% Load component fitting for SP GSP measurements

gof_out=[]; % define GOF output variable

% Read GSP load demand from .txt file

demand=importdata(’*.txt’);

% Adjust weights for each load sector (c1, c2 and c3) in increments of 0.01

for c1=-1.0:0.01:1.0

for c2=-1.0:0.01:1.0

for c3=-1.0:0.01:1.0

% Calculate residential GOF

gof_res=corr2(demand,residentialx)+c1;

if gof_res<0.1 % remove residential component if GOF is too low

gof_res=0;

else

gof_res=gof_res;

end

% Calculate commercial GOF

gof_com=corr2(demand,commercialx)+c2;

if gof_com<0.1 % remove commercial component if GOF is too low

gof_com=0;

else

gof_com=gof_com;

end

200
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% Calculate industrial GOF

gof_ind=corr2(demand,industrialx)+c3;

if gof_ind<0.1 % remove industrial component if GOF is too low

gof_ind=0;

else

gof_ind=gof_ind;

end

% Find sum of GOF values

gof_sum=gof_res+gof_com+gof_ind;

% Calculate residential/commercial/industrial components

x_res=gof_res/gof_sum;

x_com=gof_com/gof_sum;

x_ind=gof_ind/gof_sum;

% Build model from these components and compare with the original demand

model_init=residentialx*x_res+commercialx*x_com+industrialx*x_ind;

model=model_init/max(model_init);

% output component from each load sector

scaling=model./model_init;

res=(residentialx*x_res).*scaling;

com=(commercialx*x_com).*scaling;

ind=(industrialx*x_ind).*scaling;

% check overall GOF

overall_gof=corr2(demand,model);

% output results matrix

result=[c1 c2 c3 overall_gof];

gof_out=[gof_out; result];

end

end

end

% find maximum GOF coefficents from results matrix

[max_gof,index] = max(gof_out(1:length(gof_out),4));

% find maximum GOF coefficents from results matrix

[max_gof,index] = max(gof_out(1:length(gof_out),4));

c1=gof_out(index,1);

c2=gof_out(index,2);

c3=gof_out(index,3);
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gof_res=corr2(demand,residentialx)+c1; % residential GOF

gof_com=corr2(demand,commercialx)+c2; % commercial GOF

gof_ind=corr2(demand,industrialx)+c3; % industrial GOF

% Find maximum sum of GOF values

gof_sum=gof_res+gof_com+gof_ind;

% Find maximum residential, commercial and industrial components

x_res=gof_res/gof_sum;

x_com=gof_com/gof_sum;

x_ind=gof_ind/gof_sum;

% Build model from components and compare with the original demand

model_init=residentialx*x_res+commercialx*x_com+industrialx*x_ind;

model=model_init/max(model_init);

% check overall GOF

overall_gof=corr2(demand,model)

D.2 Load Identification Results

The results of the load identification carried out using the measured demand at all 89 GSPs

in the SPTL network are given in Table D.1 for the maximum winter case, and Table D.3 for

the minimum summer case. All values are expressed in per unit unless otherwise stated. The

second column in Tables D.1 and D.3 shows the sub-sector classifications the interconnecting

MV and LV networks. Each node is are classified as either HU (Highly Urban), U (Urban), SU

(Suburban), or R (Rural) in Section 5.2.1 of this report.



D.2. Load Identification Results 203

GSP code Sub-sector
Peak

Demand
(MW)

Res Com Ind Misc DG
DG

Capacity
(MW)

AYR U 33 0.29 0.52 0.19 0.00 0 0.00
BAGA SU 23.7 0.63 0.22 0.15 0.00 0 0.00
BAIN U 20.6 0.28 0.20 0.52 0.00 0 0.00
BERW SU 16.1 0.29 0.20 0.38 0.04 -0.09 0.00
BONN U 26.8 0.21 0.11 0.27 0.01 -0.4 0.80
BRAP U 25.1 0.26 0.36 0.38 0.00 0 0.00
BROX U 31.1 0.28 0.27 0.45 0.00 0 0.00
CAFA R 0 0.00 0.00 0.00 0.00 -1 12.00
CATY SU 30.6 0.35 0.32 0.33 0.00 0 4.30
CHAP U 26.8 0.00 0.00 0.00 0.00 -1 6.00
CHAS HU 55.3 0.00 1.00 0.00 0.00 0 0.00
CLYM SU 43.8 0.68 0.23 0.09 0.00 0 4.00

COAT A U 17.8 0.46 0.22 0.32 0.00 0 0.80
COAT C U 22.2 0.34 0.26 0.40 0.00 0 0.00
COCK U 23.6 0.51 0.00 0.49 0.00 0 0.00
COYL U 19 0.22 0.11 0.27 0.00 -0.4 38.00

CROO A U 29.3 0.74 0.17 0.09 0.00 0 0.00
CROO B SU 10.9 0.64 0.18 0.18 0.00 0 0.00
CUMB U 27.7 1.00 0.00 0.00 0.00 0 14.40
CUPA U 31.5 0.31 0.23 0.41 0.03 -0.03 1.20
CURR SU 7.3 0.34 0.20 0.46 0.00 0 0.00
DEVM SU 19.6 0.32 0.23 0.40 0.05 0 0.00
DEVO R 35.7 0.26 0.15 0.29 0.01 -0.29 27.00
DEWP HU 44.6 0.00 1.00 0.00 0.00 0 0.00
DRCR SU 14 0.30 0.21 0.39 0.09 0 0.00
DRUM SU 46 0.70 0.21 0.09 0.00 0 0.00
DUMF1 SU 9.8 0.32 0.24 0.43 0.00 0 0.00
DUMF3 SU 17.9 0.20 0.08 0.22 0.02 -0.48 24.80

DUMFT3 SU 9 0.28 0.19 0.36 0.17 0 0.00
DUNB SU 11.7 0.00 0.00 0.00 0.00 -1 5.30
DUNF R 22.4 0.45 0.22 0.33 0.00 0 2.27
EAST R 0 0.00 0.00 0.00 0.00 -1 14.20
ECCL SU 8.8 0.00 0.00 0.00 0.00 -1 28.60
EERH SU 62 0.60 0.11 0.29 0.00 0 0.00
EKIL U 37.9 0.44 0.16 0.41 0.00 0 0.00
EKIS SU 15.1 0.13 0.37 0.50 0.00 0 5.30
ELDE U 18.4 0.40 0.29 0.31 0.00 0 0.00
ERSK U 16.2 0.61 0.00 0.39 0.00 0 0.00
GALA U 15.4 0.27 0.16 0.31 0.01 -0.24 17.20
GIFF SU 16.7 0.92 0.00 0.08 0.00 0 1.90
GLNI R 0 0.00 0.00 0.00 0.00 -1 0.00
GLLE SU 11 0.00 0.00 0.00 0.00 -1 23.00
GLLU U 14.8 0.67 0.24 0.09 0.00 0 41.50
GLRO U 24.1 0.38 0.18 0.45 0.00 0 0.00
GORG U 24.6 0.73 0.08 0.19 0.00 0 0.00

Table D.1: Results from load identification for maximum winter day.
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GSP code Sub-sector
Peak

Demand
(MW)

Res Com Ind Misc DG
DG

Capacity
(MW)

GOVA U 25.9 0.05 0.40 0.55 0.00 0 0.00
GRMO A SU 20.2 0.59 0.10 0.31 0.00 0 4.60
GRMO C SU 15.7 0.31 0.22 0.39 0.01 -0.07 6.60

HAGR U 33 0.75 0.12 0.14 0.00 0 0.00
HAWI U 13.2 0.31 0.23 0.41 0.03 -0.02 0.00
HELE U 12.8 0.59 0.12 0.29 0.00 0 0.00
HUNF R 4.9 0.28 0.18 0.35 0.01 -0.19 0.00
INKE SU 29.7 0.42 0.23 0.35 0.00 0 0.00
JOHN U 25.9 0.76 0.05 0.19 0.00 0 0.00
KAIM SU 42.9 0.30 0.21 0.40 0.01 -0.07 31.20
KEOO R 0.2 0.00 0.00 0.00 0.00 -1 25.2
KIER SU 41.6 0.70 0.14 0.16 0.00 0 5.00

KILB 11 SU 6.2 1.00 0.00 0.00 0.00 0 0.00
KILB 33 SU 13.3 0.27 0.24 0.49 0.00 0 0.00

KILS SU 19.2 0.45 0.16 0.38 0.00 0 1.80
KILT SU 62.9 0.50 0.28 0.22 0.00 0 0.70
KILW SU 7.8 0.25 0.17 0.35 0.00 -0.23 15.00
LEVE U 23.3 0.51 0.11 0.38 0.00 0 0.00
LING SU 48.1 0.37 0.20 0.42 0.00 0 33.60
LINM SU 7.7 0.17 0.05 0.19 0.00 -0.59 59.60
MAYB SU 9 0.30 0.21 0.38 0.00 -0.12 7.30
NEAR SU 50.2 0.50 0.09 0.40 0.00 0 3.20
NETS R 5.3 0.31 0.21 0.37 0.11 0 0.00
PAIS U 25.4 0.38 0.17 0.45 0.00 0 0.00
PART SU 23.7 0.54 0.18 0.28 0.00 0 0.00
POOB SU 51.3 0.59 0.14 0.27 0.00 0 3.10
PORD SU 47.6 0.24 0.58 0.18 0.00 0 0.00
RAVE SU 20.8 0.28 0.19 0.37 0.16 0 0.00
REDH U 23 0.25 0.27 0.48 0.00 0 0.00

SACO A SU 21.4 0.20 0.10 0.25 0.01 -0.44 29.40
SACO B U 16.9 0.25 0.14 0.29 0.01 -0.3 19.10
SANX U 16.7 0.39 0.20 0.41 0.00 0 0.00
SHRU U 43.2 0.22 0.26 0.51 0.00 0 0.00
SIGH U 59.4 0.42 0.15 0.43 0.00 0 0.00
SPAV SU 24.7 1.00 0.00 0.00 0.00 0 0.00
STHA U 30.4 0.46 0.22 0.31 0.00 0 0.00
STIR SU 38.9 0.40 0.19 0.42 0.00 0 0.00
STLE U 29.7 0.53 0.31 0.16 0.00 0 0.00
TELR SU 26.2 0.00 0.00 0.00 0.00 -1 0.00
TONG SU -9.3 0.50 0.21 0.29 0.00 0 33.00
WFIE SU 12.1 0.32 0.27 0.41 0.00 0 12.50

WGEO HU 47.6 0.00 1.00 0.00 0.00 0 0.00
WHHO U 36.4 0.46 0.29 0.25 0.00 0 0.00
WISH SU 42.2 0.62 0.22 0.16 0.00 0 6.00

Table D.2: Results from load identification for maximum winter day (ctd.).
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GSP code Sub-sector
Peak

Demand
(MW)

Res Com Ind Misc DG
DG

Capacity
(MW)

AYR U 33.0 0.29 0.52 0.19 0 0 0
BAGA SU 23.7 0.63 0.22 0.15 0 0 0
BAIN U 20.6 0.28 0.2 0.52 0 0 0
BERW SU 16.1 0.29 0.2 0.38 0.04 -0.09 0
BONN U 26.8 0.21 0.11 0.27 0.01 -0.4 0.8
BRAP U 25.1 0.26 0.36 0.38 0 0 0
BROX U 31.1 0.28 0.27 0.45 0 0 0
CAFA R 0.0 0 0 0 0 -1 12
CATY SU 30.6 0.35 0.32 0.33 0 0 4.3
CHAP U -26.8 0 0 0 0 -1 6
CHAS HU 55.3 0 1 0 0 0 0
CLYM SU 43.8 0.68 0.23 0.09 0 0 4

COAT A U 17.8 0.46 0.22 0.32 0 0 0.8
COAT C U 22.2 0.34 0.26 0.4 0 0 0
COCK U 23.6 0.51 0 0.49 0 0 0
COYL U 19.0 0.22 0.11 0.27 0 -0.4 38

CROO A U 29.3 0.74 0.17 0.09 0 0 0
CROO B SU 10.9 0.64 0.18 0.18 0 0 0
CUMB U 27.7 1 0 0 0 0 14.4
CUPA U 31.5 0.31 0.23 0.41 0.03 -0.03 1.2
CURR SU 7.3 0.34 0.2 0.46 0 0 0
DEVM SU 19.6 0.32 0.23 0.4 0.05 0 0
DEVO R 35.7 0.26 0.15 0.29 0.01 -0.29 27
DEWP HU 44.6 0 1 0 0 0 0
DRCR SU 14.0 0.3 0.21 0.39 0.09 0 0
DRUM SU 46.0 0.7 0.21 0.09 0 0 0
DUMF1 SU 9.8 0.32 0.24 0.43 0 0 0
DUMF3 SU 17.9 0.2 0.08 0.22 0.02 -0.48 24.8

DUMFT3 SU 9.0 0.28 0.19 0.36 0.17 0 0
DUNB SU -11.7 0 0 0 0 -1 5.3
DUNF R 22.4 0.45 0.22 0.33 0 0 2.27
EAST R 0.0 0 0 0 0 -1 14.2
ECCL SU 8.8 0 0 0 0 -1 28.6
EERH SU 62.0 0.6 0.11 0.29 0 0 0
EKIL U 37.9 0.44 0.16 0.41 0 0 0
EKIS SU 15.1 0.13 0.37 0.5 0 0 5.3
ELDE U 18.4 0.4 0.29 0.31 0 0 0
ERSK U 16.2 0.61 0 0.39 0 0 0
GALA U 15.4 0.27 0.16 0.31 0.01 -0.24 17.2
GIFF SU 16.7 0.92 0 0.08 0 0 1.9
GLNI R 0.0 0 0 0 0 -1 0
GLLE SU 11.0 0 0 0 0 -1 23
GLLU U 14.8 0.67 0.24 0.09 0 0 41.5
GLRO U 24.1 0.38 0.18 0.45 0 0 0
GORG U 24.6 0.73 0.08 0.19 0 0 0

Table D.3: Results from load identification for minimum summer day.
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GSP code Sub-sector
Peak

Demand
(MW)

Res Com Ind Misc DG
DG

Capacity
(MW)

GOVA U 25.9 0.05 0.4 0.6 0 0 0
GRMO A SU 20.2 0.59 0.1 0.31 0 0 4.6
GRMO C SU 15.7 0.31 0.2 0.39 0.01 -0.07 6.6

HAGR U 33.0 0.75 0.12 0.1 0 0 0
HAWI U 13.2 0.31 0.23 0.4 0.03 -0.02 0
HELE U 12.8 0.59 0.12 0.3 0 0 0
HUNF R 4.9 0.28 0.18 0.4 0.01 -0.19 0
INKE SU 29.7 0.42 0.23 0.4 0 0 0
JOHN U 25.9 0.76 0.05 0.2 0 0 0
KAIM SU 42.9 0.3 0.21 0.4 0.01 -0.07 31.2
KEOO R 0.2 0 0 0.0 0 -1 25.2
KIER SU 41.6 0.7 0.14 0.2 0 0 5

KILB11 SU 6.2 1 0.0 0 0 0 0
KILB33 SU 13.3 0.27 0.2 0.49 0 0 0

KILS SU 19.2 0.45 0.16 0.4 0 0 1.8
KILT SU 62.9 0.5 0.28 0.2 0 0 0.7
KILW SU 7.8 0.25 0.17 0.4 0 -0.23 15
LEVE U 23.3 0.51 0.11 0.4 0 0 0
LING SU 48.1 0.37 0.2 0.4 0 0 33.6
LINM SU 7.7 0.17 0.05 0.2 0 -0.59 59.6
MAYB SU 9.0 0.3 0.21 0.4 0 -0.12 7.3
NEAR SU 50.2 0.5 0.09 0.4 0 0 3.2
NETS R 5.3 0.31 0.21 0.4 0.11 0 0
PAIS U 25.4 0.38 0.17 0.5 0 0 0
PART SU 23.7 0.54 0.18 0.3 0 0 0
POOB SU 51.3 0.59 0.14 0.3 0 0 3.1
PORD SU 47.6 0.24 0.58 0.2 0 0 0
RAVE SU 20.8 0.28 0.19 0.4 0.16 0 0
REDH U 23.0 0.25 0.27 0.5 0 0 0

SACO A SU 21.4 0.2 0.1 0.25 0.01 -0.44 29.4
SACO B U 16.9 0.25 0.1 0.29 0.01 -0.3 19.1
SANX U 16.7 0.39 0.2 0.4 0 0 0
SHRU U 43.2 0.22 0.26 0.5 0 0 0
SIGH U 59.4 0.42 0.15 0.4 0 0 0
SPAV SU 24.7 1 0 0.0 0 0 0
STHA U 30.4 0.46 0.22 0.3 0 0 0
STIR SU 38.9 0.4 0.19 0.4 0 0 0
STLE U 29.7 0.53 0.31 0.2 0 0 0
TELR SU 26.2 0 0 0.0 0 -1 0
TONG SU -9.3 0.5 0.21 0.3 0 0 33
WFIE SU 12.1 0.32 0.27 0.4 0 0 12.5

WGEO HU 47.6 0 1 0.0 0 0 0
WHHO U 36.4 0.46 0.29 0.3 0 0 0
WISH SU 42.2 0.62 0.22 0.2 0 0 6

Table D.4: Results from load identification for minimum summer day (ctd.).



Appendix E

Transmission Network Modelling and

Validation

E.1 Modelling of SPTL Interconnections

The SPTL system has three interconnections:

• Moyle HVDC interconnector to Northern Ireland at Auchencrosh.

• SHETL system to the north.

• NGET system to the south.

The following summarises how each of these external systems and the boundary nodes (i.e.

points of connection to the SPTL system) are modelled in the network analysis.

E.1.1 Moyle HVDC Interconnector to Northern Ireland

This is a 500 MW capacity interconnector to the Irish transmission system, made up of two 55

km submarine HVDC cables connected to a static inverter plant at the 275 kV Auchencrosh

node. There is also a 270 MVAr switched capacitor bank connected in order to provide the

reactive power resources required.

The Moyle Interconnector is modelled in PSS/E [147] as a variable load directly connected

to the system at 275 kV at the Auchencrosh node. Metered historical half-hourly data for

recorded import/export over the HVDC interconnector are readily available from National Grid

published metering data [239]. These are applied to adjust the load accordingly, assuming 0.9

power factor (lagging) at the SPTL side. In general, power is exported from the SPTL grid over

this interconnector.

Reactive power is provided locally by a continuously-controlled, switched-shunt capacitor

bank, which maintains bus voltage to within 0.99-1.01 p.u. This approach is in accordance

with the modelling of the Moyle Interconnector in the studies described in the National Grid

Seven Year Statement [32].

207
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E.1.2 SHETL System Interconnection

The SHETL system to the north has a peak demand of around 1900 MW. Generation capacity

significantly exceeds demand requirements in this region, and it is a net exporter of power

into the SPTL system. The border nodes interconnecting the SHETL and SPTL systems are as

follows:

• Double 132kV line at BONN10 (2x 120 MVA)

• Double 132kV line at GARB1S (2x 132 MVA)

• Double 132kV line at GARB1T (2x 132 MVA)

• Double 275kV line at GLRB20/WFIB20 (2x 760 MVA)

• Double 275kV line at KINB20 (2x 955 MVA)

The SHETL system is represented by an equivalent which models the transfer to and from

SPTL as:

Trans f er = E f f ective Generation − (Load + Losses). (E.1)

The generating plant on the SHETL system can be summarised as follows:

• Thermal: Peterhead CCGT - capacity of 2177 MW (however, transmission system ca-

pacity issues mean that this is limited to 1150MW in normal operation [32], generation

is assumed to be constant at this output).

• Hydro: 1396MW, including 300MW of pumped storage at Foyers. Pumped hydro mea-

surements from [239] are used to model the output from all hydro generators. It is

assumed that the operation of all hydro generation follows that of the measured pumped

storage systems, i.e. high output during times of high demand, and low output during

times of low demand.

• Wind: 977MW (based on 2009/2010 figures) - recordings from 19 WFs in the SHETL

region are used to provide accurate output figures.

Note that Embedded Generation in SHETL is not included under "Generation", as this is

assumed to be taken into account in the recorded demand figures. Total demand from SHETL

is calculated based on the data in [239], and transmission system losses are assumed to be 2%

of total demand. The border infeeds are represented as generic induction generators connected

to the border nodes, with reactive limits set at 0.9 p.f. lagging/leading.

E.1.3 NGET (England and Wales) System Interconnection

The NGET system to the south has a peak demand of around 52 GW. Power is typically

exported across the SPTL-NGET border, which represents a significant constraint on the GB

system [15, 47]. The border nodes are connected via double 400 kV lines at Gretna and Stella

West, which are commonly known as the East and West Interconnectors:

• Double 400kV line at GRNA40 (2x 2010 MVA)
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• Double 400kV line at STWB40 (2x 2770 MVA)

Note that all MVA ratings are given as winter ratings. Practical transfer limits at the SPTL-

NGET boundary are significantly lower due to stability concerns (there is a risk of generator

pole-slipping if total export exceeds 3.3 GW [32]). It is assumed that any net generation excess

in the modelled SPTL system after the system is dispatched is exported to the larger NGET

system. In practice, the TSO may be required to intervene and reduce generation output in both

the SHETL and SPTL systems in order to manage the SPTL-NGET export limits, especially

during network outage and contingency situations.

Several simplifying assumptions are made in the approach outlined above. The exact generation

profiles (particularly for the large thermal generators) and network power flows at any given

instant in time will depend on many factors, including electricity buy/sell prices, bidding

strategies, planned and unplanned network outages etc., for which exact data is unavailable.

However, the modelled power flows and generating profiles for key network time-series "snap-

shots" (e.g. winter peak/summer minimum scenarios), are largely in agreement with the data

provided in [32, 207, 240], and the SPTL system as modelled here, achieves its objective in

creating a large number of realistic operating scenarios for the analysis.

E.2 Fault Level Analysis and Results

In order to validate the SPTL transmission system model, the fault levels are calculated through-

out the network and compared with the corresponding data published by National Grid [32].

The 3-phase peak asymmetrical fault current (circuit breaker making) is calculated for each

substation using the G74 guidelines [221] for meeting the requirements of IEC909 in computer

applications. PSS/E was used to set the network up for fault calculations as follows:

• Voltage magnitudes as per power flow results, phase angles are all set to zero.

• Constant power, current, and admittance loads are set to zero.

• Machine reactive power outputs are left as per the power flow.

• Transformer phase shift angles are set to zero, turn ratios are left unchanged.

• Bus shunts and line charging are left unchanged.

• Border nodes outside the SPTL network boundary are represented by equivalent positive

or negative loads.

In order to obtain the peak fault current (circuit breaker making), Ip,RMS, the initial root mean

squared (RMS) value of the 3-phase fault current (I′′k ) and the R/X ratio at each network node

is first calculated using PSS/E. The initial symmetrical short circuit current, I′′k , is calculated

according to the IEC-60909-0 standard guidelines [222] as:

I′′k =
cVn√
3Zk

(E.2)
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where: c is the voltage factor that accounts for the maximum system voltage (1.1 for voltages

> 1 kV [222], Vn is the nominal voltage at the system location, and Zk is the equivalent positive

sequence short circuit impedance. The peak fault current, Ip,RMS, is then given by:

Ip,RMS =
√

2
(

1.02+0.98 e−3( R
X )
)

I′′k (E.3)

For 400 kV nodes, the SPTL network model does not give accurate results. This is due to

the fact that most of the 400 kV system is in the NGET (England and Wales) system and is

not represented adequately. The GB transmission system model (based on the DC load flow

used for NG tariff calculations [32]) was appended with sequence data. I′′k was then calculated

at each node in the same way. X/R ratios could not be calculated as this model is much less

detailed and contains only line reactances. For the 400 kV substations, Ip is given by:

Ip = 2
√

2 I′′k (E.4)

The results are given below in Table E.1, comparing the calculated values to those published

in [32]. The median error across all voltage levels is 5.8%.

E.3 SPTL Dispatch Algorithm

This section describes the algorithm used to dispatch conventional generating plant in the SPTL

transmission system model. Figure E.1 shows the flow chart for the algorithm.

The algorithm is implemented in Python code, using Siemens PSS/E [147] to model the SPTL

transmission network and solve the power flow at each iteration. The network constraints are

the thermal MVA ratings for each line in the system provided in [32], with an additional stabil-

ity constraint at the B6 boundary which limits the transfer across the SPTL-NGET boundary to

2.8 GW. Where possible, the algorithm dispatches generation plant in each category according

to the merit order published by National Grid, i.e. SPTL generating plants with higher merit

order ranking in are dispatched in preference to plants with low merit order ranking. The ramp

up and ramp down rates of generating plants are note considered. The following shows the

Python code used to implement the SPTL dispatch algorithm.
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Network node Voltage (kV) NG 3-phase initial
peak current (kA)

SPTL model
3-phase initial peak

current (kA)
DUMF5- 11 34.68 34.3
KILB5- 11 28.3 30.46
ELVA0J 25 18.76 20.2
ELVA0K 25 18.76 20.2
AYR-3- 33 43.69 46.57
BAGA3- 33 27.56 29.19
BAIN3- 33 34.7 35.77
BERW3- 33 25.55 25.56
BLLA3A 33 30.23 34.66
BLLA3B 33 30.25 34.68
BONN3- 33 40.41 37.17
BRAP3- 33 28.97 32.3
BROX3- 33 25.68 26.63
CHAS3- 33 47.73 38.91
CLYM3- 33 48.52 49.96
COAT3- 33 39.83 46.02
COCK3- 33 49.51 52.69
COYL3- 33 37.39 35.38
CROO3J 33 33.6 35.5
CUMB3- 33 31.83 28.14
CUPA3- 33 29.73 29.76
DEVM3- 33 34.86 37.71
DEVO3- 33 29.67 31.34
DEWP3- 33 49.97 51.05
DRCR3- 33 24.03 26.02
DRUM3- 33 48.47 51.36
DUMF3I 33 17.77 22.23
DUNF3- 33 30.41 31.79
ECCL3- 33 32.73 33.46
EERH3- 33 52.35 53.85
EKIL3- 33 52.2 55.33
EKIS3- 33 39.91 41.89
ELDE3- 33 37.43 39.18
ERSK3- 33 22.54 25.01
GIFF3- 33 49.41 56.75
GLNI3- 33 29.42 32.08
GLRO3- 33 37.41 38.87
GORG3- 33 26.8 28.3
GOVA3- 33 34.71 37.1
HAGR3- 33 34.44 36.38
HELE3- 33 26.52 27.79
HUNF3- 33 36.93 38.97
INKE3- 33 29.38 30.24
JOHN3- 33 34.37 36.38
KAIM3- 33 52.06 54.01
KIER3- 33 33.94 32.21
KILB3- 33 32.41 35.15

Table E.1: Comparison of calculated and published fault levels for SPTL network.
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Network node Voltage (kV) NG 3-phase initial
peak current (kA)

SPTL model
3-phase initial peak

current (kA)
KILS3- 33 38.31 40.34
KILT3- 33 47.86 49.04
KILW3- 33 28.64 25.93
LEVE3- 33 31.3 37.06
LING3- 33 30.3 25.15

MOSM3Q 33 30.06 35.98
MOSM3R 33 30.06 35.98
NEAR3- 33 51.8 57.90
PAIS3- 33 35.7 38.72
PART3- 33 34.53 35.84
POOB3- 33 51.63 52.22
PORD3- 33 51.6 53.03
RAVE3- 33 37.35 41.96
REDH3- 33 31.48 33.43
SACO3J 33 34.78 32.85
SACO3K 33 34.31 32.46
SANX3- 33 31.55 33.09
SHRU3- 33 45.26 49.02
SIGH3- 33 50.56 51.91
SPAV3- 33 27.26 29.17
STHA3- 33 46.67 50.29
STIR3- 33 34.18 34.53
STLE3S 33 28.64 29.42
BAIN1- 132 30.76 28.83

BERW1Q 132 10.81 11.29
BERW1R 132 10.79 11.29
BONN1- 132 40.37 36.05
BRAP1- 132 29.64 33.59
CATY1Q 132 21.84 23.45
CATY1R 132 21.84 23.45
COAL1- 132 23.05 22.15
CRYR1- 132 18.2 20.62
CURR1- 132 26.4 26.32
DALM1- 132 24.28 25.58
DEVM1- 132 31.17 32.41
DEVO1- 132 21.97 24.43
ECCF1J 132 17.74 14.54
ECCF1K 132 17.72 14.52
ECCL1- 132 28.35 28.22
GLNI1- 132 43.62 47.83
HELE1- 132 15.81 16.14
HUER1- 132 26.78 24.28
INWI1Q 132 28.06 26.71
INWI1R 132 28.06 26.71
MEAD1- 132 15.4 14.48
MOSM1- 132 43.47 47.53
NEIL1- 132 44.58 43.2
REDH1- 132 30.24 33.88

Table E.2: Comparison of calculated and published fault levels for SPTL network (ctd.).
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Network node Voltage (kV) NG 3-phase initial
peak current (kA)

SPTL model
3-phase initial peak

current (kA)
SACO1Q 132 18.1 19.63
SACO1R 132 17.96 19.63
SANX1Q 132 21.55 24.14
SANX1R 132 21.55 24.14
STLE1- 132 19.17 17.97
TORN1- 132 28.75 27.02
WISH1- 132 16.45 18.41
WIYH1- 132 40.88 43.51
AUCH2- 275 9.55 9.64
BONN2- 275 54.35 55.04
BUSB2- 275 53.76 55.42
CLYM2- 275 76.19 74.91
COCK2- 275 77.64 74.56
COYL2- 275 30.55 26.66
CURR2- 275 68.87 66.66
DALL2- 275 29.77 28.79
EERH2- 275 67.96 68.53
EKIS2- 275 65.81 65.23
GLRO2- 275 43.54 52.18
GRMO2- 275 50.42 50.47
KAIM2- 275 74.04 71.1
KILS2- 275 35.68 31.32
KINC2- 275 66.78 66.87
LAMB2- 275 59.33 60.56
LOAN2- 275 107.26 106.28

MOSM2Q 275 54.56 57.96
NEAR2Q 275 53.04 58.45
NEIL2- 275 61.19 64.24

SMEA2- 275 74.75 72.67
STHA2- 275 81.52 79.66
WFIE2- 275 59.63 65.11
WISH2- 275 64.13 65.06
WIYH2- 275 61.68 63.98
WLEE2- 275 57.4 53
COAL4- 400 44.5 47.6
CRYR4- 400 47.04 45.33
DEVM4- 400 37.59 37.39
ECCL4- 400 53.9 51
ELVA4- 400 47.95 51.88
GRNA4- 400 45.89 52.22
HUER4- 400 50.01 42.51
INKI4- 400 42.72 40.84
KILS4- 400 40.5 41.93
STHA4- 400 57.32 55.26
TORN4- 400 55.41 50.11

Table E.3: Comparison of calculated and published fault levels for SPTL network (ctd.).
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Figure E.1: SPTL dispatch algorithm flow chart.
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# Python code for SPTL dispatch algorithm

# read load profile data for one year (17520 x 30 min)

p200012=[];

f=open(r"""C:\Program Files (x86)\PTI\PSSE32\ANALYSIS2\demands\p200012.txt""", ’r’);

i = 0

while i < 17520:

temp=float(f.readline())

p200012.extend([temp])

i = i + 1

f.close()

# read MVAR profiles

q200012=[];

f=open(r"""C:\Program Files (x86)\PTI\PSSE32\ANALYSIS2\demands\q200012.txt""", ’r’);

i = 0

while i < 17520:

temp=float(f.readline())

q200012.extend([temp])

i = i + 1

f.close()

# repeat for all 89 GSPs (full code not shown here)

# read total MW profile data

# read total MVAr profile data

# read Moyle Interconnector data

# read SHETL-SPTL transfer data

# read 17520 x 30 min wind profile data for all wind farms

# start increment

N=1

while N<17521:

# open case file

psspy.case(r"""C:\Program Files (x86)\PTI\PSSE32\ANALYSIS2\SP10.sav""")

# scale variable wind generation

psspy.bsys(1,0,[0.0,0.0],0,[],1,[999028],0,[],0,[])

psspy.scal(1,0,1,[0,0,0,0],[0.0,0.0,0.0,0.0,0.0,0.0,0.0])

psspy.scal(0,1,2,[2,0,3,0],[0.0,w999028[N],0.0,0.0,0.0,0.0,0.0])

# repeat for all WFs (not all shown here)

# scale load

psspy.load_data_3(200012,r"""1""",[_i,_i,_i,_i,_i],[p200012[N], ...

q200012[N],_f,_f,_f,_f])

# repeat for all WFs (not all shown here)
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# scale Moyle interconnector

psspy.bsys(1,0,[0.0,0.0],0,[],1,[200008],0,[],0,[])

psspy.scal(1,0,1,[0,0,0,0],[0.0,0.0,0.0,0.0,0.0,0.0,0.0])

psspy.scal(0,1,2,[1,0,4,0],[MOYLE[N],0.0,0.0,-60.0,0.0,0.0, 0.9])

# Scale SHETL border generators

psspy.machine_data_2(200031,r"""1""",[_i,_i,_i,_i,_i,_i],...

[0.114066*SSETRAN[N],_f,_f,_f,0.114066*SSETRAN[N],0.114066*SSETRAN[N]...

,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f])

# repeat for all 8 border generators (not shown here)

# Conventional generation dispatch

if LOAD[N]>0.9: # If total load > 90\% of peak, leave all units running

margin=[]

elif LOAD[N]>0.8:

psspy.machine_data_2(200961,r"""1""",[0,_i,_i,_i,_i,_i],[_f,_f,_f,_f,_f,_f,...

_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f]) # Switch off CRUA1 unit

psspy.machine_data_2(200962,r"""1""",[0,_i,_i,_i,_i,_i],[_f,_f,_f,_f,_f,_f,...

_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f]) # Switch off CRUA2 unit etc.

# repeat for all other generation units according to category/merit order

# CRUA3, CRUA4, MOSM1, TONG1, TONG2, TONG3, FIFE1, FIFE2, BPGR1,

# COCK3, COCK4

elif LOAD[N]>0.7:

# Switch off CRUA1, CRUA2, CRUA3, CRUA4, MOSM1, TONG1, TONG2, TONG3,

# FIFE1, FIFE2, BPGR1, COCK2, COCK3, COCK4, LOAN4

elif LOAD[N]>0.6:

# Switch off CRUA1, CRUA2, CRUA3, CRUA4, MOSM1, TONG1, TONG2, TONG3,

# FIFE1, FIFE2, BPGR1, COCK2, COCK3, COCK4, LOAN3,LOAN4

elif LOAD[N]>0.5:

# Switch off CRUA1, CRUA2, CRUA3, CRUA4, MOSM1, TONG1, TONG2, TONG3,

# FIFE1, FIFE2, BPGR1, COCK1, COCK2, COCK3, COCK4, LOAN2, LOAN3,LOAN4

else:

# Switch off CRUA1, CRUA2, CRUA3, CRUA4, MOSM1, TONG1, TONG2, TONG3,

# FIFE1, FIFE2, BPGR1, COCK1, COCK2, COCK3, COCK4, LOAN1, LOAN2, LOAN3, LOAN4

# solve network power flow

psspy.fdns([1,0,1,1,1,0,99,0]) # stepped taps, enabled shunts, enabled phase shift

# Find NGET border transfer

ierr,z1=psspy.ardat(6, ’GEN’)

BOR6=z1.real

BORT=BOR2+BOR6

# Read slack bus generator and find value to scale SPTL-NGET border transfer

ierr,z1=psspy.gendat(200448)

SLACK=z1.real

SCALE=(BOR6+SLACK)/(BOR6)
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B=SCALE

# Find power import/export at each border generator

ierr,z=psspy.gendat(200189)

z189=z.real

ierr,z=psspy.gendat(200242)

z242=z.real

ierr,z=psspy.gendat(200459)

z459=z.real

ierr,z=psspy.gendat(200460)

z460=z.real

# Scale NGET border generators

psspy.machine_data_2(200189,r"""1""",[_i,_i,_i,_i,_i,_i],...

[z189*B,_f,_f,_f,z189*B,z189*B,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f])

psspy.machine_data_2(200242,r"""1""",[_i,_i,_i,_i,_i,_i],...

[z242*B,_f,_f,_f,z242*B,z242*B,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f])

psspy.machine_data_2(200459,r"""1""",[_i,_i,_i,_i,_i,_i],...

[z459*B,_f,_f,_f,z459*B,z459*B,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f])

psspy.machine_data_2(200460,r"""1""",[_i,_i,_i,_i,_i,_i],...

[z460*B,_f,_f,_f,z460*B,z460*B,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f,_f])

#Solve power flow

psspy.fdns([1,0,1,1,1,0,99,0]) # stepped taps, enabled shunts, enabled phase shift

# "SLACK2" checks slack generation is minimised

ierr,z1=psspy.gendat(200448)

SLACK2=z1.real

# Record system mismatch

msm=psspy.sysmsm()

mismatch.extend([msm])

N=N+1 # increment counter
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Abstract—This paper discusses how a simple equivalent model 

of a whole wind farm can be obtained using field measurement 
data for individual wind turbines at the site. The equivalent 
model, which is formulated as a power curve, is specifically 
intended for steady state performance assessment, i.e. estimation 
of annual energy production of the wind farm. Two general 
approaches for building the equivalent steady state model of the 
wind farm are analysed: a) aggregate-measured power curve, 
obtained as an averaged aggregate representation of the outputs 
from all wind turbines, and b) cluster-measured power curve, 
obtained using the support vector clustering technique. Recorded 
measurement data from two actual wind farms are used to 
perform the analysis and to validate the results, where the 
accuracy of both proposed methods is assessed by direct 
comparison with the available recordings. 
 

Index Terms—Distributed power generation, power curve, 
steady state power system analysis and modelling, wind-based 
power and energy generation, wind farm, wind turbine.  

I.  INTRODUCTION 

HE European standard EN 61400-12-1 [1] specifies a 
general procedure for measuring performance 

characteristics (i.e. output power) of a single wind turbine 
(WT) connected to electrical network. The standard 
acknowledges the fact that the actual performance of the WT 
in a particular target application, represented as a “measured 
power curve”, may be different from the one specified by the 
manufacturer (“manufacturer power curve”). The measured 
power curve of an individual WT is determined by collecting 
simultaneous measurements of input wind speeds and output 
powers for a long enough period of time, and can be used to 
estimate the energy production of a wind turbine. The standard 
[1], however, does not discuss how this approach can be 
generalized and used for modelling or representing the whole 
wind farm with one or more equivalent WTs and 
corresponding measured power curve(s). 

Power curves of WTs specified by the manufacturers are 
commonly used in network studies, e.g. to estimate the 
production from a particular wind site during the planning or 
general design phase, or when there are no other available 
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wind farm output data (e.g. [2], [3]). However, manufacturer 
power curves are obtained in controlled conditions (e.g. in air-
tunnels), where the effects of short-term wind speed/direction 
variations, presence of turbulence, overall dynamics of WT 
and other site/application specific factors are usually not fully 
represented [3], [4]. Consequently, if the manufacturer power 
curve is used for estimation of energy production, this will 
typically result in overestimated energy outputs [5]. 

This paper addresses the problem of obtaining a simple and 
accurate equivalent model of a wind farm, which is an issue of 
interest for both planning and operation of wind farms. The 
methodology presented uses recorded input wind speed and 
output power data from two actual wind farms to develop 
accurate steady state equivalent models for the estimation of 
energy outputs. Section II of this paper presents a brief 
overview of the aggregation methods used in the literature and 
proposes two methods for obtaining equivalent wind farm 
models. Section III describes the equivalent power curves of 
individual WTs (one from each of analysed wind farms), as 
well as of two considered wind farms. The results of the two 
equivalenting methods are discussed in Section IV, providing 
comparisons of estimated energy outputs for different sets of 
data, wind speed measurements at the mast, at the nacelle and 
for recalculated wind speeds in front of the WT blades. The 
last section of the paper provides discussion of the results, 
general comments and recommendations for further work. 

II.  AGGREGATION OF WT DATA AND EQUIVALENT MODEL 

Various methods for equivalenting wind farms have been 
presented in the literature and applied for steady state and 
dynamic analysis, with an overview of current methods 
provided in [6]. It is recommended that smaller wind farms 
should be modelled as a single lumped equivalent, assuming 
that the power fluctuations from each WT more or less 
coincide. Larger wind farms, with a greater geographical 
spread, should be aggregated using one equivalent model for 
each radial line (in cases where the wind farm layout is 
arranged in a radial network) or group of WTs at the end of a 
major feeder. A single equivalent model has also been 
developed in [7], while aggregation of WTs based on identical 
incoming wind speeds has been carried out in [8] and [9]. 
Similarly, a coherency method has been implemented in [10] 
to identify groups of WTs with similar input wind speeds. In 
[11] equivalent models have been obtained after considering 
wind speed profiles affected by multiple wake effects and wind 
directions of individual WTs as input data for a clustering 
algorithm. Although these methods for equivalenting wind 
farm have been verified as being acceptable for representing 
large wind farms with a reduced configuration, more tests 
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would be needed to assess their performance in applications to 
wind farms with different characteristics. 

Implementation of the developed equivalent wind farm 
models is an important question, where particularly 
applications of interest to investors and wind farm 
owners/operators have a high practical value. Accordingly, this 
paper presents a simple, efficient and accurate methodology 
for equivalenting a wind farm, which is specifically intended 
for the calculation/estimation of annual wind farm energy 
outputs. The equivalent wind farm model is given in the form 
of one or more power curves, obtained from the available 
measurement data for individual WTs within the wind farm. A 
“power curve representation” is selected as the output of the 
proposed modelling method, as power curve is not just a 
simple and straightforward way for describing the performance 
of a wind-based generation system, but is also a commonly 
used tool for estimation of corresponding energy outputs. Two 
proposed methods for creating equivalent power curve models 
of a wind farm are discussed below. 

A.  Aggregate-measured power curve 

Perhaps the simplest way to model a wind farm is to 
represent the whole wind farm with a single equivalent WT 
and corresponding equivalent power curve. This equivalent 
WT will have rated power equal to the sum of the rated powers 
of all individual WTs within the wind farm. That approach is 
denoted as “aggregate-measured power curve (AMPC)” 
method in this paper, where the equivalent WT power curve is 
established by averaging past simultaneous measurements of 
input wind speeds and output powers of all WTs in wind farm. 

B.  Cluster-measured power curves 

The second approach proposed in this paper for 
equivalenting a wind farm is based on the application of 
clustering technique for identifying one or more equivalent 
power curves. For that purpose, the support vector clustering 
(SVC) algorithm is used to create distinctive non-overlapped 
classes of wind speed and/or power output profiles. SVC 
consists of the determination of the support vectors (SVs) and 
cluster labelling characterised by the identification of the final 
clusters. During the first stage of the SVC algorithm [12], two 
types of data features are identified, namely SVs and bounded 
SVs. At the second stage (cluster labelling stage), final clusters 
are formed using a deterministic procedure described in [13]. 

The first step in creating aggregate power curves using the 
SVC algorithm is to assign the WTs with the same wind/power 
profiles to clusters, where created groups of WTs are 
considered to be aggregate models of the analysed wind farm. 
The corresponding cluster-measured power curves (CMPCs) 
are formed by averaging the sum of the input wind speeds and 
power outputs of the WTs grouped together as a result of the 
clustering procedure. 

III.  EQUIVALENT POWER CURVE MODELS OF TWO WIND 

FARMS 

The performance of the two proposed methods for 
obtaining accurate steady state equivalent wind farm models is 
tested on two wind farms with total installed powers of 18 MW 
and 27.2 MW, each with very different characteristics. 

A.  Description of the wind farms used in the analysis 

The first set of data is taken from a UK wind farm 
consisting of 6 x 3MW WT units with doubly-fed induction 
generators (DFIGs), sited on a relatively flat terrain. The 
available input wind speeds and power outputs of individual 
WTs are recorded as average 10-minute values over a period 
of three years. The second set of data has been collected 
during a period of around six months from a wind farm located 
in Italy on a very irregular and hilly terrain. This wind farm 
consists of 32 DFIG-type WTs, each with a rated power of 850 
kW. The whole wind farm is divided in three wind parks: the 
first and second have 11 WTs, while the third has 10 WTs. 
The layout of both wind farms is shown in Fig. 1. 

 

Fig. 1. Layout of the UK (Wind Farm 1) and Italian (Wind Farm 2) sites (not 
to scale). 

B.  Measured power curves of individual WTs 

Based on the available recordings for individual WTs, the 
measured power curves can be obtained and then used to 
compare estimated energy outputs with those obtained using 
manufacturer power curve. Fig. 2 compares manufacturer 
power curves with actual measurements (Fig. 2a and 2c), and 
corresponding measured power curves for nacelle or mast 
measured wind speeds for two individual WTs from both 
analysed wind farms (Fig. 2b and 2d). 

In Fig. 2, WT4 is from the 18 MW wind farm, where wind 
speeds were measured both at the nacelle and at an on-site 
anemometer mast. WT15 is from the 27.2 MW wind farm, 
where wind speeds are recorded only at the nacelle. Figs. 2b 
and 2d show measured power curves for two individual WTs 
obtained using the "method of bins" [1], where each “bin” 
represents one specific wind speed from the selected range of 
measured values: 
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where: Vi, Pi - average values of all measured wind speeds and 
power outputs allocated to bin i; Vi,j, Pi,j - measured j–th values 
of wind speed and power output in bin i; Ni - total number of 
measured values in bin i; n – totals number of bins. The bin 
size used is 0.5 m/s, which gives a total of 51 bins for the 
considered range of wind speeds from 0 to 25 m/s. 
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a) 

 
b) 

 
c) 

 
d) 

Fig. 2. Comparison of recordings with manufacturer and measured power 
curves for individual WTs at each site: a) manufacturer power curve and 
recorded data for wind speeds measured at the nacelle of WT4 and mast for 
the UK site, b) manufacturer power curve and measured power curves 
reconstructed from the recorded data using the "method of bins" [1] for WT4, 
UK site; c) manufacturer power curve and recordings at the nacelle of WT15 
from the Italian site; d) “method of bins” applied to WT15. 

The differences between the measured power curves for 
wind speeds recorded at the nacelle and at the mast (Fig. 2b) 
are as expected. WT4 is located at a distance of approximately 
1 km from the mast, where the wind speed profile at the 
turbine nacelle is different than at the mast. Additionally, even 
in cases when the mast is located in the vicinity (i.e. in front of 
the analysed WT), there will be differences between the two 
measurements, as the wind speed measured by the anemometer 
at the nacelle is generally lower than the actual wind speed in 
front of the WT blades due to changes in the air stream 
characteristics when the air passes through the blades. 

In order to illustrate this, the wind speed measured at the 
nacelle is corrected to give an accurate representation of the 
actual wind speed in front of the blades. For that purpose, the 
method outlined in [14] is used: 
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where: Pair,IN - aerodynamic power of the wind in front of the 
blades; Pair,OUT  - aerodynamic power of the wind measured at 
the anemometer; ρair,ACT - air density at the height of WTs; 
calculated based on the standard air density of 1.225 kg/m3 at 
the sea level; D - diameter of the blades; DOUT - diameter of 
the stream tube at the anemometer location; Pel- electrical 
power output, ηgear; ηDFIG - gearbox and DFIG efficiencies; 
sw,OUT- wind speed recorded by anemometer; and sw,IN – 
recalculated wind speed in front of the blades. 

 
a) 

 

b) 

Fig 3. Measured power curves for wind speed corrected in front of the blades. 
a) WT4 from the UK site; b) WT15 from the Italian site. 
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The changes in the results for measured power curves after 
the wind speed correction are illustrated in Fig.3, again for 
WT4 from UK wind farm and WT15 from Italian wind farm. It 
is clear that for the most of input wind speeds, the actual 
power outputs (represented by the measured power curves) are 
lower than those obtained using the manufacturer power curve. 
For example, the decrease in power outputs for higher wind 
speeds is due to the occurrence of short-duration cut-out wind 
speeds in the recorded average 10-min values. 

C.  Equivalent power curves of the whole wind farms 

Using the basic principles outlined in the previous sections, 
equivalent power curve models of the two considered wind 
farms can be created using both AMPC and CMPC methods. 
As the equivalenting of the whole wind farm requires 
simultaneous measurements at all individual WTs, the 
recorded data are filtered, and entries without readings at all 
WTs are discarded. Additionally, data entries with 
unrealistically high or low power outputs, data influenced by 
system faults, measurement errors or availability issues are 
also removed from the data set. Afterwards, the aggregation 
process can be carried out in order to obtain the equivalent 
power curve models of the UK and Italian wind farms. 

C.1. Equivalent AMPC wind farm models 

Fig. 4 shows normalised scatter plots of the power outputs 
from the two wind farms (1 p.u. corresponds to the sum of the 
rated powers of all WTs in each wind farm) obtained after the 
recorded data has been filtered. These data are plotted against 
the normalised manufacturer power curves, where 1 pu 
corresponds to the rated power of the WT.  

 
a) 

 
b) 

Fig 4. Normalised scatter plot of aggregate power outputs: a) UK wind farm; 
b) Italian wind farm. 

In Fig. 4a (UK wind farm), the first set of data illustrates 
normalised aggregate power outputs as a function of the 
average values of nacelle-measured wind speeds at all 
individual WTs, whereas the second set of data plots 
normalised aggregate power outputs as a function of mast-
measured wind speeds. Fig. 4b shows the corresponding 
results only for average nacelle-measured wind speeds, as 
there was no mast in the Italian wind farm. 

The power outputs for the nacelle wind speeds in Fig. 4a 
are much less scattered than the corresponding mast-measured 
values. This is due to the fact that the nacelle measurements 
represent the normalised mean of all WTs, hence averaging 
effects remove some of the more outlying data points. The 
normalised aggregate-measured power curves (AMPCs), 
which can be used for equivalenting the whole wind farm, are 
then simply obtained using the "method of bins" (1), Fig. 5. 
The normalised power output may not reach unity for higher 
values of wind speed due to effect of averaging the power 
output across the whole site (Fig. 5b). This is the case when 
the site is located on very irregular terrain and the wind speed 
profiles vary significantly between WTs.  

 
a) 

 
b) 

Fig. 5. AMPC equivalent wind farm model: a) UK site; b) Italian site. 

C.2. Equivalent CMPC wind farm model 

The application of the CMPC method for obtaining 
equivalent power curve model of a wind farm requires a 
different approach. Instead of having just one equivalent 
power curve model, the clustering algorithm can provide one 
or more equivalent power curves, as the number of equivalent 
curves generally depends on the input wind and output power 
patterns of individual WTs within the wind farm. 

Fig. 6 illustrates a sample of the clustering results for the 
UK wind farm in a given time interval. This is the solution of 
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two clusters with the wind speed corrected in front of the 
blades. This is the case in which the smallest error is achieved 
when the estimation of the energy output is performed. The 
first cluster contains WT 1 and 2, whereas the other four WTs 
are assigned to the second cluster. 
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Fig 6. Clustering results for the UK wind farm, showing the solution with the 
smallest error in estimating the energy output. 

Fig. 7a shows some of the results for equivalent power 
curves obtained using CMPC method for UK wind farm 
represented by two clusters, while Fig. 7b shows the 
corresponding results for Italian wind farm represented by 
three clusters and three corresponding equivalent power 
curves. In both cases, the corrected nacelle-measured wind 
speeds are used, and 1 p.u. corresponds to the sum of the rated 
powers of all WTs within each cluster. For the UK case, the 
difference between clusters is low, being the site located on the 
regular terrain. However, the CMPC provides more different 
clusters in the Italian case, due to the irregularity of the terrain. 

 
a) 

 
b) 

Fig. 7. CMPC equivalent wind farm model: a) UK site; b) Italian site. 

IV.  APPLICATION OF EQUIVALENT POWER CURVE MODELS 

The equivalent power curve wind farm models presented in 
the previous section can be used for steady state performance 
analysis in a variety of applications where the considered wind 
farm should be represented by a reduced equivalent model. 

In this paper, the performance of the two proposed wind 
farm equivalenting methods (AMPC and CMPC) is assessed 
by comparing measured and estimated annual energy 
productions for both the UK and Italian wind farms. 

A.  Estimated energy outputs of the UK wind farm 

The estimation of energy outputs using a power curve is a 
straightforward procedure, assuming that the curve itself and 
measurements of input wind speeds are both available. For a 
given set of input wind speed data, the active power outputs 
are determined from the power curve, and energy production is 
then estimated by considering the total period of time for 
which the specific outputs are available. 

The results in Table I (second and third column) clearly 
show that the annual energy output of a single WT in UK wind 
farm (WT 4) are overestimated by around 10 % if the 
manufacturer power curve is used to calculate/estimate energy 
outputs. A more accurate estimation, with an error of less than 
1%, is achieved when the measured power curve is used. The 
same conclusion can be drawn when the whole UK wind farm 
is modelled as an equivalent power curve with the AMPC 
method (fourth and fifth columns in Table I). The calculated 
annual energy outputs for three input wind speeds (at the 
nacelle, mast and for corrected nacelle measurements) are very 
close to the actual recorded values (all with less than a 1 % 
error), while an error of about 8 % is obtained when 
manufacturer power curve is used. The smallest error with the 
AMPC method is obtained when nacelle corrected wind 
speeds are used. These results clearly demonstrate that an 
equivalent steady state model of the wind farm can be 
established using the AMPC method. 

TABLE I 
AMPC METHOD: ESTIMATED ENERGY PRODUCTION FOR UK WIND FARM. 

Individual: WT 4 Whole Wind Farm Calculation 
Method Energy (GWh) Error (%) 

Energy 
(GWh) 

Error (%)  

Actual Recordings  9.340 - 57.079 - 

AMPC (Mast) 9.271 0.739 56.642 0.766 

AMPC (Nacelle) 9.269 0.760 56.990 0.156 

AMPC (Corrected) 9.341 0.011 57.066 0.023 

Manufacturer 
Power Curve 

10.237 9.604 61.424 7.612 

The energy output is calculated by summing up the 10-
minute energy values gathered from the actual recordings. If 
the wind speed values corresponding to the power output 
values were totally correct (i.e., representing the ideal 
information needed to build the power-wind speed curve), the 
total energy reconstructed by using these wind speed values 
would be exactly equal to the actual one. In this case, the 
AMPC method (that uses only averaging functions) would be 
able to provide the exact total energy. The mismatch in the 
total energy calculation depends on the fact that the wind 
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speeds are not “ideal” for our purposes. This happens because 
the wind speed is measured either at the mast (i.e., in a 
different location with respect to the wind turbines) or at 
nacelle (thus being subject to the wind speed changes when 
wind passes through the blades). From Table I, the mismatch 
in these two cases is relatively low, but can be further reduced 
by correcting the wind speed as indicated in Section III.B. 

The CMPC method for representing the whole wind farm 
with a different number of clusters produces results with 
similarly small errors (less than 1% in all cases, with one-
cluster CMPC results matching the AMPC results), but the 
errors slightly increase as the number of clusters increases. 
This is perhaps surprising, as it would be expected that the 
error should decrease in the case of a more detailed model (i.e. 
model with more clusters). A simple explanation is that the 
energy production is overestimated by CMPC method when 
data measured at the nacelle of each individual WT are used. 

The above results demonstrate the importance of the 
correction of the wind speeds measured at the nacelle (these 
results are marked as “corrected” in Table I and II), as the 
corresponding results for annual energy productions provide 
an almost exact match with the actual measurements. 

TABLE II 
CMPC METHOD: ESTIMATED ENERGY PRODUCTION FOR UK WIND FARM. 

Calculation Method Cluster components 
Energy 
(GWh) 

Error 
(%) 

Actual Recordings - 57.079 - 

CMPC – 1 cluster {1, 2, 3, 4, 5, 6} 56.990 0.16 

CMPC – 1 cluster 
(corrected) 

{1, 2, 3, 4, 5, 6} 57.066 0.022 

CMPC – 2 clusters {1, 2}, {3, 4, 5, 6} 56.934 0.250 

CMPC – 2 clusters 
(corrected)* 

{1, 2}, {3, 4, 5, 6} 57.069 0.017 

CMPC – 2 clusters {1, 2, 3}, {4, 5, 6} 56.895 0.320 

CMPC – 2 clusters 
(corrected) 

{1, 2, 3}, {4, 5, 6} 57.055 0.041 

CMPC – 3 clusters {1}, {2, 3, 5}, {4, 6} 56.843 0.410 

CMPC – 3 clusters 
(corrected) 

{1}, {2, 3, 5}, {4, 6} 57.064 0.027 

CMPC – 6 clusters or 
detailed model 

{1}, {2}, {3}, {4}, 
{5}, {6} 

56.637 0.770 

CMPC – 6 clusters 
(corrected) or detailed 

model 

{1}, {2}, {3}, {4}, 
{5}, {6} 

57.084 0.009 

* best solution 

B.  Estimated energy outputs of the Italian wind farm 

The analysis from the previous section is repeated for the 
32-turbine Italian wind farm. However, available recorded data 
for individual WTs from the Italian wind farm have large 
series of inputs without simultaneous entries for all WTs. 
Although this suggested that the analysis of the Italian wind 
farm, which consists of three wind parks, should be performed 
for each wind park separately, this is not done in this paper due 
to the space limitation (these results will be given in a future 
publication). The results for the estimated energy productions 
with the AMPC methods for a single turbine from the Italian 
wind farm (WT 15) and for the whole wind farm are illustrated 

in Table III. As in the case of the UK wind farm, the errors are 
less than 1 % and the best matching is obtained for the 
corrected nacelle measurements, while use of manufacturer 
power curve gives 5-7 % errors. 

TABLE III 
AMPC METHOD: ESTIMATED ENERGY OUTPUTS FOR ITALIAN WIND FARM. 

Individual: WT15 Whole Wind Farm Calculation 
Method Energy (MWh) Error (%) 

Energy 
(MWh) 

Error 
(%) 

Actual Recordings  262.310 - 771.911 - 

AMPC (Nacelle) 261.786 0.199 769.205 0.351 

AMPC (Corrected) 262.5542 0.093 770.881 0.133 

Manufacturer 
Power Curve 

276.2367 5.231 828.1545 7.286 

The results of the CMPC method (Table IV), however, 
show that the accuracy (in some cases slightly greater than 1%) 
is influenced by a relatively small size of measured data set 
with all individual wind turbines. In other words, the CMPC 
method requires a larger set of input data for better 
representation of the whole wind farm with the equivalent 
power curve models. 

TABLE IV 
CMPC METHOD: ESTIMATED ENERGY OUTPUTS FOR ITALIAN WIND FARM. 

Calculation Method WT cluster components 
Energy 
(MWh) 

Error 
(%) 

Actual Recordings - 771.911 - 

CMPC – 1 cluster {1-32} 769.205 0.351 

CMPC – 1 cluster* 
(corrected) 

{1-32} 770.881 0.133 

CMPC – 2 clusters 
{1-13, 16-25, 27, 29-32}, 

{14, 15, 26, 28} 
763.682 1.066 

CMPC – 2 clusters 
(corrected) 

{1-13, 16-25, 27, 29-32}, 
{14, 15, 26, 28} 

769.650 0.293 

CMPC – 3 clusters 
{1-6, 13, 17, 19-25, 30, 32}, 
{10-12, 14-16, 26-29, 31}, 

{7-9, 18} 
768.890 0.391 

CMPC – 3 clusters 
(corrected) 

{1-6, 13, 17, 19-25, 30, 32}, 
{10-12, 14-16, 26-29, 31}, 

{7-9, 18} 
769.262 0.343 

CMPC – 6 clusters 
{6, 23}, {3, 16-22, 29-32}, 
{1, 2, 4, 5, 7-10, 12-14, 27}, 
{11, 26, 28}, {24, 25}, {15} 

761.973 1.288 

CMPC – 6 clusters 
(corrected) 

{6, 23}, {3, 16-22, 29-32}, 
{1, 2, 4, 5, 7-10, 12-14, 27}, 
{11, 26, 28}, {24, 25}, {15} 

773.896 0.257 

* best solution 

C.  Discussion of the results 

Comparison of the results of the two proposed methods for 
equivalenting wind farms (AMPC and CMPC, with or without 
the correction of nacelle-measured wind speeds) shows that 
both proposed methods provide a very good matching with the 
measured annual energy outputs (errors are less than or around 
1 %), which is significantly better than the results produced 
using the manufacturer power curve (up to 10 % error). If the 
nacelle-measured wind speed values are corrected (i.e. if the 
actual wind speeds in front of the WT blades are calculated), 
this will provide almost exact matching with the 
measurements. After the correction of the nacelle-measured 
wind speeds, the CMPC method is generally more accurate 
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than the AMPC method. However, the CMPC method may 
require more than one equivalent power curve to represent the 
whole wind farm, whereas the AMPC approach requires only 
one equivalent power curve. The error in the estimation of the 
energy outputs of a wind farm modelled with a single 
equivalent machine (i.e. with a single equivalent power curve) 
may be higher for bigger wind farms with a larger number of 
WTs, although the results for the Italian wind farm do not 
demonstrate that. Larger wind farms will also require more 
measurements and recordings in order to be accurately 
modelled with the CMPC method, as it is demonstrated in the 
example of Italian wind farm. 

V.  CONCLUSIONS AND FURTHER WORK 

Two methods for obtaining equivalent power curve models 
of a wind farm based on the field measurements have been 
proposed in this paper. Both methods and resulting models are 
specifically intended for the assessment of the wind farm 
steady state performance. The first method, denoted in this 
paper as the “aggregate-measured power curve” (AMPC) 
method, provides a single equivalent power curve model of the 
wind farm by averaging recorded input wind speeds and output 
powers for all WTs in the wind farm. The second proposed 
method, denoted here as the “cluster-measured power curve” 
(CMPC) method, applies the SVC algorithm to the measured 
data in order to identify distinctive clusters/groups of the WTs, 
which are then represented with the corresponding equivalent 
power curves. In this way, the CMPC method may produce 
more than one equivalent power curve model. The 
effectiveness of both methods is demonstrated and validated 
by a direct comparison of estimated annual energy productions 
with the measured results for two wind farms (with very 
different characteristics). 

The results of the work presented in this paper show that 
both methods for equivalenting wind farms with a simple 
power curve model allow for an accurate and quick estimation 
of energy production. Essentially, the proposed models can be 
used instead of a more detailed wind farm representation, 
relying on a higher number of equivalent machines. 

Further work and research will be aimed at investigating 
other possible applications of the proposed equivalent power 
curve wind farm models (besides the estimation of energy 
outputs), where appropriate modelling of dynamic 
characteristics and performance of both individual wind 
turbines and overall wind farm is of particular interest. 

VI.  ACKNOWLEDGEMENT 

The authors would like to thank Dr. Filippo Spertino from 
Politecnico di Torino, Italy, for his useful suggestions on 
processing the recorded data. 

VII.  REFERENCES 
[1] Wind turbine power performance testing. European Standard EN61400-

12-1.2006. 
[2] T. Boehme, A.R. Wallace and G. P. Harrison, “Applying time series to 

power flow analysis in networks with high wind penetration,” IEEE 
Trans. on Power Systems, vol. 22, pp. 951–957, 2007. 

[3] R. Karki, P. Hu and R. Billinton, “A simplified wind power generation 
model for reliability evaluation,” IEEE Trans. on Energy Conversion, 
vol. 21, pp. 533–540, 2007. 

[4] K. Kaiser, W. Langreder, H. Hohlen and J. Hojstrup, “Turbulence 
correction for power curves”, Wind Energy, pp 159-162, Springer 
Berlin Heidelberg, 2007. 

[5] H. Holttinen, “Hourly wind power variations and their impact on the 
Nordic power system operation,” Licentiate Thesis, Helsinki University 
of Technology, 2003. 

[6] CIGRÉ Technical Brochure 328, “Modelling and dynamic behaviour of 
wind generation as it relates to power system control and dynamic 
performance,” Tech. Rep. CIGRÉ. WG C4.601 , August 2007. 

[7] J.G. Slootweg and W.L. Kling, “Modeling of large wind farms in power 
system simulations”, Proc. IEEE PES Summer Meeting, Chicago, USA, 
vol. 1, pp. 503-508, July 2002. 

[8] J. Usaola, P. Ledesma, J.M. Rodrigues, J.L. Fernandez, D. Beato, R. 
Iturbe, and J.R. Wilhelmi, “Transient stability studies in grids with great 
wind power penetration. Modelling issues and operation requirements”, 
Proc. IEEE PES General Meeting, vol. 3, pp. 1534-1541, July 2003. 

[9] V. A. Nunes, J.A. Peças Lopes, H.H. Zurn, U.H. Bezerra and R.G. 
Almeida, “Influence of the variable-speed wind generators in transient 
stability margin of the conventional generators integrated in electrical 
grids”, IEEE Trans. on Energy Conversion, vol. 19 (4), pp. 692-701, 
December 2004. 

[10] K. Rudion, "Aggregated Modelling of Wind Farms", Doctoral Thesis, 
Otto-von-Guericke-Universitat Magdeburg, Germany, 2008. 

[11] M. Ali, I.-S. Ilie, J.V. Milanovic and G. Chicco, “Probabilistic clustering 
of wind generations”, Proc. IEEE PES General Meeting, pp. 1-6, 2010. 

[12] A. Ben Hur, D. Horn, H.T. Siegelmann, and V. Vapnik, "Support 
Vector Clustering," Journal of Machine Learning Research, vol. 2, pp. 
125-137, 2001. 

[13] G. Chicco and I.-S. Ilie, "Support vector clustering of electrical load 
pattern data", IEEE Trans. on Power Systems, vol. 24, no. 3, pp. 1619-
1628, 2009. 

[14] G. Chicco, P. Di Leo, I.-S. Ilie and F. Spertino, “Operational 
characteristics of a 27-MW wind farm from experimental data”, The 
14th Electrotechnical IEEE Conference MELECON, pp. 520-526, 2008. 

VIII.  B IOGRAPHIES 

Barry Hayes (S’09) received his Bachelor's degree in electrical and 
electronic engineering from University College Cork, Ireland in 2005 and a 
Masters degree from National University of Ireland Maynooth, Ireland in 
2008. He was with Intel from 2005-2009 at their European headquarters near 
Dublin. He is currently working towards his Ph.D. at the Institute for Energy 
Systems, University of Edinburgh, Edinburgh, UK.  

Irinel-Sorin Ilie  received his Dipl. Ing. degree in electric power engineering 
and MSc degree in energy efficiency both from the University Politehnica of 
Bucharest, Bucharest, Romania, and his PhD degree in electrical engineering 
from the Politecnico di Torino, Torino, Italy in 2010. From May to November 
2009 he was a visiting PhD student at the University of Manchester, 
Manchester, UK. Currently, he is a Research Fellow with the Institute for 
Energy Systems, the University of Edinburgh, Edinburgh, UK. 

Antonios Porpodas received his MEng degree in mechanical engineering 
from Aristotle University of Thessaloniki, , Thessaloniki, Greece in 2008 and 
a Masters degree in sustainable energy systems from the University of 
Edinburgh, Edinburgh, UK in 2009. He is currently working as a project 
manager for Community Windpower, a wind energy developer in the UK.  

Sasa Djokic received Dipl. Ing. and M. Sc. degrees in electrical engineering 
from the University of Nis, Nis, Serbia, and Ph. D. degree in the same area 
from the University of Manchester, Manchester, UK. From 1993 to 2001 he 
was with the Faculty of Electronic Eng. of the University of Nis. From 2001 
to 2005 he was with the School of Electrical and Electronic Engineering at 
the University of Manchester. Currently, he is a Senior Lecturer with the 
School of Engineering at the University of Edinburgh, Edinburgh, UK. 
Gianfranco Chicco (M’98, SM‘08) received his Ph.D. degree in 
Electrotechnics Engineering from Politecnico di Torino (PdT), Torino, Italy. 
Currently, he is a Professor of Power and Energy Systems at PdT. His 
research activities include power system and distribution system analysis, 
energy efficiency, load management, artificial intelligence applications, and 
power quality. He is a member of the Italian Federation of Electrotechnics, 
Electronics, Automation, Informatics and Telecommunications (AEIT). 



 1 

Embedded Wind and Transmission Constraints 
 

Barry Hayes  
b.hayes@ed.ac.uk 

 
Balancing Services 

Network Operations 
 
 
Outline 
 
Due to the complex nature of power system studies and the requirement for data provision, it 
is currently not possible for National Grid to effectively model all embedded generation. With 
increasing volumes of embedded generation – particularly intermittent generation such as 
wind - issues are arising whereby transmission constraints calculated in off-line transmission 
analysis tools do not align with the real-time transmission constraints. This increases the risk 
to system security and cost risk as more unanticipated actions are required. 
 
Problem Definition and Scope 
 
Embedded wind in this context refers to all wind generation which is not metered, i.e.  wind 
farms classed as “small” in the Grid Code (these are not required by legislation to provide 
metering data). This “small” classification is based on installed capacity, and varies according 
to network region as follows: 
 

• < 10MW SHETL 
• < 30MW SPTL 
• <100MW NGET 
 

Demand forecasting already have in place models designed to predict the output from 
embedded wind, and account for this effect in the NDD demand estimates. Fig. 1 shows a 
scatter plot of recent demand forecast errors at 2B and 3C vs. national embedded wind output 
(taken from previous work in [1]). This shows that on a national basis, embedded wind is 
adjusted for accurately in the demand figures. 
 
However, when the transmission network constraints are calculated in ELLA, this total 
national demand figure is split proportionately across the UK network (according to a pre-
defined mapping for each GSP). This ignores the fact that embedded wind tends to be 
concentrated in regions or “pockets” in the network, rather than uniformly distributed 
throughout the system.  
 
This can cause issues for the calculation of constraints such as SCOTEX and SSHARN, 
particularly for periods of high wind and low demand. The demand at certain locations in the 
network is reduced due to the effect of embedded wind, with the result that some the flows 
calculated off-line do not match with the real-time network flows. This is especially 
problematic on windy summer nights, where inflexible plant (i.e. nuclear) and wind make up 
the majority of generation in Scotland. In some instances, corrective actions need to be taken 
(at significant cost) to constrain off plant in order to manage network flows to within limits. 
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Figure 1 - National demand forecast errors vs. embedded wind output [1] 
 
 
Methodology and Results 
 
A survey of all embedded (i.e. small, non-metered) wind on the system was carried out [2], 
with two purposes: 

a) to quantify the amount of embedded wind installed in the network regions 
corresponding to the SCOTEX and SSHARN constraints, and 

b) to determine at which GSP nodes this embedded wind is connected. 
 
In order to find which GSP nodes (33kV in Scotland, 132kV in E&W) embedded wind is 
connected at; operational diagrams were used as far as possible to confirm the point of 
connection. In many cases (especially for smaller wind farms), the wind farms are not 
included on any of the network diagrams and the GSP is estimated based on geographical 
location (see [3]). 
 
Using the data from the BWEA website [4] (as of 1st Aug 2011): 
 

  Embedded Wind  Metered Wind Total Wind  
Scotland 
(SCOTEX) 382 2180 2565 

North England 
(SSHARN)  236 267 503 

 
 
Embedded wind is currently forecast for all wind farms in the BWEA database (including small 
sites with as low as 0.25 MW capacity). It does not make sense to use output forecasts for 
each individual non-metered generator as these may be located far from the met station 
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locations. Errors for an individual site are likely to be large, but it is assumed that forecast 
errors will generally cancel out if small generators are grouped together by region. For more 
accurate calculation of transmission constraints, it is best to adjust for unmetered 
embedded wind generation by region, rather than by a national figure (as is currently 
done), or by individual GSP (i.e. creating more dummy nodes). 
 
 

 
 

Figure 2 - Embedded wind by region Scotland and North England  
 
 
In one of the selected regions (North-East England), the demand data for a group of 8 GSP 
nodes with significant embedded wind connected was investigated in detail. The total demand 
for this 8 node group was examined at 0400 hrs each BST night over the course of 3 years 
(2009-2011), with the aim of quantifying the reduction in demand on windy summer nights 
due to embedded wind. The raw IEMS demand data was stripped of day of week, 
seasonality, temperature (using Eviews) before carrying out the analysis. Fig. 3 below shows 
a significant reduction on windy nights when demand is already low (see [5] for details). 
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Figure 3 - Demand reduction due to wind at 0400 hrs on summer nights at selected nodes in 
North East England [5] 

 
 
Conclusions and Further Work  
 
A survey of embedded wind generation [2] was carried out in order to quantify its impact on 
the calculation of transmission constraints (in particular SCOTEX and SSHARN), and the 
locations and GSP nodes for all embedded wind in the BWEA database were determined. It 
was demonstrated that embedded wind is concentrated in certain regions or “pockets” in the 
network and that it has a significant effect in reducing demand at these GSPs at times when 
overall demand is already low (e.g. summer nights).  
 
Currently, embedded wind is adjusted for in the overall, national demand figure only. A better 
solution would be to select each region (or group of GSP nodes) with embedded wind, and 
use WPFS forecasts to adjust demands for that region in the network simulation tool (ELLA or 
OLTA). Scaling of demands in certain regions of the network is straightforward in the 
commercial version of DIgSILENT Power Factory through the use of “zones”. 
 
Further work: 

• Analyse WPFS forecasts for embedded wind and determine the appropriate scaling 
factors for use in the network simulation tool. WPFS already has the facility for 
creating forecast groups according to DNO or transmission constraint region etc. 
This should allow the expected reduction in demand at GSP groups where 
embedded wind exists to be calculated easily.  

• Find a method to incorporate these expected demand reductions in the network 
simulation tool. Any proposed adjustments to the demand would need to be checked 
thoroughly before implementation. 
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Abstract--This paper presents a general methodology for a 

more accurate assessment of performance of networks with a high 
penetration of wind-based energy generation and fully enabled 
responsive demand capabilities. The presented methodology 
allows to include in the analysis wind-based generation at all 
scales of implementation, starting from highly dispersed micro 
and small-scale units connected at LV, to medium-size wind parks 
connected at MV, to large-scale wind farms connected at HV. An 
advanced model of wind energy resources is applied to generate 
realistic input wind data at all scales of implementation, while 
newly developed and improved aggregate models are used for the 
correct representation of micro/small wind generation connected 
in parallel with demand-responsive system loads. The proposed 
methodology is specifically intended for the analysis of planning 
and operation of transmission systems. The approach is 
illustrated using a case study of an actual section of transmission 
network, where available measurements at wind parks and other 
sites are used for the validation of obtained results. 
 

Index Terms--Demand side management, distributed 
generation, power system simulation, responsive demand, steady 
state power system analysis and load modelling, wind-based 
energy generation, wind energy resources, wind farms/parks. 

I.  INTRODUCTION 

ind-based generation is now present at all scales and 
levels of implementation, ranging from multi-megawatt 

units installed in large numbers in wind parks (WPs) and wind 
farms (WFs), to sub-kilowatt units operating in even larger 
numbers of individual installations. Regardless of their size, 
however, the performance of wind-based generation systems is 
strongly affected by the variability of input wind energy 
resources, ultimately resulting in inability to both accurately 
predict and fully control their power outputs. 
 Operation and control of networks with high penetration 
levels of distributed generation (DG) impose additional 
requirements for flexibility, particularly regarding the efficient 
demand-supply balancing, assessment of generation and 
system capacity margins and maintenance of required 
reliability and power quality performance levels. Practically all 
relevant studies have identified more advanced and 
coordinated control of DG resources and implementation of 
responsive demand capabilities as the two important 
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functionalities for providing this flexibility, (e.g. [1]-[2]). The 
accurate assessment of the influence of variable wind-based 
generation and responsive demand technologies on the overall 
network performance, however, requires their realistic 
representations at all scales of implementation and all levels of 
aggregation. Such an “all-scale” approach is still missing in the 
existing literature on modelling wind generation (an overview 
is given in [3]), and on equivalenting/aggregating networks 
with demand-responsive loads and variable wind generation at 
different voltage levels (e.g. [4]-[5]). 
 This paper presents a general methodology for the accurate 
representation of all-scale wind generation and demand-
responsive loads in realistic networks, specifically intended for 
steady state analysis of transmission systems. Presented 
models of wind generation include highly dispersed micro and 
small-scale wind units, as well as medium/large-scale WPs and 
WFs, while system load models of equipment and devices 
found in main load sectors (e.g. residential or commercial) 
include correct representation of demand-responsive loads and 
demand side management (DSM) functionalities. Two 
important parts of the presented analysis are: a) the application 
of a new approach for the assessment of availability of wind 
energy resources at all scales of interest, allowing for a more 
accurate correlation of the outputs of wind generation with the 
system loads, and b) the implementation of a new methodology 
for the aggregation of system loads at all voltage levels, 
allowing to incorporate supplying networks and connected 
wind generation in the aggregated models. 
 The paper is structured as follows: Section II discusses the 
modelling of wind generation at all scales of implementation, 
including embedded wind generation connected to the MV and 
LV networks. These models are validated in Section III using 
available measurements from existing WPs. Section IV 
discusses how improved aggregate load models can be 
incorporated in the analysis, including correct representation 
of demand-manageable portion of loads in the total demand. 
Section V presents results of the network analysis. Section VI 
discusses main conclusions and suggestions for further work. 

II.  ALL-SCALE MODELLING OF WIND ENERGY GENERATION 

 Modelling and representation of large-scale wind generation 
systems, e.g., WFs directly connected to HV transmission and 
sub-transmission networks, is extensively analysed in available 
literature (e.g. [3], [6]-[7]), including assessment of their 
influence on overall system performance. Network operators 
typically monitor operation of large WFs in real-time, 
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recording parameters such as total real and reactive power 
outputs at the HV point of connection, which allows them to 
directly estimate their impact. In the case of MV-connected 
WPs, however, network operators often have only limited 
visibility, and generally have no information on outputs of 
wind-based generation connected at LV, [8]. 
 In this paper, the term “embedded wind generation” (EWG) 
denotes MV and LV-connected wind-based generation systems 
which are not metered. For example, EWG in the UK are WPs 
and other wind generation systems which are not required to 
provide metering data, or take part in the grid balancing 
mechanism (generators classed as “small” in [8]). This 
classification is typically based on the EWG’s installed 
capacity, and the corresponding limits vary according to the 
network operator and country/region. As EWG is not 
monitored, its impact on the transmission network can be 
observed only indirectly, e.g. through a reduced demand at HV 
substations, or changes in system fault levels. Generally, EWG 
can contribute to a number of network operating issues, 
including: mismatches between forecasted and actual system 
demands (which can result in an increase of the number of 
required balancing/corrective actions), errors in the 
expected/estimated fault levels (which can result in the 
incorrect operation of protection systems), and inaccuracies in 
the calculated transmission system operating constraints and 
limits (which can increase risks to system security). 
 An example of the impact of EWG is illustrated in Fig. 1, 
which shows demand data at 04:00 hours on summer nights 
over the course of 3 years (2009-2011) for a group of MV 
nodes in North-East region of England where significant EWG 
is connected. The reduction in demand on windy summer 
nights due to EWG can be clearly seen (before carrying out the 
analysis, the raw demand data were "normalized" using linear 
regression to remove all other variables which affect demand, 
such as day of week, seasonality, temperature, etc.). With 
increasing penetrations of EWG, it becomes more difficult for 
network operators to accurately predict system demands and 
power flows [9]. Even with improved metering capabilities, 
provided by, e.g. “smart” metering technologies, future 
networks will require significantly more advanced modelling 
tools and techniques than those currently in use for system 
planning and operation, as supply-demand patterns will 
become significantly more variable. Accordingly, a method for 
modelling and aggregation of wind generation at all scales, 
from large-scale HV-connected WFs, to EWG connected at 
MV and LV, is presented in this section of the paper. 

A.  Modelling of wind energy resources 

One of the largest sources of error during the estimation of 
the power outputs of wind-based generation systems in 
network studies is related to the uncertainties in the assessed 
input wind energy resources. The accuracy and resolution 
(both spatial and temporal) of the wind energy data are, 
therefore, crucial for the analysis. 

 
Fig. 1. Measured reduction in demand due to EWG at 04:00 hours on summer 
nights at selected nodes/buses in North East England [9]. 

 Wind speed measurements from weather stations can be 
used for the analysis, but their locations are often far away 
from the EWG, and even if they are relatively close, local 
terrain features (such as hills and forestation, or buildings in 
urban areas) may have significant impact on actual wind 
profiles. Alternatively, wind resources can be modelled for a 
particular site using computational fluid dynamics software 
(e.g. [11]). However, this method is computationally intensive 
and requires detailed topology information, making it 
generally unfeasible for modelling wind energy resources over 
a large area. 
 One promising approach for assessing wind energy 
resources is to use the available weather station data and some 
information on the larger terrain features in the region of 
interest to build so called “mesoscale” wind model (e.g. the 
Weather Resource and Forecast (WRF) model described in 
[12]). Accordingly, this paper uses a wind data set in which the 
WRF model has been applied to UK wind profiles over the 
period 2001-2010 [13]. This data set provides hourly wind 
speeds over a 10-year period for the entire UK region, at a 
spatial resolution of 3 km x 3 km. The wind speeds obtained as 
the output of the model can be adjusted to the required height 
above the ground or sea level (e.g. for the actual hub heights at 
the locations of modelled EWG systems). The “mesoscale” 
modelling approach and WRF model can also be applied to 
short-term forecasting (i.e. prediction of wind profiles for day-
ahead planning [12]). 
 The wind data set used in this paper is obtained after the re-
analysis of the long-term UK wind resource from the WRF 
model, in order to provide a high-resolution data required for 
accurate modelling of wind resources at all scales of 
implementation. However, the presented methodology for all-
scale modelling and aggregation of wind generation described 
below can be applied using any other high-quality wind data 
set, e.g. from commercial weather forecast sources. 
Furthermore, the presented methodology can be easily 
integrated into network analysis tools for days-ahead to several 
hours-ahead planning, using the forecasted wind speed data in 
place of the historical data used here. 
 In the following analysis, the wind resources for a selected 
network region, corresponding to Southern Scotland, UK, are 
assessed. The output from the "mesoscale" wind resource 
model described above is compared to recorded data from met 
office stations in the region. The wind resource model is then 
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validated (and adjusted, or fine-tuned if necessary) using the 
available measurement data from within the region. Fig. 2 
shows the location of the ten met stations (M1-M10) used to 
provide the recorded data [10]. 

 

Fig. 2. Met station wind measurement locations in the selected region. 

 Fig. 3 shows a comparison of time series for the recorded 
wind speeds (averaged across all sites, M1-M10, for the period 
from 2007 to 2009) and results from the wind resource model. 
Annual mean modelling error for aggregate wind speed across 
the entire Southern Scotland region using the WRF model re-
analysis data was 3.9%. 

 
Fig. 3. Comparison of time series for model outputs and recorded data, 
aggregated for Southern Scotland region (one month only shown). 

 
 The probability distribution functions (PDFs) for the 
recorded data and results from wind resource model across the 
region in 2007-2009 are shown in Fig. 4. A standard 
assumption, often used in the assessment of wind resources, is 
that wind speed variations follow a Weibull distribution (1):  
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where: v-wind speed; k-shape factor; λ-scaling factor. For the 
recorded data, the "best fit" Weibull distribution (obtained 
using maximum likelihood estimation) has scaling factor 
λ=5.253 and shape factor k=1.925. The same calculation for 
the model data gives scaling factor λ=5.513 and shape factor 
k=1.985 (Fig. 4). Mean recorded and modelled wind speeds by 
season are compared in Table I. These results show a generally 
good performance of the wind resource model in the region 
selected for the analysis. 

 
Fig. 4. Comparison of recorded and modelled wind speeds showing PDFs of 
data averaged across the region, and corresponding Weibull "best fits". 

 
TABLE  I 

COMPARISON OF SEASONAL AVERAGE WIND SPEEDS (2007-2009) 
Mean wind speed (m/s)  

Spring Summer Autumn Winter 
Recorded 5.0 4.2 4.4 5.0 

Model 5.2 4.3 4.5 5.5 

 
 In the following sections, it is shown how this wind resource 
model can be used to estimate the steady state power outputs 
of all EWG installed in the region of interest. Aggregation of 
power outputs at all scales of implementation is performed 
separately for HV, MV, and LV-connected EWG systems. 

B.  Modelling of HV-connected wind generation 

 As previously mentioned, WFs connected directly to HV 
transmission and sub-transmission networks are typically 
continuously metered by the system operators (both input wind 
speeds and output powers). When metered data are available, 
the standard “measured power curve” approach, recommended 
in [14] for modelling an individual wind turbine (WT), can be 
extended to accurately model actual performance of a whole 
WF using a methodology presented in [15]. This is briefly 
discussed in the further text. 
 The standard [14] specifies a general procedure for 
measuring performance (i.e. output power) of a WT connected 
to the electrical network. The standard acknowledges the fact 
that the actual performance of a WT, represented as a 
“measured power curve”, may be different from the one 
specified by the manufacturer (“manufacturer’s power curve”). 
These differences may be due to a number of site or 
application-specific factors, including wake and “wind 
shadowing”, terrain characteristics and effects of turbulence. 
The measured power curve of an individual WT is determined 
by collecting simultaneous measurements of input wind speeds 
and output powers for a long enough period of time, and can 
be used to estimate the WT energy production. As the 
measured power curve outlined in [14] applies only to a single 
WT, this approach is generalised in [15] to represent the whole 
WF using the “aggregate WF measured power curve”. For this 
purpose, "method of bins" is used to obtain the aggregate 
measured power curve from the simultaneous wind speed and 
power output measurements at individual WTs within a WF, 
where each “bin” represents one specific wind speed from the 
selected range of measured values: 
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where: Vi, Pi - average values of all measured wind speeds and 
power outputs allocated to bin i; Vi,j, Pi,j - measured j–th values 
of wind speed and power output in bin i; Ni - total number of 
measured values in bin i; n – total number of bins. The bin size 
used was 0.5 m/s. Fig. 5 illustrates the procedure for creating 
an aggregate measured power curve for an actual UK WF, 
where Fig. 5a shows measured data after filtering (it is 
important to filter recorded data to remove measurement errors 
and outliers), while Fig. 5b compares manufacturer’s and 
measured power curves. This approach is in accordance with 
common practice to build an aggregate WF model by using 
one equivalent machine for each radial line or group of WTs at 
the end of a major feeder, and also to create separate 
equivalents for each turbine type in cases where different WTs 
are installed at the same site [3]. The calculation of the 
aggregate measured WF power curve model is successfully 
validated in [15]. 

 
a) 

 
b) 

Fig. 5. Measured aggregate WF power curve model for an actual UK WF: 
a) normalised scatter plot; b) aggregate power curve for the whole wind farm. 

C.  Modelling of MV-connected wind generation 

 Generally, MV-connected WPs are embedded in the 
distribution network, and system operators often do not meter 
or monitor their power outputs. As mentioned, the legislative 
requirements for WP capacity at which metering data should 
be provided vary depending on the country/region and network 
operator (e.g. [8]). Typically, MV EWG is concentrated in 
certain local areas (parts of the network), rather than uniformly 
distributed throughout the system, [16]. The methodology 
applied here aggregates all EWG in a particular region, based 
on publicly available information on the WP capacity and type 
of installed WTs. This approach has two main advantages: 

a) grouping of many highly dispersed EWG reduces the model 
complexity and computational burden, and b) wind modelling 
and forecasting errors for a network region are significantly 
smaller than the errors for an individual site, due to averaging 
and cancellation effects [17]. The selected EWG regions 
should correspond to a group of bulk supply point nodes with 
a high local EWG penetration, based on a prior knowledge of 
installed EWG capacity. The aggregation methodology is 
illustrated for the selected region of Southern Scotland. 
 In the absence of metering data, it is difficult to accurately 
estimate the performance (i.e. power outputs) of WPs. 
Typically, the selected EWG regions will have a mixture of 
wind turbine (WT) technologies and sizes. A survey of all 
EWG currently installed in the Southern Scotland region, 
based on public statistical data in [16] and [18] was carried 
out. The performance characteristics (i.e. power curves) of 
each WT type installed in this region were per-unitized, and 
the proportion of each WT type in the total EWG was 
calculated. This allows the performance of all WTs in the 
EWG region to be summarized by a single generic WT. 
 The approach is illustrated in Fig. 6, where "Generic WT" 
represents the performance characteristics of all WT in the 
Southern Scotland EWG region. The EWG units are generally 
required to operate within a specified range of leading or 
lagging power factors. In this paper, it is assumed that all 
EWG meets the requirements outlined in [19], and controls the 
voltage at the point of connection within the power factor 
range of 0.95 lagging, to 0.95 leading. 

 
Fig. 6. WT power curves and generic WT model for Southern Scotland region 
(only the non-linear part of the power curves are shown). 

D.  Modelling of LV-connected wind generation 

 Although highly dispersed and small in size, the total 
number of micro/small EWG units in a large urban area can be 
high, when their aggregate effects are essentially similar to 
those of medium to large-scale WT technologies. In [20], 
micro-wind is identified as one of the main technologies in the 
future microgeneration mix, while [21] indicates that up to 
1.3 GW of micro-wind could be installed in the UK by 2020. 
It is generally assumed that the main effect of micro-wind is a 
reduction of the overall demands at certain supply points. 
However, there is virtually no work in the existing literature on 
modelling and aggregation of LV-connected EWG, which will 
be required for evaluating impact of higher penetration levels 
of micro-EWG on overall network performance. 
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 This paper uses aggregate models of micro/small WTs 
connected at LV described in [22], which are based on generic 
models of permanent magnet synchronous generator WTs. 
These generic models are identified from a survey of all 
currently available micro/small WTs on the UK market. Full 
details on the model development and conversion efficiencies 
of the generic WT models are provided in [22]. The aggregate 
power output for the generic LV-connected EWG can be 
expressed as a function of input wind speed: 

   ( )( )3275.0 084.09.29.71 vvveP v
WTAggregate

+−−= −  (3) 

where: v - input wind speed in m/s, and PWTaggregate - power 
output of aggregate wind-based microgeneration model at a 
given wind speed, in W/m2 of the WT swept area. One of the 
main difficulties associated with modelling of LV-connected 
EWG is that most micro- and small-scale WTs are typically 
installed in urban areas, where the effect on wind profiles due 
to surrounding buildings and other obstructions is likely to be 
far more significant than in the case of large-scale commercial 
WPs [23], [24]. A survey of 5 sites in a typical UK urban area 
(Edinburgh city) was carried out, where recorded wind speeds 
were compared with the corresponding outputs from the wind 
model described in Section II (Fig. 7).  

 
Fig. 7. Comparison of PDFs for recorded urban site wind speeds and wind 
resource model data for the year 2007. 

 Comparison of the wind model outputs with the recorded 
data at the selected urban sites allows to estimate the scaling 
factor for LV-connected EWG, (4), which provides a measure 
of how much the wind model overestimates the wind speeds in 
a given urban area (a conservative estimate of the available 
wind resources). According to the calculated scaling factor 
(0.73, in example in Fig. 7), the wind resource model can then 
be adjusted, or fine-tuned. This figure is in a similar range to 
the results obtained from the trial measurements of micro-wind 
installations in urban locations described in [23]-[24]. 
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where: SµEWG - scaling factor for micro/small EWG; vi - i–th 
value of wind speed output from mesoscale model; wi - i–th 
value of recorded wind speed; n - measurement site number; 
Ni – total number of data points; Nsites - total number of sites in 
EWG region. The described small/micro EWG model is 
connected at LV and aggregated together with the detailed 
models of the system loads and distribution networks (the 
results of the analysis are shown in Section IV). 

III.  M ODEL VALIDATION  

 In order to validate the EWG wind resource and power 
conversion models, measurements at six WPs/WFs in the 
selected region were used (W1-W6 in Fig. 8). Recordings of 
output powers at the points of connection to the network were 
available for one full year (2009), and these measurements are 
used for the validation of the wind resource and aggregated 
MV EWG models described in Section II. Before carrying out 
the analysis, all recorded power output data were filtered, in 
order to remove bad data points due to missing entries, fault 
recordings, measurement errors, or EWG unit unavailability. 

 

Fig. 8. Wind farm locations used for the validation of the EWG models 
(W1=18MW, W2=13MW, W3=30MW, W4=37.5MW, W5=27.6MW, 
W6=36.8MW, total EWG=162.9MW). 

 Fig. 9 shows a comparison of time series for the recorded 
normalized power output from W1-W6 EWG units and from 
the combined wind resource model and EWG generic model. 
Mean annual modelling error was calculated to be 8.9%. 

 
Fig. 9. Time series comparison of model output with recorded data aggregated 
for specified EWG region (one month of data). 

 These results demonstrate that the methodology discussed in 
Section II can be used for the accurate modelling of EWG (i.e. 
wind-based generation systems which are not directly 
monitored by the system operator). Although only statistical 
data on the installed EWG type and capacity are used, a good 
matching between the model and recorded data is obtained. 
 The presented approach was applied to estimate the impact 
of EWG on total demands in the region, and to compare the 
results obtained using the proposed models for MV- and LV-
connected EWG. The reduction in demand at 04:00 hours on 
summer nights is calculated for two scenarios in which EWG 
penetration was equal to 10% of the peak demand: (i) all EWG 
is represented as MV-connected WPs, and (ii) all EWG is 
modelled as LV-connected micro-wind. 
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 For the MV-connected EWG case, demand is reduced by 
30MW per 1 m/s increase in wind speed (Case (i) in Fig. 10). 
The corresponding reduction in demand for the LV-connected 
EWG case (Case (ii) in Fig. 10) is far less significant (6.5MW 
per 1 m/s increase of wind speed). This is due to the much 
lower conversion efficiencies of micro/small EWG and the 
reduced wind resources in locations where these devices are 
typically installed. In both cases, however, the impact of EWG 
in a given region can be significant, particularly for low 
demand/high wind scenarios (see also Fig. 1, Section I).  

 
Fig. 10. Estimated reduction in demand in region at 04:00 hours on summer 
nights with EWG penetration equal to 10% of the peak demand, where EWG 
is represented as: (i) MV-connected EWG, and (ii) LV-connected EWG. 

IV.  LOAD AGGREGATION AND DEMAND SIDE MANAGEMENT 

 Future electricity networks (“smart grids”) will introduce 
significant changes on the “demand side”, including changes in 
the composition of system load, improved energy efficiency, 
and increased levels of flexibility and control. Accordingly, 
this paper implements a new methodology for the aggregation 
of system loads at all voltages, allowing for the ongoing and 
anticipated changes in the load structure and the supplying 
networks to be directly incorporated in the network analysis. 
This section of the paper builds on previous work in [25] and 
[26], where component-based LV load models are built using 
the measurements, statistical information, and other available 
data on the active/reactive power demands. Fig. 11 gives an 
example of the decomposition of a residential load curve into 
the various load component types. Fig. 12 shows a "flow 
chart", illustrating used aggregate load modelling approach, 
[25]. Essentially, these load models can be modified to 
examine the impact of any changes in the load mix, e.g. due to 
the implementation of specific DSM schemes, [26]. 

 
Fig. 11.  An example of decomposition of load curve into load types for the 
UK urban residential load sector and average loading conditions, [25]. 

 

 
Fig. 12.  The “flow chart” of load applied aggregation methodology, [25]. 

 The aggregated load models are expressed in analytical 
form as polynomial/ZIP load models: 
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where: P, Q, V - actual active and reactive powers and supply 
voltage; P0, Q0, V0, - nominal active and reactive powers and 
supply voltage; ZP, IP, PP, ZQ, IQ, PQ - ZIP model coefficients.  
 The network analysis presented in this paper focuses on the 
urban loads and network configurations presented in [25]. In a 
large urban area, the total number of micro/small EWG units 
can be high, supplying a significant percentage of local power 
demand. In the presented analysis, models of micro/small 
EWG outlined in Section II.D are connected at LV, assuming a 
relatively low penetration of 10% of the peak demand. 
Additionally, the effects of implementing a simple DSM 
scenario are also included in the analysis. This is based on the 
approach described in [26], where 40% of “wet loads” in the 
residential load sector are disconnected during the peak 
loading period (18:00-22:00) and re-connected at 22:00. The 
impact on operation and steady state performance of HV 
network (sub-transmission and transmission level) are analysed 
in the following section. 

V.  NETWORK ANALYSIS 

 The network analysis was carried out using a detailed model 
of the Scottish Power Transmission Ltd. (SPTL) transmission 
network, which supplies the Southern Scotland region in the 
UK. The SPTL system consists of a 400/275/132 kV 
transmission network, with a peak demand of 3.9 GW. The 
521-bus transmission system model used in the analysis 
includes all network lines, transformers and voltage 
compensation equipment down to the level of each 33kV bulk 
supply point (the interface between the transmission and 
distribution networks). All network parameters used to build 
the model were provided by the system operator [27]. Bulk 
supply point demands were obtained from the SPTL 
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(with LV Aggregate Load and Micro-Wind connected) 

Input data 
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distribution network operator in the form of half-hourly 
historical measurements of MW and MVAr demands at each 
bulk supply point in the network, recorded over a period of 
one year (2009). The resulting model allows for analysis of the 
network at any node and at any system loading level (e.g. 
typical or minimum summer demand, typical or maximum 
winter demand). 
 The analysis presented shows an example of the results 
obtained for one selected 275:33 kV grid supply point in the 
SPTL system, under typical spring loading levels and wind 
conditions. This grid supply point is the interface between the 
transmission and distribution networks. Statistical data in [28] 
indicate that the demand at this network location is composed 
mainly of residential load sector (i.e. domestic customers), 
with a relatively small contribution from commercial loads. 
The improved component-based LV load models are 
connected to a detailed model of a typical UK urban 
distribution network and aggregated to MV (full details on the 
network parameters used and the aggregation methodology are 
provided in [25]-[26]). The distribution network supplying the 
load includes tap-changing 33:11 kV transformers, which 
regulate voltage within the required range of 0.94 - 1.06 p.u. 
The aggregate MV load model is converted to polynomial/ZIP 
form, (5)-(6), for performing the steady state analysis at each 
half-hourly interval. 

SPTL Grid 

System

33kV

275kV

120MVA

120MVA

ZSPTL=0.00133 + j0.00962  

(p.u. on 100MVA)

Circuit breaker

ZGST=0.0024 + j0.1013  

(p.u. on 100MVA)
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Commercial 
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Residential 

LV load

0.4kV

x 7  33kV feeders

1
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Fig. 13. Grid supply transformers and network configuration for selected 
network node in SPTL system. 

 Additionally, there is an 18.5 MW EWG capacity connected 
at the MV bulk supply point. In order to model the wind 
resource, a typical spring daily wind speed profile was used 
(hourly wind speeds averaged over the whole region, Fig. 
14a). The calculated results show active and reactive power 
flows, and voltage at the HV side of the selected grid supply 
transformer. The analysis is carried out for four cases: (i) base 
case - no EWG and constant P/Q loads; (ii) MV-connected 
EWG and constant P/Q loads; (iii) MV- and LV-connected 
EWG, with improved aggregate MV load model, but no DSM, 
and (iv) MV- and LV-connected EWG, with modified load 
model implementing the DSM scheme described in Section IV 
(40% or residential “wet loads” are disconnected during peak 
loading hours, 18:00-22:00, and re-connected at 22:00 hours. 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 14. Results of steady state analysis at HV side of selected 275:33 kV grid 
supply transformer for typical spring day: a) input wind profile; b) active 
power flow; c) reactive power flow; d) voltage. 

 The results show that MV-connected EWG may reduce 
active power flow by up to 10%, with a further 2% reduction 
when LV-connected EWG is present. As the modelled MV 
and LV-connected EWG operate at leading power factor, there 
is also a reduction in reactive power demand (5% and 1% 
respectively). The applied DSM scheme substantially reduces 
peak active power demand and has an even bigger impact on 
reactive power flow and voltage control. Although the analysis 
shows only one day, the presented approach can be applied for 
the analysis of various network operating scenarios. 
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VI.  CONCLUSIONS AND FURTHER WORK 

 This paper presents an “all-scale” approach to modelling 
wind generation and demand-responsive load, which is missing 
from the existing literature. The presented methodology is 
intended for planning and operation studies of transmission 
systems with high penetrations of wind at various scales of 
implementation. The paper demonstrates that embedded wind 
generation (EWG), connected to the network at MV and LV, 
can have a significant impact at the higher voltage levels. The 
methodology outlined in this paper proposes modelling of 
EWG on a regional basis, where each region corresponds to a 
group of bulk supply points with high local EWG penetration. 
An advanced "mesoscale" model is used to estimate wind 
resources in the EWG region, while previously developed 
aggregate and generic models of WTs and WPs are used for 
the power conversion at each scale of implementation. The 
presented methodology is validated using available recorded 
data from actual wind farms and met stations.  
 The paper also describes implementation of a new 
methodology for the aggregation of system loads at all voltage 
levels, allowing for the correct representation of DSM 
functionalities. The effects of implementing a simple DSM 
scenario (active control of “wet loads” in the residential 
sector) may have significant impact on the aggregate load 
characteristics, as well as on the key system performance 
parameters. The general applicability of the presented 
modelling approach is demonstrated using a practical case 
study of an actual section of the UK transmission system. It is 
shown that the presented all-scale modelling framework allows 
for a more accurate correlation of wind generation and system 
loads, and can be particularly useful for analysing the impact 
of EWG and demand-responsive loads on the improvement or 
deterioration of network performance. 
 Further work will focus on determining the optimum EWG 
region size for different types of network study, and will 
examine the range of possible interactions between EWG and 
other realistic DSM schemes. The presented analysis considers 
a part of the system supplying primarily residential load and an 
urban distribution network topology. Future studies will 
include other load sectors and corresponding distribution 
network topologies in the analysis. 
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Abstract: This paper presents a general methodology for a more accurate assessment of performance 

of networks with a high penetration of wind-based energy generation. The methodology allows to 

analyse wind generation at all scales of implementation, including highly dispersed micro and small-

scale individual wind turbines connected at low voltage, as well as small to medium-size wind farms 

connected to distribution networks at medium voltage. Such an "all-scale" approach for modelling wind 

generation is still missing from existing literature. An advanced mesoscale atmospheric model of wind 

energy resources is applied to generate realistic input wind speed data at all scales of implementation, 

from which generated power outputs are calculated using simple but accurate aggregate wind 

generation models. The presented methodology is specifically intended for assessing the impact of 

embedded wind generation on transmission system planning and operation. The methodology is 

validated using a case study of an actual section of the UK transmission network, where measurements 

from several wind farms and system bulk load supply points are used to demonstrate its applicability 

and assess its limitations. 

1. INTRODUCTION 

 Wind-based generation is now present at all scales and levels of implementation, ranging from 

multi-megawatt units installed in large numbers in wind farms (WFs), to sub-kilowatt units operating in 

even larger numbers of individual installations. Operation and control of networks with high 

penetration levels of distributed wind generation impose additional requirements for flexibility, 

particularly regarding efficient demand-supply balancing, assessment of generation and system 

capacity margins and maintenance of the required reliability and power quality performance levels. The 

accurate assessment of the influence of variable wind-based generation systems on the overall network 

performance, however, requires their realistic representations at all scales of implementation and all 

levels of aggregation. As such an “all-scale” approach for modelling wind generation is still missing in 

the existing literature (an overview is given in [1]), it is presented and discussed in this paper. 

Modelling of Wind Generation at All Scales for 
Transmission System Analysis 

Barry P. Hayes   Sasa Z. Djokic, Member, IET 

Institute for Energy Systems, Faraday Building 4.120, University of Edinburgh, King's Buildings, 
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 A general methodology is proposed for the accurate modelling and representation of all-scale 

wind generation, including embedded WFs connected at medium voltage (MV), as well as highly-

dispersed individual micro/small wind turbines (WTs) connected at low voltage (LV). The presented 

models are specifically intended for assessing the impact of wind generation on steady state 

performance of transmission systems. These models are adapted from the ones previously used for a 

more accurate correlation of outputs of wind generation with system demands and changes in flows of 

active and reactive powers [2]. 

2. PROBLEM FORMULATION 

 The modelling and representation of large-scale wind generation systems, e.g., big WFs 

directly connected to high voltage (HV) transmission and sub-transmission networks, is extensively 

analysed in available literature (e.g. [1], [3-5]), including assessment of their influence on overall 

system performance. Network operators typically monitor operation of large WFs in real-time, 

recording parameters such as total active and reactive power outputs at the HV point of connection, 

which allows them to directly and accurately estimate their impact. In the case of MV-connected WFs, 

however, network operators often have only a limited visibility, while they generally have no 

information on outputs of wind-based generation connected at LV, [6]. In this paper, the term 

“embedded wind generation” (EWG) denotes MV and LV-connected wind generation systems which 

are not metered by the network operators. For example, EWG in the UK are WFs and other wind 

generation systems which are not required to provide metering data, or take part in the grid balancing 

mechanism (generators classed as “small” in [6]). This classification is typically based on the EWG 

installed capacity, and the corresponding limits vary according to the network operator and country or 

region.  

 As EWG is not monitored, its impact on the transmission network can be observed only 

indirectly, e.g. through a reduced demand at HV substations, or changes in system fault levels. 

Generally, EWG can contribute to a number of network operating issues, including: mismatches 

between forecasted and actual system demands (which can result in an increase of the number of 

required balancing or corrective actions), errors in the expected or estimated fault levels (which can 

result in the incorrect operation of protection systems), and inaccuracies in the calculated transmission 

system operating constraints and limits (which can increase risks to system security). An example of 

the impact of EWG is illustrated in Fig. 1, which shows demand data at 04:00 hours on summer nights 
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over the course of 3 years (2009-2011) for a group of MV nodes in North East region of England, 

where significant EWG is connected, [7]. The reduction in demand on windy summer nights due to 

EWG can be clearly seen—it is on average around 9 MW per 1 m/s increase of wind speed (Note: 

Before the analysis, the raw demand data were processed using a linear regression to remove influence 

of all other variables affecting demand, such as a day of the week, temperature variations, etc). 

 
Fig. 1. Measured reduction in demand due to EWG at 04:00 hours on summer nights at selected nodes/buses in North East 

England, [7]. 

 As the example in Fig. 1 shows, increasing penetrations of EWG can make it more difficult 

for network operators to accurately predict system demands and power flows. Even if the monitoring of 

EWG can be improved with better metering capabilities, more advanced modelling tools and 

techniques than those currently in use will be required for system planning and operation, as supply-

demand patterns become more variable. Accordingly, a new method for modelling and aggregation of 

wind generation at all scales, focusing on MV-EWG (wind generation connected at medium voltage, 

1kV < V <  35 kV in the UK) and LV-EWG (wind generation connected at low voltage, V <  1 kV in 

the UK) is presented in this paper. 

3. MODELLING OF WIND ENERGY RESOURCES 

3.1. Wind Resource Assessment for EWG 

 The accuracy and resolution (both spatial and temporal) of input wind energy data are crucial 

for the correct estimation of the outputs and assessment of performance of wind-based generation 

systems in network studies. Wind speed measurements from weather stations can be used for the 

analysis, but their locations are often far away from the EWG, and even if they are relatively close, 

local terrain features (such as hills and forestation, or buildings in urban areas) may have a significant 

impact on actual wind regimes. 

 One promising approach for the assessment of wind energy resources is the implementation of 

mesoscale atmospheric modelling, which uses available weather system data and some information on 
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land surface and other features in the region of interest to build weather models for both long-term 

resource assessment and short-term forecasting. This paper uses data from the study described in [8], 

which employs the Weather Research and Forecast (WRF) model from [9], to recreate the long-term 

wind resources over the entire UK at a spatial resolution of 3 km x 3 km. Ten years of hourly wind 

speeds were simulated in the study, requiring over five million processing hours on the UK Research 

Council's high performance computing platform, HECToR [10]. The obtained wind speed outputs can 

be extracted at various heights above the ground or sea level, in order to match the actual WT hub 

heights at locations where wind generation is installed. The wind data set used in this paper is obtained 

as a "hindcast", or re-analysis of the long-term UK wind resource from the WRF model [8]. This 

provides the high-resolution data for accurate modelling of wind energy resources and wind-based 

generation systems at all scales of implementation. 

3.2. Selection of EWG Regions and Wind Resource Assessment 

 In this section, the wind energy resources in the network region of interest, corresponding to 

Southern Scotland, UK, are assessed using recorded hourly wind speeds from Met Office stations in the 

region. Fig. 2 shows the locations of the ten Met Office weather stations (M1-M10), [11]. 

 

Fig. 2. Locations and cross-correlation values for Met Office weather stations in the selected region where wind measurements 
were available (the averages of the cross-correlation values between each individual site and all other sites are shown). 

 The cross-correlation between wind speeds at each site can be used as a means of determining 

which sites should be included in a particular EWG region. The cross-correlation between the wind 

speed time series at any two sites x and y, Rx,y, can be expressed as: 
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where: xi, yi - individual wind speed values measured in the first and second time series; µx, µy - mean 

wind speeds; σx, σy  - standard deviations; n - total number of measurement points.  

 Using (1), a matrix that shows the cross-correlations for sites M1-M10 can be built, as in 

Table 1, where the Rx,y values in rows 2-11 represent the cross-correlations between the individual 

sites, while the last row gives averages of the cross-correlation values between each individual site and 

all other sites M1-M10 (also shown in Fig. 2). This provides a straightforward method of identifying 

which sites have coherent wind regimes. 

  M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 

M1 1 0.9 0.84 0.81 0.65 0.89 0.68 0.67 0.77 0.7 

M2 0.9 1 0.93 0.94 0.83 0.91 0.85 0.85 0.86 0.83 

M3 0.84 0.93 1 0.94 0.82 0.84 0.86 0.85 0.8 0.81 

M4 0.81 0.94 0.94 1 0.86 0.82 0.91 0.91 0.86 0.84 

M5 0.65 0.83 0.82 0.86 1 0.75 0.86 0.85 0.75 0.8 

M6 0.89 0.91 0.84 0.82 0.75 1 0.79 0.79 0.88 0.81 

M7 0.68 0.85 0.86 0.91 0.86 0.79 1 0.98 0.86 0.92 

M8 0.67 0.85 0.85 0.91 0.85 0.79 0.98 1 0.87 0.92 

M9 0.77 0.86 0.8 0.86 0.75 0.88 0.86 0.87 1 0.92 

M10 0.7 0.83 0.81 0.84 0.8 0.81 0.92 0.91 0.92 1 

Average 0.79 0.89 0.87 0.89 0.81 0.85 0.87 0.87 0.86 0.86 

 
Table 1. Wind speed correlation between 10 wind sites in the Southern Scotland region. 

 
 The use of cross-correlation in the context of determining coherent wind regions is discussed 

in [12-14], where it is shown that cross-correlation is mainly a function of distance. It is also 

demonstrated in [13-14] that generally Rx,y>0.8 at distances of 150km or less, implying a strong 

correlation between wind regimes. Table 1 shows that the average cross-correlations between wind 

regimes at the considered sites are strong in the region of interest, with only M1 and M5 sites having 

lower average cross-correlations due to their peripheral location. 

 The calculated cross-correlation values provide the criteria for dividing large geographical 

areas into coherent "EWG regions", i.e. regions which have similar wind regimes, and can be 

represented/aggregated by using average values without a significant error. Ultimately, the selection of 

appropriate EWG regions will depend on the system and the type of study required. For instance, the 

choice of which sites to include in a specific network region may also be influenced by the electrical 

characteristics of the network (e.g. the study may be focused on certain constrained transmission lines), 

or by other factors (e.g. the study may be focused on modelling all wind resources owned by a 

particular distribution network operator).  



 6 

 It is expected that the modelling/forecasting error for the aggregated EWG region will be 

significantly lower than at any individual wind site. This is due to the fact that modelling/forecasting 

errors between individual sites tend to cancel each other out to some degree due to averaging effects 

when larger wind areas are considered [14], provided that there is no inherent bias in the wind resource 

model. This “error cancelling effect” is further demonstrated by the results given in Section 5.1. 

 

3.3. Modelling Errors and Adjustment of Wind Resource Model 

 One of the main difficulties associated with modelling EWG for transmission system studies 

is related to variations of available wind energy resources over a large area. This is particularly true for 

LV-EWG installed in urban areas, where individual micro/small-scale WTs experience much larger 

variations of wind regimes due to surrounding buildings and other obstructions, than in the case of 

large-scale commercial WFs built in open spaces, [15-17]. A survey of 4 sites in a typical UK urban 

area (Edinburgh city) was carried out. The average values for the urban area were then compared with 

the corresponding outputs from the mesoscale atmospheric wind resource model (Fig. 3). These results 

show that WRF model significantly overestimates wind energy resources, regarding both the annual 

average day (calculated using the average hourly values of all measurements for the year 2007, 

(Fig. 3a) and PDFs of average hourly wind speeds (Fig. 3b). The calculated annual mean wind speed 

from recorded data was 4.6 m/s, while the WRF model annual mean was 5.2 m/s. 

 
a) 

 
b) 

 
Fig. 3. Adjustment of urban site wind speeds applied wind resource model data for the year 2007: a) annual average day; 

b) PDFs.  
 

 The above error in WRF model estimates of wind resources in Edinburgh urban area is in a 

similar range to the results obtained from the trial measurements of micro-wind installations at several 

UK urban locations described in [15-16]. In [15], a simple approach was outlined for adjusting the 

general wind resource model by applying a scaling factor for urban areas. Time series values from the 

mesoscale model in the area of interest are compared to values from the model over a time period of a 
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year or more. The "bias", i.e. how much the model over- or under-predicts at a given wind site is given 

by: 

iii vvEB −= )ˆ(          (2) 

where: )ˆ( ivE is the expected, or average value of the wind speed v at site i, over all observations, and 

all sites where data is available. This bias is then subtracted from the model data to give the scaling 

factor, Surban: 
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For the considered Edinburgh city urban area, the calculated scaling factor is 0.86. This agrees well 

with the values measured in wind trials carried out by Encraft [15], where similar scaling factors are 

calculated for a range of UK urban locations. The modified/adjusted model wind speed values are 

illustrated in Fig. 3. 

4. MODELLING AND AGGREGATION OF POWER OUTPUTS OF EMBEDDED WIND GENERATION 

4.1. Modelling of MV-connected Embedded Wind Generation (MV-EWG) 

 MV-EWG systems are connected at the distribution network level and system operators may, 

or may not directly monitor their power outputs (based on MV-EWG rated capacity [6]). In cases 

where metered data are available, the standard “measured power curve” approach, recommended in 

[18] for modelling an individual wind turbine (WT), can be extended to accurately model the actual 

performance of a whole WF using the methodology presented in [19].  

 In cases where metered data is not available, estimating the aggregate power output from a 

large number of highly dispersed MV- and LV-connected units is not as straightforward as simply 

applying an individual WT power curve and scaling it up to the required number of turbines. The 

aggregate model output is sensitive to the WT type (i.e. manufacturer/model/control technology), 

interconnecting network, and also to the assumptions made around losses due to wake and terrain 

effects within the WF and electrical losses [19-21]. This paper applies the approach described in 

following sections for building an “aggregate generic” model of MV/LV EWG and the interconnecting 

network (i.e. the part of the distribution network connecting the EWG to the transmission system bulk 

supply point), which is based only on publicly-available statistical data. The resulting model is a 
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simplified aggregate representation of all MV/LV EWG in a considered region, which is scalable and 

can be added at load points throughout the transmission network as required. 

4.2. Aggregate Power Curves and Inclusion of Array Losses 

 A survey of all MV-connected WTs currently installed in the Southern Scotland region (Fig. 2 

shows that region) was carried out based on publicly-available statistical data in [22]. These WT units 

were classified into seven categories, WT1-WT7, based on the WT technologies and their 

characteristics. The performance characteristics (i.e. power curves) of each WT category were per-

unitised, and the proportion of each WT category in the EWG region was calculated. This allows to 

summarise the aggregate performance of all MV-connected WTs in the considered EWG region 

(Southern Scotland) by a single generic power curve ("Aggregate Generic WT” model), illustrated in 

Fig. 4. The aggregate generic MV-EWG model given in Fig. 4 can be expressed analytically as in (4):  

∑
=

− =
WTN

i
iiEWGMV vWTavP

1

)()(  ,  for vcut_in ≤ v ≤ vcut_out and all WT categories: i=1, …, NWT,   (4) 

where: ai – percentage contribution of WT category i, NWT – number of WT categories,  v - input wind 

speed in m/s, PMV-EWG - aggregate active power output, in per unit, from each MW of wind generation 

installed in the EWG region. 

 
Fig. 4. Power curves of MV-connected EWG (represented by WT categories)  in Southern Scotland region and corresponding 

Generic WT (PMV-EWG) model. 
 

 Additional adjustments are made to the generic MV-EWG model to account for array losses  

(i.e. due to the wake/terrain effects within WFs). Some studies have suggested a “universal” percentage 

adjustment (e.g. 10%) to account for such losses [23-24]. However, wake losses are not evenly 

distributed across the wind speed range, so this approach can lead to inaccurate results [8]. This paper 

adjusts the aggregate MV-EWG power curve using the approach in [20], where the aggregate power 
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curve is modified to account for array losses and wind cut-out effects over multiple turbines using a 

simple per-unit adjustment. The applied per-unit adjustment is detailed in Table A1 in the Appendix.  

 The resulting aggregate power curve model can be fitted using non-linear regression to form a 

simple analytical equation (5), which represents the performance of all WTs in the selected region. It 

was found that the use of a fourth-degree polynomial, fitted using regression analysis, allows the 

aggregate EWG power curve to be approximated very closely, with an average error of less than 0.1%. 

0094.009.00304.000175.0000286.0 234 −−+−=− vvvvP EWGMV
    (5) 

The reactive power capability of the MV-EWG is determined by network operator requirements, such 

as [25]. If these power factor (pf) settings are fixed, the reactive power, QMV-EWG can be described by 

(6). In this study, power factors for MV-EWG are assumed to be set at constant 0.95 lagging 

throughout the network. 

( ) 22
EWGMVEWGMVEWGMV PpfPQ −−− −=  .       (6) 

 

4.3. Modelling of MV-EWG Electrical Characteristics and Interconnecting Network 

 In order to estimate all required electrical characteristics of the generic MV-EWG model, 

specifications and data sheets from 23 different WTs in the UK market were surveyed to determine 

typical values for source and grid step-up (GSU) transformer impedances. Table 2 shows the range of 

surveyed values for each parameter and median values selected for the generic EWG model. Each WF 

to be modelled was represented as a single equivalent machine, and per-unit values are defined relative 

to the aggregate machine base MVA. A single lumped machine representation is appropriate in most 

cases for MV-EWG, as the geographical spread of the WF is typically not very large, and hence, the 

differences in input wind regimes between each WT are relatively small. 

Parameter Units Range of values Median value 
Generator Rated Power, PWT MW 0.66 - 3.6 2.0 

Generator Rated Voltage, VWT kV 0.65 – 3.3 0.69 

Generator Source Resistance, Rsource p.u. 0 - 0.063 0.0 

Generator Source Reactance, Xsource p.u. 0.1542 - 0.8 0.23 

GSU Resistance per WT, RGSU p.u. 0 - 0.011  0.008 

GSU Reactance per WT, XGSU p.u. 0.05 – 0.097 0.07 

 
Table 2. The results of survey of MV-connected EWG parameters (generator characteristics). 

 
 Fig. 5 shows the typical connection for MV-EWG in the selected region of Southern Scotland. 

It was assumed that MV-EWG is connected to the grid supply point using double radial overhead 33kV 
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feeders. This is generally the case for MV-EWG in the UK, as these WTs are installed away from 

urban areas (where meshed distribution network arrangements are more common). This "internal grid" 

typically has total cable lengths of 10-20km, and, along with the WT GSU transformers and the WF 

cabling connecting the WTs to the point of connection to the main network, can have a significant 

contribution to reactive power requirements and power losses [1]. 

 
 

Fig. 5. Generic model of MV-EWG and internal grid, including representation of GSU transformer and MV feeders. 
  

 The above MV-EWG model includes the main internal MV feeder and an aggregate 

representation of the GSU transformers and cables within the WF. An analysis of network parameter 

data published by the distribution network operator in [26] showed that the typical impedance per km 

for this type of OHL feeder was 0.008 + j0.015 per unit. The WF internal cabling is modelled using the 

typical electrical characteristics of 400 mm2 Al cable [27]. From the typical WT spacing requirements, 

it was estimated that the average cable length per WT for MV-EWG in the selected region was 1km. 

 Clearly, there will be significant variations between the used types of cable and line lengths at 

any particular WF. However, this simplified approach allows to include some effect of the charging 

susceptance due to the underground lines. In order to build the presented internal grid model, the only 

required data are: the number of WTs (and their rated powers), as well as the estimated distance of the 

WF to the GSP substation, required for calculating the internal WF grid impedances in Fig. 5. The 

following analysis shows some validation of the presented MV-EWG modelling approach by 

comparing results for the detailed model and the aggregate/generic model. Fig. 6a shows the detailed 

MV-EWG model, which includes a full representation of one selected WF and its interconnecting 

network (based on data from [22, 26]). Fig. 6b shows the same WF modelled using the aggregate MV-

EWG model. The results obtained using input wind data from the wind resource model demonstrate 

that the generic aggregate model closely matches the detailed model case (less than 3% error). Figs. 6b 

and 6c compare half-hourly active and reactive power outputs over a time period of three weeks. 
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a) 
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33kV

P, Q

Wind Resource 

Model

 
b) 

 
c)  

 
d) 

 
Fig. 6.  Modelling and validation of  MV-EWG: a) detailed representation of embedded WF and network;  b) proposed EWG 

generic model; c) comparison of detailed and aggregate active power outputs, b) reactive power outputs. 
 
 

4.4. Modelling of LV-connected Embedded Wind Generation (LV-EWG) 

 Although highly dispersed and small in size, the total number of micro/small LV-EWG units 

in a large urban area can be high, when their aggregate effects are, essentially, similar to those of 

medium to large-scale WT technologies. In [28] and [29], micro-wind generation is identified as one of 

the main technologies in the future microgeneration mix. However, there is virtually no work in the 

existing literature on modelling and aggregation of LV-EWG (except in [30]), which will be required 

for evaluating the impact of higher penetration levels of LV-EWG on overall network performance. 

 This paper uses aggregate representations of micro/small WTs connected at LV described in 

[30], which are based on detailed models of permanent magnet synchronous generator (PMSG) WTs 

with an inverter interface for grid connection. These generic models are identified from a database of 

manufacturer specifications for more than 60 currently available micro/small WTs on the UK market 

(providing power curves with only mechanical conversion efficiencies), then normalised using the 
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corresponding WT swept areas, and finally adjusted considering the electro-mechanical conversion 

efficiency of the PMSG and electronic conversion efficiency of the ac-dc-ac inverter. The analysis in 

[30] showed that the majority of micro/small WTs in the database could be represented using four 

generic WTs (micro-WTs, µWTs, Figs. 7a-7e), for which corresponding generic power curves giving 

the total electrical power outputs for input wind speeds are shown in Fig. 7f and expressed by (7)-(10). 

 The four generic micro/small LV WT models are then aggregated into a single LV-EWG 

model, using the estimates on the proportion of each of the four generic LV WTs installed in the region 

of interest in (11), with values a1= a4=18%, a2= a3=32% identified from the WT database. This allows 

the range of micro/small WTs in the region to be represented using a single LV-EWG model, given by 

analytical equation (11), similar to (5) for MV-EWG in Section 4.2. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
Fig. 7. Comparison of a number of actual micro/small WT power curves, four generic WT models and single aggregate generic 

model, a) to e) mechanical conversion efficiencies, and f) corresponding generic power curves giving electrical outputs, all 
normalised using the corresponding WT swept areas. 
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where v - input wind speed in m/s, PG1_µWT to PG4_µWT are four generic LV micro-WT models, and PLV-

EWG – single aggregate generic LV micro-WT model, giving electrical power output at a given input 

wind speed, in W/m2 of the WT swept area. The power curve model in this case is expressed 

analytically by fitting a polynomial with exponential component using regression analysis. 

 Modelling the "internal grid" in the LV-EWG case is far more difficult than in the case of 

MV-EWG, as the interconnecting urban distribution network is likely to be complex and meshed. In 

this paper, the impact of LV-EWG is only considered in terms of network active power demand 

reduction (operating at unity power factor), while [31] and [32] provide more detailed analysis. 

5. RESULTS 

5.1. Validation of All-scale EWG Model with Available Recorded Wind Farm Data 

 The modelling approach described above is used to build an aggregate representation of all 

EWG (MV and LV) connected in a selected network region, based on publicly-available information 

on WF capacities and types of installed WTs. The resulting model is a scalable and aggregate 

representation of EWG. The proposed methodology has two main advantages: a) grouping of many 

highly dispersed EWG WTs reduces the model complexity and computational burden, and b) wind 

power output modelling and forecasting errors for a network region are significantly smaller than the 

errors for an individual site.  

 In order to validate this approach and assess its suitability for use in power system operation 

applications, recorded historical data from six existing WFs (WF1-WF6) within the selected Southern 

Scotland region are compared to the model outputs [7] (Note: The exact locations and rated capacities 

of the six wind farms are not provided here for commercial sensitivity reasons.). The recorded data is in 

the form of per-unitised hourly measurements of active power output over one full year, recorded at the 

point of connection to the 33 kV HV substations. The recorded data was filtered to remove missing 
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measurements or errors due to technical faults, as a clear distinction between the two was not possible. 

Figure 8 illustrates the results at each individual WF, showing the mean annual error and bias in each 

case (calculated using (2), Section 3.3). Errors at individual EWGs vary from 9-15%, with over-

estimation at some locations (indicated by a positive value of bias, B) and under-estimation at others 

(indicated by a negative bias). 

 The aggregated results for all six WFs (WF1-WF6) are given in Figure 9. The overall error, 

which represents combined errors from the wind resource and WT power conversion models, decreases 

to 6%, with a bias of 0.03 per unit. These results indicate that while the generic EWG model may show 

higher inaccuracies at individual sites, the aggregated power output from a number of sites within a 

region can be estimated with a reasonable degree of precision using the presented all-scale model. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
Fig. 8. Comparison of recorded and model per unit outputs for individual sites WF1-WF6, a) - f), showing mean annual error and 

bias for each site. 
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a)  

b) 
 

Fig. 9. Comparison of recorded and model outputs aggregated over WF1-WF6: a) scatter plot showing mean error and bias; 
b) PDFs.  

 

5.2. Application of All-scale Modelling Approach to System Operation 

 The following analysis illustrates how the proposed EWG models can be used to estimate the 

impact of EWG on active and reactive power flows at an individual network Grid Supply Point (GSP), 

where 24MW of unmetered EWG is known to be installed [26]. The active and reactive power flows 

are measured at the 33 kV side of a 275/33 kV grid supply transformer, and shown for a typical spring 

day with no significant wind with solid lines in Fig. 10. The dashed lines in Fig. 10 show the recorded 

active and reactive power flows for a high wind day (8th of April 2009), with active power demand 

reduced and reactive power demand increased due to the influence of EWG. The dotted line in Fig. 10 

shows the results obtained with the presented EWG modelling approach for estimating output from the 

MV-EWG connected at this GSP, and the resulting impact on power flows. These results show that the 

presented EWG models can be applied to estimate the impact on system loads from unmetered EWG 

with an acceptable level of accuracy (the maximum and average errors are 25% and 8%, respectively). 

 
a) 

 
b) 

 
Fig. 10.  Recorded and modelled impact of EWG on demand at an individual GSP: a) active power flow, b) reactive power flow. 
 

 The presented all-scale EWG modelling approach was also applied to estimate the impact of 

EWG on the total demand in the Southern Scotland region for low demand/high wind scenarios, which 

are particularly problematic in this network region [7]. The reduction in active power demand at 04:00 

hours on summer nights (similar to Fig. 1) is calculated for two scenarios in which EWG penetration 
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was equal to 10% of the region peak demand: (i) all EWG represented as MV-EWG, and (ii) all EWG 

is modelled as LV-EWG. For the MV-EWG case, demand is reduced by about 30MW per 1 m/s 

increase in wind speed (Fig. 11a). The corresponding reduction in demand for the LV-EWG case 

(Fig. 11b) is far less significant (about 6.5MW per 1 m/s increase of wind speed). This is due to both 

lower conversion efficiencies of micro/small EWG and reduced wind resources in urban locations, 

where these devices are typically installed.  

 
a) 

 
b) 

 

Fig. 11. Estimated reduction in demand in considered region at 04:00 hours on summer nights with EWG penetration equal to 
10% of the total peak demand, where EWG is represented as: a) MV-EWG, and b) LV-EWG. 

 

 These results show that the impact of EWG in a given network region can be significant, 

particularly for low demand/high wind scenarios (see also Fig. 1, Section 2), and demonstrates the 

importance of devising and applying an approach for realistically including small-medium sized 

embedded wind generation units in the overall transmission system analysis. 

6. CONCLUSIONS 

 This paper introduces an “all-scale” approach for modelling of wind generation, which is 

missing from the existing literature. The approach is intended for planning and operation studies of 

transmission systems with high penetrations of embedded wind generation (EWG), allowing to 

explicitly include in the analysis aggregate outputs of unmetered wind turbines (WTs) connected at 

both MV and LV. An advanced mesoscale atmospheric model is used for estimation of wind energy 

resources in the selected EWG region, where the EWG region corresponds to a group of grid supply 

points with a high local EWG penetration. 

 The presented all-scale methodology could potentially be integrated into network analysis 

tools for days-ahead to several hours-ahead planning, using forecasted wind speed regimes in place of 

the 'hindcasted' reanalysis data used here. However, it should be noted that the proposed methodology 

has a number of limitations. The presented 'hindcasted' wind speeds data set have typical errors in the 

5-15% range ([8] provides a much more detailed description of used mesoscale WRF model). If the 
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methodology is applied in realistic transmission network operation and planning scenarios, (e.g. day-

ahead system planning studies), wind speed modelling errors may be larger, leading to greater 

uncertainties in the model outputs. Clearly, the performance of the model will depend on the accuracy 

of the wind speed forecast and the forecast horizon used (e.g. how far ahead). However, it is 

demonstrated in this paper that combining a mesoscale wind resource model with aggregated generic 

models of the MV- and LV-EWG WTs within a coherent wind region can potentially provide a more 

accurate analysis of system steady state performance.  

 Furthermore, the EWG aggregation procedure presented is only suitable for steady state 

analysis with time steps of 30 minutes to several hours. At shorter timescales, the assumptions around 

correlation and coherency of wind speed regimes in a given EWG region may be no longer valid. 

Additionally, the performance of the all-scale model in extreme wind scenarios (e.g. storm conditions) 

is not fully validated, and further work is required to assess the suitability of this approach in such 

situations. Finally, the analysis in this paper assumes that all WTs in a given EWG region are fully 

available, and does not consider the impact of technical issues such as outages, faults and maintenance 

of WFs and their interconnecting networks. However, the technical availability of modern WTs is very 

high, typically 97-98% for onshore WTs [8, 24, 33-34], so this is not expected to have a major impact 

on results. 

 An important aspect of the presented methodology is its scalability, as the developed 

aggregate generic models of EWG can be easily adjusted at each scale of implementation (MV, or LV, 

or both), based on the actual location, number, types and characteristics of WTs in the considered EWG 

region. This is confirmed in the paper, as the EWG modelling results are validated using measured data 

from actual wind farms. These results demonstrates that the developed generic models can provide 

accurate estimates of the impacts of EWG on active and reactive power flows at the system bulk load 

supply points, which is of particular interest for studies of transmission networks with high penetration 

levels of EWG systems. 
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8. APPENDIX 

 

Wind speed 
(m/s) 

Power  Curve 
Adjustment (p.u.) 

0.000 0.000 

1.000 0.000 

2.000 0.000 

3.000 0.000 

4.000 -0.002 

5.000 -0.006 

6.000 -0.020 

7.000 -0.050 

8.000 -0.071 

9.000 -0.093 

10.000 -0.123 

11.000 -0.114 

12.000 -0.080 

13.000 -0.047 

14.000 -0.024 

15.000 -0.010 

16.000 0.000 

17.000 0.000 

18.000 -0.015 

19.000 -0.030 

20.000 -0.050 

21.000 -0.150 

22.000 -0.250 

23.000 -0.350 

24.000 -0.450 

25.000 -0.500 
 

Table A1. Per-unit adjustment made to MV-EWG model to account for array losses and cut-out effect over multiple turbines 
[20]. 

 
 
 


	PhD coversheet April 2012
	thesis_BH
	 Abstract
	 Acknowledgements
	 Declaration
	Figures and Tables
	Acronyms and abbreviations
	Nomenclature
	 Introduction
	Background
	Project Objectives and Scope
	Thesis Contributions to Knowledge
	Thesis Structure

	 Literature Review
	Transmission and Distribution Networks
	Introduction
	General Characteristics of the GB Network
	Future System Trends
	Focus of Research

	Grid Integration of Distributed Generation
	Impacts of Distributed Generation on Distribution Networks
	Impact of Distributed Generation on Transmission System Stability
	Impact of Distributed Generation on Transmission System Operation
	Modelling of Wind Energy Resources
	Modelling of Wind Energy Conversion Systems
	Aggregation of Distributed Wind Generators
	All-scale Modelling Approach

	Modelling of System Loads and Demand Side Management
	Previous Research on DSM
	Classification of DSM Schemes
	Gaps in Current Literature on Modelling DSM
	Basic Load Modelling Concepts
	Component-based Load Modelling and DSM

	Grid Integration of DG and DSM
	Network Modelling
	Grid Impacts of DG and DSM


	 Modelling of Wind Energy Resources
	Characteristics of Wind Energy Resources
	Temporal Variations at Different Time Scales
	Diurnal and Seasonal Patterns in Wind Resource Data

	Modelling Statistical Properties of Wind Energy Resources
	Wind Data Resolution
	Representation of Wind Data Using PDF Models
	Multi-term PDF Models for Wind Data

	Modelling Temporal Properties of Wind Energy Resources
	Overview and Definition of Markov Chain Model
	Markov Chain Modelling of Wind Energy Resources
	Typical WT Power Curve for Defining DTMC States
	DTMC Modelling and Analysis of Onshore Wind Data
	Combined DTMC-PDF Wind Resource Model
	DTMC Modelling and Analysis of Offshore Wind Data
	Comparison of Onshore and Offshore Wind Resources

	Applications and Performance of DTMC Wind Model
	Synthetic Wind Speed Generation
	Allocation of Intra-hourly Wind Speed Values
	Assessment of Model Performance

	All-scale Modelling of Wind Energy Resources
	Wind Energy Resource Modelling Requirements
	Mesoscale Atmospheric Model of Wind Energy Resources
	Identification of Coherent Wind Regions
	Modelling Errors and Adjustment of Wind Resource Data in Urban Areas

	Chapter Summary
	Wind Energy Resource Characteristics and Modelling Requirements
	Markov Chain Wind Modelling
	All-scale Modelling of Wind Energy Resources


	 Modelling of Distributed Wind Generation Systems
	General Approaches for Wind Turbine Modelling
	Measured Power Curve Models
	Aggregation of Wind Turbine Data
	Identifying Equivalent Power Curves
	Description of Wind Farms Used in the Analysis
	Measured Power Curves for Individual Wind Turbines
	Correction of Wind Speeds Measured at the Turbine Nacelle

	Aggregation and Validation of Measured Power Curve Models
	Equivalent AMPC Wind Farm Models
	Equivalent CMPC Wind Farm Models
	Application of AMPC Equivalent Models
	Application of CMPC Equivalent Models
	Discussion

	Directional Equivalent Power Curve Model
	Development of Directional Equivalent Power Curve Model
	Validation of Directional Equivalent Power Curve Model
	Discussion

	All-scale Modelling and Aggregation of Embedded Wind Generation
	Embedded Wind Generation
	Motivation for All-scale Modelling Approach
	Modelling and Aggregation of MV-EWG
	Aggregation of Power Performance Curves and Inclusion of Array Losses
	Modelling of MV-EWG and Interconnecting Networks
	Validation of MV-EWG Models using Recorded Data
	Modelling and Aggregation of LV-EWG
	All-scale Aggregation of EWG in Selected Region
	Discussion


	 Modelling of Grid Supply Point Loads and Demand Side Management
	Load Identification Methodology
	Typical Daily Load Curves for Winter Peak Demand
	Description of the Load Identification Algorithm
	Load Identification Examples
	Handling of Non-standard Load Curves
	Typical Daily Load Curves for Minimum Summer Demand
	Load Identification Results and Discussion
	Load Decomposition

	Modelling and Aggregation of the MV and LV Networks
	Definition of Supplying Network Sub-sectors
	MV and LV Network Equivalent Impedances
	Modelling the Interconnecting 33 kV Networks
	Aggregation of 33 kV Networks
	Aggregated Polynomial and Exponential Load Models Incorporating Network Effects

	Identification of DSM Portion in System Loads
	Decomposition of Residential and Commercial Load Curves
	Assessment of DSM Potential
	Load Types and Length of Times Available for DSM

	Application of DSM Scenarios
	Residential DSM Example
	Load Diversity and DSM
	DSM Scenarios Applied in Final Analysis

	Discussion

	 Grid Impacts of Distributed Generation and Demand Side Management
	Description of Case Study
	Characteristics of the SPTL system
	Network Model Validation
	Generation Dispatch
	Generation Dispatch Validation

	Impact of DG on System Load Profiles
	Impact of EWG on Individual GSP Demand
	Aggregation of EWG and Impact on Total System Demand

	Impact of DSM on System Load Profiles
	DSM Load Shaping Scenarios
	Discussion

	Combined Impact of DG and DSM on Transmission Network Constraints
	Contingency Analysis
	Contingency Analysis Results
	Negative Reserve Requirements
	Case Study: B6 Constraint
	B6 Constraint Analysis
	DG and DSM Applied to Constraint Management

	Application of DG and DSM Models to Steady State Voltage Stability Analysis
	Application of Aggregate Load Models
	DG and DSM Scenarios

	Optimal Network Locations for DSM
	OPF Formulation
	Application of OPF to Determine Optimal Locations for DSM

	Chapter Summary

	 Summary and Conclusions
	Synopsis
	Implications of Results
	Modelling of Wind Energy Resources
	Modelling and Integration of Embedded Wind Generation
	Modelling of Grid Supply Point Loads and Demand Side Management

	Research Limitations
	Modelling and Aggregation of Wind Energy Resources
	Modelling and Integration of Embedded Wind Generation
	Modelling of Grid Supply Point Loads and Demand Side Management

	Recommendations for Further Work

	References
	 Synthetic Wind Generation
	 Detailed Wind Turbine Model for Estimation of Power/Energy Outputs
	Vestas V90 Manufacturer Model
	PSS/E Generic DFIG Model
	Matlab SimPowerSystems DFIG Model
	System Identification for WT Modelling
	Summary of Results
	Effects of Data Resolution on Steady State Performance Estimation

	 Embedded Wind Generation
	Embedded Wind Generation in SPTL Region
	Accounting for Array Losses

	 Load Identification
	Load Identification Methodology
	Load Identification Results

	 Transmission Network Modelling and Validation
	Modelling of SPTL Interconnections
	Moyle HVDC Interconnector to Northern Ireland
	SHETL System Interconnection
	NGET (England and Wales) System Interconnection

	Fault Level Analysis and Results
	SPTL Dispatch Algorithm

	 Selected Publications


