
Contents

Preface xi
About the authors xiii

1 Introduction 1
1.1 The development of the electrical power system 1
1.2 Value of distributed generation and network pricing 3
1.3 SmartGrids 5
1.4 Reasons for distributed generation 6
1.5 The future development of distributed generation 8

1.5.1 Business as usual future 9
1.5.2 Smart networks 10
1.5.3 Benefits of integration 10

1.6 Distributed generation and the distribution system 11
1.7 Technical impacts of generation on the distribution system 12

1.7.1 Network voltage changes 12
1.7.2 Increase in network fault levels 15
1.7.3 Power quality 15
1.7.4 Protection 16
1.7.5 Stability and fault ride through 18

1.8 Economic impact of distributed generation on the
distribution system 18

1.9 Impact of distributed generation on the transmission system 19
1.10 Impact of distributed generation on central generation 19
References 20

2 Distributed generation plant 21
2.1 Introduction 21
2.2 Combined heat and power plants 22
2.3 Renewable energy generation 27

2.3.1 Small-scale hydro generation 27
2.3.2 Wind power plants 29
2.3.3 Offshore wind energy 37
2.3.4 Solar photovoltaic generation 37

2.4 Summary 43
References 43



3 Distributed generators and their connection to the system 45
3.1 Introduction 45
3.2 Distributed generators 46

3.2.1 Synchronous generators 46
3.2.2 Induction generators 50
3.2.3 Doubly fed induction generator 56
3.2.4 Full power converter (FPC) connected generators 61

3.3 System studies 64
3.3.1 Load flow studies in a simple radial system 64
3.3.2 Load flow studies in meshed systems 66
3.3.3 Symmetrical fault studies 73
3.3.4 Unbalanced (asymmetrical) fault studies 75

3.4 Case studies 84
3.4.1 Steady-state voltages under peak and minimum loading 84
3.4.2 Electromagnetic transient studies 89

A3.1 Appendix: Unbalanced faults 90
References 92

4 Fault currents and electrical protection 95
4.1 Introduction 95
4.2 Fault current from distributed generators 96

4.2.1 Synchronous generators 97
4.2.2 Induction generators 100
4.2.3 Doubly fed induction generators 102
4.2.4 Generators connected through power electronic converters 104

4.3 Fault current limiters 104
4.3.1 Network splitting 105
4.3.2 Current limiting reactors 105
4.3.3 Current limiting fuses 105
4.3.4 Fault current limiters 105

4.4 Protection of distributed generation 107
4.4.1 Protection of the generation equipment from internal

faults 109
4.4.1.1 Protection of the generator stator 109
4.4.1.2 Protection of generator rotor 113
4.4.1.3 Loss of excitation protection 114
4.4.1.4 Loss of prime mover 114
4.4.1.5 Protection of mechanical systems 115

4.4.2 Protection of the faulted distribution network from
fault currents supplied by the distributed generator 115
4.4.2.1 Over-current protection 115
4.4.2.2 Under/over voltage and frequency 117
4.4.2.3 Neutral voltage displacement 118

4.4.3 Anti-islanding or loss-of-mains protection 118
4.5 Impact of distributed generation on existing distribution

system protection 119
4.5.1 Phase over-current protection 119
4.5.2 Directional over-current protection 123
4.5.3 Impedance relays 123

A4.1 Appendix 124
References 124

vi Distributed generation



5 Integration of distributed generation in electricity system
planning 127
5.1 Introduction 127
5.2 Distributed generation and adequacy of supply 128

5.2.1 Generation capacity adequacy in conventional thermal
generation systems 128

5.2.2 Impact of distributed generation 130
5.3 Impact of distributed generation on network design 133

5.3.1 Philosophy of traditional distribution network planning 134
5.3.2 Methodology for the evaluation of contribution of

distributed generation to network security 135
5.3.2.1 Treatment of non-intermittent distributed

generation 136
5.3.2.2 Treatment of intermittent generation 139

5.3.3 Application of the methodology 141
References 141

6 Pricing of distribution networks with distributed generation 143
6.1 Introduction 143
6.2 Primary objectives of network pricing in a

competitive environment 144
6.3 A review of network investment cost drivers 145

6.3.1 Network planning standards 145
6.3.2 Voltage-driven network expenditure 146
6.3.3 Fault level driven network expenditure 147
6.3.4 Losses driven network design expenditure 148

6.4 Evaluating distribution use-of-system charges (DUoS charges) 149
6.4.1 Concepts of static and dynamic network pricing 149
6.4.2 Time-of-use feature of DUoS charges in networks with

distributed generation 150
6.4.3 Allocation of network costs to network users 150

6.5 Illustration of the principles of evaluating DUoS charges in
networks with distributed generation 151
6.5.1 Simple two bus example 151
6.5.2 Multi-voltage level example 155

References 162

7 Distributed generation and future network architectures 165
7.1 Introduction 165
7.2 Active network management 167

7.2.1 Generator output reduction and special protection
schemes 167

7.2.2 Dynamic line ratings 168
7.2.3 Active network voltage control 169
7.2.4 Integrated wide-area active network management 170
7.2.5 Smart Metering 170

7.3 Virtual power plants 171
7.3.1 The virtual power plant 171
7.3.2 The commercial virtual power plant 173
7.3.3 The technical virtual power plant 174

Contents vii



7.4 MicroGrids 175
7.4.1 Microgrid research and demonstration projects 176
7.4.2 Microgrid control 178
7.4.3 Control strategies during islanded operation [22] 180

References 181

Tutorial I: AC electrical systems 183
I.1 Introduction 183
I.2 Alternating current (AC) 184
I.3 Root mean square value of voltage and current 185
I.4 Phasor representation of AC quantities 185
I.5 Resistors, inductors and capacitors on AC circuits 187

I.5.1 Resistance in an AC circuit 187
I.5.2 Inductance in an AC circuit 187
I.5.3 Capacitance in an AC circuit 188
I.5.4 R–L in an AC circuit 189

I.6 Power in AC circuits 191
I.7 Generation of three-phase voltages 194
I.8 Connection of three-phase windings 195

I.8.1 Star connection 195
I.8.2 Delta connection 196

I.9 Connection of loads 197
I.10 Three-phase four-wire system 197
I.11 Three-phase delta-connected three-wire system 198
I.12 Power in three-phase system 199
I.13 Problems 202
I.14 Further reading 202

Tutorial II: AC machines 203
II.1 Introduction 203
II.2 Synchronous machines 204

II.2.1 Construction and operation 204
II.2.2 Electrical and mechanical angle 206
II.2.3 Equivalent circuit 207
II.2.4 Operating chart of a synchronous generator 210
II.2.5 Excitation systems 211

II.3 Induction machines 214
II.3.1 Construction and operation 214
II.3.2 Steady-state operation 215

II.4 Problems 221
II.5 Further reading 222

Tutorial III: Power electronics 223
III.1 Introduction 223
III.2 Conductors, insulators and semiconductors 224

III.2.1 Conductors 224
III.2.2 Insulators 225
III.2.3 Semiconductors 225

viii Distributed generation



III.3 PN junction 226
III.4 Diode 228
III.5 Switching devices 230

III.5.1 Current-controlled devices 231
III.5.2 Voltage-controlled devices 233

III.6 Voltage source inverters 237
III.6.1 Single-phase voltage source inverter 238
III.6.2 Three-phase voltage source inverter 241

III.7 Problems 241
III.8 Further reading 242

Tutorial IV: Power systems 243
IV.1 Introduction 244
IV.2 Power transformers 244
IV.3 Per-unit system 249

IV.3.1 Power transformers in per unit 249
IV.3.2 Generators 251
IV.3.3 System studies 251

IV.4 Symmetrical components 253
IV.5 Problems 256
IV.6 Further reading 257

Glossary 259
Index 263

Contents ix



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (p4p_v6_flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


