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Abstract 

The UK government’s policy to achieve a 20% renewable energy generation target by 

2020, will require significant amounts of SSEG (Small-Scale Embedded Generation) to be 

connected. In addition to the expected economic and environmental benefits, the 

anticipated growth in SSEG brings with it numerous challenges for the operation of low 

voltage and medium voltage distribution networks. At present, there are a number of 

competing active network management concepts being considered to overcome these 

challenges and at Durham University a concept defined as the Small Scale Energy Zone 

(SSEZ) has been proposed and is investigated as part of this research.  

To further this, a bespoke active low voltage distribution network emulator known as the 

Experimental SSEZ has been developed by the author. Controllable emulated SSEG, 

controllable energy storage and controllable emulated load are incorporated into this 

laboratory. A transformation system has been developed to relate the operation of this 

system to that of low voltage distribution networks. Centralised and distributed network 

control systems have been developed for the Experimental SSEZ. These systems were 

used to evaluate, in conjunction with the relevant literature, the implementation of similar 

systems on future low voltage distribution networks. Both centralised and distributed 

control system architectures were found to have their merits. This research should 

therefore be useful in informing design decisions when developing and implementing 

active distribution network management systems on LV networks. 



Acknowledgements 

 

Firstly, I would like to express my gratitude to my Supervisor, Philip Taylor, for all his 

excellent support and advice during my time at Durham. I would also like to thank the 

many technicians who have lent their advice and expertise during the practical parts of 

this research, in particular David Jones, Paul Jarvis and Tony Collinson for their superb 

work developing the Experimental SSEZ laboratory. I would also like to thank Steve 

MacDonald and NaREC for their financial and technical assistance during my studies. I 

would also like to thank Professor Tavner and the staff of the School of Engineering for 

all their encouragement and for the opportunity to study at the department. Outside of my 

studies, I would like to thank all my colleagues and friends who have helped and 

encouraged me during my studies. Finally, I would like to thank Lorna, my parents 

Cormac and Sheila, my siblings Colum, Dáire and Aoife for all their love and invaluable 

support they have shown to me during my studies. 

  



Declaration 

 

I hereby declare that this thesis is a record of work undertaken by myself, that it has not 

been the subject of any previous application for a degree, and that all sources of 

information have been duly acknowledged. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2009, Pádraig Lyons. 

 

Copyright of this thesis rests with the author. No quotation from it should be published without prior written 

consent and information derived from it should be acknowledged. 



 

i 

Contents 

1 INTRODUCTION ....................................................................................................................................... 1 

1.1 RESEARCH OBJECTIVES ............................................................................................................................ 2 

1.2 SMALL SCALE ENERGY ZONES (SSEZ) ..................................................................................................... 3 

1.3 SCOPE OF THESIS ...................................................................................................................................... 5 

2 LITERATURE REVIEW ........................................................................................................................... 7 

2.1 INTRODUCTION ......................................................................................................................................... 7 

2.2 DISTRIBUTION NETWORKS ........................................................................................................................ 7 

2.3 DISTRIBUTION NETWORK EVOLUTION .................................................................................................... 10 

2.3.1 Connecting SSEGs to Distribution Networks................................................................................ 10 

2.3.2 Low Voltage Network Constraints ................................................................................................ 12 

2.3.3 Future Active Distribution Networks ............................................................................................ 17 

2.4 SMALL SCALE EMBEDDED GENERATORS ................................................................................................ 18 

2.5 DOMESTIC LOAD AND CONSUMER DEMAND MANAGEMENT .................................................................. 20 

2.5.1 Load Characterisation .................................................................................................................. 20 

2.5.2 Demand Side Management ........................................................................................................... 22 

2.6 DISTRIBUTED ENERGY STORAGE ............................................................................................................ 24 

2.6.1 Benefits of energy storage ............................................................................................................ 24 

2.6.2 Energy storage technologies for LV distribution networks........................................................... 25 

2.7 CONCLUSION ........................................................................................................................................... 27 

3 CONTROL SYSTEM ARCHITECTURES AND TECHNIQUES FOR DISTRIBUTION 

NETWORKS  ............................................................................................................................................ 29 

3.1 INTRODUCTION ....................................................................................................................................... 29 

3.2 SSEZ CONTROL SYSTEM ARCHITECTURE EVALUATION CRITERIA ......................................................... 29 

3.3 CENTRALISED AND DISTRIBUTED CONTROL ARCHITECTURES FOR LV NETWORKS ................................ 32 

3.4 VOLTAGE CONTROL TECHNIQUES .......................................................................................................... 35 

3.4.1 OLTC Control ............................................................................................................................... 36 



 

ii 

3.4.2 Reactive Compensation ................................................................................................................ 37 

3.4.3 Generation curtailment ................................................................................................................. 39 

3.4.4 Load management ......................................................................................................................... 40 

3.4.5 Energy storage .............................................................................................................................. 40 

3.4.6 Power electronic-based distribution network management devices ............................................. 41 

3.4.7 Discussion ..................................................................................................................................... 41 

3.5 VOLTAGE UNBALANCE CONTROL TECHNIQUES ...................................................................................... 42 

3.6 POWER FLOW CONTROL TECHNIQUES .................................................................................................... 43 

3.7 CONCLUSIONS ......................................................................................................................................... 44 

4 DESIGN AND DEVELOPMENT OF THE EXPERIMENTAL SSEZ AT DURHAM UNIVERSITY 

   ............................................................................................................................................ 46 

4.1 INTRODUCTION ....................................................................................................................................... 46 

4.2 EXPERIMENTAL REQUIREMENTS FOR INVESTIGATION OF SSEZ ............................................................. 46 

4.3 REVIEW OF EXISTING LOW VOLTAGE DISTRIBUTION NETWORK EMULATION LABORATORIES ............... 47 

4.4 LV NETWORK ......................................................................................................................................... 52 

4.5 SSEG EMULATION IN THE EXPERIMENTAL SSEZ ................................................................................... 54 

4.5.1 dCHP Emulator ............................................................................................................................ 55 

4.5.2 PV Emulator ................................................................................................................................. 56 

4.5.3 Small-scale Wind Turbine Emulator ............................................................................................. 57 

4.6 EXPERIMENTAL SSEZ LOAD EMULATOR ................................................................................................ 59 

4.7 EXPERIMENTAL SSEZ ENERGY STORAGE SYSTEM ................................................................................. 60 

4.7.1 Sunny Island 4500™ ..................................................................................................................... 61 

4.7.2 Battery Bank ................................................................................................................................. 62 

4.8 LABVIEW™ .......................................................................................................................................... 63 

4.9 EXPERIMENTAL SSEZ DATA ACQUISITION SYSTEM ............................................................................... 64 

4.10 EXPERIMENTAL SSEZ ACTIVE NETWORK CONTROL INFRASTRUCTURE ............................................ 66 

4.11 DISCUSSION........................................................................................................................................ 70 

5 INVESTIGATION INTO THE PASSIVE OPERATION OF THE EXPERIMENTAL SSEZ ......... 74 

5.1 INTRODUCTION ....................................................................................................................................... 74 



 

iii 

5.2 INPUT DATA AND SYSTEM CONFIGURATION ........................................................................................... 74 

5.3 VOLTAGE VARIATION AND REGULATION ................................................................................................ 77 

5.3.1 Load only ...................................................................................................................................... 77 

5.3.2 Generation and Load .................................................................................................................... 84 

5.3.3 Power factor ................................................................................................................................. 89 

5.4 VOLTAGE UNBALANCE ........................................................................................................................... 93 

5.4.1 Introduction .................................................................................................................................. 93 

5.4.2 Load only ...................................................................................................................................... 94 

5.4.3 Impact of Generation and Load .................................................................................................... 95 

5.4.4 Power factor ................................................................................................................................. 98 

5.5 POWER FLOW ........................................................................................................................................ 100 

5.5.1 Generation and Load .................................................................................................................. 101 

5.5.2 Power Factor .............................................................................................................................. 102 

5.6 CONCLUSION ......................................................................................................................................... 104 

6 DESIGN AND LABORATORY IMPLEMENTATION OF A CENTRALISED CONTROL 

SYSTEM  .......................................................................................................................................... 107 

6.1 INTRODUCTION ..................................................................................................................................... 107 

6.2 EVALUATION CRITERIA FOR CENTRALISED CONTROL SYSTEMS ........................................................... 108 

6.3 DEVELOPMENT APPROACH ................................................................................................................... 108 

6.3.1 Active network management techniques for Experimental SSEZ centralised control systems ... 108 

6.3.2 Experimental SSEZ centralised control system development ..................................................... 109 

6.4 CENTRALISED CONTROL SYSTEM EVALUATION PROGRAM .................................................................. 112 

6.4.1 Steady-State Voltage Rise Tests .................................................................................................. 113 

6.4.2 Current Limit Test ...................................................................................................................... 118 

6.4.3 %VUF Test ................................................................................................................................. 119 

6.5 CENTRALISED VOLTAGE CONTROL SYSTEM – CENTRALISED SINGLE-PHASE CURRENT ESTIMATOR 

(WIND TURBINE GENERATOR CURTAILMENT) ............................................................................................... 120 

6.5.1 Remote end voltage estimation ................................................................................................... 120 

6.5.2 Simple case based control system ............................................................................................... 121 



 

iv 

6.5.3 Proportional Control system ...................................................................................................... 124 

6.5.4 Proportional and Integral Control system .................................................................................. 125 

6.6 CENTRALISED VOLTAGE CONTROL SYSTEM – CENTRALISED SINGLE-PHASE CURRENT AND VOLTAGE 

ESTIMATOR (WIND TURBINE GENERATOR CURTAILMENT) ............................................................................ 129 

6.7 CENTRALISED VOLTAGE CONTROL SYSTEM – CENTRALISED SINGLE-PHASE CURRENT AND VOLTAGE 

ESTIMATOR (WIND TURBINE AND PV GENERATOR CURTAILMENT) .............................................................. 132 

6.8 CENTRALISED VOLTAGE CONTROL SYSTEM – DISTRIBUTED SINGLE-PHASE VOLTAGE MEASUREMENT 

(WIND TURBINE AND PV GENERATOR CURTAILMENT) ................................................................................... 136 

6.9 CENTRALISED VOLTAGE CONTROL SYSTEM – DISTRIBUTED THREE-PHASE VOLTAGE MEASUREMENT 

(WIND TURBINE AND PV GENERATOR CURTAILMENT) .................................................................................. 140 

6.10 CENTRALISED POWER FLOW AND VOLTAGE CONTROL SYSTEM ...................................................... 143 

6.11 CENTRALISED VOLTAGE UNBALANCE, POWER FLOW AND VOLTAGE CONTROL SYSTEM ................ 146 

6.12 CONCLUSIONS .................................................................................................................................. 148 

7 DESIGN AND LABORATORY IMPLEMENTATION OF A DISTRIBUTED CONTROL 

SYSTEM  .......................................................................................................................................... 151 

7.1 INTRODUCTION ..................................................................................................................................... 151 

7.2 EVALUATION CRITERIA FOR DISTRIBUTED CONTROL SYSTEMS............................................................ 151 

7.3 DEVELOPMENT APPROACH .................................................................................................................... 152 

7.3.1 Active network management techniques for Experimental SSEZ distributed control systems .... 152 

7.3.2 Experimental SSEZ distributed control system development ...................................................... 153 

7.4 DISTRIBUTED CONTROL SYSTEM EVALUATION PROGRAM ................................................................... 157 

7.4.1 Steady-State Voltage Rise Test ................................................................................................... 159 

7.4.2 Thermal limit test ........................................................................................................................ 160 

7.4.3 Voltage unbalance test ................................................................................................................ 163 

7.5 INITIAL DIRECT AGENT DEVELOPMENT AND LABORATORY IMPLEMENTATION .................................... 165 

7.5.1 First-Stage Generator Agent ...................................................................................................... 166 

7.5.2 First-Stage Energy Storage Agent (ESA I) ................................................................................. 168 

7.5.3 First-Stage Consumer Demand Agent (CDA I) .......................................................................... 170 

7.5.4 Multi-agent deployment on LV network (First-stage agents) ..................................................... 171 



 

v 

7.5.5 Discussion ................................................................................................................................... 173 

7.6 DESIGN OF AGENT COMMUNICATION SYSTEM FOR EXPERIMENTAL SSEZ ........................................... 175 

7.7 SECOND-STAGE DIRECT AGENT DEVELOPMENT (COLLABORATIVE OPERATION) ................................. 177 

7.7.1 PV and wind turbine generation agent deployment (Collaborative operation) .......................... 177 

7.7.2 PV and wind turbine generation and consumer demand agent deployment (Collaborative 

operation) .................................................................................................................................................. 179 

7.7.3 Consumer demand and energy storage agent deployment (Collaborative operation) ............... 181 

7.7.4 Discussion ................................................................................................................................... 183 

7.8 THERMAL LIMIT AGENT (TLA) ............................................................................................................ 184 

7.8.1 Thermal limit agent development ............................................................................................... 184 

7.8.2 Thermal limit agent implementation (PV and wind turbine generation agents) ......................... 186 

7.8.3 Thermal limit agent implementation (PV and wind turbine generation agents and consumer 

demand agent) ........................................................................................................................................... 187 

7.8.4 Thermal limit agent implementation (Consumer demand agent and Energy Storage Agent)..... 190 

7.8.5 Discussion ................................................................................................................................... 192 

7.9 VOLTAGE UNBALANCE AGENT (UA) .................................................................................................... 192 

7.9.1 Voltage unbalance agent development ....................................................................................... 192 

7.9.2 Voltage unbalance agent implementation (PV and wind turbine generation agents) ................. 193 

7.9.3 Voltage unbalance agent implementation (PV and wind turbine generation agents and consumer 

demand agent) ........................................................................................................................................... 195 

7.9.4 Voltage unbalance agent implementation (Consumer demand agent and Energy Storage Agent)

 198 

7.10 CONCLUSION .................................................................................................................................... 200 

8 DISCUSSION .......................................................................................................................................... 203 

8.1 INTRODUCTION ..................................................................................................................................... 203 

8.2 EVALUATION CRITERIA FOR DISTRIBUTED CONTROL SYSTEM ARCHITECTURES .................................. 203 

8.3 ENSURE SYSTEM OPERATES WITHIN NETWORK CONSTRAINTS ............................................................. 205 

8.4 RESILIENCE AND RELIABILITY .............................................................................................................. 206 

8.5 SCALABILITY ........................................................................................................................................ 209 



 

vi 

8.6 COMMUNICATIONS REQUIREMENTS ...................................................................................................... 210 

8.7 RENEWABLE ENERGY OUTPUT ............................................................................................................. 211 

8.8 ECONOMIC BENEFIT TO SSEG/ES/CONTROLLABLE LOAD OWNERS ..................................................... 213 

8.9 COST AND COMPLEXITY ....................................................................................................................... 214 

9 CONCLUSIONS ..................................................................................................................................... 216 

9.1 CONCLUSIONS ....................................................................................................................................... 216 

9.2 FUTURE WORK...................................................................................................................................... 220 

REFERENCES  .......................................................................................................................................... 222 

APPENDIX A PUBLICATIONS ............................................................................................................ A-1 

APPENDIX B EXPERIMENTAL REQUIREMENTS FOR INVESTIGATION OF SSEZ 

CONCEPT  .......................................................................................................................................... B-1 

APPENDIX C REVIEW OF EXISTING LOW VOLTAGE DISTRIBUTION NETWORK 

EMULATION LABORATORIES .................................................................................................................. C-1 

APPENDIX D SUNNY ISLAND 4500 – REAL AND REACTIVE POWER CONTROL SYSTEMS .. 

   .......................................................................................................................................... D-1 

APPENDIX E EXPERIMENTAL SSEZ DATA ACQUISITION AND CONTROL SYSTEM ....... E-1 

APPENDIX F EXPERIMENTAL SSEZ LV NETWORK IMPEDANCES ....................................... F-1 

APPENDIX G INVESTIGATION INTO THE PASSIVE OPERATION OF THE EXPERIMENTAL 

SSEZ – COMPLETE RESULTS .................................................................................................................... G-1 

APPENDIX H TRANSFORMATION SYSTEM FOR EXPERIMENTAL SSEZ ............................. H-1 

APPENDIX I IMPACT INVESTIGATION AND VALIDATION OF TRANSFORMATION 

SYSTEM  ........................................................................................................................................... I-1 

APPENDIX J SAMPLE LABVIEW™ DIAGRAMS ........................................................................... J-1 

 

  



 

vii 

List of Abbreviations 

AC   Alternating Current 

ACCM  Active Constrained Connection Manager 

ADMD  After Diversity Maximum Demand 

AVC  Automatic Voltage Controller 

AVPFC  Automatic Voltage/Power Factor Control 

AVR  Automatic Voltage Regulator 

CBA  Cost Benifet Analysis 

CDA  Consumer Demand Agent  

CHP  Combined Heat and Power 

CSP   Constraint Satisfaction Problem 

DC   Direct Current 

DG   Distributed Generation 

DNO  Distribution Network Operator 

DSM  Demand Side Management 

D-STATCOM Distribution - Static Synchronous Compensator 

EMTDC  Electromagnetic Transients including DC 

ESA   Energy Storage Agent  

ESU  Energy Storage Unit 

EV   Electric Vehicle 

FACTS  Flexible AC Transmission Systems 

FG   Firm Generation 

FIPA  Foundation of Intelligent Physical Agents 

GA   Generator Agent 



 

viii 

HV   High Voltage 

IEA   International Energy Agency 

IT   Isolated or impedance-earthed neutral (Earthing System) 

LabVIEW  Laboratory Virtual Instrumentation Engineering Workbench 

LDC  Line Drop Compensation 

LV   Low Voltage 

MAS  Multi-Agent System 

MGCC  MicroGrid Central Controller 

MV   Medium Voltage 

NFG  Non-Firm Generation 

NiMH  Nickel Metal Hydride 

OGA  Operational Goal Agent 

OLTC  On-Load Tap Changer 

OLE  Object Linking and Embedding 

OPC  OLE for Process Control 

OPF  Optimal Power Flow 

PHEV  Plug-in Hybrid Electric Vehicle 

PI   Proportional and Integral (Controller) 

PLC  Power Line Carrier 

POI   Point Of Interconnection 

PV   Photovoltaic 

PVGA  PV Generator Agent 

PSCAD®  Power Systems Computer Aided Design 

RNFG  Regulated Non-Firm Generation 

SCADA  Supervisory Control and Data Acquisition 



 

ix 

SLD   Single Line Diagram 

SOC  State-of-Charge 

SSEG  Small Scale Embedded Generator 

SSEZ  Small Scale Energy Zone 

TLA   Thermal Limit Agent 

TN   Exposed conductive parts connected to the neutral (Earthing System) 

TT   Earthed neutral (Earthing System) 

UA   Unbalance Agent 

UK   United Kindom  

US   United States (of America) 

VA   Voltage Agent  

VPP  Virtual Power Plant 

VRB  Vanadium Redox Battery 

WGA  Wind turbine Generator Agent 

WLAN  Wireless Local Area Network 

%DoD  Percentage Depth of Discharge 

%VUF  Percentage Voltage Unbalance Factor 

  



 

x 

 

Nomenclature 

E   sending end line-line voltage (pu) 

AE   phase A sending end voltages (V) 

f  is the frequency of the LV network (Hz)  

f0  is the nominal frequency (Hz) 

fdroop droop frequency. If the system frequency deviates by this much from nominal 

frequency the Sunny Island 4500™ will supply/feed Pnom into the LV network 

(Hz) 

I   phase load current (pu) 

ABC
I  3 x 1 matrix of the three-phase line currents (A) 

N
I   3 x 1 matrix of the neutral current (A) 

LV

ΑΒCI  3 x 1 matrix of the three-phase line currents of the LV distribution network 

under consideration (A) 

LV

NΙ  3 x 1 matrix of the neutral current of the LV distribution network under 

consideration (A) 

Ex

ΑΒCI  3 x 1 matrix of the three-phase line currents of the Experimental SSEZ LV 

network (A)  

Ex

NΙ   3 x 1 matrix of the neutral current of the Experimental SSEZ LV network (A) 

m   number of customers connected per phase to a network location 

n   number of feeder locations with customer connections 

p   number of radial feeders on the LV network 

Pnom is the nominal power rating of the Sunny Island 4500™ (kW) 



 

xi 

Pac  is the required output power of the Sunny Island 4500™ (kW) 

( )LV

ap t   real power import/export on phase A from/to the MV/LV transformer of the 

LV network under consideration (kVAr) 

( )Ex

ap t  real power import/export on phase A from/to the network connection emulator 

of the Experimental SSEZ (kW) 

LV

LP  is the maximum per-phase load of the LV network under consideration (kW) 

Ex

LP   is the maximum per-phase load of the Experimental SSEZ (kW) 

LV

GP  is the installed per-phase generation on the LV network under consideration 

(kW) 

Ex

GP
 

is the maximum per-phase generation available on the Experimental SSEZ 

(kW) 

( )Ex

aq t  reactive power import/export on phase A from/to the network connection 

emulator of the Experimental SSEZ (kW) 

( )LV

aq t   reactive power import/export on phase A from/to the MV/LV transformer of 

the LV network under consideration (kVAr) 

1R   positive sequence resistance (pu) 

( )ap

feeder
R  apparent resistance [Ω] of the LV feeder 

( )ap

netR
 

apparent resistance [Ω] of the LV network 

LVR  apparent resistance ( ( )ap

netR ) of the LV network under consideration [Ω] 

ExR  sum of the phase and neutral resistances from the network connection 

emulator to the remote end node of the LV network of the Experimental SSEZ 

[Ω] 



 

xii 

V   receiving end line-line voltage (pu) 

, ,
a b c

V V V  three-phase line or phase voltages (V) 

0, ,V V V+ −  positive (V+), negative (V-) and zero (V0) sequence voltage component (V) 

AV   phase A receiving end voltage with respect to ground (V) 

ANV  phase A receiving end voltage with respect to neutral (V) 

Ex

nomV   nominal voltage of the Experimental SSEZ (V) 

LV

nomV   nominal voltage of the LV distribution network under consideration 

(V) 

1X   positive sequence reactance (pu) 

( )ap

feeder
X  apparent reactance [Ω] of the LV feeder 

( )ap

netX  apparent reactance [Ω] of the LV network 

LVX  apparent resistance ( ( )ap

netX ) of the LV network under consideration [Ω] 

ExX  sum of the phase and neutral reactances from the network connection emulator 

to the remote end node of the LV network of the Experimental SSEZ [Ω] 

AAZ   self impedance of A phase conductor (Ω) 

ABZ  mutual impedance of A phase and B phase conductor (Ω) 

ANZ  mutual impedance of A phase and neutral conductor (Ω) 

( )i ap

locationZ  apparent impedance [Ω] of network location i with m customer connections  

( )k ap

customerZ  sum of the phase and neutral impedances between the substation and customer 

connection point k [Ω] neglecting the service connection impedances 

( )ap

feeder
Z  apparent impedance of the LV feeder [Ω] 



 

xiii 

max

service cable
Z  the largest of the impedances of service cable connections to each 

customer [Ω] from the nth network location 

( )ap

netZ  apparent impedance of the LV feeder [Ω] 

l
Z

 
5 x 5 matrix used to represent the self and mutual impedances of any line 

impedance [Ω] 

ABC
Z  3 x 3 matrix of the self and mutual impedances between phases (Ω) 

LV

ΑΒCZ  3 x 3 matrix of the self and mutual impedances between phases of the LV 

distribution network under consideration (Ω) 

LV

NN
Z  self impedance of neutral conductor of the LV distribution network under 

consideration (mΩ) 

Ex

ΑΒCZ  3 x 3 matrix of the self and mutual impedances between phases of the LV 

distribution network of the Experimental SSEZ (mΩ) 

Ex

NN
Z  self impedance of neutral conductor of LV distribution network of the 

Experimental SSEZ (mΩ) 

θ   angle between voltage at receiving end and load current  

AG
V∆  voltage drop in phase A with reference to ground (equivalent earth return 

plane of infinite conductivity) (V) 

AN
V∆   is the voltage drop on phase A with respect to neutral (V) 

ABC
∆V  3 x 1 matrix of the voltage drops with respect to neutral (V) 

LV

ΑΒC∆V  3 x 1 matrix of the voltage drops with respect to neutral of the LV distribution 

network under consideration (V) 



 

xiv 

Ex

ΑΒC∆V  3 x 1 matrix of the voltage drops with respect to neutral of the LV distribution 

network of the Experimental SSEZ (V) 

LPµ
  

load power scaling factor for transformation system 

GPµ   generation power scaling factor for transformation system 

P
µ

  
system power scaling factor for transformation system

  

Z
µ

  
voltage scaling factor for transformation system

 

Vnom
µ

 
ratio of the nominal voltages of the LV distribution network and the 

Experimental SSEZ for transformation system



 

1 

1 INTRODUCTION 

Political, scientific, environmental and economic pressures are all making the installation 

of large quantities of Small Scale Embedded Generation (SSEG) and micro-generation on 

distribution networks seem increasingly likely. An SSEG is defined as “a source of 

electrical energy rated up to and including 16 Ampere per phase, single or multiphase, 

230/400 Volts ac” [1]. This corresponds to a generator with an installed capacity of 

approximately 3.7kW single-phase or 11.1kW three-phase. Electrical micro-generation by 

comparison has been defined in the United Kingdom (UK) as having an installed capacity 

of up to 50kW [2]. For the purposes of this research the term SSEG shall be used to 

describe these small-scale generators of zero or low-carbon electrical energy. 

The UK government’s policy to achieve a 20% renewable energy generation target by 

2020, will require significant amounts of Distributed Generation (DG) to be connected to 

distribution networks [3]. SSEG will need to form a substantial proportion of this 

distributed generation and research has indicated that installed SSEG capacity in the UK 

could grow to as much as 8GW by 2015 [4]. Another study has suggested that SSEG 

technologies could supply between 30-40% of the UK's electricity demand by 2050 [5]. 

This future increase in the penetration of SSEG should fundamentally change the way 

energy is consumed or possibly generated by domestic and small commercial customers. 

The centralised generation paradigm of today will be complemented and possibly even 

superseded, by the future paradigm of domestic consumers and producers of electrical 

energy. They will not only be involved in consumption, but also in energy generation and 

energy storage.  

In addition to the expected economic and environmental benefits, the anticipated growth 

in SSEG brings with it numerous challenges for the operation of low voltage (LV) and 
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medium voltage (MV) distribution networks [6-9]. In this work LV is defined as a system 

of voltages below 1kV AC [10] and MV below 38kV AC (Alternating Current)  [11]. 

High voltage (HV) can be described as the higher voltages used for bulk transmission of 

electricity and for the purposes of this work are defined as any system of voltages above 

38kV [12]. Experts within industry and academia perceive that the most appropriate way 

to solve these problems is with active distribution network management [13]. At present, 

there are a number of competing active network management techniques being considered 

but there is no single accepted best solution to these challenges [7, 14-20]. 

At Durham University, an active distribution network concept defined as the Small Scale 

Energy Zone (SSEZ) has been proposed and is investigated as part of this research [7-8, 

14, 21-24]. To further this, an active low voltage distribution network emulator known as 

the Experimental SSEZ has been developed by the author [7, 23-24]. This has been 

utilised as an aid to the development of active network management techniques for low 

voltage distribution networks and in particular SSEZs. Controllable emulated SSEG, 

controllable energy storage and controllable emulated load are incorporated into this 

emulator. Emulation in this work is defined as a hardware simulation of a network 

component.  

1.1 Research Objectives 

The aim of the research into intelligent active energy management of SSEZs at Durham 

University is to develop and evaluate control strategies for future active distribution 

networks and SSEZs.  

The work described in this thesis focuses on the experimental development and 

evaluation of these control strategies for future distribution networks carried out by the 

author. This research included Experimental SSEZ development, control technique 
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development and evaluation. The research program and the research goals are illustrated 

diagrammatically in Figure 1.1.  

 

Figure 1.1  Research program and research goals 

1.2 Small Scale Energy Zones (SSEZ) 

The active distribution network concept known as the SSEZ seeks to solve the problems 

associated with embedding large amounts of SSEG into existing networks, whilst 

maximising their potential from an economic and environmental point of view. An SSEZ 

is defined as a “low voltage distribution network zone containing a significant number of 

controllable small scale generators, distributed energy storage units and loads” [7-8]. The 

structure of the SSEZ concept is illustrated diagrammatically in Figure 1.2. 
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Figure 1.2  SSEZ Concept Structure 

The aggregation of a large number of these complementary elements along with a 

supervisory controller has the potential to increase the value of individual SSEGs. The 

predictability and controllability problems associated with small scale renewable and 

alternative energy sources are addressed in an SSEZ utilising: - 

• The availability of high concentrations of controllable energy storage and load 

within the SSEZ. 

• The aggregation of large numbers of controllable, complementary small-scale 

renewable and alternative energy sources. 

Moreover, it is proposed that a Virtual Power Plant (VPP) can be created if large numbers 

of zones are aggregated together [21]. The VPP could give Distribution Network 

Operators (DNOs) access to large, predictable and controllable load/generation.  
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1.3 Scope of Thesis 

The second chapter of this thesis summarises the literature reviewed with regard to 

existing and future distribution networks and the problems associated with these systems. 

This is followed in chapter three by a review of control system architectures and 

techniques that may be employed in future distribution networks. The following chapter 

describes the design and development of the Experimental SSEZ. The design objectives 

for the system are initially presented. The design and development of the electrical 

systems, emulation systems and data acquisition system are subsequently detailed. Finally 

conclusions are drawn on the success of the system with respect to the initial design 

objectives. 

Chapter five describes the passive operation of the Experimental SSEZ with respect to the 

constraints associated with large concentrations of SSEG on LV distribution networks. 

Voltage variation and regulation, voltage unbalance, power flow and reactive power flow 

impact studies are detailed. A discussion on the differences and similarities in the 

operation of the Experimental SSEZ and an actual LV distribution network is presented 

and conclusions are drawn on the validity of the Experimental SSEZ in comparison with 

an LV network. 

In chapters six and seven the design and development of centralised and distributed 

control systems for the Experimental SSEZ are described. Existing distribution control 

and data acquisition structure is based on a centralised approach. The use of extended 

versions of this structure to facilitate the deployment of large numbers of SSEGs is 

examined. Results illustrating the development and performance of both centralised and 

distributed control systems are also presented in these chapters. 

In chapter eight, a discussion illustrating the key findings, limitations and relevance of the 

research is presented. This includes an investigation into the implementation of 
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centralised and distributed control system architectures on LV distribution networks 

based on the literature reviewed and the experimental work completed in this research. 

Finally, in chapter nine conclusions drawn as a result of the research are detailed and 

future work is proposed.   
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2 LITERATURE REVIEW 

2.1 Introduction 

This research seeks to investigate the research challenges associated with the SSEZ 

concept. To enable this, a review of the literature relating to existing and future 

distribution networks with large concentrations of SSEG is presented. 

The development of distribution networks from the initial small islanded systems of the 

late 1800s to the design and operation of the large, complex interconnected systems that 

exist today is initially described. Secondly, the grounds for the widespread adoption of 

embedded generation and in particular SSEG are described. Furthermore, the impact that 

these changes, to the existing generation paradigm, will have on the design and operation 

of distribution networks are summarised. This is followed by a description of the low 

voltage network constraints, where SSEZs will be implemented, that will arise from the 

large-scale deployment of SSEG. 

The characteristics and connection issues associated with the various forms of SSEG are 

then described. This is followed by a description of an investigation into existing and 

future load in distribution networks. Energy storage, which is seen as an enabler for 

embedded generation and SSEG, is also likely to be part of future distribution networks 

and therefore a review of these technologies is also presented. Finally conclusions are 

drawn from this review with regard to the investigation of the SSEZ concept. 

2.2 Distribution Networks 

Electricity distribution is the penultimate stage (before retail) in the supply of electricity 

to customers. It includes MV overhead lines and cables, electrical substations and pole-

mounted transformers, LV distribution wiring and possibly also metering systems. 
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The first distribution networks were installed in Europe and the United States (US) and 

utilised DC (Direct Current). Islanded systems were the standard design paradigm 

initially beginning with Manhattan’s Pearl Street DC station, which was opened in 1882 

by Thomas Edison [25-27]. In an islanded system the load is supplied by local generation 

as there is no connection to a larger electricity grid. In contrast today’s power systems are 

large interconnected systems comprising of large generating units and AC transmission 

and distribution systems. 

At present hundreds of generating stations, mostly sized between 100MW and 1GW, feed 

three-phase AC power into a national grid of HV transmission lines which interconnect 

multi-megawatt generators, substations, and demand centres. The grid design philosophy 

provides redundancy, so that if overhead lines, underground cables, transformers or 

generators fail, power can be found from other generators via a different route through the 

electricity grid. This has resulted in huge vertically integrated power systems. For 

example, the UK’s national grid handles approximately 327TWh of energy per year, 

through more than 7,000km of transmission infrastructure [28].  

Power on the transmission network is then routed to the distribution network via the 

transmission/distribution interface substations and transformers. Distribution networks are 

operated primarily as passive entities with power flowing from primary and secondary 

transformers to customers with little or no intervention from automated control systems. 

The primary distribution transformers are HV/MV transformers and generally feature On-

Load Tap-Changers (OLTCs). Secondary distribution transformers are MV/LV and have 

a manual tap-change capability. In the UK for example, where the distribution network 

has been significantly extended during the last 50 years to accommodate the increase in 

demand, the structure and operation of the distribution network has remained largely 

unchanged [28-29]. 
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Distribution networks are categorised as either radial or interconnected or mesh type. A 

radial network leaves the distribution substation and passes through the distribution 

network area with no connection to any other part of the network. Long overhead rural 

lines with isolated load connections are examples of this topology. An interconnected or 

mesh network is often found in more urbanised areas and each feeder that leaves the 

substation has a connection or connections to other feeders of the system. These points of 

connection between the feeders are normally left open but enable different configurations 

of the system. 

Within these networks there may be a mixture of overhead line construction using 

traditional poles or towers and conductors and increasingly, underground construction 

with cables and indoor substations. This can be more expensive and underground 

distribution systems can cost between twice or four times as much as overhead systems 

[30].  

As the distance from the substation increases the loads become smaller and typically 

DNOs use conductors of decreasing cross-sectional area in order to reduce network 

development costs. This design is known as tapering. However, this results in the specific 

network resistance (Ω/km) of the cable increasing. This has serious implications for the 

connection of distributed generators and SSEGs located close to the remote ends of the 

distribution network as the increased resistance will exaggerate the rise in voltage due to 

generated power export [31].  

LV networks, where single-phase loads and SSEGs are connected between phase wires 

and neutral, with three-phase, four or five-wire configurations have been widely adopted 

and are likely to remain the standard topology in the future. A neutral wire allows the 

system to use a higher voltage while still supporting lower voltage single-phase 

appliances [32]. The neutral is often grounded at regular intervals in these systems. The 
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objective of grounding the neutral wire is to stabilise system voltages in order to reduce 

voltage unbalance and provide the return path for grounded-fault current [33]. Hence, 

neutral wires and system earthing are important when considering power quality and 

safety issues. 

LV earthing systems characterise the earthing mode of the secondary winding of the 

MV/LV transformer and the means of earthing the frame of the load equipment [34]. 

Three main configurations are used for LV earthing systems: TT systems, where both the 

transformer neutral and the frame are earthed; TN systems, where the transformer neutral 

is earthed and the installation frame is connected to the neutral; and IT systems, where the 

transformer neutral is unearthed or earthed through a resistor, while the installation frame 

is earthed [35-36]. A TT earthing system which is common in the UK especially in rural 

areas, is used in the Experimental SSEZ described in this work. This configuration is 

chosen as it ensured that all devices on the Experimental SSEZ network were earthed at 

all times. 

2.3 Distribution Network Evolution 

2.3.1 Connecting SSEGs to Distribution Networks 

The centralised generation network topology, described previously has a number of 

drawbacks [25]. This network topology makes large-scale use of Combined Heat and 

Power (CHP) almost impossible for example. This is because while electricity can be 

transmitted easily over large distances; an analogous system for transmitting low-grade 

heat from the place where it is generated to the points of demand does not exist [25, 37].  

Furthermore, centralised generation can also have an effect on reliability. If generation is 

concentrated in a few large units, then the failure of one of these units will have a greater 

impact on the system. To protect against this, network planners use spinning reserve. This 
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is reserve capacity of power plant (or plants) of total capacity equal to the largest single 

plant in use. This reserve capacity is therefore ready to pick up the load immediately.  

Transmission and distribution systems dissipate energy as heat during operation and it is 

estimated that the losses of the UK National Grid transmission system in 2009/2010 are 

2.1% at peak demand which is approximately 58GW [38]. Due to the enormous amounts 

of electricity being transmitted however, this relatively small percentage represents a 

large loss in absolute terms, in this case approximately 1240MW. This figure varies 

according to network configuration and does not include distribution losses, which are 

more difficult to quantify, but are probably of a similar magnitude or even larger. 

Electricity demand continues to grow in developed economies. For example, demand is 

predicted to increase by about 50% in the next 25 years in the United States (US) [25]. 

Existing centralised infrastructure may not be expandable to meet larger load 

requirements as the political, social and economic hurdles in the implementation of these 

changes required may be insurmountable. 

It is not certain whether the required investment, to support demand growth, in 

distribution networks will be available. Network investment in the US for example, has 

been trailing demand growth for the past twenty five years. This culminated in the highly 

publicised power outage across the North Eastern US and Canada on August 14-15, 2003 

[39]. Subsequently, critics described the US power system as “antiquated”, comparable to 

that of a Third World nation and in need of modernisation [40].  

Investment in generating capacity has also been sporadic [25]. Many developing countries 

are in the process of improving their electrical infrastructure to cater for greater industrial 

and domestic demand. Distributed rather than centralised power system topologies may 

prove to be more advantageous from economic and environmental points of view. 
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Distributed generation systems, could present solutions to many of the disadvantages of 

centralised power systems. In addition, they are likely to possess inherent extra 

functionality and security to the system. Distributed generation is likely to make power 

systems more resilient to malicious attacks. In addition, the complex interdependencies 

that currently exist between infrastructures, if the power fails, could be reduced if other 

infrastructures used there own generation systems rather than the electricity grid [25]. 

These interdependencies were illustrated by the chaos ensuing from the North Eastern US 

and Canada outage where transportation, water and communications infrastructure were 

critically affected by the outage [39]. 

2.3.2 Low Voltage Network Constraints 

The deployment of large numbers of SSEG on LV distribution networks is not without 

problems. A number of technical constraints exist which must be overcome if these future 

networks are to meet existing and future power quality requirements.  

The technical constraints that are focussed on in this work are: - 

1. Steady-state voltage rise and variation exceeding statutory limits. 

2. Operating distribution network circuits above their thermal limits and reverse 

power flow. 

3. Steady-state voltage unbalance moving outside statutory limits. 

Voltage Regulation and Voltage Rise 

Voltage rise has already been identified as a problem in future distribution networks with 

high concentrations of SSEG [7, 41]. In addition, voltage drop, a problem associated with 

existing networks, may become a problem. This may arise when the available distributed 

generation is low, the demand in the distribution network under consideration is high and 

the tap position of the secondary distribution transformer has been adjusted to 
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accommodate high penetrations of SSEG [4]. In addition, voltage regulation limits may 

also become a problem. Voltage regulation is the permissible voltage rise/drop between 

the secondary substation transformer and the remote end of the distribution network [29, 

42].  

In a symmetrical three-phase power system operation, the voltage rise across a line 

segment 1 due to generation flow can be illustrated diagrammatically as shown in Figure 

2.1. 

 

Figure 2.1:  Phasor diagram of voltage rise across line segment due to generation 

This relationship can also be described approximately in the following equation: - 

 
[ ]1 13 cos sinI R X

E V
V

θ + θ
− �  (2.1) 

where: - 

 E  sending end line-line voltage (pu) 

 V  receiving end line-line voltage (pu) 

 I  phase load current (pu) 

 
1R  positive sequence resistance (pu) 

 
1X  positive sequence reactance (pu) 

E

V
I

1IR
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 θ  phase angle between voltage at receiving end and load current (pu) 

Rearranging this equation to use phase-neutral quantities and using absolute rather than 

per unit quantities gives approximately: -  

 [ ]1 1cos sinV I R X∆ θ + θ�  (2.2) 

However, when analysing four-wire LV networks under unbalanced loading/generating 

conditions, the voltages attributable to the return currents now flowing in the neutral 

conductor and earth need to be considered in addition to the voltage changes attributable 

to the phase currents. The proportion of current that flows in each of these two return 

paths is dependent on their relative impedances. In four-wire LV distribution networks 

the neutral of the three-phase four-wire network is often systematically earthed at regular 

intervals depending on the earthing configuration. Expressions have been derived which 

express this effect of earth resistance on the return current [43].  

For the general situation, the phase-ground voltage drop along a line section l of a single-

phase conductor in a four-wire system including the effect of self and mutual coupling 

between the phase and the neutral conductors and the effects of the grounding points can 

be written [43]: - 

 
AA A AB B AC C AN NAG

V Z I Z I Z I Z I∆ = + + +  (2.3) 

 
BA A BB B BC C BN NBG

V Z I Z I Z I Z I∆ = + + +  (2.4) 

 
CA A CB B CC C CN NCG

V Z I Z I Z I Z I∆ = + + +  (2.5) 

 
NA A NB B NC C NN NNG

V Z I Z I Z I Z I∆ = + + +  (2.6) 

where: - 

AG
V∆  voltage drop in phase A with reference to ground (equivalent earth return 

plane of infinite conductivity) (V) 
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 AAZ  self impedance of A phase conductor (Ω) 

 ABZ  mutual impedance of A phase and B phase conductor (Ω) 

 ANZ  mutual impedance of A phase and neutral conductor (Ω) 

similarly for phase B, C and for the neutral N. 

To relate all phase voltages with reference to the neutral point of the load, the primary 

phase voltage drops with respect to neutral can be expressed as follows [43]: - 

 
AN AG NG

V V V∆ = ∆ − ∆  (2.7) 

 ( ) ( ) ( ) ( )
A AA NA B AB NB C CC NC N AN NNAN

V I Z Z I Z Z I Z Z I Z Z∆ = − + − + − + −  (2.8) 

where 
AN

V∆  is the voltage drop on phase A with respect to neutral. 

In order to simplify the analysis it can be assumed that the mutual impedances between 

the conductors of the network can be ignored without losing much accuracy. Therefore 

(2.8) simplifies to: - 

 
A AA N NNAN

V I Z I Z∆ = −  (2.9) 

Voltage Unbalance 

The single-phase nature of SSEGs, combined with the fact that their growth is consumer-

driven and not centrally planned is likely to result in larger unbalanced voltages [8]. 

Voltage unbalance is a condition in which the three-phase voltages differ in amplitude or 

are displaced from their normal 120° phase relationship or both. The percentage Voltage 

Unbalance Factor (%VUF) in distribution networks in the UK [44] and Europe [42] is 

used to define the acceptable level of voltage unbalance in a system. A number of 

definitions exist but in this work it is defined as the ratio of the negative (V-) to the 

positive (V+) sequence voltage component [43].  
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 % 100%
V

VUF
V

−

+

= ×  (2.10) 

where the negative (V-) and positive (V+) sequence components may be computed using 

the following equation: - 
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= ∠ ° ∠ − °    
    ∠ − ° ∠ °    

 (2.11) 

where: - 

Va  Vb  Vc three-phase line or phase voltages (V) 

V+  V-  V0 positive (V+), negative (V-) and zero (V0) sequence voltage 

component (V) 

The %VUF has a statutory limit of 1.3% in the UK, although short-term deviations (less 

than 1 minute) may be allowed up to 2%, which is the standard limit used for the 

maximum steady-state %VUF allowed in European networks [42, 44]. 

The primary causes for voltage unbalance in future LV networks are likely to be: - 

1. Asymmetrical impedances (self and mutual) of LV distribution network. 

2. SSEGs are often connected in single-phase. 

3. Load is distributed unevenly across each phase of the LV network. 

It should be noted however, that voltage rise limits are much more likely to be violated 

than percentage voltage unbalance limits in an LV network with high penetrations of 

SSEG.  

Thermal Limits 

LV network components, such as overhead lines and underground cables, have a 

maximum current carrying capacity. These limits are based on the thermal heating effects 

of the current carried by the devices. These ratings are symmetric, that is rating of the 
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component is the same if it is exporting or importing power. If a component is loaded 

above its thermal rating for an extended period of time, it will overheat which could then 

lead to permanent damage. In many cases, high penetrations of SSEGs could cause an 

increase in the current flow in the network, resulting in system equipment operating 

closer to their thermal limits. However, it is possible with judicious planning that 

connecting SSEGs could have a beneficial effect, with no increases in current levels and 

even some significant reductions. 

Distribution transformer specifications are primarily defined in terms of operating voltage 

and nominal VA rating. At low load and high SSEG penetration and output, generation 

may be greater than local demand resulting in the export of excess real and reactive power 

to the higher voltage system through distribution transformers, which could exceed the 

reverse power flow ratings of the transformer. Moreover, older AVCs (Automatic 

Voltage Controllers) which feature LDC (Line Drop Compensation) algorithms may not 

be able to detect the direction of the power flow and may operate erroneously when 

power is flowing in the reverse direction through the transformers. 

Distribution transformers fitted with off-load tap changers have a symmetrical rating, as 

discussed earlier. For transformers fitted with OLTCs, however, reverse power flows may 

present a significant problem as the OLTC mechanism can impose an asymmetrical 

power flow limit [6, 45]. Older tap changer systems of 30 to 40 years, may not operate or 

may operate with a greatly reduced VA rating when power flows in the reverse direction 

[46].  

2.3.3 Future Active Distribution Networks  

Future distribution networks will be required to accommodate the forecast increase in 

SSEG. As described in the previous section a number of technical limitations exist with 
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regards to large scale deployment of SSEG. These constraints can be overcome by either 

upgrading the distribution network infrastructure or by changing distribution networks 

from passive to active entities. Upgrading the distribution network infrastructure is likely 

to be prohibitively expensive in terms of cost and time and this is why many within 

industry and academia see active distribution networks as the appropriate choice [13].  

These networks will need metering, data acquisition and active control techniques to 

implement these control schemes. Dedicated communications systems may be 

incorporated into new build networks or might be retrofitted onto systems using Power 

Line Carrier (PLC) systems, carried wirelessly or maybe using existing internet 

infrastructure.  

The infrastructure of distribution networks themselves may see a review in their design. 

The mesh and radially tapered networks of today may be replaced by dynamic networks 

with control over normally open points to switch from mesh to radial networks as 

network conditions change. Tapered networks may no longer be the default design with 

larger cross sectional areas used at the end of LV networks to facilitate to integration of 

large amounts of SSEG into a distribution networks. In this case large sections of the 

network could be supplied with local generation reducing the requirements for large 

conductors closer to the distribution substations.  

2.4 Small Scale Embedded Generators 

Domestic Combined Heat and Power (dCHP) is an SSEG that is very close to being 

implemented in large amounts on existing distribution networks. Sterling engine type 

dCHPs units have been trialled in the UK and fit the requirements of customers who wish 

to replace their existing central heating units with dCHPs units which also supply some 

generation to reduce their electricity bill [47-50]. Due to their low heat energy to 
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electrical energy ratio, Internal Combustion Engines (ICE) units, in contrast, supply too 

much electrical energy when simultaneously supplying the heating requirements for a 

single home. This would require excess electricity to be stored or exported back to the LV 

network. Moreover, ICEs are also quite noisy [51-52]. Both of these technologies use a 

single-phase induction machine to export energy to the LV distribution network.  

In contrast, fuel cells require an inverter to export power to the LV distribution network. 

The dominant fuel cell technologies for dCHP at present are Proton Exchange Membrane 

Fuel Cell (PEMFC) and Solid Oxide Fuel Cell (SOFC). SOFCs are seen as the most 

promising technology to be commercialised for dCHP applications [53-56]. Fuel cells, 

however, need to overcome reliability problems before they can be considered viable 

alternatives to the ICE and the Sterling engine in the near term. 

Two basic competing technologies exist for small-scale wind turbine generation, the 

horizontal and vertical axis wind turbines. Horizontal axis wind turbines have a greater 

efficiency for a given “swept area” and may be the preferred option in a rural 

environment. The vertical axis turbine, however, presents fewer problems with noise and 

vibration and also is more effective in the turbulent airflows of urban environments and 

might therefore be more suitable in built up areas [57-61]. Curtailment of generation in 

small-scale wind applications is not straightforward, as a reduction in the current taken 

from the generator by the inverter system results in a reduction in torque produced by the 

generator. This has the effect of speeding up the rotation of the turbine that could lead to 

undesirable turbine operating conditions. Inverters such as the Windy Boy™ [62] and 

associated power electronics are required at small-scale wind turbine generation locations. 

Photovoltaics (PV) at present are an expensive option for SSEG. The best and also most 

expensive commercially available panels currently have an efficiency of between 15% 

19%. Research indicates, however, that the use of solar concentrators could increase ten-
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fold the power obtained from photovoltaic cells [63]. Inverters such as a Sunny Boy™ 

[64] and associated power electronics are required at PV generation locations. 

2.5 Domestic Load and Consumer Demand Management 

2.5.1 Load Characterisation 

The task of characterising load is difficult due to the vast array of different load types and 

compositions. Load compositions are dependent on the geographical area, climate and the 

load class. Examples of load class include commercial, light commercial, industrial and 

residential. In addition, these compositions are themselves subject to seasonal and daily 

variations.  

Individual loads have different power factor and different voltage dependent 

characteristics. The power factor varies from 0.85 to 0.99 in residential premises and from 

as little as 0.8 to 0.9 in commercial premises [65-66]. A summary of the most common 

system loads and their characteristics follows. It is important to note that the load seen by 

MV/LV distribution systems will consist of an aggregate of all these specific load 

characteristics.  

Motors  

It is estimated that there are over 11 million motors in industry with a total capacity of 

90GW, the vast majority of which are connected to the UK distribution network. 

Moreover, on a typical industrial site, motors consume 66% of the total electrical demand 

and are responsible for approximately 40% of the UK's total electricity demand [67]. 

Industrial users for example can contain up to 95% motor load [66]. They are considered 

to be constant MVA loads but this can be lost if the voltage dips below 65-70% of 

nominal voltage. In addition, many motors are protected by voltage sensitive contactors 
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or inverters which trip out the motors during undervoltage events [66]. Unbalanced 

voltages on distribution networks can result in large negative sequence currents in three-

phase induction motors which reduces efficiency and may damage the machine itself 

[68]. 

Air-conditioning and refrigeration  

Air-conditioning and refrigeration are very similar to motor loads as the load in these 

systems are motors to power the compressors etc. in the refrigeration systems. They do 

not disconnect from the LV network using contactors and due to their low inertia slow 

considerably during undervoltage conditions. This can cause problems during restarting 

of the system as overload protection is quite slow on an LV network. A large proportion 

of demand is consumed by these loads. In areas of the US, for example, as much as 50% 

of load is refrigeration and air-conditioning [69].  

Discharge lighting  

Discharge lighting may account for up to 20% in some commercial areas [69]. They 

exhibit a constant MVA load characteristic and extinguish often at 80% of rated voltage. 

Their operation changes slightly above rated voltage and exhibit a constant current 

characteristic.  

Incandescent lighting  

The active power in an incandescent light source varies with voltage at an exponential 

power of 1.55 [69]. This is due to the large temperature swing that occurs in the filament 

when voltage changes which changes the filament resistance. Overall, artificial lighting 

consumes 19% of total worldwide electrical energy production [70]. 
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Thermostatic loads  

Thermostatic loads exhibit short term individual constant resistance characteristics but are 

effectively constant power when aggregated and viewed over an extended period of time. 

In the UK, only 9% of households use electricity for space heating [71] but this can rise to 

between 20 and 40% of system load in some areas [9] 

Electronic loads and consumer appliances 

Electronic loads and consumer appliances make up a very large proportion of today’s 

household load. These loads are effectively constant power but can exhibit poor power 

factor due to the harmonic distortion that is a result of the switched mode power supplies 

that are generally used in these devices. Consumer appliances consumed about 19% of 

domestic electricity consumption in 2006 in comparison to 9% in 1976 [72]. Among the 

International Energy Agency (IEA) countries, customer appliances are the fastest growing 

category of domestic load with consumption increasing by 57% from 1990 to 2005 They 

now account for 21% of total household energy consumption which is in contrast to the 

share of water heating which fell to 16% in 2005 [73].  

2.5.2 Demand Side Management 

Introduction  

Demand Side Management (DSM), also known as energy demand management or 

demand response is a concept that was a response from utilities to the energy crises which 

took place in 1973 and 1979. It is defined as the “planning and implementation of those 

electric utility activities designed to influence customer uses of electricity in ways that 

will produce desired changes in the utility’s load shape” [74-75].  
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DSM is inextricably linked to social issues as load manipulation can have a large impact 

on consumers. It is important to take these into account when determining which loads 

may be managed without deteriorating the customer’s supply quality unacceptably [75]. 

A summary of the DSM strategies which could be used in an active LV network control 

strategy is presented in the following sections. 

DSM Strategies for Active Low Voltage Networks 

Peak Clipping  

This can also be described as the reduction of the system peak loads. Peak clipping is 

generally considered as the reduction of peak load by using direct load control [74, 76]. 

An example of this would be timers on water heaters which would shut down during 

diurnal peaks. 

Valley Filling  

Valley filling describes the management of demand in order to augment off-peak load to 

smooth the load profile and increase the system efficiency. Adding properly priced off-

peak load, under these circumstances, decreases the average cost to customers. Valley 

filling can be achieved in a variety of ways, the most popular being the addition of new 

thermal energy storage (water heating and/or space heating) or charging of electric 

vehicles (EVs) or plug-in hybrid vehicles (PHEVs) [74, 76].  

Load shifting  

This is the final classical from of load management. This involves shifting load from on-

peak to off-peak periods. Popular applications include use of storage water heating, 

storage space heating, coolness storage, electrical energy storage and customer load shifts 

[74, 76].  
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Flexible Load Shape  

Once the anticipated load shape, including DSM, is forecasted the power system planner 

investigates the supply-side options. In this case, an additional variable in the analysis is 

reliability. The load shape can change if customers are presented with incentivised 

options with regard to the reliability of the supply. An example of this would be an 

interruptible or curtailable load or individual customer load constraints [74, 76]. The 

utility would therefore charge a less costly interruptible rate to these customers. 

2.6 Distributed Energy Storage 

The large scale deployment of SSEG may result in scenarios where the installation of 

energy storage may be economically and environmentally beneficial. Moreover, it 

appears that energy storage will connected to LV distribution network in the near term in 

the form of PHEVs or EVs which are receiving considerable interest from vehicle 

manufacturers and policy makers [77].  

2.6.1 Benefits of energy storage 

Similarly to SSEGs operating collaboratively as a VPP, as described in chapter one, once 

aggregated and controlled the combined energy storage capability of a large number of 

small scale energy stores could greatly increase the value of distributed energy storage 

units. Aggregated energy storage could be used by distribution network operators to 

provide: - 

1. System regulation – smoothing out fluctuations in demand so that frequency is not 

affected [78-79]. 

2. Spinning reserve – using energy storage instead of part loaded plant for supply 

when there are sudden changes in demand [78-79]. 
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3. Peak shaving/clipping – energy storage can be used to supply peak demand 

instead of peak power generators [78]. 

4. Reliability – energy storage could eliminate voltage sags and surges and provide 

ride through [78-79]. 

For consumers the following advantages exist: -  

1. Load-Levelling or Load Shifting (DSM) - Energy can be stored during off peak 

periods and used during peak periods 

2. Renewable energy - renewable energy can be stored when it is not needed for use 

when it is. 

3. Reliability – Energy storage may provide ride though facilities for system operator 

improving system reliability. Energy may also provide back up during loss of 

supply and may facilitate “islanded” operation of an SSEZ. 

2.6.2 Energy storage technologies for LV distribution networks 

A wide range of storage technologies exist that could be used for small-scale renewable 

energy systems. When selecting the most appropriate technology, the most relevant 

considerations are cost, energy capacity, power capacity, lifetime and energy efficiency. 

A summary of a review of the various technologies is given in tabular form in Table 2.1.  
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Energy Storage 

Technology  
Advantages  Disadvantages  

Lead-Acid Batteries  
Low initial cost (approx. £65/kWh) 

Efficient (85% - 90%)  

Short lifetime (3-7 years) Deep discharges 

shorten lifetime  

Compressed Air  
Large capacity (extra tanks are easily 

added to system)  

High self-discharge rate (12% every 24 

hours for l0kWh system)  

Slightly higher initial costs than lead-acid 

batteries  

Flywheel  

High specific power (can supply 25kW 

— 50kW)  

High efficiency (90%)  

Very high self-discharge rate (20% every 

hour)  

Unable to store more than 1kWh  

NiMH Batteries  
Reliable  

Long lifetime  
10 times as expensive as lead-acid batteries  

Hydrogen Fuel Cell 

(PEMFC)  
High power density  Expensive Short lifetime  

Supercapacitor  Long lifetime (over 20 years)  

High self-discharge rate (4% - 100% in 4 

hours)  

Low energy density values  

Redox (all- 

vanadium)  
Low self-discharge  Limited temperature range (5°C- 45°C)  

Lithium Ion (Li-Ion)  High specific energy, power, lifetime  Very expensive at present  

ZEBRA Batteries  
Energy storage capacity is too large for 

this application (17kWh - 20kWh)  

No self-discharge  

Short lifetime (2—5 years)  

Table 2.1:  Summary of Energy Storage Systems for LV distribution networks 

Most of the potential alternatives to lead-acid batteries are currently too expensive, such 

as nickel metal hydride (NiMH) batteries [80], hydrogen fuel cells in conjunction with 

electrolysers to produce hydrogen, supercapacitors [80] , and ZEBRA batteries [80-81]. 

Compressed-air systems [80] and flywheels [80] are let down by their high level of self-

discharge while on standby. Some of the technologies also require more testing and 

development before they can properly break into the energy storage market, as is the case 

with the Redox energy storage system [82]. At present even with a relatively low lifetime, 

the lead-acid battery is the most appropriate for domestic applications, as it is low cost 

and efficient [80]. In addition, it has a low self-discharge when on standby. However, the 

possibility of the widespread deployment of PHEVs or EVs with an ability to interact 

with the distribution network or domestic energy management systems may enable the 
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use of lithium ion (Li-Ion) batteries as an energy storage medium in LV distribution 

networks [79, 83-84]. For PHEV applications an energy storage capacity of about 19kWh 

to be typical [77], however prototypes with capacities of 27.4kWh are reported for a small 

PHEV sport utility vehicle [79]. 

2.7 Conclusion 

Existing distribution networks have evolved over the past hundred years based on a 

centralised control and generation paradigm. The system has a number of advantages 

including economies of scale and offers relatively efficient operation due to high voltage 

bulk transmission and reliability. Large power losses in transmission and distribution are 

also part of this system and the fragile, aging infrastructure is often in need of 

refurbishment and reinforcement. 

Future distribution networks are likely to have high penetrations of SSEGs. However, a 

number of technical constraints were identified which could limit the penetration of 

SSEG on LV distribution networks. Active network management is seen by many as the 

appropriate choice to accommodate these high penetrations and overcome these technical 

constraints. Active network management techniques are likely to have control over not 

only of SSEGs but also over controllable load, energy storage, OLTCs or even the 

topology of the system. 

The task of accurately modelling or emulating load in power systems is an onerous one. It 

is necessary to class and characterise accurately the load in the power system under 

consideration and also correctly select a model or a mixture of models which can 

represent this system. It is important when simplifying the model, for emulation of 

simulation purposes, to maintain the important characteristics of the actual load system. 
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The most likely energy storage that will be used in LV active distribution networks is the 

lead acid battery. Its low cost and relatively high efficiency make it the best choice in the 

short to medium term. Advanced battery chemistries deployed in EVs and PHEVs and 

fuel cells may in the long term represent a choice to replace both the lead acid battery as 

energy storage and dCHP for SSEG. 
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3  CONTROL SYSTEM ARCHITECTURES AND TECHNIQUES FOR 

DISTRIBUTION NETWORKS  

3.1 Introduction 

In order to develop a hardware platform that enables investigation of active control 

techniques for LV networks it is necessary to review existing and future control 

techniques and approaches. Evaluation criteria are initially presented which enable 

qualitative and quantitative assessment of control systems for LV distribution networks 

that is described in later chapters. Centralised and distributed control architectures are 

then defined and discussed as they apply to LV networks in this work. This is followed by 

a review of active distribution network control techniques as they apply to each of the 

network constraints defined previously. Finally, conclusions are drawn on the relevance 

of these control system architectures and techniques to LV networks and the SSEZ 

concept. 

3.2 SSEZ Control System Architecture Evaluation Criteria 

Control system architectures for the SSEZ will be required to ensure that the system 

operates within distribution network constraints described in section 2.3.2. However, 

control system architectures for the SSEZ are not only assessed under these operational 

criteria. The following sections describe the functional, qualitative and quantitative 

criteria that are proposed to evaluate controllers for the SSEZ concept.  
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Ensure system operates within network constraints 

Excursions from the LV distribution network constraints described in section 2.3.2 are 

minimised. 

Resilience and reliability 

The failure or erroneous operation of a component or a software error can also affect the 

operation or may result in the complete failure of a control system of an SSEZ. The 

resilience to faults and the reliability of the system should therefore be considered [14]. 

Scalability 

As the addition of SSEGs or other controllable entities are likely to be incremental in 

nature it is desirable that the control system architecture is capable of easily integrating 

extra SSEG, energy storage or controllable load. An ideal system would be open and 

infinitely scalable so that the connection of additional devices would require minimal 

manual modifications. This is known as “plug and play” capability [14]. 

Communications requirements 

It is desirable that the burden on communications is minimised to reduce costs and 

facilitate using existing infrastructure.  

Renewable energy output 

The operating strategy of a control system for a radial network can influence the 

renewable energy exported by the SSEZ. Operating strategies should seek to maximise 

the renewable energy consumed in or exported by an LV distribution network. 
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Economic benefit to SSEG/ES/controllable load owners 

This is a complicated criterion to assess as this depends on the way that an SSEZ would 

interact with the energy market and how each individual SSEG owner is compensated 

financially for their participation within the SSEZ. Renewable energy export and 

offsetting local load are the primary advantages of SSEG for individual consumers. In 

addition, reductions to generation or use of energy storage and controllable load also need 

to be incentivised. For the purpose of this research, it is proposed that each participating 

owner is compensated in proportion to their generation/storage/consumption capacity. 

This implies that the economic benefit to the owner of a controllable load of 1kW that is 

activated for ten minutes receives the same financial compensation that the owner of an 

SSEG who reduces his generation by 1kW for ten minutes. This is in addition to 

compensation for extra generation that is exported to the LV distribution network. 

Cost and complexity 

The final criteria to be investigated when evaluating control system architectures is the 

complexity and the cost of deploying the control system. The complexity and costs 

associated with the control system need to be minimised if this approach to the addition 

of SSEG on an LV distribution network is to be preferred to infrastructural upgrade or 

constrained SSEG connections. Costs increase with the addition of communications 

infrastructure, data acquisition and controller hosting hardware. Moreover, bespoke 

software solutions may also be required to implement the control system architecture. 

Apart from initial system implementation it may also be necessary to modify the system 

to account for changes to the LV distribution network which is likely to further increase 

the overall lifetime cost of the control system.  
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3.3 Centralised and Distributed Control Architectures for LV 

Networks 

Active control systems for power systems have been previously categorised as either 

centralised, distributed or decentralised. A strictly defined centralised control system 

would consist of a data acquisition, decision making algorithms and the control operation 

to take place at a single location. A distributed control system, in contrast, consists of a 

number of independent devices or control systems that appear to its users as a single 

system. In a decentralised system a problem is divided into smaller problems which are 

solved by a decentralised controller using local data. These decentralised controllers then 

interact with each other to solve the overall problem [85-86]. 

These categorisations for control system architectures can become ambiguous when one 

considers an actively managed power system with distributed generation requiring several 

layers of hierarchical control. For example in the case of the SSEZ concept it could be 

considered that the control system is essentially distributed as a number of independent 

devices would appear to the DNO as a single system. However, within each SSEZ the 

control system could be considered to utilise either a centralised, distributed or 

decentralised architecture. In this work, two control system architectures are considered to 

implement the SSEZ concept in an LV network and are categorised as centralised and 

distributed.  

Centralised control, in this work, implies a central controller located at the secondary 

distribution substation which would acquire data from nodes in the LV network 

particularly at the network connection point. More sophisticated systems would also 

monitor at other nodes of the distribution network, particularly at the remote end. The 

central controller would then process this data and instruct LV network components to 

operate in a way that alleviates some network constraint or satisfies an operational goal. 



 

33 

These components include SSEGs, controllable load, Energy Storage Units (ESUs) or 

controllable normally open switches. The system topology is illustrated diagrammatically 

in Figure 3.1. 

Figure 3.1:  Centralised controller topology for LV networks 

A centralised control topology can compute a global optimum distribution system 

operating state in contrast to a distributed controller topology whose objectives can be 

localised [87]. This is only possible, however, if the system has access to large numbers 

of distributed, high-speed measurements coupled with a detailed model of the system. 

This could be a problem, especially in rural areas, where high speed communications 

structures may be unavailable. If this infrastructure needs to be improved it could lead to 

high installation costs [88]. A number of other limitations exist in the extension of the 

current, centralised control system approach to LV networks [13-14, 93]. Existing 

Supervisory Control and Data Acquisition (SCADA) based centralised control systems 

distribution control systems were not designed to accommodate large penetrations of 

SSEG and at present do not extend far beyond the 11kV distribution system in the UK 

[13]. Furthermore, the forecast large quantities of these units and the nature of their 

uncontrolled and incremental connection makes the realisation of any potential 

centralised control system even more difficult. 

A centralised control system also means that the additional connection of new SSEGs to 

the active distribution network would require re-programming of the central controller, 
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which is likely to be slow and complex, unless modular schemes are available [13]. 

Furthermore, if there is an error in or if there is damage to the central controller it may 

lead to complete failure of the active distribution network control system. 

In a highly distributed control system architecture each SSEG, controllable load and ESU 

would have their own controller operating autonomously to react to network conditions 

and customer requirements as illustrated in Figure 3.2. A basic scheme would have a 

number of distributed controllers acting completely autonomously to control voltage. If 

the control requirements of the system are more complicated than this however the 

distributed controllers will be required to operate collaboratively. At present there are a 

number of competing strategies to implement the distributed control paradigm for SSEG 

with a variety of functionalities and implementations [7, 14-20]. 

Figure 3.2:  Distributed controller topology for LV networks 

A distributed control approach offers advantages in satisfying the specific control 

requirements of a future active distribution network. The possibility of “plug and play” 

insures there are no master or central controllers which means that the system can 

continue functioning with the loss of any component [19, 89] but with a possible loss of 

functionality. A distributed control system could therefore address the scalability and 

reliability issues of centralised systems. In addition, communications between each 
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controller need not be fast or detailed as the many of the decisions are taken 

autonomously at each distributed controller. In particular, Multi-Agent Systems (MAS) 

are already being considered for this purpose [15-18, 90-91]. In the following sections the 

active management techniques for each of the network constraints are investigated. 

3.4 Voltage Control Techniques 

Voltage regulation and rise have been identified earlier as the likely first constraints to be 

violated as deployments of SSEG increase. Both centralised and distributed control 

systems have been developed which control voltage in distribution networks. The 

majority of the research into the mitigation of these constraints on distribution networks 

have been at MV rather than at LV level. A number of active network management 

techniques have been identified previously for voltage control in distribution networks  

with large quantities of distributed generation [92-108]: - 

1. OLTC control - Change the position of the tapchanger of the primary distribution 

network transformer to lower system voltage 

2. Reactive compensation - Increase the reactive power import to the distributed 

generation 

3. Generation curtailment - Decrease the active power export from the distributed 

generation 

4. Load management - Increase the load on the system  

5. Energy storage control - This is a combination of options 2, 3 and 4 but using 

energy storage to reduce voltage by storing energy or importing reactive power 

6. Network reconfiguration - Feeders are often operated in a radial configuration. If 

the normally open points between two adjoining feeders are closed it may reduce 

system voltage. However, short circuit levels are likely to increase which may 
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result in damage to equipment during fault conditions. Moreover, the protection 

systems on the LV feeders are likely to be affected and may not operate correctly. 

7. Power electronic-based distribution network management devices - Power 

electronic based system and other static equipment that provide control of one or 

more LV distribution network parameters and can be used to control system 

voltage. These systems would provide analogous power quality and network 

configuration management to those provided at HV levels using Flexible AC 

Transmission Systems (FACTS). 

In addition, each of these active network management techniques can also be operated in 

conjunction with each other.  

3.4.1 OLTC Control 

On Load Tap-Changers (OLTCs) in conjunction with Automatic Voltage Controllers 

(AVCs) are the existing principal method of control of voltage on distribution networks. 

In addition, they have also been investigated with a view to mitigating against the voltage 

rise issues associated with large quantities of distributed generation in distribution 

networks [92, 95]. An AVC relay controls the tap position of one or more transformers 

using their respective OLTCs. The AVC can be configured to operate in a number of 

ways. The simplest is the control of the voltage on the secondary side of the transformer 

within a dead band centred around a target voltage [92]. Line drop compensation (LDC) 

can also be used and this utilises a simple internal model of the distribution system to 

estimate the voltage at a regulation point within the distribution system [26, 95]. 

However, in reality in systems where there are multiple feeders the system is used to 

provide a voltage boost to the system under maximum load conditions. Conversely, in the 

presence of large penetrations of distributed generation where reverse power flows are 
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possible the AVC will operate to reduce the voltage under low load, high generation 

conditions [95-96]. 

A development of an AVC based LDC control system has been developed known as 

GenAVC™ [92, 96-98]. To improve the estimates of the voltages on the system one or 

more remote voltage sensing units are deployed on the distribution network. A state 

estimation algorithm is used to process this data and make accurate estimates of the 

voltage throughout the distribution network. These estimates are used to determine the 

operation of the AVC and thus the OLTC. These operating control algorithms were 

developed for use on MV distribution networks and assume balanced operation. Single-

phase voltage and current measurements are therefore required only. As shown in chapter 

five however, large differences could exist between voltage and current flow on each of 

the phases on LV distribution networks. 

The definition of an SSEZ does not extend to the primary distribution transformer with an 

OLTC so that control method is not applicable to LV network controllers at present. 

However, it is possible that aggregated SSEZs would be able to communicate with a 

supervisory controller which may have control over the Automatic Voltage Controllers 

(AVC) at the primary distribution station. It should be noted that all these OLTC based 

control systems are defined as centralised control architectures in this work as all 

measurements are brought back to a centralised controller. 

3.4.2 Reactive Compensation 

Another method to reduce voltages on distribution networks is to utilise the distributed 

generators to import reactive power [93, 99-100]. This flow of reactive power into the 

distributed generation has the effect of depressing the voltages on the distribution 

network. In [93] a centralised approach utilising optimal power flow (OPF) and cost 
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benefit analysis (CBA) which compares the effectiveness of generation control, reactive 

power control and OLTC control on an 11kV network is described. This system requires 

measurements throughout the distribution network with an increase in measurement 

nodes increasing the accuracy of the estimates of the parameters of the LV network and 

thus the performance of the system. A centralised strategy is also employed in [100] but 

in this case the measurements are taken at the point of interconnection (POI) only. 

Centralised and distributed systems utilising reactive power control are proposed and 

simulated in [99]. In common with [93] an OPF algorithm is used as a basis for a 

centralised control algorithm. In contrast to [93, 100] both real and reactive power export 

and import are simultaneously controlled by the control system to ensure that the system 

is operating within the statutory voltage limits. The distributed control system proposed 

uses the voltage measurement signals at the terminals of each generator to control the real 

and reactive power flow from the generator. This control algorithm is known as 

Automatic Voltage/Power Factor Control (AVPFC) [31, 99]. 

The power factor of load on LV distribution networks tends to be between 0.8 and 1.0 

lagging as detailed in section 2.5.1 and SSEG are required to export active power at a 

power factor of between 0.95 lagging and 0.95 leading. Therefore the voltage rise or drop 

in LV distribution networks is dominated by the resistive rather that the reactive part of 

equation (2.1).  
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Moreover, in contrast to MV and HV networks the X/R ratio is small in LV networks and 

in particular underground cable networks, which also reduces the effect of reactive power 

flow on voltage rise and drop in LV distribution networks. 
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Therefore, reactive compensation, however, has been shown to have limited effect on 

voltage rise in LV distribution networks. This has also been shown in simulation [7]. 

3.4.3 Generation curtailment 

Generation curtailment has been previously investigated as a method to control voltage on 

distribution systems [93-94, 101-102]. Similarly to reactive power control both 

centralised and distributed strategies have been used in conjunction with generation 

curtailment. In [93] the effectiveness of generation curtailment in contrast to reactive 

power control and OLTC control is investigated utilising a centralised control system 

based on an OPF algorithm.  

Curtailment of generators towards the remote end of the network has a greater effect on 

voltage rise as generators nearer the remote end of a radial distribution network feeder 

have a greater impact on voltage rise than those closer to the network connection. To 

maximise generation therefore, in a radial distribution network, the generators at the 

remote end would be curtailed or shut down completely in the event of the network 

voltage rising above the statutory limits. If one considers, however, that an overvoltage 

condition may exist on an LV distribution network with a high penetration of SSEG, five 

times in one year, which would result in zero generation from these SSEGs during these 

voltage excursions. Therefore the annual energy yield from these SSEGs is lower than 

those located nearer the network connection. Instead of this strategy, algorithms equally 

or optimally sharing the duty of mitigating against overvoltage conditions using a 

centralised algorithm have also been investigated [101].  

Active power generation is has a much higher economic value than reactive power import 

in distribution networks as active power generation can result in a reduction in active 

power consumed by load or the export of active power to the LV network [109]. Both of 
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these options benefit SSEG owners economically with reductions in active power 

imported from the grid or feed-in tariffs respectively. In contrast, there is no economic 

framework to incentivise SSEG owners to import reactive power. Therefore, a number of 

active network management techniques initially utilise reactive power control to control 

the voltage. If reactive power control is unable to regulate the voltage, generation 

curtailment is used to reduce the voltages on the system [104, 106]. Similarly, in the MAS 

based control framework proposed in [103] the SSEGs are initially controlled to absorb 

reactive power if the voltage exceeds the desired limits which is defined as the alert stage. 

If the voltage on the system exceeds the maximum permissible limit, which is defined as 

the emergency state, then the SSEGs are instructed to curtail generation. 

3.4.4 Load management 

Load management or DSM techniques described previously typically modulate the load 

on a distribution system during periods of maximum load, to maintain the security of the 

system [105]. However, an increase in load also has the effect of reducing the voltages on 

a distribution network. This additional functionality of DSM has been explored 

previously in which a centralised control system is used to control four loads [105]. 

Voltages on the LV network are monitored and as the voltage exceeds predefined limits, 

additional load units are switched in. The MAS framework described in [103] also 

proposes switching in controllable load in the alert stage as generation curtailment is the 

least preferred option in this system. 

3.4.5 Energy storage 

As energy storage almost always requires power electronic converters to interface with 

the distribution network, real and reactive power can controlled which can be used to 

regulate network voltage. Voltage regulation in a distribution network using energy 
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storage has been demonstrated previously [107-108]. In addition, centralised control of 

voltage using active management of energy storage is also possible. Any control strategy 

will be required to account for the limited energy capacity of any energy storage under 

consideration. Within the MAS framework described in [103], energy storage is switched 

in during the alert stage similar to the control technique for controllable load. 

3.4.6 Power electronic-based distribution network management 

devices  

Power electronic-based distribution distribution network management devices can 

provide the same functionality as reactive power control in distributed generation units 

except that this is independent of the generator. At present the deployment of power 

electronic-based distribution network management devices such as the Distribution - 

Static Synchronous Compensator (D-STATCOM) or Distribution Static VAr 

Compensators on distribution networks is limited by high costs [94, 110]. 

3.4.7 Discussion 

OLTC control, network reconfiguration and power electronic-based distribution network 

management devices, with regard to the SSEZ concept, are associated with centralised 

control as all measurements and data are processed and control decisions take place at a 

central location. Moreover, an OLTC is usually only available at the primary substation 

distribution network transformer and its control will therefore lie above an SSEZ in a 

hierarchical control system architecture. 

Network reconfiguration is also a possibility to assist in voltage control but would 

facilitate voltage control in a limited number of network topologies. Power electronic-

based distribution network management devices were also investigated to provide 
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regulation of voltages in an LV distribution network but may have limited effect on 

networks with low X/R ratios and additionally are hampered by their high cost.  

Reactive compensation has a number of advantages as it does not impact on the end 

customer or require extra equipment for voltage control if inverters are used to couple 

SSEG to the LV network. However, reactive compensation, as in the case of 

D-STATCOMs, may have very limited impact in LV networks where X/R ratios are low. 

Generator curtailment offers the possibility of voltage control in LV networks with low 

X/R ratios. However, these strategies result in reduced renewable energy output and 

reduced direct economic benefits to SSEG owners. However, this control technique could 

be economically incentivised if SSEG owners are compensated for this facility. Load 

management and energy storage also facilitate voltage regulation in networks with low 

X/R ratios but again these systems need to be incentivised economically as the direct 

economic benefits to the owners of these systems may be small. Reactive compensation, 

generator curtailment, load management and energy storage are compatible with both 

distributed and centralised control system architectures. 

3.5 Voltage Unbalance Control Techniques 

Specially designed D-STACOMS and other power electronics devices could provide the 

functionality to compensate for unbalanced voltages in LV distribution systems [111-

114]. Use of these power electronic devices is the only option at MV level as the vast 

majority of generation and loading units connected at MV are three-phase. However, at 

LV, coordinated control of generation, controllable load or energy storage could be used 

to equalise the distribution of load and generation across the three phases of an LV 

network. The MAS framework proposed in [23-24, 103] proposed an unbalanced agent 
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which collaborates with other generation, consumer demand or energy storage agents in 

the system to mitigate against voltage unbalance. 

3.6 Power Flow Control Techniques 

A number of centralised strategies have been developed to ensure that the thermal limits 

of underground cables, overhead lines, transformers and switchgear are observed when 

large quantities of distributed generation are connected to the distribution network [13, 

100, 102, 115-117]. In [100], the power flow at the Point of Interconnection (POI) is 

measured along with the system frequency and the rate of change of power. It was 

envisaged in this work that network operators would require control of these three 

parameters. Depending on the system requirements and network conditions one of these 

parameters is assigned highest priority and this determines the power command to each 

distributed generator. Other active management techniques for managing thermal limits 

include “All off inter-trip” in which case a violation of the thermal limit will result in the 

disconnection of all distributed generators on the feeder [13]. A more advanced system, 

after a thermal limit violation, initially issues a 33% reduction commands to each of the 

distributed generators on the system. If this fails to restore satisfactory system operation a 

66% reduction signal is sent and finally a trip signal is issued [13].  

Artificial intelligence techniques, OPF techniques, current tracing and Constraint 

Satisfaction Problem (CSP) techniques have also been investigated to solve power flow 

constraints [102]. Generation was classified into firm generation (FG), non-firm 

generation (NFG) and regulated non-firm generation (RNFG) in [115]. In this case only 

the RNFG is regulated to control power flow. A trim margin is proposed based on the rate 

of change of generation and load and when this limit is violated the RNFG is curtailed. 

Furthermore, if the trip margin is violated, the RNFG is disconnected completely but is 
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reconnected after 5 minutes. The trip margin is based on the thermal limits of the circuits. 

An investigation into the impact of different methods of estimating the current/thermal 

capacity of the network, which is a function of the meteorological conditions throughout 

the year, is presented [116]. A conventional static estimation of capacity is compared with 

seasonal, static and dynamic Active Constrained Connection Managers (ACCMs). Load 

management is an alternative strategy to mitigate against violation of thermal limits 

caused by distributed generation. A drawback to this approach is that it is easier to shed 

load than to increase load on a distribution network [117]. However, energy storage can 

be used to provide this facility [117-119]. 

3.7 Conclusions 

A set of evaluation criteria for the quantitative and qualitative assessment for control 

systems for LV distribution networks is initially presented. Centralised and distributed 

control system architectures as they apply to LV distribution networks and the SSEZ 

concept are then defined. This was followed by a discussion on the advantages and 

disadvantages of the implementation of each of these control system architectures in LV 

distribution networks.  

Both architectures are capable of mitigating the network constraints detailed in chapter 

two however, a number of control techniques exist to achieve this in distribution 

networks. Voltage variation and regulation, voltage unbalance and thermal limit control 

techniques were investigated with respect to LV distribution networks and the SSEZ 

concept. 

Reactive compensation generation curtailment, load management and energy storage for 

voltage control were found to be compatible with both centralised and distributed control 

system architectures. This is in contrast to OLTC control, network reconfiguration and 
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Power electronic-based distribution network management devices which are more 

compatible with centralised control system architectures.  

Specially designed power electronic-based distribution network management devices are 

presently used in MV networks to provide voltage unbalance control. These systems are 

very expensive at present and an alternative, distributed control strategy has been 

proposed at Durham University to mitigate this network constraint.  

A wide variety of thermal limit control techniques exist which have been developed 

primarily for MV networks. All the techniques reviewed use a centralised control 

architecture where the network conditions are monitored and a generator dispatch strategy 

is designed by a central controller. However, energy storage and load management can 

also be used to reduce the power flows in overloaded areas of the system.  
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4 DESIGN AND DEVELOPMENT OF THE EXPERIMENTAL SSEZ AT 

DURHAM UNIVERSITY 

4.1 Introduction 

The Experimental SSEZ has been designed to enable investigation into the effect of high 

penetrations of SSEG on distribution networks and enable development of intelligent 

controllers which maximise their impact whilst maintaining satisfactory system operation. 

In this chapter, the experimental requirements for the investigation of the SSEZ concept 

are initially presented. This is followed by a summary of an investigation of the existing 

low voltage distribution network emulation laboratories worldwide. A detailed 

description of the individual components and systems of the Experimental SSEZ is then 

presented. The end of the chapter consists of a discussion on how the experimental 

requirements are satisfied by the design and implementation of the Experimental SSEZ. 

4.2 Experimental Requirements for Investigation of SSEZ 

An investigation into the requirements for a low voltage distribution network laboratory 

was completed as part of this research. The details of this investigation are presented in 

more detail in Appendix B.  

It was found that emulation could be powerful tool to assist in the evaluation of control 

systems for the SSEZ concept due to the possibilities of constructing repeatable scenarios 

in an LV distribution network laboratory. This ability to recreate scenarios presents a 

number of advantages in the assessment of control algorithms.  

The LV distribution network laboratory should be a three-phase, four-wire system with a 

power balancing facility. The LV network should have low X/R ratios in common with 

LV distribution networks and should be tapered that is the conductors should be reducing 



 

47 

in cross-section near the remote end of the feeder. In addition, the system should facilitate 

connection of accurately emulated single-phase load and generation and energy storage 

distributed throughout the circuit.  

The data acquisition system will need to be able to measure parameters throughout the 

circuit and must be able to measure the network constraints described in the previous 

chapters. This is important to be able to assess the performance of the control algorithms. 

The data acquisition system is also essential for the development of the control systems as 

measurements of voltage, voltage unbalance and current are inputs to any control 

algorithm.  

The control system platform should facilitate the development of both centralised and 

distributed control architectures. The system should be able to control generation, load 

and energy storage within the system and should operate fast enough that network 

constraints are mitigated within defined limits. 

The requirements are for an ideal LV distribution network laboratory facility and these 

idealisations need to be considered in practice under economic or practical constraints. 

4.3 Review of Existing Low Voltage Distribution Network 

Emulation Laboratories 

A review of the low voltage distribution network emulation laboratories was undertaken 

by the author in order to inform the development of the Experimental SSEZ. European 

laboratories at NTUA [120-121, 164-165] in Athens, Greece, DeMoTec [120-121, 164-

166] at Kassel, Germany, Labein’s Experimental Centre in Bilbao, Spain [164-165, 167], 

and the SYSLAB at Risø, Denmark [168-169] were found to be useful for comparison. In 

addition, UK laboratories, NaREC’s EnergyLINK Laboratory [7, 142] in Blyth, 
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Northumbria and the University of Manchester Microgrid/Flywheel energy storage 

prototype [120-121, 164-165], were also considered in this investigation.  

The topology of the LV distribution network itself is crucial to establishing whether 

active network management algorithms are effective in managing network components to 

ensure that network constraints, such as voltage rise, are observed. DeMoTec, Labein and 

the EnergyLINK Laboratory feature three-phase multiple bus systems where load, 

generation or energy storage can be easily configured into various power system 

topologies [120-121]. This functionality is augmented by the availability of line 

emulators. In contrast, SYSLAB includes long LV conductor sections [107, 122]. The 

NTUA facility is single-phase and while it could possibly be used to evaluate voltage rise 

or regulation or thermal limit algorithms, it cannot evaluate unbalance algorithms as it is a 

single-phase system [120-121]. 

Actual SSEG is very useful to validate models and accurately evaluate the effect of 

generation on LV networks. Many SSEGs, however, are coupled to the LV network using 

inverters. The dynamic operation of SSEG systems may be dominated by the operation of 

the power electronics/inverter drives rather than the SSEGs that they are supplied by. 

Therefore, the differences in accuracy between emulation and actual wind generation 

maybe minimal if the same power electronic interfaces are used in both applications.  

Real domestic load offers the advantage that it can provide accurate emulation of any load 

but it may not be useful in carrying out emulation of scaled down networks due to 

diversity. Moreover, it is necessary to carry out detailed analyses of domestic electric 

habits to emulate the load profile of domestic residences and considerable variations exist 

in typical individual domestic profiles as established in chapter two.  

While it is useful to be able to evaluate all future energy storage options the most relevant 

form of energy storage in the short-term is lead acid battery storage and advanced battery 
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chemistries and possibly SOFC fuel cells in the near term. Lead-acid based energy 

storage is integrated into the systems at NTUA, DeMoTec and Labein. Flywheels, like 

those installed at DeMoTec, Labein, the EnergyLINK Laboratory and at the University of 

Manchester have quite large power outputs and therefore are unlikely to be installed in 

domestic premises but are likely to be applicable to other active distribution network 

concepts [89, 123-124]. In addition, their low energy capacity which is important for 

domestic applications, may also limit their deployment. Fuel cells have been installed 

only at DeMoTec. SYSLAB is the only laboratory to feature an advanced battery 

chemistry installation and moreover includes this as part of a PHEV system. Finally, 

energy storage is limited to one or two units on each network and is not distributed 

throughout the network.  

The data acquisition system at NTUA is unlikely to be utilised for data acquisition in a 

future actively managed network as it is a slow system and the protocols used are 

proprietary. The custom systems at the EnergyLINK laboratory and at the Flywheel 

facility utilising LabVIEW™ and dSPACE® enable faster access to the parameters of the 

network is also possible. At DeMoTec the SCADA system used for data acquisition is 

similar in some respects used on existing distribution and transmission networks. 

However, the development of a functioning SCADA with supporting Remote Terminal 

Units (RTUs) [125] is a complex task and is costly to design and develop. The system at 

Labein is very flexible and provides a large number of power quality measurements 

including harmonics. 

The dSPACE® systems, like that at the University of Manchester Microgrid, would 

facilitate development of control algorithms using Simulink® [126] such as will be 

developed for the Experimental SSEZ. The IEC 61850 protocol is used at DeMoTec, 

Labein and at SYSLAB is at present a standard substation automation protocol but an 
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extension of this protocol IEC61850-7-420 is in development. It is envisaged that this will 

form the communication protocol with SSEG, ESUs and controllable load [127]. These 

systems enable both centralised and distributed control platforms to be developed. At 

NTUA a central PC is used to run the agents in the system and therefore could be viewed 

as a centralised control platform. However, agents operating autonomously on the same 

PC are possible and therefore the system exhibits many of the salient properties of a 

distributed system. A summary of the capabilities of each of the laboratories is illustrated 

in tabular form in Table 4.1. 
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 NTUA DeMoTec Labein SYSLAB EnergyLINK Manchester 

LV Network  Single-phase 

grid 

connected 

Two bus, 

three-phase 

network, 

MV/LV 

transformers 

and grid 

emulation 

Three bus 

three-phase 

network, 

MV/LV 

transformers 

and grid and 

network 

emulation 

Network 

connection 

emulator, large 

three-phase 

network 

Two bus, 

three-phase 

network, 

M/V/LV 

transformers 

and grid 

emulation 

Flywheel used 

to provide 

power balance 

SSEG  PV, Wind  PV, Wind, 

Wind 

emulation 

dCHP 

PV, Wind PV, Wind PV, Wind Single SSEG 

emulator 

Energy Storage Lead-acid 

battery 

Fuel cells, lead 

acid battery 

and flywheel 

Ultra-

capacitors, 

lead acid 

battery and fly-

wheel 

Vanadium 

Resox Battery 

(VRB) and 

PHEV 

Flywheel Flywheel 

Load Household 

load 

controlled by 

PLC  

Workshop of 

household 

load, 

controllable 

inductive, 

resistive  

Controllable 

Resistive Load 

Resistive load, 

defferable 

heating load 

and an office 

bulding 

Flexhouse 

Domestic load 

simulator and 

controllable 

resistive load 

Selection of 

household 

loads 

Data 

Acquisition  

RS232 and 

interface 

inverter 

systems 

Custom system 

managed by 

proprietary 

SCADA 

system 

Custom 

system, 

enables high 

resolution 

power quality 

measurements 

Module at each 

node linked via 

high speed 

network 

(IEC61850) 

LabVIEW™ 

and bespoke 

transducer 

systems 

DSPACE® 

and bespoke 

transducer 

systems 

Control 

Infrastructure  

RS232 and 

interface 

inverter 

Ethernet 

between 

generators, 

IEC61850 

based system 

IEC61850 

based system 

Module at each 

node linked via 

high speed 

network 

(IEC61850) 

N/A DSPACE® 

based system 

 

Table 4.1:  Summary of low voltage distribution network emulation laboratories 

Further details of this investigation are presented in Appendix C. 
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4.4 LV Network 

The network connection emulator consists of a 30kVA synchronous machine coupled to 

an induction machine driven by a four-quadrant inverter drive [128] which is connected 

to the grid as illustrated in Figure 4.1. The grid in this chapter is the LV network of the 

School of Engineering at Durham University.  

Figure 4.1:  Network connection emulator 

The four-quadrant drive enables the import and export of active power from the 

Experimental SSEZ. In addition, the four-quadrant drive also provides: - 

1. Frequency regulation for the system. This is typically set at 50Hz. 

2. Regulates inrush current to three-phase induction machine. This would be a 

problem if the induction machine was connected directly to the grid. 

The steady-state and dynamic operation of a synchronous machine is different from that 

of a transformer. In particular, the positive and negative sequence impedances of 

transformers are similar in contrast to a synchronous machine where the negative 

sequence components are much smaller than the positive sequence impedances. This has 

consequences on the voltages observed at the terminals of the synchronous machine under 

unbalanced conditions as demonstrated later in chapter five. However, unlike a grid 

connected transformer, it is possible to easily change the system voltage by varying the 

automatic voltage regulator (AVR) and also vary the system frequency by changing the 

speed set point on the four-quadrant drive. In addition, this design of network connection 

emulator results in an LV network electrically isolated from the grid. A virtual power 

system would also be a good solution as a network connection emulator but development 
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costs and time constraints made this approach unviable. The final system installed in the 

Experimental SSEZ is shown in Figure 4.2. 

 

Figure 4.2:  Network connection emulator installation at Durham University 

The Experimental SSEZ does not feature any sophisticated, flexible LV network 

emulation facilities as at DeMoTec, Labein and the EnergyLINK laboratory. However, 

simulation is fast and accurate in the modelling of voltage drops, unbalance etc. in LV 

networks. This is in marked contrast to the simulation of SSEGs, ESUs and their 

associated power electronics which often require computationally intensive, complicated 

models. Therefore, it is proposed that shortcomings in the system due to inaccuracies in 

network emulation can be quickly and accurately overcome using a transformation 

system. The development of such a system is described later in this work in Appendix H.  

The LV network of the Experimental SSEZ has a tapered, radial topology and its 

impedances are primarily resistive, in accordance with the requirements described earlier 

in this chapter. The system is four-wire with a TT earthing system [34, 129-131] which is 

common in the UK in rural areas. The LV network topology and the placement of the 

nodes are illustrated diagrammatically Figure 4.3.  



 

54 

 

Figure 4.3:  Single line diagram of the topology of the Experimental SSEZ 

4.5 SSEG Emulation in the Experimental SSEZ 

As identified previously, small-scale wind, PV and dCHP are seen as the most likely 

technologies to achieve large-scale deployment on LV networks in the near future. Thus, 

the Experimental SSEZ features small-scale emulators of these three technologies. 

While actual generation and load are more accurate, emulation of SSEGs is more useful 

and flexible than using actual PV, wind turbines and dCHP. Firstly, emulation permits the 

user to validate distribution network simulation models quickly and easily. Secondly, it 

can be used to create a performance matrix to systematically test control algorithms. 

Finally, scenarios at the outer operating points of the system envelope can easily be 

implemented. For example a worst case scenario of maximum small-scale wind 

generation and dCHP generation could be implemented. Furthermore, domestic load will 

be emulated so that a number of load profiles and load compositions can be implemented 

in repeatable tests.  

In addition, emulation is useful if aggregated cases of load and generation need to be 

considered. In this instance, LV network emulator can be considered to be a scaled model 

of a network rather than using the system as an LV network albeit on a small-scale. 

Aggregated PV, wind, dCHP and load profiles can then be used when implementing these 

models of these systems. When considering aggregated cases however it should be noted 

that while the generation sources and energy storage for the SSEZ are single-phase, when 

many SSEG and distributed energy storage units available in an SSEZ they are likely to 
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be distributed across all three-phases. Therefore, in these cases balanced generation may 

be a more accurate approximation of the operation of future LV distribution networks. 

4.5.1 dCHP Emulator 

A three-phase induction machine, 2-quadrant inverter drive, a single-phase induction 

machine and a capacitor is used to emulate dCHP as illustrated in Figure 4.4. The three-

phase induction machine and inverter drive are used to emulate the action of the 

mechanical output of the dCHP unit which could be an internal or external combustion 

machine mentioned in chapter two.  

The supervisory PC running LabVIEW™ is used to control this inverter drive via the 

analogue outputs of the National Instruments™ data acquisition board and the analogue 

inputs of the inverter drive so that the speed and torque can be varied to emulate the 

action and duty cycle of an actual dCHP system. When emulating a dCHP unit the torque 

of the three-phase induction machine is set so that the single-phase induction machine 

operates above synchronous speed and export energy into the three-phase LV network of 

the Experimental SSEZ.  

 

Figure 4.4:  dCHP emulation system 

In normal operation, the single-phase induction machine operates as a generator exporting 

real power to the Experimental SSEZ LV network as per a regular domestic dCHP 

installation. The capacitor is used to supply reactive power to the single-phase induction 
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machine during start-up and also during steady-state operation as the induction machine 

does not operate at unity power factor. The installed capacity of the dCHP emulation 

system is 1.1kW which is similar to the Whispergen [47] units which have been trialed in 

the UK. 

4.5.2 PV Emulator 

A three-phase autotransformer, DC machine drive, inductor and G83 compliant inverter 

are used to emulate small-scale PV generation as illustrated in Figure 4.5. 

 

Figure 4.5:  PV generation emulation system 

A single-phase transformer is used to isolate the system from the grid. In order to limit in-

rush current into the single-phase transformer on start-up, a three-phase variable 

autotransformer is used. The single-phase transformer supplies the DC machine drive. 

The DC machine drive is used to emulate the voltage and current supplied from a PV 

array. The DC machine drive output supplies the SMA Sunny Boy™ [64] single-phase 

G83 compliant [1] inverter via an inductor as the DC machine drive introduces large of 

amounts of harmonic distortion into the current flowing into the inverter. This device 

supplies synchronised, 50Hz, 230V single-phase ac voltage to the LV network. In 

addition, the Sunny Boy™ has a number of communications options including PLC, 

RS232 and RS485 serial links which can be used for monitoring and control. This control 

functionality is used to limit the power output from the Sunny Boy™ and therefore can 

also be used to emulate the power output of a PV generation system. The Sunny Boy™ is 
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also in use at NTUA, DeMoTec and at the EnergyLINK laboratory to couple PV arrays to 

their laboratory LV network emulators. The installed capacity of this system is 1.7kW 

which is a limitation of the Sunny Boy™ and is typical of domestic PV applications. The 

final installation is shown in Figure 4.6.  

 

Figure 4.6:  PV generation emulator at Durham University 

4.5.3 Small-scale Wind Turbine Emulator 

A three-phase induction machine and inverter drive, a three-phase axial flux synchronous 

machine and power electronics are used to emulate a small-scale wind turbine generation 

system as illustrated in Figure 4.7. 
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Figure 4.7:  Small-scale wind turbine emulation system 

The three-phase induction machine and inverter drive system is used to drive the three-

phase axial machine via a belt drive. The three-phase axial flux machine is typical of 

designs that are being used in small-scale vertical axis turbines.  

The supervisory PC running LabVIEW™ controls the speed or the torque of the three-

phase induction motor; via the analogue voltage outputs of the National Instruments™ 

and the inverter drive analogue voltage inputs, so that the speed and torque can be varied 

to emulate actual wind turbine torque or speed characteristics.  

The three-phase output of this machine is then rectified. This is used to supply a DC bus 

for the Windy Boy™ single-phase inverter [62]. The SMA Windy Boy™ is a G83 [1] 

compliant inverter for coupling of small-scale wind turbines to LV networks. As in the 

case of the Sunny Boy™, this system has a number of communications options including 

PLC, RS232 and RS485 serial links which can be used for monitoring and control. The 

Windy Boy™ is also in use at NTUA, DeMoTec and at the EnergyLINK laboratory to 

couple wind energy to their laboratory LV network emulators. This device inverts the 

output from the rectifier to 50Hz, 230V single-phase AC voltage which is synchronised to 

one of the phases of the Experimental SSEZ of the LV network. The small-scale wind 

turbine emulator is shown in Figure 4.8. The maximum output of the small-scale wind 
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turbine generator emulator is approximately 2kW which is a typical value of installed 

domestic generation. 

 

Figure 4.8:  Small-scale wind turbine emulator at Durham University 

4.6 Experimental SSEZ Load Emulator 

The load emulation system consists of a LabVIEW™ algorithm, that converts the load 

data to digital data, a National Instruments™ interface board and a three-phase load bank 

as illustrated in Figure 4.9. The load bank consists of a set of resistors controlled by solid-

state relays which are controlled by the LabVIEW™/National Instruments™ control 

system. These solid-state relays control a set of 250W, 500W and 1000W resistors in the 

load bank. This results in a computer controlled load which can vary independently the 

demand on each of the three-phases of the system. The load on each phase can be varied 

in 250W steps up to a maximum of 2.75kW at nominal voltage. 
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Figure 4.9:  Load emulation system 

Controlled and uncontrolled loads can be lumped together and can, in conjunction with 

control supplied via LabVIEW™ and the National Instruments™ system, be emulated on 

the same load bank. The load bank is resistive; therefore the system is capable of 

emulating unity power factor loads only. In addition, harmonic effects cannot be emulated 

by this load bank. The Experimental SSEZ load bank is shown in Figure 4.10. 

 

Figure 4.10:  Load emulator at Durham University 

In addition, to the load emulator it is also possible to connect household appliances to any 

of the phases using the power sockets located at nodes 4, 5 and 6 of the LV network of 

the Experimental SSEZ as illustrated in Figure 4.3. 

4.7 Experimental SSEZ Energy Storage System 

The energy storage system consists of a SMA Sunny Island 4500™ (Sunny Island 

4500™) bi-directional PWM (Pulse Width Modulation) inverter, a battery bank 
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consisting of 4 X 110Ah batteries and a control and measurement system. The system is 

illustrated diagrammatically in Figure 4.11. 

 

Figure 4.11:  Energy storage system 

4.7.1 Sunny Island 4500™  

A Sunny Island 4500™ bi-directional PWM inverter is used to interface the lead-acid 

battery based energy storage with the Experimental SSEZ. Real-time computer control of 

real and reactive power flow into an LV network is possible with this unit [132]. The 

Sunny Island 4500™ has been developed in conjunction with the University of Kassel 

Institute of Electrical Engineering [133], ISET [134] and SMA and features sophisticated 

control systems and functionality which facilitates integration of this unit into active 

power systems. This unit features the ability to connect in parallel to the utility grid and 

also facilitates islanded operation of an LV network [132, 135].  

In the Experimental SSEZ the frequency of the system is fixed using the network 

connection emulator. To vary the power output of the ESU the nominal frequency 

parameter of the Sunny Island 4500™ is changed. This regulates the power exported to 

and imported from the Experimental SSEZ system. Similarly, reactive power output from 

the Sunny Island 4500™ can be controlled by varying the value of the nominal voltage.  

The Sunny Island 4500™ also features advanced State of Charge (SOC) estimation, 

battery state estimation and battery charge management algorithms. Communication to 
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the Sunny Island 4500™ is achieved using RS232 or RS485 serial connections operating 

under SMA’s proprietary SunnyNet or SMANet protocols. Further details of the 

algorithms used to control the Sunny Island 4500 in the Experimental SSEZ can be found 

in Appendix D.  

4.7.2 Battery Bank 

The battery bank consists of four carbon-fibre lead-acid Elecsol 110 batteries [136] These 

batteries are rated at 110Ah. The nominal voltage for these batteries is 12V which results 

in an energy capacity of 5.28kWh. These batteries are reported to have three times the life 

of conventional lead-acid batteries and can be discharged to 80% depth of discharge 

(%DoD) over one thousand times. These batteries are commercially available and are the 

recommended lead-acid battery for installation with the Sunny Island 4500™ in the UK. 

The energy storage system at Durham University is shown in Figure 4.12. 
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Figure 4.12:  Energy storage unit installation at Durham University 

4.8 LabVIEW™ 

LabVIEW™ (Laboratory Virtual Instrumentation Engineering Workbench) [137] is a 

development environment for a visual programming language known as G from National 

Instruments™ [138]. G is dataflow language and is inherently capable of parallel 

execution. LabVIEW™ is an industry standard platform for data acquisition, instrument 

control and industrial automation on a variety of platforms.  
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4.9 Experimental SSEZ Data Acquisition System 

A data acquisition and control system is required for the Experimental SSEZ to measure 

the impact of SSEG, ESUs etc. on the LV network, to determine whether defined 

operational limits are violated and to provide feedback to control systems.  

It is not possible or even desirable to monitor every single electrical parameter within an 

LV network. It was decided to monitor the three-phase current and voltage at about six 

points around the LV distribution circuit (five are installed at present). This corresponds 

to the six nodes shown in Figure 4.3. This methodology ensures that all the power flows 

from each of the various SSEZ components on the system are monitored as illustrated in 

Figure 4.13. 

Monitoring at more points than this around the LV network may have limited benefit. 

This is because the most difficult things to measure in the system e.g. voltages and 

current flow to/from SSEGs, ESUs etc. are adequately monitored and the voltages and 

currents at other locations on the LV network can be predicted using the theory described 

in section 2.3.2. 
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Figure 4.13:  Data Acquisition System haveing measurement nodes 1, 2, 3, 4, 5 and 6 

As in the case of the data acquisition systems at the EnergyLINK laboratory and at the 

University of Manchester Microgrid, a set of interface boards using transducers providing 

galvanic isolation were used. 1kV of electrical isolation is provided by the transducers. 

Each transducer system sends analogue voltage signals, which represent the instantaneous 

voltage and current, to a National Instruments™ interface board via shielded cables. This 

board is connected to the National Instruments™ data acquisition boards in the 

supervisory PC. In the supervisory PC the instantaneous current and voltage 

measurements are processed so that RMS and phase measurements of voltage and 

current, real and reactive power and sequence component measurements are available for 

system monitoring and for control system feedback with a sample rate of 1000 Samples/s 

per channel. This process is illustrated by the flow chart in Figure 4.14. 
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Figure 4.14:  Data acquisition system flow chart 

Elementaries of the transducer bases featuring current and voltage transducers are shown 

in Appendix E [139]. The outputs of the transducers are +/-10V where +/-10V would 

represent the rated voltage/current of a transducer base channel.  

4.10 Experimental SSEZ Active Network Control Infrastructure 

Centralised and distributed active network controllers have been implemented in the 

Experimental SSEZ using the graphical programming language in LabVIEW™. This 

flexibility is essential so that a performance evaluation of a variety of competing LV 

active network control systems and algorithms can take place. The Experimental SSEZ 

can be used to evaluate the active network control systems by emulating a variety of 

different distribution network operating points and/or systems and implementing control 

algorithms in LabVIEW™. 



 

67 

A sample control panel for one of the final LabVIEW™ system is shown in Figure 4.15 

illustrating where system control, data acquisition and emulation functions are to be 

found on the panel. 

 

 

 

 

Figure 4.15:  LabVIEW™ Control Panel 

To enable the LabVIEW™ control algorithms and techniques an RS485 communications 

system has been installed in the Experimental SSEZ which links the supervisory PC, the 

Windy Boy™, the Sunny Boy™ and the Sunny Island 4500™. PLC (Power Line Carrier) 

communications are available as options on the Sunny Boy™ and Windy Boy™ but not 

on the Sunny Island 4500™. Moreover, consistent PLC communication can prove to be 

quite difficult in electrically noisy environments. RS232 is also an option but this would 

have necessitated a dedicated serial port for each device. RS485 permits a “daisy chain” 

structure as shown Figure 4.16. This RS485 system was successfully tested using SMA’s 

Sunny Data™ plant monitoring and control software. 

Data Acquisition System Control 

Emulation Data 
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Figure 4.16:  RS485 Communication Network 

Communications between SMA inverters and LabVIEW™ have been reported previously 

[120]. Communication between the control algorithm, running in LabVIEW™ and the 

inverters is achieved using OPC [OLE for Process Control where OLE stands for Object 

Linking and Embedding] servers/clients, utilising the DataSocket™ I/O interface 

technology in LabVIEW™.  

OLE is a distributed object system and protocol, developed by Microsoft®, and is 

typically used to link embedded objects in web documents to other programs or link 

embedded objects in Microsoft Office™ documents. OLE for Process Control (OPC) is 

the original name for an open standard specification developed in 1996 that enables 

communication of real-time plant data, between control devices from different 

manufacturers. In this instance the OPC system is used to link LabVIEW™ to the 

SMANet or SunnyNET proprietary SMA protocols running on the RS485 network. The 

operation of the communication system is illustrated in Figure 4.17. 

The OPC server was supplied by SMA. The OPC server and the operation of the inverters 

were tested initially using Matrikon OPC Explorer™. This is also used for validating the 

operation of the visual programs developed in LabVIEW™.  
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Figure 4.17:  Communication path between SMA inverters and LabVIEW™ 

LabVIEW™ curtails the power output of the SSEG interface inverters (Sunny Boy™ and 

Windy Boy™) by writing to the Pmax parameters of each inverter using the OPC/RS485 

communications bus. It is also possible to control both the real and reactive power 

import/export of the Sunny Island 4500™ as described earlier. This is achieved by 

varying the nominal frequency f0 and the nominal voltage V0 parameters using the 

OPC/RS485 communications bus. 

The Sunny Island 4500™ is set to Mains Droop mode and in this mode a change in these 

nominal values results in a corresponding change in the real and reactive power output of 

the inverter as described earlier in this chapter. The power controller does not operate 

instantaneously. This is due to latency in the update of the parameter values of the Sunny 

Island 4500™ over the RS485 system. This has been documented previously [120]. This 

is illustrated by the response of the ESU Pinv to a changing (power command) P* as 

shown in Figure 4.18. 
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Figure 4.18:  Response of Energy Storage System Pinv to Step change in P* 

4.11 Discussion 

The LV network of the Experimental SSEZ is made up of two systems: the network 

connection emulator and the LV network conductors. The network connection emulator 

provides power balance over the three-phases of the system and also provides frequency 

regulation. It is also possible to change both the frequency and the voltage of the of the 

LV network using the network connection emulator. However, the synchronous machine 

does not or is not capable of exhibiting the same characteristics as a distribution network 

transformer. However, it is proposed in Appendix H that this deficiency can be 

compensated for by using a transformation system. 

The LV network of the Experimental SSEZ is three-phase and is of a radial, tapered 

design as per the experimental requirements detailed at the start of this chapter. The LV 

network is earthed in a TT configuration which is a common topology in the UK. The 

network is relatively small in comparison to an actual LV networks and to some of the 

larger laboratories such as DeMoTec and Labein’s Experimental Centre. Moreover, there 

are fewer nodes for connection of SSEG and a limited flexibility in the configuration of 

the network. The LV network impedances of the system are given in Appendix F. A 
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summary of the functionality of the LV network of the Experimental SSEZ is given in 

tabular format in Table 4.2. 

Variable 

Frequency  

Transformer/ 

Transformer 

Emulation 

Radial 

Topology 

Three-phase 

System 

Variable 

Impedance 

Islanding 

Capability 

Yes No, synchronous 

machine only 

Yes, limited 

flexibility  

Yes, single bus Limited No 

Table 4.2:  Experimental SSEZ LV network functionality 

Small-scale generation emulators have been installed, for the technologies which were 

identified as most likely for large-scale deployment in future LV networks, in the short or 

medium term, in the Experimental SSEZ. Emulation is used as it enables repeatable 

testing which is important for investigating the operation of control systems for active LV 

networks. All the generators are single-phase which would be the likely connection 

method in domestic premises. However, emulators of larger three-phase SSEGs that 

could be installed at small commercial premises are not part of the system. Moreover, as 

all the generation is single–phase, highly unbalanced conditions which are unlikely to be 

replicated on an LV distribution network, could result.  

The dCHP emulator is based on the current commercialised technologies for dCHP which 

are based on external combustion Sterling or Rankine engines. It is not possible to curtail 

the power output of the dCHP emulator or commercial dCHP units as they are coupled to 

the LV network with an induction machine. It is possible, however, to switch it on and off 

using the supervisory computer. It is therefore considered non-dispatchable for the 

purposes of this investigation. Fuel cells have not been considered for installation in the 

system at this stage as these systems are not commercially available at present and are 

very costly.  

The PV generator emulator and wind turbine generator emulator share much of the 

equipment and have similar installed capacities that would be used in a conventional 
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household installation. In addition, the same inverter interfaces, the Sunny Boy™ and 

Windy Boy™, are used at NTUA, DeMoTec and the EnergyLINK laboratory. These units 

are likely to be primary factor affecting the generators dynamic impact on the network. 

The power output of these inverters is curtailable using the active network control 

infrastructure. Both PV and wind are therefore considered to be dispatchable. A summary 

of the SSEG systems of the Experimental SSEZ is shown in tabular format in Table 4.3. 

dCHP  PV Wind 

Yes, single-

phase emulation, 

dispatchable 

Yes, single-

phase emulation, 

dispatchable 

Yes, single-

phase emulation, 

non-dispatchable 

Table 4.3:  Summary of SSEG systems in the Experimental SSEZ 

The power factor of the load emulator is almost unity as the loads are resistive and do not 

feature an ability to introduce any inductive or harmonic components to the load. 

Moreover, the load is not continuously varying and instead increases in 250W steps. To 

introduce, inductive loads or loads with a high harmonic content it is possible to add 

actual demand devices to provide this. The load emulator however is controlled by the 

emulation system and is therefore useful in creating repeatable dynamic scenarios for the 

testing of active network control techniques. 

 Emulation Actual Load 

Computer 

control 

Yes, controlled by LabVIEW™ No, manually connected 

Range 0 to 2.75kW, 0.25 kW steps per 

phase 

0 to 3kW, per phase 

Non-unity power 

factor 

No, resistive only Yes, by connecting inductive  load  

Distributed over 

LV network 

No, load at one node only Yes, can be connected to nodes 4, 5 

and 6 

Table 4.4:  Load systems functionality of the Experimental SSEZ 

Similarly to the SSEG emulators, an industry standard grid inverter is used to couple 

energy storage to the LV network. These inverters are also used at NTUA and DeMoTec 
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to investigate and develop active network control systems. The only energy storage 

available at the Experimental SSEZ is an advanced lead-acid battery bank which is 

among the required energy storage systems identified earlier.  

The data acquisition system, as per the requirements in chapter four, is capable of reliably 

measuring and calculating the power quality quantities under investigation: voltage 

rise/regulation, thermal limits and voltage unbalance. The present system however does 

not measure harmonics but this is a possible extension of the system. Moreover, the 

system also provides galvanic isolation to provide safety to both the National 

Instruments™ DAQ systems and the operator. 

Distributed measurements Yes, nodes 1, 2, 3 ,5 and 6 

Three-phase voltage, current, P, Q measurements Yes 

Voltage and current phase measurements  Yes 

Sequence components Yes 

Harmonics No 

Table 4.5:  Functionality of data acquisition system  

The active network control infrastructure is similar to the system installed at NTUA but 

based on LabVIEW™ rather that WinCC. The inherently parallel nature of LabVIEW™ 

or G code enables the emulation of both distributed and centralised control systems. The 

control structure is based on proprietary protocols which are not likely to compatible with 

other systems unlike the IEC61850 protocol and its extensions.  
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5 INVESTIGATION INTO THE PASSIVE OPERATION OF THE 

EXPERIMENTAL SSEZ 

5.1 Introduction 

 As stated previously the technical problems that are focussed on in this work are: steady-

state voltage rise and regulation thermal limits and steady-state voltage unbalance. This 

passive investigation will enable characterisation of the operation of the Experimental 

SSEZ under a variety of generation and load conditions. Moreover, the results of these 

studies will enable identification of the advantages and disadvantages of the LV network 

emulator which will aid development of the transformation described in Appendix H. 

They will also assist in understanding the impact of SSEGs on future LV networks. 

Finally, these studies will enable evaluation of the centralised and distributed control 

strategies developed on the Experimental SSEZ in chapter six and chapter seven as the 

operation of the Experimental SSEZ LV network is clearly understood with respect to the 

operation of generic and actual LV networks. 

5.2 Input Data and System Configuration 

To investigate the impact of SSEG on the LV network of the Experimental SSEZ on these 

constraints without any active network control systems, a systematic testing program was 

developed. While each test was designed individually, all the tests featured a common 

load profile and where applicable, small-scale wind turbine generation profile. The daily 

demand profile used in these studies is shown in Figure 5.1 and is based on a household 

load with no electric heating monitored on a Sunday in the UK [140]. The maximum 

demand of the load emulator of the Experimental SSEZ is 2.2kW at 225V, therefore the 

data which is based on [141] is scaled to preserve the load profile shape. In addition, in 
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order to emulate non-unity power factor loads the Sunny Island 4500™ is used to absorb 

reactive power. Single-phase non-unity power factor loads of power factors of 0.85, 0.9 

and 0.95 can therefore be emulated. These figures for power factor are based on the data 

regarding LV load presented in chapter two. 

 

Figure 5.1:  Load profile 

Actual wind speed, turbine speed and power data over a twenty hour period, taken from 

small-scale wind turbines installed at NaREC’s EnergyLINK laboratory [7, 142] is used 

to emulate a small-scale wind turbine in the Experimental SSEZ. As in the case of 

demand emulation, the data is processed for implementation in the Experimental SSEZ. 

In this case, low wind speed data is filtered out to ensure that the speed of the turbine 

does not result in the disconnection of the Windy Boy™ during the tests.  

Disconnection is due to the fall in voltage on the DC output of the rectifier of this system. 

This is due to lower output voltages from the permanent magnet synchronous machine, as 

the machine rotates at slower speeds during periods of low wind. Disconnection should be 

avoided because the tests are not being run in real-time but instead at 120 times real time. 

This implies that 30s of runtime in the Experimental SSEZ represents one hour in real-

time. Following disconnection of the Windy Boy™ it may take up to 5 minutes to 
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reconnect to the LV network depending on the voltage on the DC bus. Therefore, the 

disconnection and reconnection of the Windy Boy™ may last for a disproportionate 

period of time during the tests. The low wind level is chosen so that the Windy Boy™ 

remains connected but exports a relatively small power output ( � 70W) during these 

periods. The wind speed recorded and the resultant turbine speed data implemented in the 

testing program is illustrated in Figure 5.2 and Figure 5.3. In addition, to the wind speed 

data the output power of each wind turbine generator during the study period was 

available and this was used to perform a first stage validation of the wind turbine 

emulator. 

 

Figure 5.2:  Wind speed profile of Energy LINK Laboratory small-scale wind turbine 

 

Figure 5.3:  Actual and processed (small-scale wind turbine) rotational speed 
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The Experimental SSEZ was connected in two different configurations for this testing 

programme. The standard configuration is illustrated by means of single line diagram 

(SLD) in Figure 5.4 and is defined as configuration I. The Experimental SSEZ is also 

configured so that the load emulator is at the remote end of the network connected 

through an impedance of 180mΩ/phase to node 6 as illustrated by the SLD in Figure 5.5. 

This is known as configuration II and enables investigations into the impact of the 

distribution of load on the network constraints under examination.  

 

Figure 5.4:  Standard configuration of Experimental SSEZ (Configuration I) 

 

Figure 5.5:  Remote end load configuration of the Experimental SSEZ (Configuration II) 

5.3 Voltage Variation and Regulation 

The steady-state equations in chapter two can be used to estimate the voltage change 

across line sections of radial network. As the LV network of the Experimental SSEZ is a 

real three-phase four-wire network the earlier analysis is a useful tool for understanding 

the operation of the Experimental SSEZ LV network. In this section, the effect of loading 

the LV network and also introducing single-phase generation is investigated with respect 

to its effect on voltage variation and regulation.  

5.3.1 Load only 

Balanced and unbalanced load scenarios are considered to investigate voltage drop on the 

Experimental SSEZ. In addition, the effect of the distribution of the load is also examined 
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by using both configurations of the Experimental SSEZ illustrated in Figure 5.4 and 

Figure 5.5.  

Scenario I - Balanced Load 

The voltages across the system measured at node 1, node 2 and node 5 when a balanced 

load profile is emulated on the Experimental SSEZ are shown in Figure 5.6, Figure 5.7 

and Figure 5.8. The voltages at node 1 rise as the load increases due to the operation of 

the AVR in the synchronous machine which compensates for the increased load and the 

resultant internal voltage drop within the synchronous machine. AVRs are installed for 

the same purpose in large-scale generators [143]. This is achieved by increasing the 

current in the field winding, thus ensuring that unity power factor operation of the 

synchronous machine is maintained. In the synchronous machine of the Experimental 

SSEZ the line-line voltage between phase A and phase B is measured and this parameter 

is used to control the field current of the machine. This characteristic is also somewhat 

similar to what happens on primary distribution network transformers under maximum 

load conditions when the OLTC will adjust to increase the voltage on the distribution 

network. In addition, it can be seen that the voltages on the three phases are different 

especially phase C which is 0.7V lower than phase A and phase B during low load 

conditions. This is due to asymmetries in the synchronous machine of the network 

connection emulator. 
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Configuration I      Configuration II 

Figure 5.6:  Voltages at node 1 during zero generation and balanced load tests  

The voltage drops observed in configuration II are much greater than those in 

configuration I of the Experimental SSEZ as illustrated by Figure 5.7. This is because of 

the larger impedance from the network connection emulator to the load in configuration 

II, as node 2 is now at the remote end of the network. 

 

Configuration I      Configuration II 

Figure 5.7:  Voltages at node 2 during zero generation and balanced load tests 

The effect of the distribution of load on voltage drop is also illustrated in Figure 5.8. In 

addition, the system asymmetries are apparent in the traces for configuration II. It should 

be noted that this distribution of load is not particularily realistic as can be seen in the 

distribution of load in both the UK and European generic networks described in Appendix 

B. It can be seen that the voltage drop on phase B of the network is slightly greater than 

the voltage drop on phase A even though the load on both phases is equal. Measurements 

of the self impedances of the conductors of the Experimental SSEZ indicate that the 

224

224.5

225

225.5

226

226.5

227

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 1

Phase A Phase B Phase C

224

224.5

225

225.5

226

226.5

227

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 1

Phase A Phase B Phase C

212

214

216

218

220

222

224

226

228

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 2

Phase A Phase B Phase C

212

214

216

218

220

222

224

226

228

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 2

Phase A Phase B Phase C



 

80 

impedance of the phase B conductor of the Experimental SSEZ LV network is slightly 

larger than that of the phase A or phase C conductors.  

  

Configuration I      Configuration II 

Figure 5.8:  Voltages at node 5 during zero generation and balanced load test 

In the context of the Experimental SSEZ the term voltage regulation will refer to the 

voltage drop from the network connection emulator (node 1) which is analogous to the 

secondary distribution transformer and the remote end (node 5 – configuration I and node 

2 configuration II). The impact of balanced load on the voltage regulation of the system is 

illustrated in Figure 5.9.  

 

Configuration I      Configuration II 

Figure 5.9:  Voltage regulation during zero generation and balanced load test 

The voltage drop in configuration II is much greater than in configuration I as expected as 

the impedance between the network connection emulator and the remote end is greater in 

configuration II where node 2 is at the remote end of the LV network. 
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Scenario II - Unbalanced Load (Phase A) 

In this study, two unbalanced load scenarios using the two Experimental SSEZ 

configurations described earlier are implemented. The voltages at node 1, node 2 and 

node 5 are shown below in Figure 5.10, Figure 5.11 and Figure 5.12. Figure 5.10 

illustrates the inconsistent voltage variations observed on the three-phases, at node 1. As 

in the case of the balanced load tests the AVR compensates for the increased load and 

consequent voltage drop within the synchronous machine as there is a decrease in the 

line-line voltage between phase A and phase B. However, the reaction of the AVR is not 

great enough because there is no corresponding voltage drop in phase B. The AVR is 

designed to be used under balanced conditions. Additionally, the behaviour of the 

network connection emulator is complicated by mutual impedances between the windings 

of the synchronous machine [144]. Voltages are induced in the phase B and phase C 

windings of the synchronous machine due to the current flow in phase A. This current 

flow results in changes in magnitude and phase of the phase-neutral voltages observed at 

the terminals of the machine. It can be seen that the voltage changes at node 1 in both 

configurations are almost identical as they are almost entirely a result of the currents 

flowing in the synchronous machine of the network connection emulator. 

  

Configuration I      Configuration II 

Figure 5.10:  Voltages at node 1 during zero generation and unbalanced load (Phase A) tests 
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The voltage drop observed at node 2 in both configurations on phase A is larger than in 

the balanced case as illustrated in Figure 5.11. This is due to the currents flowing through 

the neutral conductor which results in a neutral-ground voltage displacement. This 

voltage displacement results in a change in the phase–neutral voltages on all phases but 

the voltage change is most apparent on phase A as the neutral voltage displacement is 

approximately 180° out of phase with the voltage drop across the phase A conductor. As 

predicted by the unbalanced four-wire network analysis presented in chapter two (2.3) – 

(2.6) the voltage drop on phase A has a greater magnitude when the load is located at the 

remote end of the network. 

 AA A AB B AC C AN NAG
V Z I Z I Z I Z I∆ = + + +  (2.3) 

 BA A BB B BC C BN NBG
V Z I Z I Z I Z I∆ = + + +  (2.4) 

 CA A CB B CC C CN NCG
V Z I Z I Z I Z I∆ = + + +  (2.5) 

 NA A NB B NC C NN NNG
V Z I Z I Z I Z I∆ = + + +  (2.6) 

 

Configuration I     Configuration II 

Figure 5.11:  Voltages at node 2 during zero generation and unbalanced load (Phase A) tests 

Figure 5.12 illustrates the change in voltages at node 5 during the test. These results are 

consistent with the analysis based on the four-wire theory described earlier. The voltage 

drop observed at node 5 in configuration I is significantly less than that observed when 

the Experimental SSEZ is in configuration II. 
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Configuration I      Configuration II 

Figure 5.12:  Voltages at node 5 during zero generation and unbalanced load (Phase A) tests 

The voltages measured on phase B and phase C in Figure 5.10, Figure 5.11 and Figure 

5.12 during the test are relatively similar which is as expected as there is no load on these 

phases. However, small differences do exist and this is due to the effect of neutral voltage 

displacement which is due to the flow of return current along the neutral conductor. This 

effect is more noticeable in configuration II. The results for voltage regulation for this 

scenario are illustrated in Figure 5.13.  

 

Configuration I     Configuration II 

Figure 5.13:  Voltage regulation during zero generation and unbalanced load (Phase A) tests 
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and therefore the voltage drop across the phase and neutral of the system is lower than 

expected. 

5.3.2 Generation and Load 

SSEG has the effect of supplying some of the local load and could at some periods supply 

all local demand resulting in the export of excess generation to the rest of the distribution 

network. This excess generation can result in voltage rise in LV networks. Balanced and 

unbalanced load profiles as per Figure 5.1 are used and unbalanced generation is 

considered only as the SSEG emulators are single-phase. Both configurations of the 

Experimental SSEZ are used to investigate the effect of the distribution of load. The daily 

generation profiles illustrated in Figure 5.2 and Figure 5.3 were used to emulate the 

generation from a small-scale wind turbine. 

Scenario III - Balanced Loading and Unbalanced Generation (Phase A) 

The phase-neutral voltage changes on each phase at node 1 are inconsistent, as in the 

scenario II (Unbalanced load) tests. As before, the AVR compensates for the load or 

generation and consequent voltage change within the synchronous machine. As 

previously, the behaviour is complicated by the mutual impedances between the windings 

of the machine [144]. As the magnitude of the current flows in the phases are unequal the 

resultant induced voltages due to the mutual inductances between the phases of the 

synchronous machine are not the same. Thus, as in the case of scenario II (Unbalanced 

load), the phase-neutral voltages observed at the terminals of the machine are affected. 

The same effects were observed in configuration I and configuration II and the voltage 

traces illustrating this are available in Appendix G. 

The voltages measured at node 2 and node 5 when a balanced load profile and an 

unbalanced generation profile are emulated in the Experimental SSEZ are shown in 
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Figure 5.14 and Figure 5.15. As predicted by (2.3) – (2.6) the voltage drops in 

configuration II, in comparison to configuration I, of the Experimental SSEZ are much 

greater. However, when the small-scale wind turbine is exporting real power it can be 

seen that the phase-neutral voltage variations for each phase change, as seen in Figure 

5.14. This is due to: -  

1. The asymmetric current flows result in changes in the terminal voltages of the 

synchronous machine due to the mutual inductances between the phases of the 

synchronous machine. 

2. The voltage rise/fall due to the flow of asymmetric current flow through the phase 

and neutral conductors as described in (2.3) – (2.6). 

  

Configuration I      Configuration II 

Figure 5.14:  Voltages at node 2 during generation and balanced load tests 

At node 5 the voltage change due to an increase in generation from the wind turbine 

generator emulator is greater than at node 2 as the wind turbine generator emulator is 

connected at node 5. Moreover, the effect of load on the voltage at node 5 is less than at 

node 2 as the load is not as close electrically to node 5 in both configurations.  
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Configuration I      Configuration II 

Figure 5.15:  Voltages at node 5 during generation and balanced load tests 

The results for voltage regulation for this scenario are illustrated in Figure 5.16. It can be 

seen that the voltage drop observable on the loaded phase, during periods of low 

generation and high demand, is much greater in configuration II than configuration I as 

would be expected. The generation results in a voltage rise on phase A of the system and 

is the dominant effect in configuration I. However, in configuration II the effect of 

generation is less than the effect of load located at the remote end of the LV network. 

 

Configuration I      Configuration II 

Figure 5.16:  Voltage regulation during generation and balanced load tests 

Scenario IV- Unbalanced Loading (Phase A) and Unbalanced Generation 

(Phase A)  

As in the case of the earlier tests, it was observed that the AVR compensates for the 

effects of the changes in current flow on synchronous machine in order to try and 
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maintain unity power factor operation. As in scenario II (Unbalanced load) and scenario 

III (Balanced load - Generation) asymmetric current flows result in changes to the phase-

neutral voltages at the terminals of the network connection emulator. The voltage traces 

for node 1 in both configurations are almost identical and are available in Appendix G. 

The voltages measured at node 2 and node 5 of the LV network when an unbalanced load 

profile and an unbalanced generation profile are implemented on phase A of the 

Experimental SSEZ LV network, are shown in below in Figure 5.17 and Figure 5.18. 

Unbalanced current flow through the neutral conductor again results in neutral-ground 

voltage displacements at all nodes in the LV network of the Experimental SSEZ. These 

voltage displacements result in changes to the phase–neutral voltages on all phases but 

the voltage change is most apparent on phase A as the neutral voltage displacement is 

approximately 180° out of phase with the voltage drop across phase A. The voltage 

variations observed are consistent with equations (2.3) - (2.6). In Figure 5.17, the voltage 

changes at node 2 for both Experimental SSEZ configurations are shown or this scenario. 

Voltage rise or drop is observed in both traces during the test depending on the flow of 

power through the LV network of the Experimental SSEZ on phase A. The changes in 

voltages on phase B and phase C are primarily due to the changes in voltages at the 

network connection emulator. 

 

Configuration I     Configuration II 

Figure 5.17:  Voltages at node 2 during generation and unbalanced load (Phase A) tests 
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At node 5 the voltage rise due to an increase in generation from the wind turbine 

generator emulator is greater than at node 2 as the wind turbine generator emulator is 

connected at node 5 as shown in Figure 5.18. Moreover, the effect of the load on node 5 

is less than at node 2 as the load is not as close electrically to node 5 in both 

configurations as in scenario III (Balanced load - Generation). The voltage drop observed 

during this test at node 5 is much greater than in scenario III (Balanced load - Generation) 

as shown in Figure 5.15. This is due the current flow in the neutral conductor, during 

heavy load and low generation conditions, which results in a neutral voltage displacement 

that increases the magnitude of the phase-neutral voltage drop. 

 

Configuration I     Configuration II 

Figure 5.18:  Voltages at node 5 during generation and unbalanced load (Phase A) tests 

The results for voltage regulation for this scenario are illustrated in Figure 5.19. It can be 

seen that the voltage drop observable on the loaded phase at maximum load is again much 
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rise on phase A of the system and is the dominant effect in configuration I. However, in 
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that measured in scenario III (Balanced load – Generation) due to current flow in the 

neutral conductor. 
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Configuration I     Configuration II 

Figure 5.19:  Voltages regulation during generation and unbalanced load (Phase A) tests 
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The effect of power factor on the voltage variation seen on the LV network of the 

Experimental SSEZ was investigated. The Sunny Island 4500™ is configured to supply 

reactive power and the resistive load bank is used to import real power into the 

Experimental SSEZ LV network.  

The load profile illustrated in Figure 5.1 is used to emulate the real power demand of a 
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connection emulator into the LV distribution work as described in chapter four [62]. 
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much lower that that of an LV distribution network the reduction in voltage due to the 

flow of reactive power within LV network is likely to be comparatively smaller. This is 

illustrated in Figure 5.20. The voltages at node 3 and at node 5 are almost identical as 

expected as no current flows between node 3 and node 5 in this scenario. The voltage 

traces for node 3 are available in Appendix G. The voltages at node 1 are higher than 

those measured at node 3 and at node 5 as expected by [7]. The traces of the voltage at all 

nodes are lower at higher power factors which is also predicted by simulations of LV 

networks [7]. However, the effect of power factor on voltage variation has a smaller 

effect on the LV network of Experimental SSEZ. 

Figure 5.20:  Voltages at node 1 and node 5 during zero generation and non-unity unbalanced load 

(Phase A) 

The results for voltage regulation for this scenario are illustrated in Figure 5.21. It can be 

seen that the difference in magnitude between the traces is relatively small with the unity 

power factor trace having the highest voltages. It can be seen therefore that the flow of 

reactive power has limited effect on voltage regulation in the LV network of the 

Experimental SSEZ without small-scale generation on the system. 
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Figure 5.21:  Voltages regulation during zero generation and non-unity unbalanced load (Phase A)  

Scenario VI - Non-Unity Power Factor Loads and Unity Power Factor 

Generation 

The G83 standard for connection of SSEG to LV networks requires that all SSEGs 

generate at a power factor between 0.95 leading and 0.95 lagging. To investigate the 

effect of a single-phase connected SSEG on the voltages within the Experimental SSEZ 

under conditions when the power factor of the load is not unity, a generator profile as per 

Figure 5.2 was emulated. As in scenario V, the high power factor load profile, which 

requires the most reactive power from the network connection emulator, has the lowest 

voltage with the loads at unity power factor having the higher voltages. This is as 

expected as the wind turbine generator emulator has been found to export power at 

approximately unity power factor. The voltages at node 5 during periods of high 

generation are the highest of the three nodes as expected. As in the case of scenario V 

(Non-Unity Power Factor Load ) the voltages at node 3 and node 5 are almost identical 

during periods of minimal generation and maximum load. The export or import of 

reactive power by the small-scale generator has very little effect on the voltages of the LV 

network. This is because the flow of reactive power is much greater from the Sunny 

Island 4500™ than that exported or imported by the Windy Boy™. 
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Figure 5.22:  Voltages at node 1, node 2 and node 5 during small-scale wind turbine generation and 

non-unity unbalanced load (Phase A) 

The results for voltage regulation for this scenario are illustrated in Figure 5.23. It can be 

seen that the difference in magnitude between the traces is relatively small with the unity 

power factor trace having the highest voltages. It can be seen therefore that the import or 

export of reactive power from G83 compliant inverters has limited effect on the voltage 

regulation in the LV network of the Experimental SSEZ. 

  

216

218

220

222

224

226

228

230

232

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 1

Power Factor 0.85 Power Factor 0.90

Power Factor 0.95 Unity power Factor

216

218

220

222

224

226

228

230

232

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 3

Power Factor 0.85 Power Factor 0.90

Power Factor 0.95 Unity power Factor

216

218

220

222

224

226

228

230

232

0.00 4.00 8.00 12.00 16.00 20.00 24.00

V
 (

V
rm

s
 L

-N
)

Time (hrs)

Voltages Node 5

Power Factor 0.85 Power Factor 0.90

Power Factor 0.95 Unity power Factor



 

93 

 

Figure 5.23: Voltage regulation during small-scale wind turbine generation and non-unity unbalanced 

load (Phase A) 

5.4 Voltage Unbalance 

5.4.1 Introduction 

Asymmetrical impedances, the connection of SSEGs in single-phase and uneven 

distribution of load have been postulated in chapter two as the primary causes of voltage 

unbalance in future LV networks. Measurements of the self impedances of the phase 

conductors of the LV network of the Experimental SSEZ indicate that the LV network 

impedances are asymmetrical as detailed in Appendix F. Moreover, the voltages at the 

terminals of the network connection emulator have been determined to be asymmetrical 

even under zero loading and generation conditions. As it is possible to determine both the 

magnitude and phase of voltages on the LV network of the Experimental SSEZ, it is 

possible to determine the voltage sequence components by processing the instantaneous 

data from voltage and current transducers in LabVIEW™ in real-time. These sequence 

components are then used to determine the %VUF at each node as detailed in (2.10) and 

(2.11). 
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A testing program was developed for voltage unbalance which is used to investigate the 

effect of load and SSEG on voltage balance in the Experimental SSEZ LV network. 

5.4.2 Load only 

Scenario I - Balanced Load 

The %VUFs at the nodes of the network under balanced load conditions, emulating the 

same load profile as in earlier tests, are shown in Figure 5.24. The %VUF increases 

slightly as the balanced load of the system is increased. This effect is apparent in 

configuration II. The %VUF is greater at node 1 than at node 5 and node 2. This is due to 

the proximity of node 1 to the source of unbalance which is the network connection 

emulator.  

 

Configuration I     Configuration II 

Figure 5.24:  Percentage Voltage Unbalance Factors (%VUFs) under balanced load and zero 

generation. 
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%VUF measured at each of the nodes. The impact of load on phase A of the LV network 

on the %VUF of the system is illustrated in Figure 5.25. It can be seen that the increase in 

load correlates very closely with the changes in %VUF in this scenario. In configuration I 

the difference in %VUF at the different nodes is small as the impedances between nodes 

1 and node 2 are relatively low and as there is no current flow to node 5. In configuration 

II the %VUF is much greater at node 2 due to the relatively large impedances from the 

load emulator to the network connection emulator 

 

Configuration I      Configuration II 

Figure 5.25:  Percentage Voltage Unbalance Factors (%VUF) under unbalanced loading conditions  

5.4.3 Impact of Generation and Load 

Scenario III - Balanced Load and Unbalanced Generation (Phase A) 

The addition of SSEG can reduce or increase the %VUF exhibited by LV networks 

depending on the loading conditions of the distribution network [8]. To investigate the 

impact of SSEG on the Experimental SSEZ a balanced load as per Figure 5.1 and the 

wind generation profile as per Figure 5.2 and Figure 5.3 were emulated. The resultant 

%VUFs measured at node 1, node 2 and node 5 are illustrated in Figure 5.26. 
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Configuration I      Configuration II 

Figure 5.26:  Percentage Voltage Unbalance Factors (%VUF) under balanced loading and 

unbalanced generation conditions (Phase A) 
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be the case as a transformer is used to used to connect to the grid unlike the Experimental 

SSEZ which utilises a synchronous machine. The converse was found to be true during 

these tests on the Experimental SSEZ. An increase in generation in this case can actually 

result in a decrease in %VUF. This is due to a combination of the unbalanced voltages at 

the terminals of the synchronous machine, the effect of voltages induced within the 

machine during unbalanced conditions and the effect of voltage drops or rises through the 
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percentage voltage unbalance factor point of view, however by the phase changes on the 

phase-neutral voltages of the network connection emulator which in this case results in 

the three-phases getting closer to a balanced 120° set. Therefore, there is a net decrease in 

the negative sequence component of voltage (V-) at this node resulting in a consequent 

drop in the %VUF. Further studies have shown that this effect is different on each phase 

of Experimental SSEZ as the resultant voltage change due to unbalanced generation 

results in the phase angles of the voltages moving closer to or further away from 120° 

between each phase. This has the effect of increasing voltage symmetry and decreasing 

the negative voltage sequence component (V-). 

At nodes 2 and 5 however, the voltage asymmetries in the LV network are dominated by 

the effect of the unbalanced currents flowing through the phase and neutral conductors 

resulting in changes to phase-neutral voltages. This is apparent in the %VUF trace for 

node 2 and node 5 where the %VUF, illustrated in Figure 5.26, while still influenced by 

the effects described above, can be seen to be closed related to the real power exported by 

the wind turbine generator emulator.  

Scenario IV - Unbalanced Load (Phase A) and Unbalanced Generation 

(Phase A) 

The effect of generation on reducing %VUF of an unbalanced load is investigated in this 

scenario. It can be seen that during periods of high generation and low demand the %VUF 

drops due to the reasons outlined in the previous section. It can also be seen in periods of 

high demand that the %VUF increases. The voltage unbalance is greater when the LV 

network is in configuration II as voltage drops due to load are much greater in this 

configuration which has a direct impact on %VUF. This change in location has limited 
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effect on the voltage unbalance at nodes 1 and 5. The voltage traces illustrating these 

results are available in Appendix G. 

Scenario V - Unbalanced Load (Phase B) and Unbalanced Generation 

(Phase A) 

In this scenario, the single-phase wind turbine generator emulator exports power into 

phase A of the Experimental SSEZ LV network and load is connected to phase B.  

The effect of increasing generation on voltage unbalance results in an increase in %VUF 

in comparison to scenario IV where generation and load are on the same phase of the 

Experimental SSEZ. This is due the effect of generation and load, on phases A and B 

respectively, on the magnitudes and phase angles of the voltages at the terminals of the 

network connection emulator as discussed in earlier in this section. Thus, the phase-

neutral voltages along the radial LV network of the Experimental SSEZ are changed. In 

addition, the resultant neutral current flow in some areas of the network is greater than if 

generation and load were on the same phase resulting in a greater magnitude of neutral 

voltage displacement. The voltage traces illustrating these results are available in 

Appendix G. 

5.4.4 Power factor 

As in the case of the voltage variation and regulation study, the effect of power factor on 

voltage unbalance in the LV network of the Experimental SSEZ was investigated. The 

Sunny Island 4500™ is again controlled to supply reactive power and the resistive load 

bank is used to import real power into the Experimental SSEZ LV network.  
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Scenario VI - Non-Unity Power Factor Unbalanced Load 

In chapter four it was stated that the X/R ratio of the LV network of the Experimental 

SSEZ is much lower that that of an LV distribution network and thus the impact of 

reactive power the LV network is likely to be small. The effect of loading the LV network 

on phase A with varying power factors on %VUF at node 5 is illustrated in Figure 5.27. 

As the power factor increases the voltage unbalance at each of the nodes under 

investigation increases. The differences in the %VUF at nodes 1, 3 and 5 is low as the 

increases and decreases in the measured %VUF are due to the effect of the reactive power 

on the synchronous machine. The traces for node 1 and node 3 are available in Appendix 

G. The reactive power current, in vector addition to the active power producing current, 

induce changes in the voltages of the synchronous machine of the network connection 

emulator. 

 

Figure 5.27:  Percentage Voltage Unbalance Factors (%VUF) at during zero generation and 

unbalanced load (Phase A) and varying power factor 

Scenario VII - Non-Unity Power Factor Unbalanced Load (Phase A) and 

Unity Power Factor Generation (Phase A) 

As in the case of the voltage variation and regulation investigation the impact of SSEG on 

the voltage unbalance of the LV network of the Experimental SSEZ with non-unity loads 

connected was investigated. In this scenario, the non-unity load and the wind turbine 
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generator emulator were both coupled to phase A to evaluate their combined impact on 

%VUF in the Experimental SSEZ. As in the load only test, scenario VI, lower power 

factors in these scenarios increase the voltage unbalance of the LV network. However, the 

effect of increased generation in as in scenario IV (Unbalanced Load (Phase A) and 

Unbalanced Generation (Phase A)) is to reduce %VUF. Voltage traces illustrating these 

results can be found in Appendix G. 

Scenario VIII - Non-Unity Power Factor Unbalanced Load (Phase B) and 

Unity Power Factor Generation (Phase A) 

This scenario investigated the effect of load with low power factors on phase B of the 

system while the wind turbine generator emulator is connected to phase A on %VUFs. As 

in the unity power factor scenarios the generation had a large effect on the voltage 

unbalance within the system with the power factor of the load having a secondary effect. 

Similarly, to scenario V (Unbalanced Load (Phase B) and Unbalanced Generation (Phase 

A)) the effect of generation in this case is to increase %VUF in contrast to scenario VII 

(Non-Unity Power Factor Unbalanced Load (Phase A) and Unity Power Factor 

Generation (Phase A)) where load and generation are on the same phase. Voltage traces 

illustrating these results can be found in Appendix G. 

5.5 Power Flow 

It has been identified earlier that forward and reverse power flow limits of distribution 

network infrastructure could be a major problem in future distribution networks with high 

concentrations of SSEG. Power or MVA flow limits may be encountered on both the 

phase and neutral conductors of distribution networks. The following studies were carried 

out to investigate the effect of different scenarios of loading and generation on the effect 

of electrical power flow in both the forward and reverse directions through the network 
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connection emulator at node 1. In practice, current or MVA ratings are used as limits for 

infrastructure such as conductors or transformers. Results detailing current flows rather 

than power flows within the LV network of the Experimental SSEZ therefore will be 

presented in the following sections. 

5.5.1 Generation and Load 

Scenario I - Unbalanced Load (Phase A) and Unbalanced Generation (Phase 

A) 

SSEGs can be used to supply local load and in cases where local generation is greater 

than demand the LV network under consideration may begin to export power to the rest 

of the LV distribution network. To investigate the impact of SSEG on the Experimental 

SSEZ a balanced load as per Figure 5.1 and the wind generation profile as per Figure 5.2 

and Figure 5.3 were emulated.  

 

Figure 5.28:  Magnitude of current flows through node 1 with and without SSEG 

Node 1 is the node of interest as the connection to the network is likely to be the node 

where MVA or current limits are most likely to be exceeded [6]. It can be seen in this 

implementation that high levels of demand are the most likely cause of the system 
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violating the infrastructural thermal limits in the Experimental SSEZ. It can also be seen 

that both excess SSEG power export and load import both result in an increase in current.  

5.5.2 Power Factor 

Scenario II – Unbalanced Non-Unity Power Factor Load (Phase A)  

The effect of power factor on current/MVA limits of the LV network of the Experimental 

SSEZ was investigated. As in the earlier studies the Sunny Island 4500™ is configured to 

supply the reactive power and the resistive load bank is used to import real power into the 

Experimental SSEZ LV network. A load profile as illustrated in Figure 5.1 with varying 

power factor was used and generation profiles as illustrated Figure 5.2 and Figure 5.3 

were implemented.  

 

Figure 5.29:  Current flows through node 1 with varying load power factors 

There are technical difficulties in controlling exactly the reactive power flow from the 

Sunny Island 4500™ especially at lower reactive power levels. It can be seen however 

that an increasing lagging power factor increases the current flow through the network 

connection emulator and at a power factor of 0.85 lagging; current flow is 16% greater in 

comparison with the unity power factor load. 
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Scenario III - Unbalanced Non-Unity Power Factor Load (Phase A) and 

Unbalanced Non-Unity Power Factor Generation (Phase A) 

As in the case of the voltage variation and voltage unbalance investigation the impact of 

SSEG on the thermal limits of the LV network of the Experimental SSEZ with non-unity 

loads connected was investigated. In this scenario the non-unity load and the wind turbine 

generator emulator were both coupled to phase A.  

 

Figure 5.30:  Current flows through node 1 with varying load power factors and SSEG 

It can be seen that an increase in SSEG results in a reduction in current flows during 

periods of high demand as illustrated in Figure 5.30. However, unless demand is zero the 
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SSEG, which tries to generate at unity power factor, is equal to the real power demand 

from the load. This is because the network connection emulator supplies all the reactive 

power to the load as the SSEG generates at almost unity power factor. The reactive power 

flows within the LV network of the Experimental SSEZ are illustrated in Figure 5.31.  
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Figure 5.31:  Reactive power flows at node 1, 3 and 5- load (0.85 power factor) and SSEG 

5.6 Conclusion 

A series of tests were carried out to investigate the operation of the LV network of the 

Experimental SSEZ under a variety of scenarios. Each of the network constraints 
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the load. As the load emulation of the Experimental SSEZ is resistive the current 

imported by the system is determined by the phase-neutral voltage. Finally, the effect of 

load power factor was found to have a small effect on voltage variation and regulation in 

the LV network with the reactive power of the SSEG having almost no effect as the X/R 

ratios of the Experimental SSEZ are very low. 

The Experimental SSEZ LV network is unbalanced even under no load or balanced load 

conditions due to system asymmetries described earlier. %VUF can increase or decrease 

with the increase or decrease of generation depending on the deployment of the SSEG. 

The %VUF of the system is complicated due to the cumulative effects of real and reactive 

current flow in the synchronous machine on the phase and magnitude of the network 

connection emulator phase-neutral voltages and the voltage variation on the LV network 

due to the phase and neutral conductors. 

Moreover, the power flows within the Experimental SSEZ were investigated and it was 

found that when the Experimental SSEZ is configured with loads with low power factors 

with SSEG, the reactive power requirements of the loads was supplied almost entirely by 

the network connection emulator. Finally, the results from the Experimental SSEZ LV 

network have demonstrated the asymmetries of a real system.  

The studies in this chapter indicate how the operation of the LV network of the 

Experimental SSEZ is different to an actual LV network. The three primary differences 

are: - 

1. The impedances of an actual LV network and the LV network of the Experimental 

SSEZ are very different both in terms of X/R ratios and the magnitude of the 

impedance. 
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2. An actual LV network would have many SSEGs deployed over a number of 

phases in contrast with the Experimental SSEZ has only three SSEGs available for 

emulation. 

3. The behaviour of a secondary distribution transformer and the network connection 

emulator. 

In Appendix H, a transformation system is described which compensates for some of 

these differences so that results from the Experimental SSEZ can be related to those of an 

actual or generic LV distribution network. The following chapter describes the design and 

development of centralised control systems for the Experimental SSEZ. 
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6 DESIGN AND LABORATORY IMPLEMENTATION OF A 

CENTRALISED CONTROL SYSTEM 

6.1 Introduction 

In chapter three, centralised and distributed control architectures for the SSEZ concept 

were defined. To enable a comparative evaluation of these control system architectures 

centralised and distributed control systems are realised in the Experimental SSEZ.  

In this chapter, the design and development of centralised control systems for the 

Experimental SSEZ are described. A centralised control system for the purposes of this 

research, as defined in chapter three, implies a central control system located at the 

secondary distribution substation which acquires data from nodes throughout the LV 

network.  

The criteria for evaluation of a centralised control system for the Experimental SSEZ, 

based on the literature reviewed in chapter three, are initially presented. The development 

approach, which includes a description of the incremental design method and an 

associated evaluation program, is then described. This is followed by a description of the 

design and development of the centralised control systems. This description includes 

results illustrating the effect of their operation on the LV network of the Experimental 

SSEZ. Finally, conclusions are drawn from the implementation and operation of these 

centralised control systems on their operation in Experimental SSEZ and the implications 

for their deployment on LV distribution networks. 
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6.2 Evaluation Criteria for Centralised Control Systems 

To be consistent with the control system architecture evaluation criteria described in 

chapter three, the following criteria are used in evaluating the operation of the centralised 

control systems developed in the following sections: - 

• Ensure system operation within network constraints 

• Resilience and reliability 

• Scalability 

• Communications requirements 

• Renewable energy output 

• Economic benefit to SSEG/ES/controllable load owners 

• Cost and complexity 

6.3 Development Approach 

The cost and complexity criteria are used as a basis for an incremental approach to the 

development of a centralised control system. Therefore, the first systems are simple in 

terms of measurement requirements and the sophistication of the control algorithm. 

Subsequent systems are more complex and are thus likely to be more expensive when 

implemented in an LV distribution network to enable the concept of the SSEZ. 

6.3.1 Active network management techniques for Experimental SSEZ 

centralised control systems  

Generation curtailment is the only active network management technique used in the 

development of these centralised control systems. The following active network 

management techniques, previously described in chapter three, are not used: - 
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1. Reactive power compensation – The effect of reactive power flow on the phase-

neutral voltages of the Experimental SSEZ was found to be very small in common 

with many LV distribution networks. 

2.  OLTC control – The voltage at the terminals of the network connection emulator 

will not be controlled by the centralised control system. In an LV distribution 

network, this control function would not be directly available to the control 

system of an SSEZ. This is because secondary distribution transformers do not 

feature an OLTC. 

3. Load management – A centralised control system is likely to initially interact only 

with the generation in the system. This is because generation is likely to be the 

justification for any control system implementation.  

4. Energy storage control – Simultaneous communications between the PC, hosting 

the centralised control system, and the energy storage system and SSEGs in the 

Experimental SSEZ was found to degrade greatly the operation of the entire 

system. This is a practical consideration of the Experimental SSEZ due to the 

communications requirements of the inverters for the PV, wind turbine and energy 

storage systems. This architecture therefore, was not considered for the 

development of centralised controllers but should be considered for future work. 

5. Network reconfiguration – No control over the configuration of the LV network of 

the Experimental SSEZ is available at present.  

6.3.2 Experimental SSEZ centralised control system development 

The initial system uses a simple case based control system to control the voltage at the 

remote end of the LV network of the Experimental SSEZ. The initial systems have 

voltage control capabilities only, as this is seen as the most limiting of the network 
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constraints described in chapter two [9, 41]. Subsequent control systems feature a 

feedback control design, utilise more measurements and are also capable of ensuring that 

thermal and percentage voltage unbalance limits are observed. 

The first control system utilises a simple case based [145] control algorithms, a single, 

local system parameter and control capability over the wind turbine generation only. Case 

selection is by utilising the remote end voltage estimate, based on a single-phase current 

measurement. After a voltage excursion event has been detected the generation is 

curtailed by a user defined amount based on previous experience. When the remote end 

voltage has been estimated to drop below the defined limits the generation curtailment 

command is removed.  

This system considered one case only and the system only fulfilled the initial voltage 

constraint voltage requirements under a limited range of generation and load conditions. 

To ensure satisfactory operation for more generation and load conditions would require 

the development of a database of previous cases. This was deemed to be excessively 

complex both for the development of a control system for the Experimental SSEZ and 

also for an SSEZ. Moreover, as SSEGs are likely to be deployed on the LV distribution 

network in a “fit and forget” fashion [14, 23-24, 99, 117] it is possible that this complex 

database may need be revised regularly increasing greatly the lifetime cost of the system. 

A feedback control based system is thus proposed which would provide a simpler and 

more scalable solution. The initial implementations of feedback control used the remote 

end voltage estimator described earlier to estimate remote end voltage. The subsequent 

control system utilises the voltage at the network connection node to improve the 

accuracy of the remote end voltage estimate.  
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The following set of control systems utilise a distributed voltage measurement located at 

or near the remote end of the network. The process variable for the feedback control 

system is now provided from a distributed location.  

It has been established previously that the voltages on a three-phase four-line LV network 

are likely to be unbalanced. Therefore, a control system utilising distributed voltage 

measurements on all three-phases was developed. 

The operation of these voltage control systems may result in a reduction in thermal limit 

and voltage unbalance violations but do not directly control these quantities. Therefore, 

direct thermal limit control functionality is added to the system and local three-phase 

current measurements at the network connection point were now used as process 

variables for the control system. The network connection point has been previously 

identified to be the most likely location for a thermal limit violation on a radial network 

[22, 41]. 

The final centralised control system has control techniques that mitigate against voltage 

rise and thermal limits on each phase of the LV network and also operates to ensure that 

percentage voltage unbalance limits are observed. This is the most complex centralised 

control system described in this work. As this system is the most complex and it would be 

the most costly topology to implement on a radial LV distribution network. This final 

centralised control system is illustrated diagrammatically in Figure 6.1. 
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Figure 6.1:  Architecture of final centralised control system design for the Experimental SSEZ 

6.4 Centralised Control System Evaluation Program 

To assist development and evaluate the operation of the control systems, with regard to 

the observance of network constraints, an evaluation program has been devised. A 

successful system will ensure that excursions from the defined operational limits of the 

system will be minimised. However, due to errors in the estimation of a particular 

parameter, for example remote end voltage, the system may fail to control generation to 

observe the system network constraints. In the development of these centralised control 

systems assumptions and idealisations are made regarding the operation of the LV 

network of the Experimental SSEZ. These tests are designed to investigate the operation 

of these control systems with regard to network constraints while considering these 

idealisations and assumptions. 

The tests were therefore categorised, based on the network constraints identified 

previously, are as follows: - 

1. Steady-state voltage rise 

2. Thermal limit 

3. Percentage voltage unbalance factor ( %VUF) 



 

113 

The initial control systems assumed an unbalanced LV network with generation greatest 

on phase C. No load is connected to either phase B and C and the generation is located at 

node 4 and node 5 of the LV network of the Experimental SSEZ. Test A results in system 

operation consistent with the assumptions and idealisations made in the development of 

the initial control systems. In Test B, this is no longer the case and load is connected to 

phase B and phase C. The generation is moved electrically further from the network 

connection point, to node 5 and node 6 of the Experimental SSEZ, in Test C. The 

generation and load are moved from phase C to phase A in Test D. Test E is used to 

investigate the operation of control systems that have thermal limit control facility. 

Similarly, Test F is used to evaluate the operation of control systems with a percentage 

voltage unbalance control capability. 

6.4.1 Steady-State Voltage Rise Tests 

Under normal operating conditions, the Experimental SSEZ is operated such that steady-

state voltages are maintained within the designated limits. In order to cause a voltage 

violation, an increase in generation and/or a reduction in load can be initiated. For the 

purposes of these tests, the nominal voltage was defined as 225.5V, while the allowable 

voltage rise limit was defined as 232V. 

Test A 

This is the first voltage rise scenario with voltage limit violations occurring on phase C of 

the LV network of the Experimental SSEZ. All the generation is connected to phase C of 

the LV network. The PV generation emulator is connected at node 4 and the wind turbine 

generator emulator at node 5. It has been previously shown in [9] that the worst scenario 

for voltage rise in a radial LV network is if all generation is connected to a single phase. 
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Initially, the prime mover of the wind turbine generator emulator is instructed to operate 

at a speed that results in the export of 0.4kW to the system, the PV generator emulator is 

instructed to export 1.5kW and the load imports approximately 0.9kW on phase C only. It 

should be noted that the PV generator begins synchronisation before the test begins. 

However, the time it takes to synchronise and connect with the LV network, so that PV 

emulator may export power to the Experimental SSEZ, is inconsistent and therefore it 

does not always synchronise before the test begins. At time t = 230s the prime mover of 

the wind turbine generator emulator is instructed to accelerate to a speed that results in 

the export of 1.2kW to the system as illustrated in Figure 6.2(a). The power import of the 

load emulator and the power export of the PV generator emulator initially remain 

constant. At time t = 320s and at 90s intervals thereafter the load is reduced by 

approximately 0.2kW until the demand is reduced to zero as illustrated in Figure 6.2(b).  

  

 (a) Generation    (b) Load 

Figure 6.2:  Generation and load power profiles for Test A 

The effect of the operation of the generation and the changing load profile on the remote 

end (node 5) network voltages is illustrated in Figure 6.3. It can be seen that the voltage 

on phase C in this case exceeds the defined voltage rise limit of 232V following the 

increase in wind generation and thereafter the decrease in demand. 
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Figure 6.3:  Remote end (node 5) voltages of Experimental SSEZ during Test A (No control system 

deployed) 

Test B 

This is similar to Test A but in this instance the load emulator is instructed to import a 

constant load of 0.8kW for the duration of the test on phases A and B. This has the effect 

of increasing the phase C remote end voltage due to the current flows in all three phases 

of the synchronous machine as described in chapter four. The resultant load and 

generation profiles are illustrated in Figure 6.4. This test is designed to illustrate the 

limitation of assuming that the voltage at the network connection point is constant when 

estimating the remote end voltage. 

 

 (a) Generation    (b) Load 

Figure 6.4:  Generation and load power flows for Test B 
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The effect of the operation of these generation and load profiles on the remote end 

voltages is illustrated in Figure 6.5. The phase C, remote end voltage again exceeds the 

defined upper voltage limit of 232V following the increase in wind generation and 

thereafter the decrease in demand. The voltages during this test on phase C are higher 

than at the same point during Test A. 

 

Figure 6.5:  Remote end (node 5) voltages of Experimental SSEZ during Test B (No control system 

deployed) 

Test C 

Test C is designed to investigate how the centralised control systems performed following 

a change in the distribution of generation on the LV network of the Experimental SSEZ. 

In this test, the PV and wind turbine generator emulators are moved to nodes 5 and 6 

respectively of the Experimental SSEZ LV network. The load and generation profiles 

used in Test A, as illustrated in Figure 6.2 are implemented during this test. The remote 

end of the LV network in this test is moved from node 5 to node 6. 

The effect of this change in the distribution of load on the LV network remote end 

voltages is illustrated in Figure 6.6. The remote end, phase C voltages are always greater 
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further from the network connection emulator. This is analogous to a scenario where extra 

generation is introduced at the remote end of an LV distribution network resulting in 

higher remote end voltages. 

 

Figure 6.6:  Voltages at remote end (node 6) of Experimental SSEZ during Test C (No control system 

deployed) 

Test D 

As in the case of Test C, Test D seeks to investigate the impact of changes to the 

distribution of generation on the LV network on the operation of centralised voltage 

control systems. In this test, the PV and wind turbine generation are connected to phase A 

of the LV network of the Experimental SSEZ at nodes 5 and 6 respectively. The 

generation profiles are similar to the previous tests and are illustrated in Figure 6.7 (b). 

There is no load connected to phase B and phase C of the LV network. A load profile, as 

per Figure 6.7(b), is implemented on phase A of the LV network. 
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 (a) Generation    (b) Load 

Figure 6.7:  Generation and load active power flows during Test D (No control system deployed) 

The effect of the configuration and the operation of these generation and load profiles on 

the remote end voltages is illustrated in Figure 6.8. The remote end of the LV network is 

again node 6. Phase A, remote end voltages now rise above the defined voltage limit of 

232V. This test seeks to investigate the limitations of control systems which assume that 

the LV network is balanced or that voltage rise is likely to occur on a particular phase of 

the LV network.  

 

Figure 6.8:  Voltages at remote end (node 6) of Experimental SSEZ during Test D (No control system 

deployed) 
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As the Experimental SSEZ is a radial network, the most thermally stressed cable section 

is likely to be between node 0 and node 1 [22, 41]. A similar test sequence is devised to 

that of the steady-voltage rise investigation, Test D. The PV and wind turbine generation 

are connected to phase A of the LV network and load appears on phase A only. Figure 6.9 

illustrates the effect of the operation of the PV generator emulator, wind turbine generator 

emulator and load emulator on the current flow of the cable section under consideration, 

without the generation curtailment capabilities provided by a control system. The current 

limit is defined to be 8A and is violated for extended periods of time on phase A during 

this test as illustrated in Figure 6.9.  

 

Figure 6.9:  Current at node 1 of Experimental SSEZ during Test E (No control system deployed) 
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to be 1.5%. The %VUF exceeds the defined limit of 1.5%, at nodes 2, 5 and 6 for 

extended periods following the increase in generation. The largest values of %VUF are 

measured at the remote end (node 6) of the LV network. Similarly, in radial LV networks 

the %VUF is also found to be greatest at the remote end [8-9]. 

 

Figure 6.10:  %VUF at node 6 of Experimental SSEZ during Test F (No control system deployed) 
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 [ ]cos sinE V V I R Xθ θ− = ∆ = +  (2.2) 

Many of the active network management control strategies for voltage control, described 

in chapter three, are proposed for MV distribution networks [92-102, 104-108]. These 

systems are often assumed to be balanced and symmetrical. This idealisation is also made 

in the development of this remote end voltage estimator and so only a single phase C 

measurement is required (
c

I ). Using these assumptions and assuming that the LV 

network under consideration is resistive and power is assumed to be generated and 

consumed at unity power factor then it is possible to write: - 

 [ ]c c c c
E I R V= +  (6.1) 

A first stage control system is developed which assumes that the system is operating at 

zero load and the generation is operating at unity power factor at the end of the network 

through a resistive network with an effective impedance of 1 5R − . There is no voltage 

measurement at node 1 in this algorithm therefore it is necessary to assume that the 

voltage at node 1 is defined to be the nominal voltage of the system ( nom
V ). The remote 

end voltage estimation 
5

Est
V  is then defined: - 

 
5 1 1 5

Est

c nom
V I R V−= +  (6.2) 

While this equation can be used to estimate the voltage at the remote end of a radial 

distribution network in LV distribution networks the settings are usually set based on a 

compromise based on the remote end voltage and the load on the network [35]. 

6.5.2 Simple case based control system 

This first stage, centralised voltage control system uses a simple case based control 

system which utilises the estimated remote end voltage to decide on a predetermined 

curtailment in generation. This is similar to the operation of the system described in [13] 
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where generation is reduced in steps of 33% depending on the estimated network 

conditions. The remote end voltage estimation is derived from (6.2). When the remote 

end voltage estimation drops below a lower threshold level the control action is released 

and the generation curtailment constraint on generation is removed. 

In this initial implementation only the wind generation in the Experimental SSEZ is 

curtailed. A simplified block diagram of the LabVIEW™ visual code for this active 

voltage control system is shown in Figure 6.11. 

 

Figure 6.11:  Simplified block diagram of initial single-phase current based centralised voltage control 

system 

Test A is used to investigate two cases of this control system as illustrated in Figure 6.12. 
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Figure 6.12:  Remote end voltage (node 5 - phase C) with simple case based control system – Test A 
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curtailment would have to be determined for each case. This would result in a complex, 

customised system which is likely be too complex and expensive for implementation in 

an SSEZ.  
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6.5.3 Proportional Control system 

In order to improve the performance of the control system detailed in the previous section 

a proportional feedback control is implemented. A simplified block diagram of the 

LabVIEW™ visual code for this control system is shown in Figure 6.13. As in the simple 

caes based system, this system curtails the generation of the wind turbine generator only. 

 

Figure 6.13:  Simplified block diagram of proportional voltage control system 

Test A is again used to investigate the effect of the proportional gain of this controller on 

the voltage excursions of the system as illustrated in Figure 6.14. Low proportional gains 

were used initially and were unable to control the system to below the required voltage 

level. When the gains are increased the response of the system became oscillatory.  

 

Figure 6.14:  Remote end voltage (phase C – node 5) with simple current based proportional voltage 

control system – Test A 
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6.5.4 Proportional and Integral Control system 

In order to achieve acceptable performance from the feedback based control system a 

proportional and integral (PI) controller was developed. A PI controller, as illustrated in 

Figure 6.15, is a feedback controller which uses the difference between the set point (V*) 

and the measured process variable (V) to generate an error (e). The integral and 

proportional gain system thus changes the output (U) of the controller, which is the input 

to the process, in order to reduce the error between the set point and the measured process 

variable to zero. 

 

Figure 6.15:  PI Controller 

As in the previous centralised control system implementations, only the wind turbine 
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Figure 6.16:  Simplified block diagram of single-phase proportional and integral based centralised 

voltage control system 

Test A was again used to investigate the effect of the PI based system control system on 

the voltage violations measured on the LV network as illustrated in Figure 6.18. 

The initial PI based central control system did not operate to reduce system voltage as 

shown in the trace titled PI in Figure 6.18. During normal operation when the remote end 

voltage estimate is less than voltage limit, the value of the integrator increases but the 

maximum value of generation is limited by the installed capacity of the SSEG. This 

results in the accumulation of large positive values of the integrator. If a voltage rise 

situation is then detected the output of the controller remains positive until the negative 

error reduces the value of the integrator. This could take a long time especially if the 

voltages had remained within the defined limits for extended periods of time. Eventually 

the output of the PI controller would curtail the maximum exportable active power of the 

SSEG, thus reducing the voltages at the remote end of the LV network. 

This effect, which is common when PI controllers are used to control non-linear systems, 

is known as integral wind-up [146-147]. Integral windup occurs in a PI or Proportional 

Integral and Derivative controller when the integrator continues to integrate the error 
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variable. This is typically caused by process saturation, that is the output of the process is 

limited at the top or bottom of its scale, resulting in a constant error. Two control 

algorithms were used to evaluate the use of anti-integral wind-up algorithms to control 

voltage in the Experimental SSEZ and are illustrated diagrammatically in Figure 6.17 

[146-147].  

All three PI based control systems, whose results are illustrated in Figure 6.18, use the 

same proportional and integral gains. It can be seen from the trace titled PI & Integrator 

Disable Anti-Integral in Figure 6.18 that the PI controller with the integrator disable, anti-

integral wind-up algorithm offers the most satisfactory operation. 

This anti-integral wind-up algorithm disables the addition of negative error to the 

integrator when the output of the integrator is below the minimum limit and disables the 

addition of positive error when the output of the control system is above the maximum 

limit. This limits the accumulation of large positive or negative values on the integrator. 

The tracking algorithm, as illustrated by the trace titled PI & Tracking Anti-Integral, did 

not bring the integrator out of saturated operation until the end of the test. All the PI 

controllers were tuned using a modified version of the Ziegler-Nichols method. 

It should be noted that the use of a single current measurement to estimate the remote end 

voltage is likely to be more accurate in an LV distribution network than in the 

Experimental SSEZ. This is because load and generation are likely to be distributed more 
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evenly about the LV network. In addition, future work could include the development of a 

control system that utilises historical load data to estimate the load, thus enabling more 

precise estimation of remote end voltage. 

 

Figure 6.18:  Remote end voltage (phase C – node 5) with PI based voltage control system – Test A  

As the all the system measurements are located at the same location these centralised 

control systems are relatively resilient to communications malfunction. However, a 

failure in the measurement sensor or in the control system could result in the complete 

failure of the control system. 

These systems provide a certain degree of scalability as a limited amount of extra SSEGs 

can be added, which are not integrated into the control system, can be added to the system 

without the requirement for reprogramming of the system. However, large changes in the 

penetration level and distribution of SSEG may result in inaccurate remote end voltage 

estimations and therefore unacceptable system operation. In addition, if extra SSEGs are 

to be integrated into the control system some modifications to the control system will be 

required. 

The communications system in this architecture would be required to control the wind 

turbine generation but none are required for data acquisition as this is done locally. The 

renewable energy output of the system is high in comparison to schemes where 
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generation curtailment duty is equitably shared between all the generators in the network, 

as generation curtailment at the remote end of the LV network has been shown have the 

greatest impact on voltage rise. As the wind turbine generation is curtailed whenever the 

estimated remote end voltage rises above the defined limit, the renewable energy export 

of the wind turbine generator is less than if it was not integrated into the control system. 

The renewable energy export of the PV generation, by contrast is not curtailed. 

6.6 Centralised Voltage Control System – Centralised Single-

Phase Current and Voltage Estimator (Wind Turbine 

Generator Curtailment) 

The control strategies described in the previous section assumed that the voltage at the 

network connection emulator remains at the nominal voltage ( nom
V ) under all generation 

and load conditions. In chapter five however, it was demonstrated that the voltages at the 

terminals of the network connection emulator were dependent on the flow of current in 

the three-phases of the synchronous machine. Consequently, the remote end voltage 

(phase C) in Test B is greater than in Test A even though the current flow (phase C) is the 

same at node 1 of the network connection emulator. Test B is therefore used to evaluate 

the effect of changing the voltage at the network connection point would have on 

centralised remote end voltage control systems. In an LV distribution network this could 

occur if the tap position of the tap-changer of the primary distribution transformer is 

changed or if unbalanced currents were flowing thought the secondary distribution 

transformer. A control system was designed which used the network connection emulator 

measurements to increase the accuracy of the remote end voltage estimation as illustrated 

in Figure 6.19.  
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Figure 6.19:  Simplified block diagram of single-phase current and voltage based centralised voltage 

control system 

This control system uses the same PI controller and the more successful anti-integral 

wind-up algorithm described in the previous section. Test B was used to evaluate this 

revised centralised control system in comparison with the control system using a single-

phase current measurement to estimate remote end voltage presented in the previous 

section. It can be seen that the control system without the additional voltage measurement 

attempts to control the remote end voltage to a slightly higher value. This is due to 

inaccuracies in the simpler remote end voltage estimator. As in the case of the previous 

control systems only the maximum power export of the wind turbine generation is 

curtailed. 

 

Figure 6.20:  Remote end voltage (phase C – node 5) with current based and revised current and 

voltage based localised remote end voltage estimators– Test B 
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failures may result in the loss in control of some of the SSEGs integrated into the control 

system. 

As in the case of the control system described in the previous section, this system 

provides a certain degree of scalability as a limited number of extra SSEGs, which are not 

integrated into the control system, can be added to the system without the requirement for 

reprogramming of the system.  

Similarly to the previous control system, the communications system in this architecture 

would be required to control remote end SSEGs but communications are not required for 

data acquisition as this is done locally. As the generation curtailment scheme is similar to 

the previous control system, renewable energy output of the system is likely to be high in 

comparison to schemes where the duty of generation curtailment is equitably shared. As 

in the previous example, the wind turbine generator energy export is reduced if it is 

integrated into the control system in contrast to the PV generation. 

To control the voltage below the upper voltage limit of 232V requires the wind turbine 

generator output to be constrained to very low power levels as illustrated in Figure 6.21. 

The power export by the wind turbine generator is reduced by 1.1kW to 0.1kW by the end 

of the test. As PV generation remains at 1.5kW for the duration of this test the overall 

renewable energy output is reduced by 41%. It can be seen that the wind turbine 

generation cannot be reduced much further if more extreme voltage rise conditions were 

present.  

In the next section both the wind turbine generation and PV generation are curtailed 

which enables mitigation against more extreme voltage rise conditions. In addition, the 

duty of mitigating against these conditions is borne by both generators results in greater 

energy yields for the wind turbine generator but a reduction in the energy yield for the PV 

generator. 
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Figure 6.21:  Active power export of wind turbine generation with current and voltage based PI 

voltage control system – Test B 

6.7 Centralised Voltage Control System – Centralised Single-

Phase Current and Voltage Estimator (Wind Turbine and PV 

Generator Curtailment) 

The control algorithm used in the previous section was used as the basis for a control 

algorithm that curtails the active power export of both the wind turbine generator and PV 

generator to regulate the voltage at the remote end. A simplified block diagram of the 

LabVIEW™ code used to implement the first two active control systems is illustrated in 

Figure 6.24.  

 

Figure 6.22:  Simplified block diagram of single-phase current and voltage based centralised voltage 

control system with wind turbine and PV generation curtailment 
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commands to the SMA inverters a deadband block is implemented on the output of the 

third control system as illustrated in Figure 6.23.  

 

Figure 6.23:  Simplified block diagram of single-phase current and voltage based centralised voltage 

control system including deadband with wind turbine and PV generation curtailment 

The Duty Calculation in these centralised control system implementations apportions the 

duty of generation curtailment relative to their installed capacity. This is a simple strategy 

but more complicated strategies could also be used as described in chapter three [101]. 
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and the maximum allowable PV generation (
Max PVP ) is 0.5kW.  
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voltage as illustrated in Figure 6.24. 
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operation of the system is slow and when the system does react, the voltage is reduced far 

below the defined voltage limit. 

Following further investigation into the operation of this active control system it was 

determined that the large numbers of control actions, that take place during the operation 

of this control system, places a large burden on the communications system. As the data 

acquisition system and control system run on the same computer large numbers of control 

commands result in poor operation of both of these systems. 

To reduce the burden on the communications infrastructure, deadband blocks are 

implemented, as illustrated in Figure 6.23, whose output only changes if the output from 

the control system changes by more than 200W. As there are less control commands the 

performance of the both system is greatly improved. Deadband techniques are also used 

in existing distribution network control, an example of which is their implementation in 

the control systems for transformer tap-changers [4, 35]. 

 

Figure 6.24:  Remote end voltages (phase C – node 5) with centralised voltage control system with 

control of wind turbine and PV generation – Test C 

It can be seen from Figure 6.24 that the control system with reduced gains and a 

deadband function enables the best control of the voltage at remote end of the system to 

below the defined limit.  

222

224

226

228

230

232

234

236

238

0.00 200.00 400.00 600.00

V
 (

V
rm

s
 L

-N
)

Time (s)
Kp, Ki as WG only Kp, Ki reduced Kp, Ki reduced and deadband

Voltage 
Limit 232V



 

135 

This control system uses the same remote end voltage estimator described previously and 

is subject to the same sources of failure as the earlier control systems. As more curtailable 

generation units are available a greater degree of redundancy is available. If a 

communications link fails to one of the generating units, another generating unit can take 

over the duty to mitigate against the network constraint. 

As in the previous control systems a limited amount of extra SSEG, which are not 

integrated into the control system, could be added. However, the development of this 

control algorithm demonstrates that changes are required in a control system when extra 

controllable generation is added which indicates limited scalability when dispatchable 

generation is available to the system. 

During the development of this control system a deadband block was found to greatly 

improve the operation of the control system. As a larger number of controllable entities 

(PV and wind turbine generation) were integrated into the control communications traffic 

was increased. The deadband block reduced the number of control actions and thus 

reduced the communications traffic on the system. 

The sharing of the duty of the generation curtailment of PV and wind turbine generation 

during the operation of the control system featuring the deadband filter is illustrated in 

Figure 6.25. It can be seen that the duty of generation curtailment duty is borne by all the 

SSEGs rather than the wind turbine generation. In this case, the wind turbine generation 

output drops by 0.6kW and the PV generation drops by 0.7kW. Therefore, the overall the 

reduction in renewable energy output by the end of the test is 1.3kW in comparison to the 

previous system where wind turbine generation only was curtailed and renewable 

generation power output was reduced by 1.1kW. Overall renewable generation output 

power is reduced by 48% in comparison to the previous system where renewable 

generation output is reduced by 41%. As both generators are curtailed in this control 
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system, the overall energy yield from both generators is reduced. Moreover, the overall 

energy renewable energy export is lower than in the previous control systems as the duty 

of reducing the voltage at the remote end of the system is not confined to the generator at 

the remote of the radial LV network. 

This is because curtailment has been assigned to be a simple function of capacity as 

described earlier in this section. The centralised control system however would enable 

any other strategies for curtailment and may be designed so that renewable energy output 

is maximised and could instruct the most remote generators to curtail initially to 

maximise renewable generation output. In such a system, the wind turbine generation 

would respond similarly to the system where only wind generation was curtailed in 

Test C. 

 

Figure 6.25:  Curtailed PV and wind turbine active power generation controlled by centralised 

voltage control system with deadband – Test C 
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uses distributed voltage measurement(s) to increase the accuracy of a state estimation of 

the distribution network under consideration [92, 97-98, 148]. This centralised control 

system will again curtail the maximum active power export of the PV and wind turbine 

generation to reduce the voltage at the remote end of the Experimental SSEZ LV 

network. A simplified block diagram of the LabVIEW™ control system is illustrated in 

Figure 6.26. 

 

Figure 6.26:  Simplified block diagram of remote end voltage sensing centralised voltage control 

system with PV and wind turbine generation curtailment 

To determine the gains for this system the PI controller the integral gain Ki was set to zero 

so the controller was operated as a proportional controller. A number of proportional 

gains were investigated and some of the test results are illustrated in Figure 6.27. This 

was done to establish the proportional control gains required for the PI controller using a 

modified version of the Ziegler-Nichols method. 

 

Figure 6.27:  Remote end voltages (phase C – node 6) with centralised voltage control system with 

control of PV and wind turbine generation (Proportional control) – Test C 
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A proportional gain of 0.12 was selected. A number of integral gains Ki were then tested 

using the same scenario. A selection of the results is shown in Figure 6.28. The active 

control systems operated successfully in regulating the voltage at the remote end of the 

LV network with differences in their speed of operation and oscillations around the 

operating points once the system is in voltage regulation mode. 

 

Figure 6.28:  Remote end voltages (phase C – node 6) with centralised voltage control system with 

distributed voltage measurement – Test C 

It can be seen Figure 6.28 that the control system, after appropriate tuning of the control 

system, ensures that the defined voltage rise limit is observed. This operation as in the 

previous cases is contingent on the correct selection of gains for the system.  

In this control system, in contrast to the previous systems, some measurement nodes are 

located at distributed locations. Malfunctions in the remote measurement sensors or their 

associated communication systems could result in errors or even failure in the operation 

of the system. 

The same observations apply to this control system as the previous control systems with 

regard to scalability as small changes in penetration levels and distribution of SSEG can 

be accommodated but large changes in penetrations levels or the addition of extra 

controllable SSEG may entail modifications to the control system. 
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The importance of communications traffic in this system is increased as a distributed 

voltage measurement is essential for the operation of the system. In addition, the 

communications system must be fast enough to ensure that the reaction of the control 

system to a change in the LV network is not slowed. 

As in the system described in the previous section both generators are curtailed and 

therefore the energy export of both PV and wind turbine generation is reduced when the 

remote end voltage violates the defined upper limit. 

As established earlier, the largest magnitude of voltage rise is likely to occur at the remote 

end of a radial distribution network. Therefore, the remote end of a radial distribution 

network is a good location to make a voltage measurement available to an active 

centralised control system. However, in LV distribution networks, change in the 

configuration or distribution of SSEG may result in the measurement sensor not 

remaining at the remote end of the LV network. The effect of the location of the voltage 

measurement on the operation of the control system developed is illustrated in Figure 

6.29. The same control system is deployed in both cases. In the traces titled Node 5 Meas 

and Node 6 Meas the voltage is measured at node 5 and node 6 respectively. The voltage 

is not regulated below 232V when the voltage measurement is at node 5 using this control 

system. However, this could be compensated for by estimating the voltage at node 6 

based on measurements at node 5 or other available nodal measurements. 
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Figure 6.29:  Remote end voltages (phase C) with centralised voltage control system with distributed 

voltage measurements at node 5 and node 6– Test C 

6.9 Centralised Voltage Control System – Distributed Three-
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In chapter two, the single-phase nature of domestic load and future SSEG was 

demonstrated. This can lead to unbalanced voltages on an LV distribution network. It 

may be necessary, therefore, to measure or estimate the voltages on all three phases of an 

LV distribution network in order to determine how to coordinate load and generation so 

that voltage limits are not violated. Test D is used to investigate the operation of a voltage 

control system where voltage rises above the defined limits on phase A. The three-phase 

control systems are based on the single-phase control system developed earlier. A 

simplified block diagram of the system is illustrated in Figure 6.30. 
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Figure 6.30:  Simplified block diagram of three-phase voltage control system 

The effect of the operation of the single-phase voltage control system developed 

previously, on the phase A remote end voltage is illustrated by the trace titled Single-
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Figure 6.31:  Remote end voltages (phase A – node 6) with three—phase centralised voltage control – 

Test D 

It can be seen in Figure 6.31 that the three-phase voltage measurement based control 

ensures that the defined voltage rise limit is on phase A of the LV network. In addition, 

this control system has been found to mitigate against voltage rise on phase B of the 

network also. It was found, however that identical controller implementations did not 

result in identical operation on each phase of the LV network due to asymmetries in the 

system.  

In this control system there are more sources of failure in the system. Malfunctions in any 

of the remote measurement sensors and their associated communication system could 

result in errors or even failure in the operation of the system. However, as three voltage 

measurements are available to the control system a degree of redundancy could be 

included in a development of this control system. 

The same observations apply to this control system as the previous control system, which 

integrates wind turbine and PV generation into the control system, with regard to 

scalability. 

Communications traffic is again increased in this system is increased as three distributed 
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both generators are curtailed and therefore the energy export of both PV and wind turbine 

generation is reduced when the remote end voltage violates the defined upper limit. 

6.10 Centralised Power Flow and Voltage Control System 

The design and development of voltage control systems of varying degrees of 

functionality and complexity are described in the previous sections. However, as 

established in chapter two, thermal limits are also a constraint that may be encountered 

when large concentrations of SSEG are installed on distribution networks. The design of a 

centralised power flow or current limit control system is described in this section that 

operates in parallel with one of the voltage control systems described in the previous 

sections. The centralised voltage control system with remote end measurement is 

modified so that thermal limiting is part of the functionality of the control algorithm. The 

same modifications could also be applied to the other earlier voltage control systems to 

extend their functionality. 

Two PI controllers are deployed in parallel to control both voltage and current. As in the 

case of the three-phase voltage control algorithm, each phase has its own active voltage 

and current control system. A simplified block diagram of the phase A section of the 

control system is illustrated in Figure 6.33. The phase B and phase C sections of the 

control algorithm are identical. 
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Figure 6.32:  Block diagram of phase A control scheme for current and voltage controlling centralised 

control system 

In order to evaluate the operation of the current limit scheme it was necessary to change 

the defined voltage limit programmed into the control system to 240V. This is because a 

voltage rise condition occurs in the Experimental SSEZ before there is a violation of the 

current limits using the limits defined previously for this testing program. Results 

illustrating the operation of the current limit scheme are shown in Figure 6.33. The 

controllers were tuned using the same Ziegler-Nichols method used earlier to tune the 

voltage controllers. Both sets of controller gains are successful in mitigating against the 

thermal limit violation. The control loop with the higher gains exhibits a more unstable 

response to the changing network conditions. 
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Figure 6.33:  Current limiting operation of combined voltage and thermal centralised control system 

(Phase A) – Test E 

It can be seen in Figure 6.33, after appropriate tuning of the PI controllers, the control 

system control generation so that the defined current limits are observed on phase A. In 

addition, the control system has been found to control the generation on the system so that 

the thermal limits are observed on phase B and phase C of the LV network.  

In this control system there more sources of failure in the system. Malfunctions in any of 

the remote measurement sensors and their associated communication system could again 

result in errors or even failure in the operation of the system. 

As in the case with the voltage rise only system, this control system is capable of 

accommodating extra SSEG. Large numbers of extra SSEG or the addition of extra 

controllable SSEG may entail modifications to the control system. 

Communications traffic is similar to the last voltage rise only control system. This is 

because the additional current measurement sensors are located locally (network 

connection emulator). As in the system described in the previous section both generators 

are curtailed and therefore the energy export of both PV and wind turbine generation is 

reduced when the current violated the defined upper limit. 
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6.11 Centralised Voltage Unbalance, Power Flow and Voltage 

Control System 

In the previous section, the design and development of a centralised thermal and voltage 

control systems is described. This system monitors and controls each phase independently 

on a central control platform. Voltage unbalance is an inherently three-phase phenomenon 

and may require the co-ordination of the controllable resources of the three-phases to 

maintain system operation within statutory limits. 

A scheme is proposed that utilises the thermal and voltage control systems developed in 

earlier sections. It has been shown previously that, in common with voltage rise, the 

remote end of a radial LV network is likely to experience the largest %VUF [8, 41]. 

Therefore it is proposed to control the voltages at the remote end of the network to reduce 

the %VUF measured on the LV network. 

As %VUF increases the feedback control system will reduce the voltage limits on the 

network. The control systems developed previously will then act to curtail the generation 

on the network. The phase with largest magnitude of remote end voltage will be required 

to curtail the largest amount of generation. This will have the effect of reducing the 

%VUF as the differences in the magnitude of the phase-neutral voltages, of each of the 

phases, is reduced. The bandwidth of the voltage control loops is higher than the %VUF 

control loop which controls the voltage limit on the voltage loop. These loops form a PI 

set of PI cascade control loops [149]. A simplified block diagram of the system is 

illustrated in Figure 6.34. 
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Figure 6.34:  Centralised %VUF, thermal and voltage control system for the Experimental SSEZ 

To investigate the operation of control systems based on this topology Test F detailed 

earlier in this chapter is used. As in the thermal control system investigation, the limits on 

voltage were relaxed as these are the first constraint encountered during this test. The 

results of an implementation of this control topology are illustrated in Figure 6.35. 

 

Figure 6.35:  %VUF control operation of %VUF, thermal and voltage centralised control system  – 

Test F 

The trace titled %VUF Control system I illustrates the operation of a first stage control 

system with the integrator disable logic feedback from the %VUF saturation block only. 

An improved response is observed however if feedback is also provided from the 

saturation blocks of each of the three voltage and current controller loops. The operation 

of this more advanced system is illustrated by the trace titled %VUF Control system II. 
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More advanced measurement sensors are required to realise this system. Phase and 

magnitude measurements are required to calculate the %VUF at the remote end of the LV 

network. This would also result in an increase in the communications requirements. 

The reliability of this system is likely to be comparable to the systems described earlier 

with distributed measurement requirements. 

As in the case of the earlier systems, this control system is capable of accommodating 

extra SSEG. Large numbers of extra SSEG or the integration of extra controllable SSEG 

into the control system may entail modifications to the control system. 

As in the case of the system described in the previous section, both generators are 

curtailed and therefore the energy export of both PV and wind turbine generation is 

reduced when the %VUF violated the defined upper limit. 

6.12 Conclusions 

A series of centralised control systems are developed in this chapter which were 

developed incrementally from a single-phase current based, case based voltage control 

system until a three-phase control system, utilising a PI feedback based control system is 

developed. This system is capable of controlling the SSEG so that voltage, thermal and 

%VUF limits were observed. 

Due to the nature of centralised control systems failures in hardware, communications or 

software may result in the malfunction or complete failure of the centralised control 

system. If reliability is a major consideration in the development of a control system, 

redundant systems may be used. Communications systems are particularly prone to 

failure as they may have to share infrastructure with other systems in an SSEZ to reduce 

costs. Control system which utilise localised measurement data to estimate system 

parameters also may be useful to mitigate against this danger. 
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It was determined that a certain amount of extra generation may be accommodated in an 

LV distribution network controlled by a centralised control system. However, large 

changes in the penetration level or distribution of SSEG could affect the performance of 

centralised control systems if no modifications are made to the control algorithm. 

Furthermore, if extra SSEGs are to be integrated into the control system then a change in 

the control system would be required. This would be very impractical if large numbers of 

SSEGs were connected incremementally in an LV distribution network. However, 

modularised designs may limit the requirement for extensive redevelopment of the 

control algorithms as SSEGs are connected to the LV distribution network under 

consideration. 

The communications traffic in the centralised control architectures, examined in this 

chapter, is a function of the data acquisition system and the number of SSEGs integrated 

into the control system. In addition, the speed of the communications infrastructure, when 

implementing a distributed data acquisition system, has a large impact on the bandwidth 

of the feedback controllers within the control systems. 

The renewable energy export of each control system architecture is dependent on how the 

duty of mitigating against the network constraint under consideration is divided. If this 

duty is taken by the generators at the remote end of the radial LV network, when 

controlling, voltage rise and percentage voltage unbalance, the renewable energy export is 

maximised. In an actual LV distribution network, however, owners of SSEG towards the 

remote end of the network would have a disproportionately reduced ability to generate 

renewable energy and could be penalised economically. 

Due to time constraints operational goal functionality was not implemented in any of the 

centralised control systems. However, modifications to the power flow algorithm could 

be used to easily to achieve this functionality. 
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The control systems which used fewer, localised measurements could result in cheaper 

and more reliable systems when realised in an LV distribution network. However, to 

maintain acceptable operation in these systems while minimising sensor requirements the 

LV distribution network should be operated so that voltage unbalance is kept low. In 

addition, extra load and generation should be evenly distributed throughout the LV 

network so that the assumptions and idealisation used in the development of the 

controllers can be maintained. Otherwise it would be necessary to update these 

idealisations in the control system algorithm or alternatively more measurement sensors 

can be distributed throughout the network. Either option increases the overall cost of the 

control system. In addition, if SSEGs can be integrated into the control system in a 

modular way it would also increase the scalability of the system and reduce the cost of 

extending the centralised control system. 

The next chapter will introduce a distributed control system developed to mitigate the 

same constraints as the centralised control systems developed in this chapter. 
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7 DESIGN AND LABORATORY IMPLEMENTATION OF A 

DISTRIBUTED CONTROL SYSTEM 

7.1 Introduction 

The previous chapter detailed the design and development of a centralised control system 

which ensures that voltages, power flows and voltage unbalance stay within the defined 

limits. In this chapter, the design and development of distributed control systems for the 

Experimental SSEZ is described. A distributed control system for the purposes of this 

research, as defined in chapter three, consists of a number of independent devices or 

control systems that appear to its users as a single system [85-86].  

The criteria for evaluation of a distributed control system for the Experimental SSEZ, 

based on the literature reviewed in chapter three, are initially presented. The development 

approach, based on a distributed control framework for the SSEZ concept developed at 

Durham University, is then presented. This is followed by a description of the design and 

development of the distributed control systems. This description includes results 

illustrating the effect of their operation on the LV network of the Experimental SSEZ. 

Finally, conclusions are drawn from the implementation and operation of these distributed 

control systems on the Experimental SSEZ LV network and the implications of their 

possible deployment on LV distribution networks are identified. 

7.2 Evaluation Criteria for Distributed Control Systems 

To be consistent with the criteria proposed in the previous chapter, the following are 

again used in evaluating the operation of the distributed control system: - 

• Ensure system operation within network constraints 

• Resilience and reliability 



 

152 

• Scalability 

• Communications requirements 

• Renewable energy output 

• Economic benefit to SSEG/ES/controllable load owners 

• Cost and complexity 

7.3 Development approach 

The development approach utilises a framework for the development of an agent-based 

distributed control system developed by a colleague of the author at Durham University 

[14, 23-24, 103]. This approach was chosen as it provides a framework for mitigating the 

constraints identified previously in chapter two. 

The initial distributed control system consists of first-stage agents which operate as 

simple local voltage controllers. These agents are then developed so that they are capable 

of interacting with other. The final distributed control system consists of a number of 

independently operating agents which are capable of interacting with each other to ensure 

that the defined network constraints are observed within the LV network. 

7.3.1 Active network management techniques for Experimental SSEZ 

distributed control systems 

Generation curtailment, load management and energy storage control are used as active 

network management techniques in the development of the distributed control systems 

detailed later in this chapter. Load management is used in the distributed control system 

as it is likely that the “plug and play” nature of an agent-based distributed control system 

would make it relatively easy to modify the operation of existing load with the addition of 

an agent enabling integration into the distributed control system. In addition, it is 

proposed to also use energy storage, as load management and energy storage control can 
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be realised simultaneously on the Experimental SSEZ. The following active network 

management techniques, previously described in chapter three, are not used in the 

development of distributed control systems for the Experimental SSEZ: - 

1. Reactive power compensation – The effect of reactive power flow on the 

phase-neutral voltages of the Experimental SSEZ was found to be very small 

in common with many LV distribution networks. 

2.  OLTC control – The voltage at the terminals of the network connection 

emulator will not be controlled by an agent of a distributed control system. In 

an LV distribution network, this control function would not be directly 

available to the control system of an SSEZ. This is because secondary 

distribution transformers do not feature an OLTC. 

3. Network reconfiguration – No control over the configuration of the LV 

network of the Experimental SSEZ is available at present. 

7.3.2 Experimental SSEZ distributed control system development 

An agent-based distributed control framework for the SSEZ concept, developed at 

Durham University by a colleague of the author, is used to ensure that defined voltage, 

thermal and voltage unbalance limits are observed during the dynamic operation of the 

Experimental SSEZ and enable operational goals [14, 23-24, 103].  

Three types of agents have been identified previously, in order to satisfy the specific 

control requirements of an SSEZ and adhere to the specifications developed by the 

Foundation of Intelligent Physical Agents (FIPA) [150]: - 

• Direct control agents - (Generator Agent, Consumer Demand Agent and Energy 

Storage Agent) use local measurements to directly control a power system entity 

(SSEG, ESU or controllable load) within the SSEZ  [14, 23-24, 103]. 
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• Indirect control agents - (Operational Goals Agent, Unbalance Agent and Thermal 

Limits Agent) use global measurements to indirectly control one or more power 

system entities within the SSEZ [14, 23-24, 103]. 

• Utility agents - (Agent Management System and Directory Facilitator) perform 

administrative duties in order to facilitate the efficient operation of the direct and 

indirect control agents and they are in alignment with FIPA specifications [14, 23-

24, 103].  

Initially, the agent systems are used to overcome steady-state voltage rise issues which 

are seen as the most likely limiting network constraint to the operation of SSEGs on 

radial LV networks [7, 9, 41]. The first-stage distributed control system for the 

Experimental SSEZ implements the following agents on the Experimental SSEZ using 

the LabVIEW™ visual programming environment, as illustrated in Figure 7.1: - 

• Generator Agents (GAs) - one GA controlling the wind turbine generator emulator 

and one GA controlling the PV generator emulator [14, 23-24, 103]. 

• Consumer Demand Agent (CDA) - one CDA controlling the load emulator [14, 

23-24, 103]. 

• Energy Storage Agent (ESA) - one ESA controlling the ESU emulator [14, 23-24, 

103]. 

 

Figure 7.1:  First-stage agent-based distributed control system on the Experimental SSEZ 
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Steady state voltage rise is mitigated by: (i) generation curtailment of wind turbine or PV 

generation through their respective GA; (ii) controlling the power import of the ESU 

through the ESA; and/or (iii) managing the controllable load through the CDA. The 

operation of each of the first-stage agents deployed individually on the system was 

investigated initially. Subsequent developments of this initial control system deploy 

multiple agents on the LV network to mitigate voltage rise conditions. 

A simple communications and control structure that enables inter-agent communication 

was developed. The system was integrated into the control systems of each of the agents 

to enable collaborative operation. These are second-stage agents. Due to practical issues 

associated with the Experimental SSEZ only the following direct agent combinations 

were investigated: - 

• GA (PV) and GA (WTG) 

• GA (PV), GA (WTG) and CDA 

• ESA and CDA 

A combination of all four direct agents was not implemented due to the slow operation of 

the RS485 communications system when the ESU, PV generator emulator and wind 

turbine generator are controlled by the Experimental SSEZ communications system. The 

initial distributed control systems are voltage control systems and are therefore unable to 

ensure that the system observes the defined thermal and voltage unbalance limits. To 

enable this functionality indirect agents are added to the system [14, 23-24, 103]. The 

indirect agents utilised in the distributed control system of the Experimental SSEZ are: - 

• Thermal Limits Agent (TLA – Indirect Agent) - the TLA controls the power flow 

at the network connection emulator to reduce the current flow so that thermal 

limits on the system are observed [14, 23-24, 103]. 
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•  Unbalance Agent (UA – Indirect Agent) – the UA indirectly balances the power 

flow across each of the three phases to reduce the percentage voltage unbalance 

factor below the defined limits [14, 23-24, 103]. 

• Voltage Agent1 (VA – Indirect Agent) – the VA indirectly ensures that the 

voltages at the remote end of the network are within the defined limits. 

These indirect agents interact with the direct agents using the same inter-agent 

communications system. The deployment of the agents in the final distributed control 

system is illustrated in Figure 7.2. 

 

 

 

 

 

 

 

 

                                                 

 

1 A VA is not always required as GAs and ESAs may exist at the remote end of the network which enables 

voltage control. This agent could be required if generation or energy storage is connected to the LV network 

which are not integrated into the distributed control system. 
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Figure 7.2:  Second-stage agent-based control approach for the Experimental SSEZ including inter-

agent communication 

The thermal limit agent is located at node 1 as the most thermally stressed cable section is 

likely to be between node 0 and node 1 as observed previously [22, 41]. The voltage 

unbalance agent is located at 6 as the remote end of a radial LV network is likely to 

experience the largest voltage unbalance [8, 41].  

These indirect agents have PI feedback controllers integrated into their control algorithm 

and are therefore susceptible to anti-integral windup effects that were discussed in chapter 

six. Therefore, anti-integral windup algorithms were devised for each indirect agent 

implementation. 

7.4 Distributed Control System Evaluation Program 

To assist development and evaluate the operation of the distributed control systems for 

the Experimental SSEZ, with regard to the observance of network constraints, an 

evaluation program was devised. As in the case of the centralised control system 

development, a successful system will ensure that excursions from the defined operational 

limits of the system will be minimised.  
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Three tests were developed that seek to investigate the performance of the distributed 

control systems with regard to voltage rise, thermal limits and voltage unbalance. The 

Steady-state voltage rise test seeks to investigate the operation of a distributed control 

system when generating and load conditions result in the voltages on the system 

exceeding their defined limits. No load is connected to phase B or phase C and generation 

is located at node 5 and node 6 of the LV network of the Experimental SSEZ.  

The operation of distributed control systems that have a power flow control capability is 

investigated in the Thermal limit test. As in the Steady-state voltage rise test generation is 

connected to phase A only but similar load profiles are implemented all three-phases on 

the load emulator. This is to ensure that there is current flow in all three-phases during the 

test. In addition, this test has a longer duration than the Steady-state voltage rise test as it 

is used to evaluate the operation of the anti-integral windup algorithms proposed for the 

thermal limit agent. This is achieved by using generating and load profiles that return the 

LV network to a state where thermal limits are not violated even though there is now no 

control system intervention reducing generation or increasing load. 

In the Voltage unbalance test, unbalanced conditions are recreated in the LV network of 

the Experimental SSEZ to investigate the operation of distributed control systems that 

have a voltage unbalance control capability. Generation and load in this case are now 

connected to phase C of the LV network as this has been shown in chapter five to result in 

the greatest values of percentage voltage unbalance factor. As in the case of the Thermal 

limit test, the generating and load profiles return the LV network to a state where 

percentage voltage unbalance limits are not violated even though there is now no control 

system intervention. 
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7.4.1 Steady-State Voltage Rise Test  

As in the case of the steady-state voltage rise tests developed for the centralised control 

system the nominal phase-neutral voltage for this system is defined to be 225.5V and the 

defined voltage phase-neutral limit for this system is 232V. 

Voltage limit violations occur on phase A of the LV network of the Experimental SSEZ 

during the operation of this test. All the generation is connected on phase A of the LV 

network. The PV generation emulator is connected at node 5 and the wind turbine 

generator emulator at node 6. Initially, the prime mover of the wind turbine generator 

emulator was instructed to operate at a speed that results in a power output of 0.4kW to 

the system, the PV generator emulator was instructed to export 1.5kW and the load 

imports approximately 0.8kW on phase A only. At time t = 230s, the prime mover of the 

wind turbine generator emulator was instructed to accelerate to a speed that resulted in the 

export of 1.2kW to the system as illustrated in Figure 6.7 (a). Load is connected to phase 

A only during this test. The power import of the load emulator and the power export of 

the PV generator emulator initially remain constant. At time t = 320s and at 90s intervals 

thereafter the load is reduced by approximately 0.2kW until the demand is reduced to 

zero as illustrated in Figure 6.7(b).  
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 (a) Generation      (b) Load 

Figure 7.3:  Generation and load power flows for Steady-state voltage rise test (No control system 

deployed) 

The effect of the operation of these generation and load profiles on the remote end 

network voltages is illustrated in Figure 6.8. It can be seen that the voltage on phase A at 

node 6 now rises above the defined voltage limit of 232V.  

 

Figure 7.4:  Voltages at node 6 of Experimental SSEZ during Steady-state voltage rise test (No control 

system deployed) 

7.4.2 Thermal limit test  

As in the case of the thermal limit test developed for the centralised control system the 

defined current limit for this system is 8A. 

The centralised control system, developed in the previous chapter, utilises a thermal 
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.00 200.00 400.00 600.00

Time (s)

P
 (

k
W

)

PV (Node 5 - Phase A) Wind Turbine (Node 6 - Phase A)

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.00 200.00 400.00 600.00

P
 (

k
W

)

Time (s)

Phase A Phase B Phase C

216

220

224

228

232

236

240

0.00 200.00 400.00 600.00

V
 (

V
rm

s
 L

-N
)

Time (s)

Phase A Phase B Phase C

Voltage
Limit 232V



 

161 

of the generators which enabled detection of integral wind-up. However, the indirect 

thermal limit agent (TLA) implemented has limited information about the status of each 

agent. This test therefore will also seek to investigate integral wind-up effects by 

emulating thermally onerous conditions and then reducing current flow so that these 

conditions are relaxed on the LV network of the Experimental SSEZ.  

In the Thermal limit test, the PV and wind turbine generation are again connected on 

phase A of the LV network as in the Steady-state voltage rise test. The PV generation is 

again connected at node 5 and the wind turbine generation at node 6. Initially, the prime 

mover of the wind turbine generator emulator was instructed to operate at a speed that 

results in a power output of 0.4kW to the system, the PV generator emulator was 

instructed to export 1.5kW and the load imports approximately 0.9kW on all three phases. 

At time t = 230s the prime mover of the wind turbine generator emulator was instructed to 

accelerate to a speed that resulted in the export of 1.2kW and at time t = 600s it is 

decelerated to a speed that results in a power export to the system of 0.4kW as illustrated 

in Figure 7.5(a). At time t = 320s and at 90s intervals thereafter the load is reduced by 

approximately 0.2kW until the demand is reduced to zero as illustrated in Figure 7.5(b). 

At time t = 680s the load is increased again, at 90s intervals, in steps of approximately 

0.2kW until the load on all three-phases increases to 0.9kW. This extension to the test 

sequence is included to ensure that the TLA removes generation curtailment, load 

management and energy storage import when they are no longer required. This is to 

maximise renewable energy output, minimise customer load management and remove the 

requirement of energy storage import which is finite. 
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(a)  Generation     (b)  Load 

Figure 7.5:  Generation and load power flows for Thermal limit test (No control system deployed) 

Figure 7.6 illustrates the effect of the operation of the PV generator emulator, wind 

turbine generator emulator and load emulator on the current of the cable section under 

consideration, without active network management in the system. It can be seen that the 

current in this case exceeds the defined current limit of 8A on phase A following the 

increase in generation and then decreases following the decrease in generation and 

increase in load. 

 

Figure 7.6:  Current at node 1 of Experimental SSEZ during Thermal limit test (No control system 

deployed) 
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7.4.3 Voltage unbalance test 

As in the case of the voltage unbalance test developed for the centralised control system 

the defined percentage voltage unbalance factor (%VUF) for this system is 1.5%. 

A similar test sequence to that of the Thermal limit test was devised for the Voltage 

unbalance test. In this test however, the load and generation are all connected to phase C 

of the Experimental SSEZ LV network as this has been shown in chapter five to result in 

the highest values of percentage voltage unbalance. 

As in the case of distributed thermal limit strategies described earlier, the indirect voltage 

unbalance agent may have limited information about the status of each individual local 

agent. This test therefore will also seek to investigate integral wind-up effects by 

emulating scenarios with high values of percentage voltage unbalance conditions and then 

changing the system conditions so that the percentage voltage unbalance values in the LV 

network are reduced.  

The PV generation is again connected at node 5 and the wind turbine generation at node 

6. Both generators in this case export active power to phase C of the Experimental SSEZ 

LV network. Initially, the prime mover of the wind turbine generator emulator was 

instructed to operate at a speed that results in a power output of 0.4kW to the system, the 

PV generator emulator was instructed to export 1.5kW and the load imports 

approximately 0.9kW on phase C. At time t = 230s the prime mover of the wind turbine 

generator emulator was instructed to accelerate to a speed that resulted in the export of 

1.2kW and at time t = 650s it is decelerated to a speed that results in a power export to the 

system of 0.4kW as illustrated in Figure 7.7(a). At time t = 320s and at 90s intervals 

thereafter the load is reduced on phase C by approximately 0.2kW until the demand is 

reduced to zero as illustrated in Figure 7.7(b). At time t = 650s the load is increased again, 

at 90s intervals, in steps of approximately 0.2kW until the load level returns to 0.9kW. 
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This extension to the test sequence is again included to ensure that the voltage unbalance 

agent removes generation curtailment, load management and energy storage import when 

they are no longer required to ensure satisfactory system operation. This is to maximise 

renewable energy output, minimise customer load management and remove the 

requirement of energy storage import which is finite.  

(a) Generation    (b)  Load 

Figure 7.7:  Generation and load power flows for Voltage unbalance test (No control system deployed) 

Figure 7.8 illustrates the effect of the operation of the PV generator emulator, wind 

turbine generator emulator and load emulator on the %VUF observed on the LV network 

of the Experimental SSEZ without active network management in the system. It can be 

seen that the %VUF in this case exceeds the defined current limit of 1.5% following the 

increase in generation and then reduces as the generation is decreased. The highest values 

of %VUF are at the remote end of the LV network as expected. As the load is increased 

the %VUF is also decreased as the load on the system is equalising the generation. 
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Figure 7.8:  %VUF at node 6 of Experimental SSEZ during Voltage unbalance test (No control system 

deployed) 

7.5 Initial Direct Agent Development and Laboratory 

Implementation 

In chapter three, distribution network control system architectures have been classified as 

either centralised or distributed. However, many distributed control system architectures 

have characteristics of both classes. An example of this is the Multi-Agent System (MAS) 

system developed at NTUA which consists of local controllers and also a Microgrid 

centralised control system (MGCC) which operates as an interface between the DNO 

and/or the operator of the electricity system [15-18]. 

In this section, a series of first-stage direct agents which react to local voltage conditions 

are developed. This is a highly distributed system with no inter-agent communication. 

They operate autonomously to mitigate violations of the defined upper voltage limit in the 

LV network. As the agents are controlling single-phase SSEG, ESUs or controllable load 

without any inter-agent communication they are unable to co-operate to ensure that 

thermal and voltage unbalance limits are adhered to.  
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7.5.1 First-Stage Generator Agent 

The initial, first-stage generator agents (PVGA I and WGA I) monitor the local voltage 

and then instruct the grid interface inverters of the wind turbine emulator or PV generator 

emulator to curtail active power export to achieve satisfactory system operation. In this 

implementation, the wind turbine and PV generation are located at node 5 and node 6 

respectively. Load is connected at node 2 as per the centralised control system 

investigation. 

This first-stage agent implementation is realised using a PI controller and a deadband 

block which are deployed in a control loop in LabVIEW™ on the hosting PC. The 

deadband block is used to reduce the number of control actions executed by the 

communications system and improve the overall operation of the Experimental SSEZ. A 

simplified block diagram of a first-stage generator agent is illustrated in Figure 7.1.  

 

Figure 7.9:  Simplified block diagram of first-stage generator agent (GA I) 

A PI controller utilising the integrator disable strategy, described in chapter six, for anti-

integral wind up is integrated into the GA I algorithm. During normal operation the 

measured voltage is below the defined limit and the error is negative. As the gains of the 

controller are negative the output of the controller eventually saturates to installed 

capacity. The agent will therefore instruct the grid interface inverter to export maximum 

generation. In this mode of operation the anti-integral windup system disables addition to 

the integrator but allows subtraction. 

During a voltage limit violation the error becomes positive. As the gains of the controller 

are negative the proportional part of the controller will become negative and the integral 

section reduces in value. As addition to the integrator is disabled when the voltage is 
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below the defined voltage limit the value of the integrator is not so large that it does not 

keep the output of the controller saturated and can therefore quickly assist in the control 

of the output. The agent will therefore instruct the inverter interface to curtail the 

generation. Once the controller output leaves the saturated area of operation the anti-

integral windup system allows addition and subtraction to the integrator of the PI 

controller.  

The gains for the PI controller for the agents were established by using the Ziegler-

Nichols method. Figure 6.27 compares the opeation of the first-stage wind turbine 

generator agent (WGA I) and PV generator agent (PVGA I) operating individually on the 

Experimental SSEZ to mitigate the steady-state voltage rise.  

 

Figure 7.10:  Remote end voltage (phase A) of Experimental SSEZ LV network with first-stage 

generator agents (PVGA I and WGA I)   – Steady-state voltage rise test 

To control the voltage below the upper limit of 232V requires the wind turbine and PV 

generation to be constrained to very low power levels as illustrated in Figure 7.11. The 

power export of the wind turbine generator is reduced by 1.1kW to 0.1kW by the end of 

the test which is a 91% reduction in generation. Moreover, as the PV generation is not 

located at the remote end its active power export is reduced by a larger amount, 1.4kW 
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from 1.5kW to 0.1kW which is a 93% reduction in generation. It can be seen that neither 

generator cannot be reduced much further if higher voltages were present.  

 

Figure 7.11:  Active power export of wind turbine generation when controlled by WGA I and PV 

generation when controlled by PVGA I– Steady-state voltage rise test 

7.5.2 First-Stage Energy Storage Agent (ESA I)  

The initial, first-stage energy storage (ESA I) is similar to the generating agent described 

previously but in this case power is imported to charge the energy storage device. ESA I 

monitors the local voltage and then instructs the grid interface inverter of the energy 

storage unit to increase the power import until satisfactory system operation is achieved. 

This has the effect of charging the energy storage device. In this implementation the 

energy storage unit is connected at node 3 of the LV network. In contrast to generation 

curtailment, the energy storage unit cannot be charged indefinitely and therefore ESA I 

will instruct the inverter of the grid interface inverter to stop charging the energy storage 

once the energy stored by the device reaches a threshold level. In this implementation the 

State-of-Charge (SOC) is monitored by the agent and once this goes above a threshold 

value charging stops. 

This first-stage agent implementation of an energy storage agent is again realised using a 
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agent described previously. The PI controller is modified to include the SOC monitor, 

stopping the charging of the battery when the threshold upper SOC level is reached. In 

addition, the control algorithm also interacts with the PI loop so that integral windup 

effects are minimised. A simplified block diagram of ESA I is illustrated in Figure 7.12.  

 

Figure 7.12:  Simplified block diagram of first-stage energy storage agent (ESA I) 

The voltage at node 3 does not exceed the defined upper limit during the Steady-state 

voltage rise test, as the energy storage system is located at node 3. ESA I therefore does 

not instruct the grid interface inverter to import active power even though the remote end 

voltage exceeds the defined upper limit as illustrated in Figure 7.13. 
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Figure 7.13:  Remote end voltage (phase A) of Experimental SSEZ LV network with first-stage energy 

storage agent (ESA I) – Steady-state voltage rise test 

7.5.3 First-Stage Consumer Demand Agent (CDA I) 

The initial, first-stage consumer demand agent (CDA I) is very similar to the operation of 

ESA I described previously. CDA I monitors the local voltage and then aims to manage 

controllable load to restore satisfactory system operation. In this implementation all load 

is located at node 2 of the LV network. This load is three-phase with controllable load, 

under the management of CDA I, is available on phase A. 

In LV distribution networks short-term controllable load are likely to be thermostatically 

controlled loads which consumers could leave to be managed by an autonomous 

controller. These thermostatically controlled loads however are limited in the time that 

they can be switched or else this could result in temperatures of air, water or refrigeration 

leaving the temperature limits defined by the consumer.  

This first-stage agent implementation of a CDA is again realised using a similar PI 

controller and deadband block algorithm which was used in the first-stage agents 

described previously. This PI controller is modified to a timer which mimics the effect of 

a thermostatically controlled load for demand side management. A simplified block 

diagram of CDA I is illustrated in Figure 7.14.  

230

231

232

233

234

235

236

237

238

0.00 200.00 400.00 600.00

V
 (

V
rm

s
 L

-N
)

Time (s)

No Agents CDA I

Voltage
Limit 232V



 

171 

 

Figure 7.14:  Simplified block diagram of first-stage consumer demand agent (CDA I) 

The voltage at node 2 does not exceed the defined upper voltage rise limit during the 

Steady-state voltage rise test. As the load managed by CDA I is located at node 2, CDA I 

therefore does not switch in controllable load even though the remote end voltage exceeds 

the defined upper limit. Figure 7.15 illustrates the operation of CDA I and the operation 

of the system without any agents on the system. 

Figure 7.15:  Remote end voltage (phase A) of Experimental SSEZ LV network with first-stage 

consumer demand agent (CDA I)   – Steady-state voltage rise test 

7.5.4 Multi-agent deployment on LV network (First-stage agents) 

The initial, first-stage generator agents developed earlier are deployed on the 

Experimental SSEZ at the same time to investigate their combined operation. In the 

previous section it was shown that using this control system architecture, only the agent 

systems at the remote end of the network (PVGA I and WGA I) were able to ensure that 

the voltage was reduced below the defined limits. 

The agents were initially not modified from their previous implementation on their own 

in the LV network and therefore the agent controller gains were the same as in the 

Limit
V

DSM
P

PI

Controller

With Timer
Deadband Load Emulator

Local
V

'
DSM

P

230

231

232

233

234

235

236

237

238

0.00 200.00 400.00 600.00

V
 (

V
rm

s
 L

-N
)

Time (s)

No Agents CDA I

Voltage
Limit 232V



 

172 

previous implementation. The trace titled PVGA I & WGA I in Figure 7.16 illustrates the 

combined operation of the generator agents to mitigate steady-state voltage rise. An 

oscillatory response is now observed on the system which was not apparent when each of 

these agents were deployed individually on the Experimental SSEZ. The gains on both 

controllers were revised to dampen the response of the overall voltage control system. 

This response is illustrated in the trace titled PVGA I and WGA I (Revised Gains). As 

previously, the gains of the controllers were determined using the Ziegler-Nichols 

method. 

 

Figure 7.16:  Remote end voltage (phase A) of Experimental SSEZ LV network with both first-stage 

generator agents implemented (PVGA I and WGA I) – Steady-state voltage rise test 

To control the voltage below the upper limit of 232V requires the wind turbine and PV 

generation to be constrained as illustrated in Figure 7.17. The duty of active power 

generation curtailment between the two SSEGs is shared. This is not equitable however as 

the agent at the remote end of the network (WGA I) measures a higher voltage than the 

agent that is closer to the network connection emulator (PVGA I). Wind turbine active 

power export is reduced from 1.2kW to about 0.2kW which is a reduction of 83% in 

generation when the original gains are used. PV active power export is reduced from 

1.5kW to 1.2kW which is a reduction of 20%. The duty of mitigating the voltage rise is 
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even more inequitably shared when the gains are reduced to dampen the response. Wind 

turbine active power export is reduced from almost zero and PV generation remains at 

1.5kW. This response is due to the operation of the dead-band resulting in no initial 

response from the PVGA I resulting in WGA I taking the duty of mitigating the voltage 

rise.  

(a)  (Standard)     (b)  (Revised Gains) 

Figure 7.17:  Active power export of wind turbine and PV generation when controlled by WGA I and 

PVGA I (Combined operation) – Steady-state voltage rise test 

7.5.5 Discussion 

Both the generator agents were able to restore system operation that gave satisfactory 

voltage excursions. By contrast, the energy storage and consumer demand agents were 

unable to achieve this but this was not attributable to the agent operation but was in fact a 

function of their location on the LV network. If either of these agents were located near 

the remote end of the network they may have been able to control remote end voltage. A 

limitation of energy storage systems and demand side management systems is that they 

can only act to control voltage for a finite period of time. In the case of the energy storage 

agent this is governed by the SOC of the battery and in the case of the consumer demand 

agent the limitations of the thermostatic loads. In addition, the combined operation of 

agents operating autonomously is different from when they are operating on their own in 

the Experimental SSEZ.  
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The response of the distributed control system became more oscillatory after an extra 

agent is introduced although in this instance the system did not become remain oscillatory 

for the duration of the test. Reducing the gains on both agents damped the response of the 

system. It can be seen therefore that a limited number of extra SSEGs may be added but 

modifications to the gains of the PI controllers of the agents may be required if many 

agent controlled SSEGs are added.  

There is no communication system in these architectures as the voltage measurement and 

control of the SSEZ entity is local. These distributed control systems are likely therefore 

to be rugged and reliable if they were deployed on an LV distribution network. 

When multiple agents were deployed on the system the SSEG at the remote end bore the 

largest duty in generation curtailment. This is better than sharing the duty equally among 

all the generators from an export of renewable energy point of view. This is because the 

SSEG at the remote end has the greatest impact on voltage rise as stated previously. As 

before, however, the owner of an SSEG at the remote end would be disproportionately 

affected economically as their ability to export renewable energy would be less than a 

consumer nearer the network connection point. 

In the next section, an inter-agent communication system is proposed to enable second-

stage agents interact so they can act collaboratively to reduce the voltages on the system 

below the defined limits. This will enable a more equitable sharing of the duty of 

mitigating voltage rise. In addition, the system will enable the ESA and CDA to 

participate in restoring satisfactory system operation even though the voltage measured 

by these agents does not violate the defined limit. The impact that this collaborative 

operation of the developed agents on the operation of the LV network is then examined. 
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7.6 Design of Agent Communication System for Experimental 

SSEZ 

The droop operation proposed in [17-18, 135, 151] is used to ensure power balance within 

an islanded area of LV network. As described in chapter six this operation is analogous to 

the operation of primary control on large scale power systems. This is not useful however 

when considering the grid connected LV network of an SSEZ where the frequency is 

fixed to that of the grid. In [15-18, 152], communications protocols between agents based 

on FIPA [150] compliance is proposed. In addition, in the agent ontology proposed by a 

colleague of the author at Durham University, a FIPA compliant inter-agent 

communications structure is proposed [14, 23-24, 103]. 

In this work, however a simpler solution is proposed that is inspired by the droop 

operation proposed for the grid interfaced inverters in [17-18, 135, 151] and the 

secondary control structure of a large-scale power system [153]. In this system, each 

agent creates a pseudo-frequency (fn) which is available to all agents in the system. If this 

pseudo-frequency is greater than 50Hz system frequency (f0) the agents operate to reduce 

generation.  

However, many pseudo-frequencies within the distributed control system may exist. To 

arbitrate, the pseudo-frequency with the largest deviation from f0 is used by all agents as 

an input to their PI based inter-agent control system. Secondary control systems in large-

scale power systems also utilise PI based controllers to bring frequency back to 50Hz 

after the operation of primary frequency control [153]. The difference in this 

implementation is that the PI control is distributed and is part of the functionality of each 

direct agent. A block diagram of the control stage of a second-stage generator agent is 

illustrated in Figure 7.18. 
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Figure 7.18:  Simplified block diagram of second-stage generator agent control system  

The initial objective of this second-stage distributed control system is to more equitably 

distribute the duty of mitigating the violation of the network constraints in the LV 

network. To achieve this it is proposed that the gains of the secondary controller of the 

agent are multiples of base proportional and integral gains. The multiplying factors are 

based on the rated active power output of the generation, the rated active power import of 

the energy storage or the rating of the controllable load under the control of each direct 

agent. 

The pseudo-frequency generated by each agent is dependent on what type of agent is 

under consideration. The direct agents relate the pseudo-frequency to the local voltage. If 

for example the local voltage goes above the defined limit then the pseudo-frequency will 

rise above f0 as illustrated by the block diagram in Figure 7.19.  

 

Figure 7.19:  Block diagram of pseudo frequency calculator for direct agents 
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7.7 Second-Stage Direct Agent Development (Collaborative 

operation) 

In this section three different agent deployments are considered to investigate the 

operation of the communications system and collaborative operation of the agents in the 

distributed control system for the Experimental SSEZ. These are second-stage agents 

employing the inter-agent communication and control algorithms described in the 

previous section. The direct agents investigated in this section are: - 

1. PVGA II – Second-stage PV generation agent 

2. WGA II – Second-stage wind turbine generation agent 

3. CDA II – Second-stage consumer demand agent 

4. ESA II – Second-stage energy storage agent 

The PVGA II and WGA II are not used in conjunction with the ESA II agent as it has 

been found that simultaneous control of all three grid tied inverters in the Experimental 

SSEZ result in greatly degraded performance of the control and data acquisition systems 

of the Experimental SSEZ. 

7.7.1 PV and wind turbine generation agent deployment 

(Collaborative operation) 

The second-stage generator agents are both deployed on the Experimental SSEZ to 

investigate their combined operation. Figure 7.20 illustrates the collaborative operation of 

the second-stage PV Generator Agent (PVGA II) and Wind turbine Generator Agent 

(WGA II) to mitigate the steady-state voltage rise. The gains for the inter-agent PI 

controllers for each agent were again determined by using the Ziegler-Nichols method. 
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Figure 7.20:  Remote end voltage (phase A) of Experimental SSEZ LV network with both first-stage 

generator agents implemented (PVGA II and WGA II) – Steady-state voltage rise test 

To control the voltage below the upper voltage limit of 232V the wind turbine and PV 

generation is constrained as illustrated in Figure 7.21. The duty of active power 

generation curtailment between the two SSEGs is more equitably shared than when the 

first-stage agents were deployed together in section 7.5.4. This collaborative operation of 

the direct agents results in PV generation reducing from 1.5kW to 0.8kW and the wind 

turbine generation from 1.2 kW to 0.6kW, which is a reduction of 50% in both cases, by 

the end of the Steady-state voltage rise test.  

 

Figure 7.21:  Active power export of wind turbine and PV generation when controlled by WGA II and 

PVGA II (Collaborative operation) – Steady-state voltage rise test 
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7.7.2 PV and wind turbine generation and consumer demand agent 

deployment (Collaborative operation) 

The second-stage generator agents and the consumer demand agent are all deployed on 

the Experimental SSEZ to investigate their combined operation. As the second-stage 

consumer demand agent (CDA II) is also capable of interacting with the other agents it is 

able to participate in sharing the duty of mitigating voltage rise. Figure 7.22 illustrates the 

collaborative operation of PVGA II, WGA II and CDA II to mitigate the steady-state 

voltage rise. The gain sets for the inter-agent PI controllers for the agents were kept from 

the previous system. 

 

Figure 7.22:  Remote end voltage (phase A) of Experimental SSEZ LV network with both second-

stage generator agents and consumer demand agent implemented (PVGA II, WGA II and CDA II)   – 

Steady-state voltage rise test 

To control the voltage below the upper voltage limit of 232V requires the wind turbine 

and PV generation to be constrained and an increase in the controllable load as illustrated 

Figure 7.23 and Figure 7.24. The duty of active power generation curtailment between the 

two SSEGs is equitably shared as in the previous example. This collaborative operation of 

the direct generator agents results in PV generation reducing from 1.5kW to just over 

0.8kW and the wind turbine generation from 1.2 kW to 0.65kW, which is again a 

reduction of just less than 50%, by the end of the Steady-state voltage rise test. The 
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generation is not curtailed as much as in the previous example as CDA II also manages 

the controlled load to reduce the remote end voltage. 

Figure 7.23:  Active power export of wind turbine and PV generation when controlled by WGA II, 

PVGA II and CDA II distributed control system (Collaborative operation) – Steady-state voltage rise 

test 

In Figure 7.24 the effect of DSM controlled by CDA II is illustrated by the trace titled 

Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. Initially, no load is required to control the 

voltage. At time t = 70s, 0.25kW of controllable load is switched in to control the voltage 

at the remote end of the network. At t = 400s this load is increased to 0.5kW as more 

generation curtailment and load are required to control the remote end voltage below the 

defined limit. At t = 600s the DSM drops to 0.25kW as the control system estimates that 

the remote end voltage violation has disappeared and DSM is reduced. 
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Figure 7.24:  Active power import of base load and base load and DSM when controlled by WGA II, 

PVGA II and CDA II distributed system (Collaborative operation) – Steady-state voltage rise test 

7.7.3 Consumer demand and energy storage agent deployment 

(Collaborative operation) 

The second-stage energy storage agent and the consumer demand agent are deployed on 

the Experimental SSEZ to investigate their combined operation. This implementation 

does not successfully control the remote end voltage below the defined limit. This is 

because the voltages at node 2 or node 3 do not exceed the defined upper voltage rise 

limit during the Steady-state voltage rise test. As the load managed by CDA II is located 

at node 2, CDA II therefore does not switch in controllable load even though the remote 
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managed by ESA II is located at node 3, ESA II does not instruct the grid tied inverter to 
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Figure 7.25:  Remote end voltage (phase A) of Experimental SSEZ LV network with first-stage 

consumer demand agent (CDA I)   – Steady-state voltage rise test 

As both ESA II, CDA II and VA operate collaboratively to control the voltage at the 

remote end by increasing the power imported into the energy storage system and 

increasing controllable load, no renewable energy is curtailed during this test as 

illustrated in Figure 7.26. 

 

Figure 7.26:  Active power export of wind turbine and PV generation with distributed control system 

with ESA II and CDA II (Combined operation) – Steady-state voltage rise test 
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Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. The energy imported by the energy storage 

system which is controlled by ESA II is illustrated by the trace titled Energy Storage. 
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Initially, 0.25kW of load is required to control the voltage and about 0.1kW is imported 

by the energy storage system. As the test progresses both ESA II and CDA II control 

energy storage and controllable load so that the voltage limits are observed. Eventually 

both controllers saturate as the rated value of controllable load is approximately 0.8kW 

and ESA II limits the energy storage power import to approximately 0.5kW. 

 

Figure 7.27:  Active power import of load and energy storage unit with distributed control system 

with ESA II and CDA II (Combined operation) – Steady-state voltage rise test 

7.7.4 Discussion 

Only one of the collaborative agent systems was unable to restore satisfactory system 

operation. The energy storage and consumer demand agents on their own were unable to 

mitigate voltage rise but the voltage agent at the remote end of the network enabled 

voltage control. As stated previously a limitation of energy storage and demand side 

management systems is that they can only act to control voltage for a finite period of 

time.  

As there is a communication system in these architectures they may not be considered to 
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in the inter-agent communication system, the direct agents, depending on their location, 

can ensure that the defined voltage limits are observed. 

When generator agents were used collaboratively to mitigate voltage rise the duty was 

shared between both generators equally. This has been shown previously not to be the 

most effective way of mitigating voltage rise as remote end generation curtailment has 

been found to be the most effective. However, as stated previously the most effective way 

of mitigating voltage rise is if the generation is curtailed at the remote end. When a 

consumer demand agent is added the generation curtailment required to mitigate voltage 

rise is reduced but this reduction is small. This is due to the location of the controllable 

load in the Experimental SSEZ. No generation is curtailed in the distributed control 

system where the consumer demand agent, controllable load agent and voltage agent are 

deployed and this system exports the greatest amount of renewable energy.  

7.8 Thermal Limit Agent (TLA) 

In this section, the development of a thermal limit indirect agent which extends the 

functionality of the agent based distributed control system is described and results are 

presented illustrating its operation in collaboration with the different combinations of the 

second-stage direct agents. This indirect agent interacts with the direct agents utilising the 

inter-agent communication system described previously. 

7.8.1 Thermal limit agent development 

The TLA monitors the current flow at the network connection emulator and then 

determines a pseudo-frequency that is available to all agents via the inter-agent 

communication system. A simplified block diagram of the control algorithm is illustrated 

in Figure 7.28.  
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Figure 7.28:  Simplified block diagram of Thermal Limit Agent (TLA) 

This first-stage TLA measures the current flow on each of the phases. If the maximum 

current flow on any of these phases is greater than the defined limit then a PI controller is 

made operational within the agent. 

The integral operation of the controller is triggered once the current rises above the 

defined limits. This is achieved using the latch illustrated in Figure 7.28. As in the case of 

the direct agents the output of this controller is limited to a band of between 49Hz and 

50Hz. The pseudo-frequency output of this PI controller is limited in case it becomes too 

high or low resulting in large dynamic changes in the power flows in the network. In 

addition, when the maximum current falls below 
Integrator ZeroI  the integrator is reset to zero 

so that after the system exits thermal limiting operation so that the integrator does not 
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When enabled, the output of the PI controller system rises above f0 and begins to curtail 

the generation in the same way that voltage was controlled in the previous section. As this 

PI control system is outside the inner PI control loops for local and system voltage control 

described earlier this loop must be slower.  

7.8.2 Thermal limit agent implementation (PV and wind turbine 

generation agents) 

The thermal limit agent (TLA) is deployed along with the second-stage generator agents 

(PVGA II and WGA II) on the Experimental SSEZ. Figure 7.29 illustrates the 

collaborative operation of the second-stage PV generator agent (PVGA II) and Wind 

turbine generator Agent (WGA II) to ensure that thermal limits are observed. The direct 

agent gains remained the same as in the previous implementations. 

 

Figure 7.29  Current flow at network connection emulator (phase A) of Experimental SSEZ LV 

network with TLA, PVGA II and WGA II   – Thermal limit test 

To control the current below 8A, the wind turbine and PV generation are constrained as 

illustrated in Figure 7.30. The duty of active power generation curtailment between the 

two SSEGs is again equally shared. PVGA II instructs the PV generator to curtail 

generation from 1.5kW to a minimum of 1.0kW and the wind turbine generation from 1.2 

kW to 0.8kW during the Thermal limit test. The maximum curtailment of each generator 
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during the test is approximately 33%. It can also be seen in Figure 7.30 that after the 

reduction in wind generation, the curtailment on PV generation is released demonstrating 

the operation of the anti-integral windup algorithm of the TLA. 

 

Figure 7.30:  Active power export of wind turbine and PV generation during operation of TLA – 

Thermal limit test 

7.8.3 Thermal limit agent implementation (PV and wind turbine 

generation agents and consumer demand agent) 

In this implementation, the TLA is deployed in conjunctions with the PVGA II and WGA 

II and CDA II in the Experimental SSEZ. Figure 7.31 illustrates the collaborative 

operation of the PVGA II, WGA II and CDA II to to ensure that thermal limits are 

observed. The gains of the direct and indirect agent gains remained the same as in the 

previous example.  
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Figure 7.31  Current flow at network connection emulator (phase A) of Experimental SSEZ LV 

network with thermal limit agent, generator agents and consumer demand agent   – Thermal limit test 

To control the current flow below the defined current limit requires the wind turbine and 

PV generation to be constrained and an increase in the controllable load as illustrated in 

Figure 7.32 and Figure 7.33. The duty of active power generation curtailment is evenly 

shared between both SSEGs. PVGA II instructs the PV generator to curtail generation 

from 1.5kW to a minimum of 1.1kW and the wind turbine generation from 1.2 kW to just 

over 0.8kW during the Thermal limit test. The maximum curtailment of each generator 

during the test is approximately 27%. It can also be seen again in Figure 7.32 that after 

the reduction in wind generation, the curtailment on PV generation is released 

demonstrating the operation of the anti-integral windup algorithm of the TLA. 
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Figure 7.32:  Active power export of wind turbine and PV generation when controlled by TLA, WGA 

II, PVGA II and CDA II distributed control system – Thermal limit test 

In Figure 7.33 the effect of DSM controlled by CDA II is illustrated by the trace titled 

Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. It can be seen that CDA II does not switch in any 

controllable load until t = 600s through the test. This is because the load is connected in 

0.25kW steps and the calculated controllable load requirement was less than this. After 

t = 600s the 0.25kW of controllable load remains connected due to integral-windup 

effects but this is finally disconnected after t = 900s. 

 

Figure 7.33:  Active power import of base load and base load and DSM when controlled by TLA, 

WGA II, PVGA II and CDA II distributed system –Thermal limit test 
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7.8.4 Thermal limit agent implementation (Consumer demand agent 

and Energy Storage Agent) 

In this implementation, the TLA is deployed in conjunctions with CDA II and ESA II on 

the Experimental SSEZ. Figure 7.34 illustrates the collaborative operation of these agent 

to ensure that thermal limits are observed. The gains of the direct and indirect agent gains 

remained the same as in previous examples.  

 

Figure 7.34:  Current flow at network connection emulator (phase A) of Experimental SSEZ LV 

network with TLA, CDA II and ESA II  – Thermal limit test 

As both ESA II, CDA II and TLA operate collaboratively to ensure that the thermal limits 

are observed by increasing the power imported into the energy storage system and 

increasing controllable load. Thus no renewable energy is curtailed during this test as 

illustrated in Figure 7.35. It can be seen however that the current limits are exceeded in 

the system with TLA implemented before it is exceeded in the system with no control. 

This is due to the poor reactive power control achieved with the energy storage unit. 
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Figure 7.35:  Active power export of wind turbine and PV generation with distributed control system 

with TLA, ESA II and CDA II  – Thermal limit test 

In Figure 7.36 the effect of DSM controlled by CDA II is illustrated by the trace titled 

Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. The energy imported by the energy storage 

system which is controlled by ESA II is illustrated by the trace titled Energy Storage. As 

the test progresses both ESA II and CDA II control energy storage and controllable load 

to ensure that the thermal limits are observed. However, some integral windup behaviour 

is observed as the energy storage and DSM both continue to import power after the 

thermal limit conditions disappear at the network connection emulator. 

 

Figure 7.36:  Active power import of load and energy storage unit with distributed control system 

with TLA, ESA II and CDA II  – Thermal limit test 
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7.8.5 Discussion 

All of the collaborative agent systems were able to restore satisfactory system operation 

following an increase in the flow of current at the network connection emulator. As 

power flow is directly related to current flow at the network connection emulator the 

location of the SSEZ entity does not impact on the operation of power flow control in the 

distributed control system. 

If inter-agent communications fail between thermal limit agent and any of the direct 

agents the system can still control the current at the network connection emulator by 

interacting with the remaining direct agents below the defined limits. However, if there is 

a failure in the thermal limit agent the current at the network connection emulator is not 

controlled. 

7.9 Voltage Unbalance Agent (UA) 

In this section, the development of a voltage unbalance indirect agent which extends the 

functionality of the agent based distributed control system is described and results are 

presented illustrating its operation in collaboration with the different combinations of the 

second-stage direct agents. This indirect agent interacts with the direct agents utilising the 

inter-agent communication system described previously. 

7.9.1 Voltage unbalance agent development 

The UA monitors the voltage unbalance at the remote end (%VUF6) of the LV network 

and then determines a pseudo-frequency that is available to all agents via the inter-agent 

communication system. A simplified block diagram of the control algorithm is illustrated 

in Figure 7.37. 
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Figure 7.37:  Simplified block diagram of voltage unbalance agent (UA) 

This UA measures the phase and magnitude of the remote end voltages. These quantities 

are used to calculate the sequence voltage components at the remote end of the network 

and these are then used to calculate the percentage voltage unbalance factor. If the 

percentage voltage unbalance factor is greater than the defined limit then a PI controller is 

made operational within the agent. This system is similar in design to the TLA described 

in the previous section and operates in a similar manner. 

When enabled, the output of the PI controller system rises above f0 and begins to curtail 

the generation in the same way that current was controlled in the previous section. As this 

PI control system is also outside the inner PI control loops for local and system voltage 

control this loop must be slower.  

7.9.2 Voltage unbalance agent implementation (PV and wind turbine 

generation agents) 
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illustrates the collaborative operation of the second-stage PV generator agent (PVGA II) 

and wind turbine generator agent (WGA II) to ensure that the percentage voltage limits 

are observed. The direct agent gains remained the same as in the previous thermal limit 

agent implementations. 

 

Figure 7.38  %VUF at remote end (node 6) of Experimental SSEZ LV network with voltage 

unbalance agent and generator agents – Voltage unbalance test 

To ensure that the defined percentage voltage balance limit is not reached. the wind 

turbine and PV generation are constrained as illustrated in Figure 7.39. The duty of active 

power generation curtailment between the two SSEGs is again equally shared. PVGA II 

instructs the PV generator to curtail generation from 1.5kW to a minimum of 0.5kW and 

the wind turbine generation from 1.2 kW to 0.5kW during the Voltage unbalance test. 

The maximum curtailment of each generator during the test is approximately 66%. It can 

also be seen in Figure 7.39 that after the reduction in wind generation, the curtailment on 

PV generation is released demonstrating the operation of the anti-integral windup 

algorithm of the UA. 
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Figure 7.39:  Active power export of wind turbine and PV generation during operation of UA– 

Voltage unbalance test 

7.9.3 Voltage unbalance agent implementation (PV and wind turbine 

generation agents and consumer demand agent) 

In this implementation, the voltage unbalance agent (UA) is deployed in conjunction with 

the second-stage generator agents (PVGA II and WGA II) and the second-stage consumer 

demand agent (CDA II) in the Experimental SSEZ. Figure 7.40 illustrates the 

collaborative operation of the second-stage PV generator agent (PVGA II), wind turbine 

generator agent (WGA II) and consumer demand agent (CDA II) to to ensure that voltage 

unbalance limits are observed. The gains of the direct and indirect agent gains are the 

same as in the previous section.  
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Figure 7.40  %VUF at remote end of Experimental SSEZ LV network with voltage unbalance agent, 

generator agents and consumer demand agent   – Voltage unbalance test 

To ensure that the defined percentage voltage balance limit is not reached requires the 

wind turbine and PV generation to be constrained and an increase in the controllable load 

as illustrated in Figure 7.41 and Figure 7.42. The duty of active power generation 

curtailment is again evenly shared between both SSEGs. PVGA II instructs the PV 

generator to curtail generation from 1.5kW to a minimum of 0.9kW and the wind turbine 

generation from 1.2 kW to just over 0.7kW during the Voltage unbalance test. The 

maximum curtailment of each generator during the test is approximately 40%. It can also 

be seen again in Figure 7.41 that after the reduction in wind generation, the curtailment 

on PV generation is released demonstrating the operation of the anti-integral windup 

algorithm of the UA. 
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Figure 7.41:  Active power export of wind turbine and PV generation when controlled by UA, WGA 

II, PVGA II and CDA II distributed control system – Voltage unbalance test 

In Figure 7.42 the effect of DSM controlled by CDA II is illustrated by the trace titled 

Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. It can be seen that CDA II does not switch in any 

controllable load until t = 420s through the test. This is because the load is connected in 

0.25kW steps and the calculated controllable load requirement was less than this.  

 

Figure 7.42:  Active power import of base load and base load and DSM when controlled by UA, WGA 

II, PVGA II and CDA II distributed system –Voltage unbalance test 
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7.9.4 Voltage unbalance agent implementation (Consumer demand 

agent and Energy Storage Agent) 

In this implementation, the UA is deployed in conjunctions with CDA II and ESA II on 

the Experimental SSEZ. Figure 7.43 illustrates the collaborative operation of these agents 

to ensure that voltage unbalance limits are observed. The gains of the direct and indirect 

agent gains remained the same as in the previous implementations.  

 

Figure 7.43:  %VUF at remote end of Experimental SSEZ LV network with UA, CDA II and ESA II  

– Voltage unbalance test 

As both ESA II, CDA II and UA operate collaboratively to ensure that the voltage 

unbalances are observed by increasing the power imported into the energy storage system 

and increasing controllable load. Thus no renewable energy is curtailed during this test as 

illustrated in Figure 7.44. 
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Figure 7.44:  Active power export of wind turbine and PV generation with distributed control system 

with UA, ESA II and CDA II  – Voltage unbalance test 

In Figure 7.45 the effect of DSM controlled by CDA II is illustrated by the trace titled 

Base Load and DSM. The load without the intervention of a distributed control system is 

illustrated by the trace titled Base Load. The energy imported by the energy storage 

system which is controlled by ESA II is illustrated by the trace titled Energy Storage. As 

the test progresses both ESA II and CDA II control energy storage and controllable load 

to ensure that the voltage unbalance limits are observed. However, some integral windup 

behaviour is observed as the energy storage and DSM both continue to import power after 

the voltage unbalance conditions disappear at the network connection emulator. 

 

Figure 7.45:  Active power import of load and energy storage unit with distributed control system 

with UA, ESA II and CDA II – Voltage unbalance test 
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7.10 Conclusion 

The development of the distributed control system based on the agent framework 

described in [14, 23-24, 103] is described in this chapter. The initial systems consisted of 

direct agents for generation, consumer demand and energy storage working on their own 

and collectively to reduce voltage rise on the system without any inter-agent 

communication. The agent functionality was then extended to include inter-agent 

communication to enable collaborative operation between the agents to mitigate voltage 

rise. To ensure that thermal and voltage unbalance limits were observed, indirect thermal 

and voltage unbalance agents (TLA and UA) were developed and integrated into the 

system using the inter-agent communication. These distributed control systems are 

capable of controlling SSEG, controllable load and energy storage so that the defined 

voltage, thermal and voltage unbalance limits are observed. 

As the distributed control system proposed in this chapter consists of autonomous agents 

the distributed control system can still continue functioning even if the inter-agent 

communications system fails. In addition, if any of the direct agents fail the system will 

continue to operate and ensure that voltage rise, thermal and voltage unbalance limits are 

observed. However, if either of the indirect agents fails then that functionality of the 

distributed control system would be lost even though the system would continue to 

control voltage in a distributed manner and would control the remaining network 

constraints using the relevant indirect agents. The resilience of the system could also be 

compromised if multiple agents reside on a single hardware platform. An example of this 

architecture would be the Microgrid centralised controller (MGCC) in which multiple 

agents are hosted [15-18]. However, as there are relatively few indirect agents proposed 

for an SSEZ the possibility of using an extra redundant set of indirect agents on another 

hardware platform is a possibility to increase reliability with consequent extra costs. 
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Extra SSEZ entities were easily accommodated into the distributed control system 

deployed on the Experimental SSEZ. It should be noted however that the gains of the 

local and system PI controllers in each agent may need to be changed as the penetration 

level of agent equipped SSEZ entities increased. If the gains chosen are too low initially 

the performance of the distributed control system could be sluggish. This would improve 

as more agent equipped SSEZ entities are added to the system. However, if too many 

entities are added it may result in the system becoming unstable. This is illustrated in 

Figure 7.16. 

The communications traffic in these agent based distributed control architectures, 

examined in this chapter, is a function of the number of agents that are deployed. The 

communications traffic is likely to be quite low, however as each agent transmits its own 

pseudo-frequency described earlier. Each agent however will need to be able to receive 

all the pseudo-frequencies from the other agents.  

The renewable energy export of each distributed control system is dependent on the 

method used to assign duty of mitigating the network constraint under consideration. It 

does not depend on the control system architecture. As controllable load and energy 

storage is integrated into the agent-based distributed control system in some of the agent 

implementations renewable energy curtailment is reduced to zero and is instead stored as 

thermal or battery based energy storage using the controllable load and the energy storage 

system.  

Due to time constraints operational goal functionality was not implemented in any of the 

distributed control systems. However, the introduction of an operational goal agent 

(OGA) based on the thermal limit agent (TLA) could be used to achieve this 

functionality. 
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The overall cost of a distributed control systems is difficult to determine. Each system 

will require dedicated measurement equipment to measure current flow near the network 

connection emulator to enable operation of the thermal limit agent and any operational 

goal agents that are deployed on the LV network. In addition, to control voltage 

unbalance, measurements are required at the remote end of the network. This could be 

achieved by using a dedicated three-phase measurement system located at the remote end 

of the network, as used in the Experimental SSEZ implementation, or by agents at the 

remote of the network which could be configured to transmit voltage data to the voltage 

unbalance agent. Communications are also required that will allow all SSEZ entities to 

transmit a pseudo-frequency and receive all pseudo-frequencies from the other agents. 

The cost of this communications system could be a major factor in assessing the future 

cost of these systems. It is possible however that no extra infrastructure may be required 

if existing communications infrastructure was employed. Another option may be to use 

Power Line Carrier (PLC) or WLAN modules which would be integrated into each 

hardware platform hosting the agents at each SSEZ entity. In addition, costs will also 

increase with the addition of each direct agent to the system as a hosting hardware 

platform together with interfaces to the communications system and the SSEZ entity. This 

cost however could be borne by individual customers as this system facilitates a “plug 

and play” infrastructure. 
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8 DISCUSSION  

8.1 Introduction 

The previous two chapters detailed the design and development of centralised and 

distributed control systems for the Experimental SSEZ which ensured that the defined 

voltage rise, thermal and voltage unbalance limits are complied with. A centralised 

control system has been defined previously to imply a control system located at the 

secondary distribution substation which acquires data from nodes throughout the LV 

network. A distributed control system by contrast consists of a number of independent 

devices or control systems that appear to its users as a single system [85-86]. In this 

chapter, the relative value of these control system architectures with regard to their 

deployment on an LV distribution network is investigated. 

The criteria for evaluation of the control system architectures are initially restated. The 

ability of centralised and distributed control system architectures to meet these 

requirements is then discussed, based on the work presented in the previous two chapters. 

Finally conclusions on the implementation of centralised and distributed control systems 

on LV distribution networks are drawn. 

8.2 Evaluation Criteria for Distributed Control System 

Architectures 

The following criteria are used to evaluate distributed and centralised control system 

architectures in the following sections: - 

• Ensure system operates within network constraints 

• Resilience and reliability 

• Scalability 
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• Communications requirements 

• Renewable energy output 

• Economic benefit to SSEG/ES/controllable load owners 

• Cost and complexity 

In order to facilitate evaluation of these networks in the context of evaluating the SSEZ 

concept, the UK generic LV network described previously is used to facilitate comparison 

between centralised and distributed control systems in an SSEZ [9]. In addition, to 

illustrate the differences in the implementation of centralised and distributed control 

systems, from a cost and complexity point of view, a generic European LV network is 

introduced for comparison [36]. These generic networks are illustrated Figure 8.1. More 

details on these generic LV distribution network can be found in Appendix B-3. 
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 (UK)    (European) 

Figure 8.1:  UK Generic and European Generic Network Models 

8.3 Ensure System Operates within Network Constraints 

Centralised and distributed control systems were developed that were able to mitigate 

voltage rise, thermal and voltage unbalance limit violations. In the centralised control 

system, in order to reduce the number of measurements, assumptions were made 

regarding the operation and distribution of load and generation of the LV network. The 

centralised evaluation program was used to investigate the limitations of these 

assumptions. The assumptions include: - 
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1. LV network is balanced. 

2. Voltage at network connection is constant. 

3. Load and generation is distributed evenly across the network.  

4. Voltage rise is greatest at the remote end. 

5. Thermal limit violations occur first at the cable section emanating from the 

network connection. 

6. Voltage unbalance is greatest at the remote end. 

The first four assumptions are used to determine voltage rise. It was shown in chapter six, 

however, that each of the first three of these assumptions may not be valid under certain 

conditions. This could result in voltages that exceed the defined limits of the system. 

However, these conditions are worst case scenarios and in an LV distribution network 

many of these assumptions are likely to be valid under normal operating conditions.  

A distributed control system overcomes the lack of measurements from a point of view of 

voltage rise as each agent has local voltage measurement which is integrated into the 

control system. However, in common with the centralised control system the thermal 

limit and voltage unbalance limit agents are effectively centralised unless multiple 

thermal and voltage unbalance agents are deployed on the system. 

8.4 Resilience and Reliability 

Failures in centralised control systems’ hardware, communications or software may result 

in the malfunction or complete failure of the centralised control system. This risk can be 

reduced in some instances by using redundant systems. However, the failure in the 

communications system of SSEG entities such as generation, energy storage or 

controllable load would not be likely to result in the failure of the system. The addition of 

these systems can increase the cost of the system. The distributed control system in 
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contrast described in chapter seven utilises autonomous agents that are able to continue 

mitigating voltage rise even if the inter-agent communication system fails. Moreover, if 

some of the direct agents fail the functionality of the system is not affected.  

To illustrate the differences in the operation of each of these control systems it is worth 

considering the UK generic LV distribution network. In order to assess the reliability of 

both control systems the principal elements of each control system are considered using 

the architectures described in the previous chapters and the loss of each of these elements 

to the functionality of the control system is considered. When each of these systems are 

applied to the UK generic LV network there are 96 SSEGs. The centralised control 

system has individual control of each SSEG and similarly each SSEG in the distributed 

system is equipped with a GA. 
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Centralised Control Distributed Control 

Control System 

Element 

(No. Of elements) 

Failure operation  Control System 

Element 

(No. Of elements) 

Failure operation  

Voltage rise sensor 

and communications 

(1)  

Failure of voltage 

control subsystem 

Generator Agents 

(GAs) and 

communications (96) 

Loss of collaborative 

operation of single 

SSEZ energy element, 

voltage control 

functionality retained 

Thermal limit sensor 

and communications 

(1) 

Thermal limit control 

subsystem failure 

Thermal Limit Agent 

(TLA) and 

communications (1) 

Thermal limit control 

failure 

Voltage unbalance 

sensor and 

communications (1) 

Voltage unbalance 

control subsystem 

failure 

Voltage Unbalance 

Agent (UA) and 

communications (1) 

Voltage unbalance 

control failure 

Communications 

system 

System failure Communications 

system 

Voltage control still 

available. 

Communications to 

SSEZ energy element 

(96) 

No control of SSEZ 

energy element 

 

Central controller (1) Complete system 

failure 

 

Table 8.1:  Resilience and reliability comparison between centralised and distributed control systems 

using UK generic LV network 

The table above illustrates the similarities and the differences in the failure modes of both 

control systems. However, it can be seen that the centralised control system is more 

vulnerable to failure of any of its elements. In particular, a fault in the central controller 

may result in the failure of the entire control system. In contrast, if the communications 
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system fails completely in the distributed control system, voltage control which has been 

shown to be the most onerous of network constraints in LV systems, remains while the 

centralised control system fails. 

8.5 Scalability 

As both the centralised and distributed control system developed for the Experimental 

SSEZ are based on proportional and integral feedback control loops their response to the 

addition of extra generation, energy storage and controllable load systems have 

similarities.  

Large changes in the penetration level or distribution of SSEGs affects the operation of 

both centralised and distributed control systems if no modifications are made to the 

control algorithm. It was found that the gains of the controller may need to be modified. 

An approach to solving this problem is to ensure that the system gains are low so that the 

addition of substantial amounts of controllable SSEZ entities does not result in oscillatory 

or unstable operation. This would result in a system that could have sluggish operating 

characteristics and if too many SSEZ entities are added the control system operation may 

become unstable.  

In an actual SSEZ implementation it would be necessary to update these gains either 

manually or automatically as extra SSEGs are added. In addition, communications links 

between the central controller and the new SSEGs, controllable load or energy storage 

unit would also need to be made.  

In the distributed control system a utility agent, as previously described in the agent 

framework, and an inter-agent communication system that is more complex than is 

proposed could be easily designed to provide this functionality. 
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8.6 Communications Requirements 

Communications traffic for centralised and distributed control architectures in an SSEZ 

are very different. In the centralised control system all communications need to be routed 

through the central controller. By contrast a distributed controller is likely to use a bus 

communications system such as IEC 61850 [154] over an Ethernet communications 

network [155]. 

The primary requirements for communications in the centralised control system are data 

acquisition from a limited number of locations and a centralised generation curtailment, 

energy storage import or export and load control signal. Extra communications could also 

be useful in determining control system actions which include available generation 

capacity, energy storage capacity and availability of controllable load. These would 

increase the communications requirements but may improve the operation of the system.  

The communications system in the distributed control system described in chapter seven 

is a function of the number of agents that are deployed but the only information that is 

uploaded onto the communications bus is the pseudo-frequency but all agents need to be 

able to access all the pseudo-frequencies. This requirement could be eliminated either by 

introducing an arbitration system within the communications protocol or introducing 

another agent that reads all the pseudo-frequencies and then uploads the highest pseudo-

frequency onto the communications bus. 

To illustrate the differences in the operation of each of the communications systems in 

distributed and centralised control systems it is again worth considering the UK generic 

LV distribution network shown in Figure 8.1. Each of the control system functionalities 

are reviewed with respect to their communications requirements. As in the investigation 

into resilience and reliability of the control systems 96 SSEGs are connected to each 
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network. The centralised control system has individual control of each SSEG and 

similarly each SSEG in the distributed system is equipped with a GA. 

Control Function Centralised Distributed 

 Send  Receive Send Receive 

Voltage rise 96 1 0 (961) 0 (11) 

Thermal limit 96 1 1 12 

Voltage unbalance 96 1 1 12 

Table 8.2:  Communications requirements comparison between centralised and distributed control 

systems using UK generic LV network 

The table above illustrates how the distributed system can reduce the communications 

requirements as the decisions regarding voltage can be made locally. In addition, as 

voltage rise has been shown previously to be the most onerous of the technical constraints 

and which requires the most immediate action as defined in [29] the ability of the 

distributed control system to control voltage without communications would result in a 

reduction in the bandwidth required in the communications systems. 

8.7 Renewable Energy Output 

The distributed control system, which utilised energy storage and controllable load to 

mitigate voltage rise, thermal limits and voltage unbalance, resulted in the largest 

renewable energy output during the testing program, as no generation was curtailed. 

                                                 

 

1 If the system is operating in an entirely distributed manner no communication is necessary to control 

voltage. However, to enable collaborative operation communications are necessary to enable interaction 

between the agent controllers and therefore all voltage controlling agents may send signals. 

2 All generator agents only need to receive a single communications signal, which is the highest pseudo-

frequency on the system described in chapter seven. 
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However, these systems could also be used in conjunction with the centralised control 

system.  

A distributed control system, similar to that described in chapter seven, may have limited 

flexibility with regard to apportioning the duty of mitigating the network constraints. This 

was shown to be particularly important when voltage and voltage unbalance limits violate 

their limits, as reducing generation at the remote end of a radial feeder has a greater effect 

than reducing generation that is located nearer the network connection. This was 

illustrated in chapter seven when curtailing wind generation output to control voltage 

below the defined limits required a 40% reduction in overall renewable generation. When 

the duty of controlling the voltage was divided equally between the PV and wind turbine 

generation a reduction of 48% in overall renewable generation was required to control the 

voltage within the defined limits. The contribution of each agent controlled system is 

therefore fixed unless, as in the case of energy storage or controllable load, the SSEZ 

entity is unavailable to take part in the control action.  

In the centralised system each SSEZ entity can be controlled independently by the central 

controller. As a centralised control system could have access to information on the status 

of the SSEZ entities, it is likely that the decisions regarding coordinating generation, 

energy storage and controllable load could provide a better overall solution than a 

distributed control system.  

In summary, while the renewable energy export can be the same from both architectures, 

a distributed control system, with a limited communications system, may not provide as 

much flexibility when determining the contribution from each SSEZ entity to the 

operation of the system. 



 

213 

8.8 Economic Benefit to SSEG/ES/Controllable Load Owners 

Renewable energy export and off-setting local load are the primary advantages of SSEG 

for individual consumers. In addition, as proposed in chapter three, each participating 

SSEZ entity owner is compensated in proportion to their generation/storage/consumption 

capacity. This implies that the economic benefit to the owner of a controllable load of 

1kW which is activated for ten minutes receives the same financial compensation that the 

owner of an SSEG who reduces his generation by 1kW for ten minutes. 

Both architectures are capable of interacting with generation, energy storage and 

controllable load to mitigate network constraints and achieving operational goals. A 

purely distributed approach to voltage control where no communications or collaboration 

between agents was enabled was discussed in chapter seven. In this case the possible 

owner of the wind turbine generator would be exporting between 83-95% less renewable 

generation at the end of the Steady-State Voltage Rise Test depending on the gains used in 

the first stage agents. In contrast, the owner of the PV generator had power curtailed by 

between 0-15% depending on the gains used during the same test.  

However, a more distributed approach may offer some advantages for maximising the 

economic benefit for owners of SSEZ entities as each direct agent would be hosted on an 

intelligent hardware platform located at the SSEZ entity. This offers the possibility of the 

consumer interacting with a more advanced version of the direct agents proposed in 

chapter seven in a way that could maximise their economic benefits. In contrast, this 

functionality may prove to prohibitively difficult and expensive in a centralised system 

where all the individual user data would need to be processed by the centralised 

controller. 
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8.9 Cost and Complexity 

As it is speculative to estimate at present what the cost of each of the control elements of 

both systems may cost if they reach production, it is proposed to compare them simply in 

terms of complexity. This is assessed by determining the number of elements that are 

likely to be in each control system considering both systems proposed in chapters six and 

seven are deployed on the UK Generic LV network and the European Generic LV 

network. 

 UK Generic LV Network European Generic LV Network 

 Centralised Distributed Centralised Distributed 

Voltage rise, voltage unbalance 

and thermal sensors and 

communications 

3 2 3 2 

Communications system 96 dedicated links 1 bus 6 dedicated links 1 bus 

Controllers 1 central controller 96 direct agents 

+ 2 indirect 

agents 

1 central controller 8 direct agents + 

2 indirect agents 

Table 8.3:  Complexity comparison between centralised and distributed control systems in the UK 

and European Generic LV Networks 

It can be seen from Table 8.3 that while the distributed control system has many more 

controller/agents many of these agents are very similar. In addition, a single bus 

communications structure is feasible to implement control. The centralised controller has 

dedicated communications and control links to each SSEZ entity. This seems like a 

reasonable option when only 6 larger SSEZ entities are controlled as in the case of the 

European generic LV network. However when larger numbers of SSEZ entities are 

deployed as in the case of the UK generic LV network this option may become 

prohibitively complex. 
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In addition to the complexity, the cost of implementation would also depend on the 

existing infrastructure, the LV network, and the size and distribution of the SSEZ entities. 

Moreover, one must also consider the future cost of adding extra SSEZ entities. 

Centralised control systems can consist of simple current sensing system which estimate 

parameters around the network based on these measurements and a small number of large 

generators, energy storage units and controlled load integrated into the system. Extra 

measurements could be incorporated into the system along with extra SSEZ entities but 

this could require changes to the control algorithm to accommodate these changes which 

is likely to be costly. However, if these upgrades of the system can be carried out in a 

modular way it would control these costs. In addition, as extra SSEZ entities and 

measurements are added this may also require extra dedicated communications links. A 

distributed control system would not require this and an extra SSEZ entity could be added 

to the communications bus. An extra cost associated with the deployment of a distributed 

control system is the requirement for a hosting hardware platform for each direct agent 

together with interfaces to the communications system and the SSEZ entity. This cost, 

however, as stated previously could be borne by individual customers as this system 

facilitates a “plug and play” infrastructure.  
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9 CONCLUSIONS 

This chapter describes the conclusions that have been drawn as a result of this research. 

Finally, future work is proposed that could augment the value of this research. 

9.1 Conclusions 

It has been shown that many of the initial requirements for the development of an LV 

distribution network laboratory were met during the development by this author of the 

Experimental SSEZ at Durham University. The Experimental SSEZ had power balance 

and frequency regulation functionality provided by the network connection emulator. The 

LV network is radial and tapered with industry standard inverters to connect the SSEG 

emulators. The data acquisition systems is capable of measuring the phase and magnitude 

of voltages and currents on all three-phases. The system is therefore able to measure 

voltage unbalance also. In addition, the LabVIEW™ based control system infrastructure 

enables the investigation of both centralised and distributed control algorithms. Some 

limitations of the system were identified during the course of the research. An example of 

this is the behaviour of the synchronous machine of the network connection emulator 

which is different in a number of ways to that of an MV/LV distribution network 

transformer. The LV network of the Experimental SSEZ is much smaller in comparison 

to an LV distribution network and much fewer SSEGs are deployed than in the projected 

future scenarios. In addition, the load emulator of the Experimental SSEZ operates in 

250W steps and is incapable of emulating phase or harmonic distortion effects. However, 

the main objective for the development of the Experimental SSEZ, which was to enable 

the development of control system architectures for the SSEZ concept, was enabled. 

In the centralised control system development a number of strategies for controlling 

voltage rise were investigated. PI using anti-integral wind-up algorithms were chosen to 
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provide feedback control in the final implementations of these systems as these provided 

the best performance. Voltage rise, thermal limit and voltage unbalance control 

capabilities were integrated into this centralised control system. Anti-integral wind-up 

algorithms were also chosen and successfully implemented in the algorithms for the 

agents used in the distributed control system. The distributed control system also 

integrated voltage rise, thermal limit and voltage unbalance control. 

It was shown that the centralised control system is more vulnerable to failure of any of its 

elements. In particular, a fault in the central controller may result in the failure of the 

entire control system. In contrast, if the communications system fails completely in the 

distributed control system, voltage control capability which has been shown to be the 

most onerous of network constraints in LV systems, remains while the centralised control 

system fails. 

Both of the control systems investigated in this work exhibited a capability to integrate 

extra SSEZ entities into the control systems. However, it was shown that the projected 

incremental growth in SSEG penetrations in future LV distribution networks is more 

suited to a distributed control architecture rather than a centralised one. 

In chapter seven it was demonstrated how the distributed system can reduce the 

communications requirements as the decisions regarding voltage can be made locally. In 

addition, as voltage rise has been shown previously to be the most onerous of the 

technical constraints and which requires the most immediate action as defined in [29] the 

ability of the distributed control system to control voltage without communications would 

result in a reduction in the bandwidth required in the communications systems. 

The renewable energy export can be the same from both architectures, a distributed 

control system, with a limited communications system infrastructure, may not provide as 



 

218 

much flexibility when determining the contribution from each SSEZ entity to the 

operation of the system. 

The distributed approach may offer some advantages for maximising the economic 

benefit for owners of SSEZ entities as each direct agent would be hosted on an intelligent 

hardware platform located at the SSEZ entity. This offers the possibility of the consumer 

interacting with a more advanced version of the direct agents proposed in chapter seven in 

a way that could maximise their economic benefits. In contrast, this functionality may 

prove to prohibitively difficult and expensive in a centralised system where all the 

individual user data would need to be processed by the centralised controller. 

Cost and complexity is the most difficult of the control system architecture criteria to 

assess because this encompasses almost all the other criteria. As well as the reasons 

described in the legislative framework that could exist to incentivise the deployment of 

SSEG, energy storage and controllable load in an SSEZ or controllable energy zone are 

difficult to predict. However, it is possible that a simple centralised control system 

presiding over an LV network with fewer, larger SSEG with larger consumers and where 

the addition of further generation is likely to be slow may prove to be a more economical. 

In contrast, a dynamic, rapidly evolving LV network with large numbers of existing and 

possibly future SSEGs might be better served by an agent-based distributed control 

system architectures.  

Therefore, in each case load, generation and the configuration of the LV distribution 

network must be considered on its merits when deciding which control architecture to 

adopt. This research, therefore, should be useful in informing design decisions when 

developing and implementing an active distribution network management system on an 

LV network. A summary of the assessment of the centralised and distributed control 

system architectures is given in tabular form in Table 9.1. 
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Evaluation Criteria Centralised Distributed 

Ensure system operates within network 

constraints 

Can ensure satisfactory operation  Can ensure satisfactory operation 

Resilience and reliability Many sources of system failure. 

Central controller or communications 

can result in non-operation of the 

system. 

Robust system, voltage control can 

be maintained without any 

communications or if some 

Generator Agents fail. 

Scalability Does not easily facilitate expansion, 

modular approach can help. 

Facilitates easy expansion and “plug 

and play” operation. Agents need 

communications to ensure stable 

operation. 

Communications requirements Large communications requirements 

if many SSEZ energy elements are 

present on the system. 

System can still maintain critical 

voltage control functionality even if 

communications fail. 

Renewable energy output Localised decision making and/or 

limited communications may reduce 

renewable energy output. 

System flexible enough to maximise 

renewable energy output whilst 

ensuring network constraints are 

adhered to. 

Economic benefit to 

SSEG/ES/controllable load owners 

Intelligent distributed controllers 

could maximise the economic benefit 

for each owner. 

Developing a customised controller 

that processes the requirements of 

each owner could be prohibitively 

complex and expensive  

Cost and complexity Less complex and probably costly 

system when fewer SSEZ entities are 

in system. 

Less complex and probably costly 

system when a greater number of 

SSEZ entities are in system. 

 

Table 9.1:  Summary of assessment of centralised and distributed control system architectures 
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9.2 Future Work 

A number of limitations to the operation of the Experimental SSEZ LV network in 

comparison with actual LV distribution network have been identified. The addition of a 

transformer coupled to the synchronous machine of the network connection emulator 

would be a more accurate representation of a distribution network transformer.  

The load system at present is resistive which is in contrast to the load on LV distribution 

networks which import reactive power as a result of phase and harmonic distortion of the 

load. In addition, while generation is distributed over a number of locations on the 

Experimental SSEZ LV network, controllable load is installed at one node only. 

Therefore, the addition of a number of three-phase load systems capable of importing or 

exporting reactive as well as real power would improve the evaluation of the control 

system architectures and enable the transformation described in Appendix H to be used in 

a larger number of real world scenarios. Another option, to augment the capabilities of the 

Experimental SSEZ is to introduce a Real Time Digital System Simulator (RTDS®) or a 

VPS (Virtual Power System) [156-157]. The LV distribution network topology, 

distribution of load and generation could also be changed in order to increase the 

coincidence between the Experimental SSEZ and the UK and European generic LV 

networks. 

Finally, in order to fully realise the centralised and distributed control systems on the 

Experimental SSEZ more computing power is required. Improvements to the available 

bandwidth of data acquisition systems would also facilitate analysis of the harmonics 

introduced into the system. As mentioned earlier in the work the deployment of control 

systems, data acquisition and emulation was straining the capacity of the host PC 

platform. This could be realised by the addition of extra PCs to handle the control system 

rather than multi-tasking on one host PC. Another advantage of this approach would be 
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that each SSEZ energy entity could have a dedicated controller which would facilitate the 

investigation of distributed control systems.  
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Appendix B EXPERIMENTAL REQUIREMENTS FOR 

INVESTIGATION OF SSEZ CONCEPT 

Appendix B-1 Introduction 

Intelligent active distribution network control architectures and techniques, as outlined in 

the chapter three, have different definitions depending on the network topology, the rating 

and mixture of distributed generation, operational aims and their specific controller 

implementations.  

However, before centralised or distributed control algorithms can be implemented in 

actual networks it is useful to implement them in laboratory emulation facilities. The role 

of these facilities in all cases is to: -  

1. Assess the impact of SSEGs on distribution networks.  

2. Validate models.  

3. Implement, test and refine the control algorithms developed during research 

programs.  

The first of these roles can also be investigated through simulation. However, simulations 

are limited by the mathematical approximations of the models used in each study which 

require validation. LV distribution networks and LV network emulation laboratories use 

physical LV networks, with power converters and small scale generation in contrast to 

simulations of LV distribution networks. 

However, the validation and implementation of control algorithms on an actual 

distribution network could cause considerable disruption to both network operation and 

service to customers, therefore electricity operators are very slow to implement a testing 

program that might jeopardise supply to customers. Moreover, as real SSEG and load 

customers are connected to distribution networks, repeatable tests will be impossible to 
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implement. This is in contrast to SSEG emulation based LV network emulation 

laboratories.  

This section will initially describe and illustrate the advantages of emulation in the 

development of LV distribution network laboratories. This is followed by an investigation 

into the requirements for each element of an LV distribution network laboratory 

considering proposed future generic LV networks with large concentrations of SSEG, 

energy storage and controllable load, data acquisition systems and the development of 

active network control infrastructure compatible with the SSEZ concept. In order to fully 

exploit the advantages accruing from laboratory test facilities they need to be designed to 

reflect, as much as possible, the nature of the envisaged future active distribution 

network.  

Appendix B-2 Emulation 

LV distribution network laboratories, in this work, are defined as scaled versions of LV 

networks with less generation, energy storage and load and with a much smaller electrical 

network. In addition, if accurate data is available the other constituent network 

components may also be emulated. An example of this would be to use a virtual machine 

[158] to mimic the operation of a specific small scale wind turbine and synchronous 

generator in a particular wind scenario. The output of the virtual machine could then be 

rectified and inverted using commercial products preserving the accuracy of the system. 

In addition, to the power system modelling, control systems and signals also need to be 

modelled accurately if a realistic representation of the system is to be achieved. In 

contrast to simulation, emulation laboratories use actual signals and a real control system.  
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LV distribution network emulation laboratories therefore are powerful tools to enable 

investigation of large penetrations of SSEG and the control systems that will mitigate the 

undesirable effects of high penetrations of SSEG and augment their value.  

Appendix B-3 LV Network Topology  

In this research two generic LV distribution network models that have been used as 

benchmark future distribution networks are considered. The first one is based on a typical 

UK urban distribution network model illustrated in Figure B-1, as approved by UK DNOs 

[41] and is referred to in this research as the UK generic LV network [9]. The second LV 

distribution network model based on the benchmark LV MicroGrid network, is a radial 

suburban LV distribution network [36]. The benchmark LV MicroGrid network has been 

adopted as a benchmark LV system by CIGRE TF C6.04.02: “Computational Tools and 

Techniques for Analysis, Design and Validation of Distributed Generation Systems” and 

is also illustrated in Figure B-1. These are not actual networks and are instead networks 

designed to capture the salient characteristics of the LV distribution networks of the UK 

and Europe. 

The UK generic LV network proposed in [9] refers to the connection of SSEGs on just 

one 0.4kV substation of the distribution network in [41]. The entire LV network in this 

system consists of four radial 300m long feeders of underground cable distribution system 

serving 384 evenly-distributed customers [41]. 

This benchmark LV MicroGrid network comprises of a single 20/0.4kV 400kVA ground-

mounted distribution transformer and three 0.4kV outgoing feeders: one residential, one 

industrial and one commercial. The residential feeder is in total 350m long and supplies 

14 single-phase and 12 three-phase connected customers. The industrial feeder is 200m 

long and supplies a three-phase connected workshop, while the commercial feeder is 
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330m long and supplies 15 single-phase and 2 three-phase connected customers. 

Customers are not spread uniformly throughout this network and are connected with 

different service cables, which are typically 30m long. The residential feeder is defined in 

this work as the European generic LV network [9]. 

 

 (UK)    (European) 

Figure B-1:  UK Generic and European Generic Network Models 

Ideally, an LV distribution network emulator should consist of three-phase networks 

which are tapered and are of radial construction as in the generic LV networks. The 

network connection emulator should be able to emulate the action of a transformer and 
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provide power balance to the LV system. The UK generic LV network has a uniform 

distribution of generation and load whereas the European generic LV network does not. 

As actual LV networks are non-uniform the LV network of the emulator should facilitate 

different distribution of load and generation. In addition, the system network impedances 

should be chosen judiciously to ensure that measured voltage and voltage unbalance 

deviations are large enough to facilitate measurement during changes in load or 

generation on the system. 

Appendix B-4 Generation Technologies 

A single-phase generator believed to be typical of the size of domestic generator in 

development has been previously modelled at each house in the UK generic LV network 

resulting in a uniform distribution of SSEG. This generator has an output of 1.1kW 

operating at power factor of 0.95 lagging or unity [41] which is comparable to some 

commercially available dCHP units [47]. 

The largest generator in the benchmark European generic LV network is a 30kW three-

phase microturbine connected approximately 105m along the LV feeder via a 105m 

lateral. Four 2.5kW single-phase photovoltaic generators are the smallest generators on 

the system and are distributed unequally among the three phases. These are located 

approximately 175m along the LV feeder. In addition, there is wind turbine generation 

and a fuel cell at other nodes within the system. Generation is therefore not uniformly 

distributed both in terms of phase and geographical distribution on this LV network. No 

data is available on the power factor of the generators in the system and therefore unity 

power factor is assumed. 

In the UK, regulations exist that ensure that power is connected to the LV network at 

power factor of between 0.95 leading and 0.95 lagging [1]. Many SSEGs require inverter 



 

B-6 

interfaces or, in the case of some dCHP units, single-phase induction motors with a 

capacitor supplying the reactive power requirements, to connect to the LV distribution 

network. 

The generation in an LV distribution network emulator should ideally include inverter 

coupled single-phase and three-phase generation emulation. All currently important or 

emerging SSEG sources should be available; wind, photovoltaic and fuel cells [36]. In 

addition, single-phase, induction machine coupled dCHP could also be included in the 

system. Accurate emulation enables repeatable testing under a wide variety of conditions 

independent of weather conditions. Ideally, actual SSEG systems should also be included 

for validation of the generation emulation systems. 

Appendix B-5 Load  

In the UK generic LV network maximum and minimum domestic load figures were taken 

from Electricity Association sources, which state that the minimum and maximum 

demand figures of each domestic single-phase load are 0.16kVA and 1.3kVA After 

Diversity Maximum Demand (ADMD) respectively at a power factor of 0.95 [26]. The 

load is evenly distributed throughout this LV distribution network. An actual LV 

distribution network however would not have load evenly distributed and therefore this is 

not realistic. 

The distribution of load in the European generic LV network is non-uniform. Load 

figures based on standardized coincidence factors for residential, industrial and 

commercial customers were used, as described in [36]. The power factor of the loads is 

assumed to be 0.85 lagging. The total maximum demand is 272.1kW, or 68% of 

transformer capacity, while the total minimum demand is 85.2kW, equal to 21.3% of 
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transformer capacity. The load is unevenly distributed though the network both in terms 

of position on the radial network and phase [36]. 

The reactive power due to load in both models is assumed to be due to phase distortion. In 

practice this is not true, as low power factor may also be due to harmonic distortion 

caused by load characteristics outlined in chapter two. The expected continued increase in 

home appliance load and loads supplied using switched mode power supplies (SMPS) are 

likely to result in their continuous increase in their share of future load. While in the 

commercial sector load attributable to air conditioning units is likely to increase its share 

of the load mix. 

The load in an LV distribution network emulation laboratory should therefore consist of a 

number of sophisticated load emulators which would seek to emulate, on a smaller scale, 

the operation of the aggregated effects of the different categories of load at different 

points on the network. The load emulator therefore would need to be able to emulate the 

phase and the harmonic distortion associated with each load category. In addition, a set of 

actual household loads which could be easily connected to the system could be utilised to 

investigate the interaction between these systems and actual SSEGs. 

Appendix B-6 Energy Storage Technologies 

Energy storage is not included in the UK generic LV network. In the European generic 

LV network a centralised central storage unit is considered [36]. This is to facilitate 

islanded operation by providing balance of power and frequency regulation within the LV 

network. It should be noted however, that these facilities may also be provided by a 

number of local energy storage units with a decentralised balance of power and frequency 

regulation control system [120]. In addition, the probability of large distributions of 

domestic fuel cells, EVs or PHEVs on LV networks also providing energy storage in 
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future distribution networks would indicate that distributed energy storage would be 

useful for an LV distribution network emulator. ESUs can operate as generators as well as 

loads and therefore inverter coupling devices must observe the same connection 

requirements as SSEGs [1]. 

Appendix B-7 Data Acquisition Systems 

The data acquisition system for an LV distribution network emulation laboratory must be 

able to accurately determine the parameters associated with the network constraints 

identified in chapter two. The data acquisition system therefore should be able to measure 

root mean squared (RMS) voltage and current on each phase of the LV network and at a 

number locations within the network as identified in Figure B-1 but in particular at the 

remote end and at the network connection point. In addition, the system should also be 

able to accurately detect phase difference between all voltage and current waveforms 

relative to a reference waveform.  

Appendix B-8 Active Network Control Infrastructure 

The LV distribution network emulation laboratory should provide a platform to develop 

centralised and distributed control algorithms in grid connected operation. The centralised 

and distributed control algorithms, when adequately designed, should be able to interact 

with SSEGs, ESUs and controllable load to return the network to satisfactory operation 

within the defined limits following a disturbance to the system. 
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Appendix C REVIEW OF EXISTING LOW VOLTAGE 

DISTRIBUTION NETWORK EMULATION 

LABORATORIES 

Appendix C-1 Introduction 

In order to satisfy the experimental requirements for the design of an active, LV 

distribution network laboratory, a review of existing network emulation laboratories is 

required to determine the state-of-the-art in this area. A number of laboratory test 

facilities, whose objective being proof of concept of active distribution network control 

systems, have been reviewed previously [15, 120, 123-124, 159-163]. Many of these 

facilities are primarily concerned with three-phase distributed generating units rather than 

single-phase SSEGs that are central to the SSEZ concept. However, European 

laboratories at NTUA [120-121, 164-165] in Athens, Greece, DeMoTec [120-121, 164-

166] at Kassel, Germany, Labein’s Experimental Centre in Bilbao, Spain [164-165, 167], 

and the SYSLAB at Risø, Denmark [168-169] are useful for comparison. In addition, UK 

laboratories, NaREC’s EnergyLINK Laboratory [7, 142] in Blyth, Northumbria and the 

University of Manchester Microgrid/Flywheel energy storage prototype [120-121, 164-

165], are also considered in this investigation. These laboratory facilities are evaluated 

with reference to the following criteria: - 

• LV Network Topology 

• Generation technologies 

• Load 

• Energy Storage Technologies 

• Data Acquisition Systems 

• Active Network Control Infrastructure 
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This approach is taken to be consistent with the requirements for the LV distribution 

network emulation laboratory proposed in Appendix B. 

Appendix C-2 MicroGrid Test Facility at NTUA (Athens) 

At NTUA a single-phase grid connection provides power balance during normal 

operation [120-121, 123, 164-165]. The LV network topology is single-phase with a relay 

to switch between islanded and grid connected operation [121]. 

Small-scale wind and PV generation are coupled to the single-phase LV network via G83 

compliant inverters but no SSEG emulation facilities exist [120-121, 123, 164-165]. The 

laboratory scale microgrid system uses a selection of household loads, which are 

controlled by a programmable logic controller (PLC) system. This PLC system is 

interfaced with the MAS system deployed in this laboratory [120-121, 164-165]. 

Lead acid batteries in conjunction with another inverter, is used to provide energy storage 

capability at this facility [120-121, 164-165]. 

Each inverter has an RS232 serial communications link to a PC running WinCC [170] 

and LabVIEW™ [137] programming environments [120-121]. This is possible as a 

proprietary OPC (OLE for process control where OLE represents Object Linking and 

Embedding) server is available to interface with the SMA inverters. These inverter 

systems provide measurements of the parameters of the battery, PV and wind turbine 

systems (voltage, current and frequency, state of the batteries etc.). 

In addition to this data acquisition functionality, the RS232 serial communications 

enables online modification of the parameters of the battery inverter droop controller 

[120-121]. The active and reactive power import/export can therefore be regulated. Due 

to the communications limitations of this system it has been observed that new set points 

can be sent no quicker than every 5 seconds. Finally, a controllable load is coupled to the 
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LV network, which is implemented using various load types and a relay panel controlled 

manually, by a Programmable Logic Controller (PLC) or a PC-Card [120-121, 164-165].  

Appendix C-3 DeMoTec (Kassel) 

DeMoTec features a three-phase multiple bus system where load, generation or energy 

storage can be easily configured into various power system topologies. In addition, an 

MV network emulator is provided, known as the Distribution System Simulator, where 

impedance values can be varied to investigate different lengths and types of conductors. 

In addition, a three-phase synchronous machine coupled to a DC machine and drive rated 

to 80kVA can be used to emulate the network connection. This system is capable of 

supplying the LV network at 50Hz or 60Hz. Two MV/LV transformers, rated at 400kVA 

and 175kVA, connected on the MV side to the utility grid, are also available which 

provide power balance to the system [120-121, 123, 164-166]. 

Actual PV and dCHP systems can be used to export power to the LV network. 

Furthermore, the system also features a 5kW wind turbine emulator [120-121, 123, 164-

166] to enable repeatable testing. 

A workshop with typical loads like refrigerators, lighting, a pump drive, drilling 

equipment and a welding machine is also available for connection to the LV network. In 

addition, load emulation of non-unity power factor loads is possible using combinations 

of resistive, inductive and capacitive elements. However, load harmonic distortion effects 

are not emulated by this system [120-121, 164-166].  

Fuel cells, lead acid battery banks and a flywheel are also available for connection to the 

LV network [120-121, 164-166]. 

Data acquisition is managed by specialist software for visualisation and industrial process 

control [120-121, 164]. The communication protocol for this system is an lnterbus-S 
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control line. To enable system monitoring a proprietary SCADA [125] system has been 

developed.  

The SCADA system also controls the generators. XML-RPC was selected as 

communication protocol between the generators themselves which is carried on a separate 

Ethernet system [120-121, 164]. In addition, a distributed controller designated Bi-

directional Energy Management Interface (BEMI) [171] is used to interface with 

domestic load, energy storage and generation utilising IEC 61850 [154] which is a 

standard for the design of substation automation systems, using a variety of 

communication systems such WLAN and Ethernet [171]. 

Appendix C-4 Labein Experimental Centre (Bilbao) 

At Labein, the µGrid Switchboard is used to connect any generator, load or energy 

storage unit to one of the three, three-phase LV busbars. An LV network emulator, known 

as the Line Simulator, is also available enabling the investigation into the effect of X/R 

conductor ratios on LV networks with high concentrations of SSEG. Power balancing is 

provided by 2 X 1250kVA transformers MV/LV transformers. In addition, a 110kVA 

network connection emulator is also available which enables the emulation of a variety of 

network conditions [164, 167].  

Actual PV and wind SSEG systems are available for connection to the LV network. The 

dCHP unit however is above the defined SSEG power levels [164, 167]. None of these 

systems are emulated. 

A system of computer controlled resistive loads are used to emulate the effect of load 

[164, 167]. A limitation of using resistive loads is that unity power factor load can be 

emulated only. 
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Ultra capacitors, lead acid battery banks and a flywheel are available for energy storage 

purposes [164, 167]. 

An integrated web-based platform known as the DRANETZ-BMI Signature System [172] 

that allows users to remotely monitor power systems in real time has been installed. The 

system enables measurement of hundreds power quality, energy and process parameters 

including half-cycle RMS triggering on voltage and current, current harmonic and inter-

harmonic measurement [167]. 

The control system is built around IEC 61850 [154] over an Ethernet communications 

network [155]. 

Appendix C-5 SYSLAB (Risø) 

The SYSLAB at Risø utilises a 45kVA back-to-back converter [173], acting as a network 

connection emulator, to provide power balance to the system and also provides flexibility 

in voltage and frequency settings [168-169]. Three sites are interconnected using an LV 

network with the distances from the middle site to the other two equal to 300m and 700m 

respectively.  

An 11kW small-scale wind turbine generator system and a 7kW PV system are also 

installed [168-169]. 

A lumped resistive load is used in conjunction with 10kW of time deferrable space 

heating load. Furthermore, this system is equipped with a small, freestanding office 

building, titled FlexHouse [107, 122]. This facility has been specifically designed to 

investigate active load management. The individual loads in the building are controlled 

by a central computer [122]. The combined peak load of the FlexHouse system is almost 

20kW.  
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A 120kWh, Vanadium Redox Battery (VRB) [82] with a maximum power output of 

15kW provides the primary source of energy storage at this site [168]. In addition, a 

hybrid electrical vehicle has been retrofitted with 9kWh of lithium iron phosphate 

(LiFePO4) battery cells and a charger to operate as a PHEV [122, 168]. 

Each component on the LV network is equipped with its own dedicated computer which 

includes a monitoring module. A high-speed communications network links all the 

computers in the system [168] to enable an integrated data acquisition system.  

All components in the grid are remotely controllable and locally supervised by a “node” 

computer associated with each unit or entity. A high-speed communications network 

connects all these nodes and together they form a distributed control platform 

infrastructure [122, 168] using the IEC 61850 protocol [154]. 

Appendix C-6 EnergyLINK Laboratory (NaREC, Blyth) 

A three-phase, configurable, multiple-bus system for connecting generation, energy 

storage and load is available at the EnergyLINK Laboratory at NaREC, Blyth, 

Northumbria. The laboratory also features a LV network emulator with variable 

impedances. A bespoke 145kW virtual machine [156], a 7.5kW virtual power supply 

[157] or the grid can be connected to any of the LV buses to provide power balance to the 

system and emulate the network connection. The virtual power supply and virtual 

machine can be used to approximate of the effect of power flows on the voltages of the 

terminals of a secondary distribution transformers. In addition, these systems are capable 

of operating at a variety of frequencies and voltages. 

Wind, PV and dCHP small-scale generation systems can be coupled to the LV network 

[142]. In addition, a 15kW linear generator for wave generation emulation is also 
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available for connection. Furthermore, the virtual power supply, described above could 

also be used to emulate three-phase small-scale generation [157]. 

Load facilities consist of domestic load simulator and also a resistive load bank [142] and 

a flywheel provides energy storage capabilities [142]. 

Voltage and current transducers providing galvanic isolation [139] are used in 

conjunction with a distributed high speed National Instruments™ [138] data acquisition 

system and LabVIEW™ [137]. This system is supplemented with an Ethernet based 

LabJack [174] system which integrates into the overall LabVIEW™ data acquisition 

system. No active network control infrastructure is installed at present. 

Appendix C-7 University of Manchester Microgrid 

Power balancing functionality at the University of Manchester Microgrid is provided by 

the flywheel and the three-phase laboratory supply, connected via a three-phase circuit 

breaker [121]. 

A computer controlled DC machine coupled to a three-phase synchronous machine is 

used to emulate SSEG. A limitation of this system is that the coupling to the LV network 

is with a grid synchronised three-phase, synchronous machine which is not seen as a 

likely interface for SSEGs [120-121, 123]. 

The laboratory utilises a selection of household loads to emulate the load of an LV 

distribution network [120-121] and the flywheel provides energy storage capability [120-

121]. 

A set of interface boards using current and voltage transducers [175] providing galvanic 

isolation have been developed in order to interface with a dSPACE® [176] system.  
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Simulink® [126] and dSPACE® [176] are used to provide a human hardware interface, 

control tasks within the active network and provide a platform to develop intelligent 

controllers within the system [120-121]. 
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Appendix D SUNNY ISLAND 4500 – REAL AND REACTIVE 

POWER CONTROL SYSTEMS 
The Sunny Island 4500™ has three basic operating modes. These are: - 

• Grid forming – in this mode the Sunny Island 4500™ keeps the voltage and 

frequency of the grid at a constant level. 

• Grid-tied – in this mode the Sunny Island 4500™ complies with the voltage and 

frequency that is defined by an additional component. This is typically the utility 

LV connection or a generator connection. 

• Droop mode – This is typically for islanded grid forming operation with other 

droop mode enabled generation units. In this mode the Sunny Island 4500™ 

varies the grid’s frequency with real power and the grid’s voltage depending on 

the reactive power requirements. In addition, it also controls the grid frequency 

depending on the condition of the associated battery system. 

The operation of the droop mode is illustrated diagrammatically in Figure D-1 [132, 135, 

177].  

Figure D-1:  Sunny Island 4500™ Frequency/Power and Voltage/Reactive Power Droop 

Characteristics 

These droop characteristics are analogous in operation to the droop characteristic of 

generating units in large-scale power systems where multiple generators participate in 

ensuring that the instantaneous active and reactive power balance within the system is 
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met. To illustrate this operation, consider a full-scale power system where there is a 

surfeit of generation. The generating machines will tend to speed up slightly resulting in 

an increase in system frequency. The governors on all the machines will react to this 

change and begin to reduce their output power in accordance with their droop 

characteristic reducing the surplus generation. Eventually, the frequency becomes stable 

and the power balance is restored within the system. 

The use of these droop characteristics in conjunction with the Sunny Island 4500™ at 

NTUA and at DeMoTec to facilitate islanded operation has been well documented [15, 

17-18, 136]. In this system a Sunny Island 4500™ or multiple units are used to balance 

active and reactive power in the system and also provide frequency regulation. The 

regulation of power import/export is described by (D.1). 

 0
ac nom

droop

f f
P P

f

 −
=   
 

 (D.1) 

Where: - 

f is the frequency of the LV network (Hz)  

f0 is the nominal frequency (Hz) 

Pnom is the nominal power rating of the Sunny Island 4500™ (kW) 

Pac is the required output power of the Sunny Island 4500™ (kW) 

fdroop droop frequency. If the system frequency deviates by this much from nominal 

frequency the Sunny Island 4500™ will supply/feed Pnom into the LV network 

(Hz) 

The parameter f0 can be set in the LabVIEW™ programming environment thus 

controlling the power flow in or out of the batteries. Similarly, control of reactive power 

flow exported or imported by the Sunny Island 4500™ can be implemented by changing 

the nominal voltage parameter. 
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The Sunny Island 4500™ is often used in three-phase applications where three sets of 

batteries are connected to three Sunny Island 4500™ inverters, one on each phase. To 

ensure charge equalisation between three battery banks in this system an extra offset is 

included into the droop characteristic. This offset is defined as a function of the State of 

Charge (SOC) and the state of the battery: - 

 ( 80%) 0.005 ( 7) 0.067f SOC BatState∆ = − × + − ×  (D.2) 

This offset is included in the compensated power control algorithm by adding ∆f to f0 

which is the nominal frequency to be used in calculations. 
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Appendix E EXPERIMENTAL SSEZ DATA ACQUISITION AND 

CONTROL SYSTEM 
 

Transducer 

Base  

SSEG 

Component 

Description 

No. of 

Signals 

Signal Description Rating 

A  
Network  

Emulator  
6  

3 X Line Voltages  

3 X Line Currents   

400V (Peak) 

70A (Peak)   

B  Load Bank  6  
3 X Line Voltages  

3 X Line Currents   

400V (Peak) 

70A (Peak)   

C  

Battery Bank 

and  

Inverter  

4  

1 X Line-Neutral Voltage  

1 X Line Current  

1 X 48V dc Voltage  

1 X 48V dc Current  

400V (Peak)  

70A (Peak)  

70V (DC)  

100A (DC)  

D  PV Emulator  6  
3 X Line Voltages  

3 X Line Currents   

400V (Peak) 

70A (Peak)   

E  
Wind Turbine 

Emulator  
6 

3 X Line Voltages  

3 X Line Currents   

400V (Peak) 

70A (Peak)   

F  dCHP Emulator  6  
3 X Line Voltages  

3 X Line Currents   

400V (Peak) 

70A (Peak)   

Table E-1:  Data acquisition signal summary 
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SSEZ 

Component 

Signal Description 

No. of Signals Signal Type Signal Control Voltage 

Load Bank 12 Digital Power Demand 0/5V 

PV 
Emulator 

1 Analogue Power Output 0->10V 

Wind 
Turbine 
Emulator 

1 Analogue Velocity 0->10V 

dCHP 
Emulator 

1 Analogue Velocity +/-10V 

Table E-2:  Control/Emulation system signal summary 

 

 

Figure E-1:  Current Transducer System 
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Figure E-2:  Voltage Transducer System 
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Appendix F EXPERIMENTAL SSEZ LV NETWORK 

IMPEDANCES 
 

 Node 

1 

Node 

3 

Node 

4 

Node 

5 

Node 

6 

Distance from Sync Machine 

(m) 

7 15 32 34.5 39.5 

Resistance (mΩ) (Estimated) 9.55 44 142.7 158.6 198.5 

Phase 1 (Sync machine to node) 

(mΩ) 

88 146 240 270 304 

Phase 2 (Sync machine to node) 

(mΩ) 

139 188 313 337 370 

Phase 3 (Sync machine to node) 

(mΩ) 

132 194 281 297 325 

Neutral (Sync machine to node) 

(mΩ) 

66 67 180 204 245 

      
Reactance (mΩ) (Estimated) 12.6 27 57.6 62.1 71.1 
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Appendix G INVESTIGATION INTO THE PASSIVE OPERATION 

OF THE EXPERIMENTAL SSEZ – COMPLETE 

RESULTS 

Appendix G-1 Voltage Variation and Regulation 

Appendix G-1-1 Scenario I - Balanced Load 

 

Configuration I      Configuration II 

Figure G-1:  Voltages at node 1 during zero generation and balanced load tests  

 

Configuration I      Configuration II 

Figure G-2:  Voltages at node 2 during zero generation and balanced load tests 
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Configuration I      Configuration II 

Figure G-3:  Voltages at node 5 during zero generation and balanced load test 

 

Configuration I      Configuration II 

Figure G-4:  Voltage regulation during zero generation and balanced load test 

Appendix G-1-2 Scenario II - Unbalanced Load (Phase A) 

  

Configuration I      Configuration II 

Figure G-5:  Voltages at node 1 during zero generation and unbalanced load (Phase A) tests 
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Configuration I     Configuration II 

Figure G-6:  Voltages at node 2 during zero generation and unbalanced load (Phase A) tests 

 

Configuration I      Configuration II 

Figure G-7:  Voltages at node 5 during zero generation and unbalanced load (Phase A) tests 

 

Configuration I     Configuration II 

Figure G-8:  Voltage regulation during zero generation and unbalanced load (Phase A) tests 
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Appendix G-1-3 Scenario III - Balanced Loading and Unbalanced 

Generation (Phase A) 

  

Configuration I      Configuration II 

Figure G-9:  Voltages at node 1 during generation and balanced load test 

  

Configuration I      Configuration II 

Figure G-10:  Voltages at node 2 during generation and balanced load tests 

  

Configuration I      Configuration II 

Figure G-11:  Voltages at node 5 during generation and balanced load tests 
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Configuration I      Configuration II 

Figure G-12:  Voltage regulation during generation and balanced load tests 

Appendix G-1-4 Scenario IV- Unbalanced Loading (Phase A) and 

Unbalanced Generation (Phase A)  

 

Configuration I      Configuration II 

Figure G-13:  Voltages at node 1 during generation and unbalanced load (Phase A) tests 

 

Configuration I     Configuration II 

Figure G-14:  Voltages at node 2 during generation and unbalanced load (Phase A) tests 
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Configuration I     Configuration II 

Figure G-15:  Voltages at node 5 during generation and unbalanced load (Phase A) tests 
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Figure G-16:  Voltages regulation during generation and unbalanced load (Phase A) tests 
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Appendix G-1-5 Scenario V - Non-Unity Power Factor Load 

 

 

Figure G-17:  Voltages at node 1, node 2 and node 5 during zero generation and non-unity 

unbalanced load (Phase A) 

 

Figure G-18:  Voltages regulation during zero generation and non-unity unbalanced load (Phase A)  
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Appendix G-1-6 Scenario VI - Non-Unity Power Factor Loads and Unity 

Power Factor Generation 

 

 

Figure G-19:  Voltages at node 1, node 2 and node 5 during small-scale wind turbine generation and 

non-unity unbalanced load (Phase A) 

 

Figure G-20: Voltage regulation during small-scale wind turbine generation and non-unity 

unbalanced load (Phase A) 
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Appendix G-2 Voltage Unbalance 

Appendix G-2-1 Scenario I - Balanced Load 

 

Configuration I     Configuration II 

Figure G-21:  Percentage Voltage Unbalance Factors (%VUFs) under balanced load and zero 

generation. 

Appendix G-2-2 Scenario II - Unbalanced Loading 

 

Configuration I      Configuration II 

Figure G-22:  Percentage Voltage Unbalance Factors (%VUF) under unbalanced loading conditions  
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Appendix G-2-3 Scenario III - Balanced Load and Unbalanced Generation 

(Phase A) 

 

Configuration I      Configuration II 

Figure G-23:  Percentage Voltage Unbalance Factors (%VUF) under balanced loading and 

unbalanced generation conditions (Phase A) 

Appendix G-2-4 Scenario IV - Unbalanced Load (Phase A) and 

Unbalanced Generation (Phase A) 

 

Configuration I      Configuration II 

Figure G-24:  Percentage Voltage Unbalance Factors (%VUFs) under unbalanced loading (Phase A) 

and single-phase generation (Phase A) 
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Appendix G-2-5 Scenario V - Unbalanced Load (Phase B) and 

Unbalanced Generation (Phase A) 

 

Configuration I     Configuration II 

Figure G-25:  Percentage Voltage Unbalance Factors (%VUFs) under unbalanced loading (Phase B) 

and single-phase generation (Phase A) 

Appendix G-2-6 Scenario VI - Non-Unity Power Factor Unbalanced Load 

 

 

Figure G-26:  Percentage Voltage Unbalance Factors % (%VUF) at during zero generation and 

unbalanced load (Phase A) and varying power factor 
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Appendix G-2-7 Scenario VII - Non-Unity Power Factor Unbalanced Load 

(Phase A) and Unity Power Factor Generation (Phase A) 

 

 

Figure G-27:  Percentage Voltage Unbalance Factors (%VUFs) under unbalanced loading (Phase A) 

with varying power factor and single-phase generation (Phase A) 
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Appendix G-2-8 Scenario VIII - Non-Unity Power Factor Unbalanced Load 

(Phase B) and Unity Power Factor Generation (Phase A) 

 

 

Figure G-28:  Percentage Voltage Unbalance Factors (%VUFs) under unbalanced loading (Phase B) 

with varying power factor and single-phase generation (Phase A) 
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Appendix G-3 Power Flow 

Appendix G-3-1 Scenario I - Unbalanced Load (Phase A) and Unbalanced 

Generation (Phase A) 

 

Figure G-29:  Magnitude of current flows through node 1 with and without SSEG 

Appendix G-3-2 Scenario II – Unbalanced Non-Unity Power Factor Load 

(Phase A)  

 

Figure G-30:  Current flows through node 1 with varying load power factors 
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Appendix G-3-3 Scenario III - Unbalanced Non-Unity Power Factor Load 

(Phase A) and Unbalanced Non-Unity Power Factor 

Generation (Phase A) 

 

Figure G-31:  Current flows through node 1 with varying load power factors and SSEG 

 

Figure G-32:  Reactive power flows at node 1, 3 and 5 - load (0.85 power factor) and SSEG 
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Appendix H TRANSFORMATION SYSTEM FOR EXPERIMENTAL 

SSEZ 

Appendix H-1 Introduction 

The impacts of load and SSEG on network constraints in the Experimental SSEZ were 

established in chapter five. In order to relate these impacts to the effects of large 

concentrations of SSEG on the network constraints of actual or generic LV networks a 

transformation system is proposed. This transformation system will be derived by a 

quantitative process of comparison between the Experimental SSEZ and radial LV 

networks.  

The differences between radial LV networks and the Experimental SSEZ have been 

described in chapter four and five. The impedances from the network connection emulator 

to remote end of the Experimental SSEZ are less than those of an LV network. In 

addition, the numbers of individual loads and SSEGs are much greater in any LV network 

than in the Experimental SSEZ LV network. The transformation system proposed utilises 

steady-state analysis and some simplifying assumptions to account for these differences 

that exist between the two systems. 

Major differences exist between the network connection emulator and the secondary 

distribution transformer as illustrated diagrammatically in Figure H-1. Relating the 

operation of the network connection emulator and the secondary distribution transformer 

in an LV network has been found to be non-trivial [26, 144, 178]. It is proposed therefore, 

to use transformed results from the Experimental SSEZ, in conjunction with 

PSCAD®/EMTDC™ [179-180] MV/LV network models to complete the Experimental 

SSEZ to LV network transformation. 
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Figure H-1:  Simplified MV/LV distribution system and Experimental SSEZ network emulator  

The proposed methodology for transformation, from the operational parameters of the 

Experimental SSEZ to those of the LV network can be summarised as follows: - 

1. Identify the LV network system parameters that impact on the flow of power and 

voltages within the LV network. 

2. Measure real and reactive power flows at the network connection emulator of 

Experimental SSEZ and transform to LV network real and reactive power flows. 

3. Inject transformed real and reactive power flows into the PSCAD®/EMTDC™ 

transformer and MV network model. Transformer terminal voltages can then be 

determined. 

4. Experimental SSEZ voltage deviations ( Ex
V∆ ) between the network connection 

emulator and system remote end node are transformed to LV network voltage 

deviations ( LV
V∆ ). 

5. Transformed LV network voltage deviations ( LV
V∆ ) on each phase are 

superimposed on the terminal voltages of the LV transformer model to determine 

LV network remote end voltages. 
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6. Transformed parameters are now available to evaluate the LV distribution 

network phenomenon under investigation. 

Appendix H-2 LV Network Parameter Identification 

To enable an accurate comparison between the Experimental SSEZ and an LV network a 

set of identifying parameters are proposed. The parameters to be quantified are expressed 

in tabular format in Table H-1. 

Network 

Component 

Parameter Unit 

LV network 

conductors 

Conductor impedance (Ω/km) 

Conductor length (km) 

Load Total maximum load  (kVA) 

Distribution and number of loads NA 

Power factor NA 

SSEG Total installed generation (kW) 

Distribution and number of generators NA 

Power factor NA 

MV/LV 

transformer 

 

Transformer impedances % 

Nominal voltages (kV) 

Tap changer position (off-load tap changer) % 

MV voltage (kV) 

kVA rating (forward or reverse) (kVA) 

 

Table H-1:  MV/LV Network parameters for transformation 
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Appendix H-3 Real and Reactive Power Flow Transformation 

In order to relate the real and reactive power flows on the Experimental SSEZ to those in 

a real network a power transformation factor ( P
µ ) is defined. The installed real power 

capabilities of generation and maximum real power demand of the Experimental SSEZ 

and the LV network are considered when determining P
µ . As the generating and load 

capabilities of both systems are different, a load scaling factor 
LPµ  and a generation 

scaling factor 
GPµ  are initially defined. The larger of these two coefficients is used to 

define the power scaling factor P
µ  and is used in order to preserve the load and generation 

profile shapes so that they are not distorted during implementation on the Experimental 

SSEZ. 

 
LV

L
pL Ex

L

P

P
µ =  (H.1) 

 
LV

G
pG Ex

G

P

P
µ =  (H.2) 

where: - 

LV

L
P  is the maximum per-phase load of the LV network under consideration 

(kW) 

 Ex

L
P   is the maximum per-phase load of the Experimental SSEZ (kW) 

LV

G
P  is the installed per-phase generation on the LV network under 

consideration (kW) 

Ex

G
P  is the maximum per-phase generation available on the Experimental 

SSEZ (kW) 

P
µ  is therefore be defined as: - 
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 max( , )p pL pGµ µ µ=  (H.3) 

The real-time power flow data from the Experimental SSEZ is now transformed to be 

indicative of the power flows into the LV windings of the MV/LV transformer at the 

secondary distribution substation.  

 ( ) ( )LV Ex

a p a
p t p tµ=  (H.4) 

 ( ) ( )LV Ex

a p a
q t q tµ=  (H.5) 

where: - 

( )Ex

a
p t  real power import/export on phase A from/to the network connection 

emulator of the Experimental SSEZ (kW) 

( )LV

a
p t   real power import/export on phase A from/to the MV/LV transformer 

of the LV network under consideration (kVAr) 

( )Ex

a
q t  reactive power import/export on phase A from/to the network 

connection emulator of the Experimental SSEZ (kW) 

( )LV

a
q t   reactive power import/export on phase A from/to the MV/LV 

transformer of the LV network under consideration (kVAr) 

The same transformation is used to relate the real and reactive power flow data for phase 

B and for phase C of the Experimental SSEZ to those of the LV network. The power flow 

data sets generated by the Experimental SSEZ are used as input data into the 

PSCAD®/EMTDC™ model system where the power transformation is implemented.  

Appendix H-4 MV/LV Network Modelling System 

A PSCAD®/EMTDC™ model system of the MV network and MV/LV transformer was 

developed to account for some of the differences between the operation of a secondary 

distribution transformer and the synchronous machine of the network connection 
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emulator in the Experimental SSEZ. To assist the development of the 

PSCAD®/EMTDC™ model system a validated model of the UK generic LV network [8] 

developed by a colleague of the author at Durham University was used. This was 

modified so that the transformed real and reactive power flow data sets from the 

Experimental SSEZ representing the import or export of power from one of the MV/LV 

transformers, can be injected into the model system.  

PSCAD®/EMTDC™ does not include a model that enables injection of single-phase real 

and reactive power/current data sets into the electrical system, based on the output of a 

data file. A set of three, single-phase inverter models were required to inject the real and 

reactive power into the MV/LV distribution transformer. The current flows of the inverter 

models are sinusoidal and do not consider semi-conductor switching effects. The inverters 

uses a pair of Proportional Integral (PI) controllers to regulate the real and reactive power 

flow of the current source.  

The PI controllers are used to generate a current vector command and this is used to 

generate a sinusoidal current reference relative to the instantaneous phase-neutral voltage 

on each phase. The absolute phase of the phase-neutral voltage is measured by a phase 

detector which utilises a combination of a set of PSCAD™/EMTDC™ zero detectors and 

sample and hold models. This is used in preference to the inbuilt PSCAD®/EMTDC™ 

phase detector as it demonstrated better performance. The overall control system for the 

single-phase current source inverter is illustrated in Figure H-2. 
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Figure H-2:  Single-phase current source inverter control circuit for power flow injection into 

secondary distribution transformer model 

Three separate single-phase inverter models were required as individual control of the 

real and reactive power injections were needed to simulate unbalanced current flow which 

is typical of LV networks. The single-phase inverter models are then used to inject the 

real and reactive power into the MV/LV transformer model as illustrated in Figure H-3. 

 

Figure H-3:  PSCAD®/EMTDC™ model of 11kV distribution network connected MV/LV 

transformer model and controllable current source systems for power transformation 
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Appendix H-5 Voltage Variation Transformation 

Appendix H-5-1 Impedance Transformation 

A number of methods exist for reducing the complexity of radial distribution systems in 

order to decrease the run-time of load flow algorithms and to enable estimation of 

operating parameters of systems. A number of these methods assume balanced, three-

phase conditions [35, 181-184] in reducing radial networks. These reduction systems 

therefore can be inaccurate when analysing unbalanced systems. In addition, many of 

these methods can be computationally intensive if one considers many loads, generators 

and energy storage units. 

A method for calculating an “apparent impedance” for an LV distribution network is 

described in [9] and is used to compare public LV networks with a generic network for 

the purposes of quickly ascertaining the impact of large penetrations of SSEG on an LV 

network. This method is modified and extended here so that the apparent impedance 

enables the estimation of the remote end voltages of four-wire LV feeders.  

The apparent impedance of a network location is defined in this work as the sum of the 

phase and neutral impedances between the secondary substation and any customer 

connection point multiplied by the number of customers per phase at that location. 

 ( ) ( ) ( )

1

m
i ap k ap ap

location customer customer

k

Z Z m Z
=

= ≅ ⋅∑  (H.6) 

where: - 

( )i ap

location
Z  apparent impedance [Ω] of network location i with m customer 

connections  

m   number of customers connected per phase to the location 
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( )k ap

customer
Z  sum of the phase and neutral impedances between the substation and 

customer connection point k [Ω] neglecting the service connection 

impedances 

The sum of apparent impedances of all locations where customers are connected will give 

the apparent impedance of the feeder.  

 ( ) ( ) ( ) ( )

1

n
ap ap ap i ap max

feeder feeder feeder location service cable

i

Z R jX Z Z
=

= + = +∑  (H.7) 

where: - 

( )ap

feeder
Z   apparent impedance of the LV feeder [Ω] 

( ) ( ),ap ap

feeder feeder
R jX  apparent resistance [Ω] and reactance [Ω] of the LV feeder 

n    number of feeder locations with customer connections 

max

service cable
Z  the largest of the impedances of service cable connections to 

each customer [Ω] from the nth network location 

The network is assumed to consist of a number of radial feeders as per the UK generic 

LV network [7-9, 41] and the European generic LV network [9, 36] described in chapter 

four. In this analysis, the distribution of SSEG on each feeder of the LV network results 

in the largest values for voltage rise, regulation and unbalance appearing at the remote en 

of the feeder with the largest apparent impedance. This is a valid assumption as it has 

been shown in [7-8, 41] that the voltage rise, voltage regulation and voltage unbalance is 

greatest at the remote end, if the distribution of generation and load is uniform. Moreover, 

it can be seen from (2.1) and (2.2) that if the concentration of generation is greater near 

the remote end then this is also the case. If generation is distributed near the network 

connection that this may not be the case and the results of this translation may therefore 

be conservative. It is possible to write therefore: - 
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 ( ) ( )( )( ) ( ) ( ) ( ) ( )

1max Re ,.....Reap ap ap ap ap

net net net feeder feeder p
Z R jX Z Z= + =  (H.8) 

where: - 

( )ap

net
Z   apparent impedance of the LV feeder [Ω] 

( ) ( ),ap ap

net net
R jX  apparent resistance [Ω] and reactance [Ω] of the LV network 

p    number of radial feeders on the LV network 

The complex quantity z
µ  is then defined: - 

 
LV LV LV

z Ex Ex Ex

Z R jX

Z R jX
µ

+
= =

+
 (H.9) 

where: - 

LVR   apparent resistance ( ( )ap

net
R ) of the LV network [Ω] 

LVX   apparent resistance ( ( )ap

net
X ) of the LV network [Ω] 

ExR  sum of the phase and neutral resistances from the network 

connection emulator to the remote end node of the LV network 

of the Experimental SSEZ [Ω] 

ExX   sum of the phase and neutral reactances from the network 

connection emulator to the remote end node of the LV network 

of the Experimental SSEZ [Ω] 

N.B. In this transformation system the impedances of all three phases of the Experimental 

SSEZ LV network are assumed to be identical. 

z
µ  can now be used to relate impedances of the LV network to the impedances of the 

conductors of the Experimental SSEZ. This system assumes that the ratio of impedances 

between neutral and phase conductors is the same in the Experimental SSEZ and the LV 

network. However, in common with Experimental SSEZ, the impedance of the neutrals of 



 

H-11 

many LV networks is approximately equal to or slightly lower than the impedance of the 

phase conductors. 

Appendix H-6 Three-phase four-wire unbalanced LV network 

operation 

The voltages at intermediate points of existing radial LV networks are determined by the 

network impedances and the distribution of load. The active power produced by SSEG 

units, however, will tend to increase steady-state voltage. In addition, the reactive power 

produced or absorbed by SSEGs will also affect LV network voltages.  

Power flow algorithms are the chief tool for analysis of distribution networks with large 

penetrations of distributed generation. In order to analyse LV networks with neutral wires 

many power flow algorithms use Kron’s reduction [35] to simplify the network by 

merging the neutral conductor into the phase conductors without sacrificing the accuracy 

of the result. The 3 X 3 admittance networks used in these algorithms can therefore be 

preserved and therefore no major adaptation of the power flow engine is required [35]. 

The limitation of this process is that the currents and voltages in the neutral conductors 

remain unknown. These parameters are essential however, when determining the impacts 

of SSEG on LV networks, as these networks are generally unbalanced, due to the single-

phase nature of domestic load and SSEG, and LV network construction topologies which 

result in the flow of current in the neutral conductor and ground. Violation of the thermal 

limits of the neutral conductor may result even though the current ratings of the phase 

conductors have not been exceeded. Moreover, the current flow in the neutral conductor 

and ground can result in a voltage displacement from reference ground of both the remote 

neutral and ground points.  
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A 5 x 5 matrix can be used in general to represent the self and mutual impedances of any 

line impedance l
Z  of the line section l with 5 conductors (three-phase conductors, neutral 

and effective earth conductor) as shown in Figure H-4 [185-186]. 

 [ ]

aa ab ac an ag

ba bb bc bn bg

ca cb cc cn cgl

na nb nc nn ng

ga gb gc gn g

Z Z Z Z Z

Z Z Z Z Z

Z Z Z Z ZZ

Z Z Z Z Z

Z Z Z Z Z

 
 
 
 =
 
 
 
 

 (H.10) 

where  

a, b, c phase conductors; 

n neutral conductor 

g ground 

[ ]lZ

iaY icYibY inY

 

Figure H-4:  Three-phase four-wire line segment including ground of a distribution network [185-

186] 

If any of these phase, neutral or earth conducting paths of the line section are of very high 

impedance or do not exist, the corresponding impedance parameters in (H.10) are infinite. 

The shunt impedances as illustrated in Figure H-4 can be neglected as this is an LV 

network. The general model used in this work a for three-phase four-wire distribution line 

segment is illustrated in Figure H-5 [185-186].  
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aa
Z

bb
Z

cc
Z

nn
Z

gg
Z

( )gr i
Z

( )gr j
Z

la
J

la
J

la
J

la
J

la
J

( )n i
V

( )n j
V

( )g j
V

( )g i
V

, , , .
ab ac an ag

etc

mutual impedances

Z Z Z Z

Reference Ground

 

Figure H-5:  Model of the three-phase four-wire distribution line section (l) [185-186] 

As described in chapter two unbalanced loading or generating conditions result in return 

current flowing in the neutral conductor and earth path. In this analysis the LV network 

under consideration is assumed to have a TT type earthing system, to assist comparison 

with the Experimental SSEZ as this also has a TT type earthing system. As stated 

previously this is also a common earthing configuration in rural UK networks. Therefore, 

in this analysis it is assumed that no current returns through the earthing path. 

For the general situation, the voltage drops along a three-phase four-wire line segment 

which includes the self and mutual coupling between the phase and the neutral conductors 

can be written [43]: - 

 

AA AB AC AN AAG

BA BB BC BN BBG

CA CB CC CN CCG

NA NB NC NN NNG

V Z Z Z Z I

V Z Z Z Z I

V Z Z Z Z I

V Z Z Z Z I

     ∆
     
∆     

=     
∆     
     ∆     

 (H.11) 

where: - 
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AG
V∆  voltage drop in phase A with reference to ground (equivalent earth return 

plane of infinite conductivity) (V) 

 AAZ  self impedance of A phase conductor (mΩ) 

 ABZ  mutual impedance of A phase and B phase conductor (mΩ) 

 ANZ  mutual impedance of A phase and neutral conductor (mΩ) 

similarly for phase B,C and for the neutral N. 

It is difficult to accurately and consistently measure the mutual impedance between the 

phases of the Experimental SSEZ. However, the effect of these mutual impedances is 

often ignored in LV network analysis as they are considerably less than the self 

impedances of the network. This simplifies (H.11)  so that the equation can now be 

written as: - 

 

0 0 0

0 0 0

0 0 0

0 0 0

AA AAG

BB BBG

CC CCG

NN NNG

V Z I

V Z I

V Z I

V Z I

     ∆
     
∆     

=     
∆     
     ∆     

 (H.12) 

To relate phase voltages with reference to the neutral point of the load or source, the 

phase voltage drops with respect to neutral can be expressed as follows [43]: - 

 
AN AG NG

V V V∆ = ∆ − ∆  (H.13) 

 
BN BG NG

V V V∆ = ∆ − ∆  (H.14) 

 
CN CG NG

V V V∆ = ∆ − ∆  (H.15) 

where 
AN

V∆ , 
BN

V∆  and 
CN

V∆  are the voltage drops with respect to neutral. 

Single-phase loads and SSEGs are commonly connected between phase and neutral and 

therefore any overvoltages that are experienced due to high penetrations of SSEG will be 

across these connections. It can be assumed that the common neutral of an LV feeder is 
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effectively grounded at the MV/LV substation. A voltage potential between neutral and 

earth at the single-phase load/SSEG can therefore contribute to the voltage variation 

experienced by the customer. The phasor relationship between these quantities is 

illustrated diagrammatically in Figure H-6 [43]. 

Figure H-6:  Phasor diagram of voltages across line section with an unbalanced load 

where : - 

AE , BE  and CE   are sending end voltages 

AV , BV  and CV   are receiving end voltage with respect to ground 

ANV , BNV  and CNV  are receiving end voltage with respect to neutral 

(H.13), (H.14) and (H.15) can be rewritten using the self impedances described earlier in 

matrix form as: - 

 

0 0

0 0

0 0

AA A NAN

BB B NN NBN

CC C NCN

V Z I I

V Z I Z I

V Z I I

       ∆
       
∆ = −       
       
∆              

 (H.16) 

Or alternatively: - 

AG
V∆

CG
V∆

BG
V∆

AN
V

A
E

BN
V

CN
V

C
V

B
E

C
E

B
V

A
V

NG N
V V∆ = −

N
V
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 NN
Z= −

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.17) 

where: - 

 

AN

BN

CN

V

V

V

 ∆
 

= ∆ 
 
∆  

ΑΒC∆V  

 

0 0

0 0

0 0

AA

BB

CC

Z

Z

Z

 
 

=  
 
  

ΑΒCΖ  

 ,

A N

B N

C N

I I

I I

I I

   
   

= =   
   
      

ΑΒC NΙ Ι  

Appendix H-7 Voltage Transformation 

The equations developed in the previous section are now used to complete the voltage 

transformation from the voltages measured on the Experimental SSEZ to values that 

correspond to those of an LV network. The voltage variation from the secondary 

substation busbar to the remote end of the LV network can be expressed as: - 

 LV

NN
Z= −LV LV LV LV

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.18) 

where: - 

 

LV

AN

LV

BN

LV

CN

V

V

V

 ∆
 
 = ∆
 
 ∆
 

LV

ΑΒC∆V  

 

0 0

0 0

0 0

LV

AA

LV

BB

LV

CC

Z

Z

Z

 
 
 =
 
 
 

LV

ΑΒCΖ  
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 ,

LV LV

A N

LV LV

B N

LV LV

C N

I I

I I

I I

   
   
   = =
   
   
   

LV LV

ΑΒC NΙ Ι  

LV

AI , 
LV

BI , 
LV

CI  and 
LV

NI  are the average line currents per customer on each phase and 

neutral. The average line current is defined to be the current flow from the transformer to 

each phase of the feeder divided by the number of customers on each phase of each 

feeder. 

Similarly, a conservative approximation of the voltage variation measured from the 

network connection emulator to the remote end of the Experimental SSEZ is defined as: -  

 Ex

NN
Z= −Ex Ex Ex Ex

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.19) 

where: - 

 

Ex

AN

Ex

BN

Ex

CN

V

V

V

 ∆
 
 = ∆
 
 ∆
 

Ex

ΑΒC∆V  

 

0 0

0 0

0 0

Ex

AA

Ex

BB

Ex

CC

Z

Z

Z

 
 
 =
 
 
 

Ex

ΑΒCΖ  

 ,

Ex Ex

A N

Ex Ex

B N

Ex Ex

C N

I I

I I

I I

   
   
   = =
   
   
   

Ex Ex

ΑΒC NΙ Ι  

The voltage variation parameters measured on the Experimental SSEZ are now 

transformed so that they are indicative of the voltage variations measured on the case 

study network under consideration. 
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If both sides of (H.19) are multiplied by the scalar z
µ . 

 Ex

z z z NN
Zµ µ µ= −Ex Ex Ex Ex

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.20) 

And as the impedances of the Experimental SSEZ and the LV network have been defined 

to be related by z
µ , it is possible to write: - 

 LV

z NN
Zµ = −Ex LV Ex Ex

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.21) 

The current flow in the LV network is defined using the power transformation factor (
pµ ) 

and the nominal phase-neutral voltages of the case study LV network and the 

Experimental SSEZ. 

 Ex Ex Ex LV

nom z nom nom NN
V V V Zµ = −Ex LV Ex Ex

ΑΒC ΑΒC ΑΒC N
∆V Ζ Ι Ι  (H.22) 

 Ex Ex LV

nom z nom NN
V V Zµ = −Ex LV Ex Ex

ΑΒC ΑΒC ΑΒC N
∆V Ζ S S  (H.23) 

The power transformation factor (
pµ ) and the number of customers per phase ( q ) are 

used to transform the Experimental SSEZ power matrices to case study LV network 

power matrices. 

 

Ex Ex LV

p nom z p p nom NNV V Z

q q

µ µ µ µ−
=

Ex LV Ex Ex

ΑΒC ΑΒC ΑΒC N∆V Ζ S S
 (H.24) 

 

Ex

p nom z LV

NN

V
Z

q

µ µ
= −

Ex

ΑΒC LV LV LV

ΑΒC ΑΒC N

∆V
Ζ S S  (H.25) 

 
Ex LV

p nom z NN

LV LV LV

nom nom nom

V Z

qV V V

µ µ
= −

Ex LV LV LV
ΑΒC ΑΒC ΑΒC N

∆V Ζ S S
 (H.26) 

 
Ex

p nom z LV

NNLV

nom

V
I Z

qV

µ µ
= −

Ex

ΑΒC LV LV LV

ΑΒC ΑΒC N

∆V
Ζ I  (H.27) 

If Vnom
µ  is defined: - 

 
LV

nom
Vnom Ex

nom

V

V
µ =  (H.28) 
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It is now possible to write from (H.18), (H.27) and (H.28): - 

 
p z

Vnom
q

µ µ

µ
=LV Ex

ΑΒC ΑΒC∆V ∆V  (H.29) 

In real-time it is possible to write: - 

 
p z

Vnom
q

µ µ

µ
∆ = ∆LV Ex

abc abcv (t) v (t)  (H.30) 

where: - 

 

( ) ( )

( ) , ( )

( ) ( )

Ex LV

a a

Ex LV

b b

Ex LV

c c

v t v t

v t v t

v t v t

   ∆ ∆
   

= ∆ ∆ = ∆   
   ∆ ∆   

Ex LV

abc abc
∆v (t) v (t)  (H.31) 

And ( )Ex

a
v t∆ , ( )Ex

b
v t∆  and ( )Ex

c
v t∆  is the data measured from the Experimental SSEZ and 

( )LV

a
v t∆ , ( )LV

b
v t∆  and ( )LV

c
v t∆  is the data that is superimposed on the 

PSCAD™/EMTDC™ system model to determine the remote end voltages. 

Appendix H-8 Discussion 

A transformation system has been developed that enables evaluation of the impact of 

SSEG on low voltage networks using a combination of steady state, four-wire distribution 

network analysis and a transformer, MV network model system and single-phase 

controllable current source systems in PSCAD®/EMTDC™. 

As the Experimental SSEZ is a highly non-uniform network with limited flexibility, case-

study networks need to be developed which facilitate comparison with the Experimental 

SSEZ in terms of load and generation distribution. The transformation also assumes that 

the current flows in the LV distribution network under investigation are purely sinusoidal 

and contain no harmonics. Moreover, as the ratio of phase impedance to neutral 

impedance is fixed in the Experimental SSEZ, if this ratio is significantly different  in the 

case-study network it increases the error in the results. In the Appendix I, the 
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transformation system is used to investigate the dynamic operation of a case-study 

network based on the UK generic LV network. In addition, these dynamic results are 

compared with the steady results from a previously developed PSCAD®/EMTDC™ 

model to validate the transformation system. 
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Appendix I IMPACT INVESTIGATION AND VALIDATION OF 

TRANSFORMATION SYSTEM 

Appendix I-1 Introduction 

The transformation proposed in Appendix H, will be used to investigate the impact of 

dynamic unbalanced power flows due to SSEG and load at the LV level, on the operating 

parameters of a case study LV distribution network, connected to a secondary distribution 

transformer. These results are also used to validate the transformation using a previously 

validated steady-state PSCAD®/EMTDC™ model developed at Durham University. The 

transformation area is defined to be from the secondary distribution substation LV busbar 

to the remote ends of the feeders of the LV network.  

The first step of the transformation is to determine the network parameters identified in 

Appendix H and the topology of the LV network. The second stage is to implement the 

real and reactive power parameter data sets, from experimental data from the 

Experimental SSEZ, in the PSCAD®/EMTDC™ model system. The power 

transformation described earlier is implemented within the model system, enabling the 

estimation of the power flows within the case-study LV network in simulated real-time.  

The power flow estimates of the case study LV network are injected into the LV network 

model which makes the estimation of the terminal voltages of the secondary distribution 

transformer possible. Finally, the voltage variations from the Experimental SSEZ are 

transformed so that the estimated remote end voltage variations can be calculated. This 

final stage enables determination of the voltage variation, voltage regulation and voltage 

unbalance issues in the network during dynamic, unbalance loading and generating 

conditions. 

  



 

I-2 

Appendix I-2 Case Study Network  

A validated PSCAD®/EMTDC™ model of the UK generic network as illustrated in 

Figure I-1 has been completed by a colleague of the author at Durham University [8]. 

This network topology has been deemed by UK DNOs to be representative of a typical 

UK urban distribution network and assumed a uniform distribution of load and SSEG 

[41]. An LV system associated with one of the secondary distribution substations has 

been defined as the UK generic LV network as shown in Figure I-1 [9]. 

 

Figure I-1:  UK generic distribution network 

In contrast, to the UK generic LV network, the Experimental SSEZ has a non-uniform 

distribution of load and generation as would a real system. However, in a real LV 

distribution network the load and generation are not likely to be evenly distributed. The 

PSCAD®/EMTDC™ model described previously [8] is modified to reflect the 
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distribution of load and generation in the Experimental SSEZ. This modification does not 

significantly detract from the relevance of the case study network as actual LV 

distribution networks [9] and the generic European LV network [36] do not have uniform 

distributions of load and generation. 

Appendix I-3 LV Network Parameter Identification 

Appendix I-3-1 LV Network 

The UK generic LV network used in this investigation comprises four identical feeders 

but only one feeder is represented in detail in the model, as illustrated in Figure I-1 from 

nodes 10 to 14.  

The feeder consists four 75m sections of underground aluminium cable emanating from 

the secondary distribution substation. The feeder is comprised of two sections with a 

cross sectional area (CSA) of 185mm2 and two sections with a CSA of 95mm2. A 

network location, as defined earlier in this work, is situated at the end of each of these 

sections. Finally, at each network location, a total of 24 customers (8 per phase) are 

connected with a set of 35mm2 service cables. The conductor data for this LV feeder is 

presented in Table I-1. 
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Sending, 

Receiving Nodes 

CSA 

(mm
2
) 

Length 

(m) 

Rph 

(mΩ/m) 

Xph 

(mΩ/m) 

Rn 

(mΩ/m) 

Xn 

(mΩ/m) 

IZ (A) 

(Rating) 

10,11 185 75 0.164 0.074 0.164 0.014 355 

11,12 185 75 0.164 0.074 0.164 0.014 355 

12,13 95 75 0.32 0.075 0.32 0.016 235 

13,14 95 75 0.32 0.075 0.32 0.016 235 

Service cables 35 30 0.851 0.041 0.90 0.041 140 

Table I-1:  Conductor data for the cables used in the UK generic LV network [41] 

Appendix I-3-2 Load Data 

In previous work, the After Diversity Maximum Demand (ADMD) is assumed to be 

1.3kW per customer [41]. Constant power load models [66, 69] are implemented in this 

work [41] which is in contrast to the Experimental SSEZ which employs constant 

impedance loads [66, 69]. In order to investigate a dynamic, thermally onerous condition 

for the generic LV, the maximum diurnal demand was defined to exceed the MVA limits 

of the secondary distribution transformer by 50% at nominal voltage. This is not likely to 

occur in practice as a secondary distribution transformer capacity is greater than the 

maximum load of the downstream LV network. However, these onerous conditions were 

used to validate the transformation over a wide variety of network conditions.  

The total maximum load on the LV network therefore is 750kW and the power per-phase 

is 250kW. In each LV feeder, there are 96 customers equally distributed across the three 

phases and there are four feeders supplied by the secondary distribution transformer 

making a total of 384 customers. Therefore, the maximum load per customer is 1.95kW 

(750kW/384 customers).  



 

I-5 

A power factor of unity is assumed as the load emulator of the Experimental SSEZ 

utilises resistive loads and the maximum load is assumed to be 2.6kW. The load profiles 

used in this study are based on data from [141]. This load profile is scaled so that the 

maximum load per customer is 1.95kW. In order to investigate the most onerous network 

conditions for voltage regulation, voltage rise and voltage unbalance the load peaks and 

troughs on each phase are modified. The maximum and minimum loads on phases A 

(where the generation is connected) and phase B and C occur at times which are likely to 

result large deviations in voltage regulation, voltage rise and voltage unbalance from zero 

load and generation conditions. The resultant scaled and modified load data used in this 

study is illustrated in Figure I-2.  

  

Figure I-2:  Modified household load profiles [141] and scaled profiles for implementation in case 

study LV network [41] 

Appendix I-3-3 Small Scale Embedded Generation Data 

The installed small scale generation capacity per customer of the UK generic distribution 

network is 1.1kW at unity power factor which corresponds to 100% penetration of SSEG 

[41]. An unbalanced generation scenario is investigated in this case study and all 

generation is assumed to be connected to phase A of the network as in [9] and that the 

maximum average generation per customer on phase A is 2.2kW. This corresponds to a 

SSEG penetration of 200%.  
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This scenario of generation on a single-phase only has been shown to result in the most 

onerous network conditions for voltage regulation, voltage rise and voltage unbalance [9]. 

As in the demand scenarios there are 128 customers per phase connected to the LV 

network. The total installed small scale embedded generation capacity on this LV 

network therefore is 281.6kW (phase A only). The distribution of the installed generation 

and maximum load on the case study generic LV network model of Figure I-1 is 

illustrated in Figure I-3. 

 

Figure I-3:  Load and generation distribution for case study network for transformation validation 
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In this LV distribution network all the load is connected near the network connection 

unlike the LV distribution network in Figure I-3 where load is uniformly distributed. 

Wind data for this case study is based on tests at NaREC’s, EnergyLINK Laboratory as in 

chapter five. However, as in the case of the load data in that chapter, the real wind data is 

manipulated to create more onerous conditions during specific loading conditions for 

voltage rise, regulation and unbalance and also thermal ratings. At a wind speed of 

14.2ms-1 it is assumed that the SSEGs will be operating at full capacity. This has been 

defined to correspond to an output power of 1.2kW from the wind turbine generator 

emulator. The wind profile implemented in this study is shown in Figure I-4.  

 

Figure I-4:  Modified wind speed from the EnergyLINK Laboratory, Blyth, Northumbria, UK 

To simplify the analysis and create scenarios that would result in large deviations from 

those experienced under balanced load and generation and also create thermally onerous 

conditions a fictitious insolation level which results in a constant output of 1.5kW from 

the PV generator emulator.  

Appendix I-3-4 MV/LV Secondary Distribution Transformer 

The secondary distribution network transformer is located between nodes 9 and 10 of the 

generic UK distribution network [41] as illustrated in Figure I-3. The transformer has a 
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MVA is 5%. The tap-changer is a typical UK installation and is an off-load type with a 

range of +/-5% and in this investigation is set to 0% [41]. 

Appendix I-4 Real and Reactive Power Transformation 

The maximum load per phase on the LV network is 250kW. The maximum load per 

phase of the Experimental SSEZ is 2.6kW then from (H.1): - 

 
250.0

96.2
2.6

LV

aL

pL Ex

aL

P

P
µ = = =  

The maximum generation per phase on the LV network as stated earlier is 281.6kW. The 

maximum generation per phase of the Experimental SSEZ is 2.7kW at present (1.2kW 

wind turbine generator emulator and 1.5kW PV generator emulator). Then from (H.2): - 

 
281.6

104.3
2.7

LV

aG

pG Ex

aG

P

P
µ = = =  

The power transformation factor p
µ , defined according to (H.3) is defined. 

 max( , ) 104.3
p pL pG

= =µ µ µ  

The load data is modified (as 
Lp

µ  is less than 
Gp

µ ) so that the load and generation profiles 

are preserved when they are implemented in the Experimental SSEZ. 

Appendix I-5 Voltage Transformation 

The apparent impedance, as defined in this work, of a network location is the sum of the 

phase and neutral impedances between the substation and any customer connection point, 

multiplied by the number of customers per phase at that location. The data for this 

calculation is taken from [41]. First ( )ap

customer
Z  is calculated for all the network locations. 

To illustrate the process the parameter ( )ap

customer
Z  at node 14, as shown in Figure I-3, is 

calculated. 
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( )( )

( )( )

( )( )

( )( )

( )( )

( )( )

( )( )

( )( )

( )

75 0.164 0.074

75 0.164 0.074

75 0.320 0.075

75 0.320 0.075

75 0.164 0.014

75 0.164 0.014

75 0.320 0.016

75 0.320 0.016

145.2 26.

ap

customer

j

j
Z phase impedance

j

j

j

j
neutral impedance

j

j

j

× +

+ × + 

= 
+ × + 


+ × + 

+ × +

+ × + 


+ × + 


+ × + 

= +( )85 mΩ

 

Using (H.6) it is possible to write: - 

 ( ) ( )( ) ( )( )

8
14 ( ) ( ) ( )

1

8 (145.2 26.85) 30 0.851 0.041 30 0.41 0.041

(1.344 0.2441)Ω

ap k ap ap

location customer customer service cable

k

Z Z m Z Z

j j j

j

=

= ≅ ⋅ +

= × + + × + + × +

= +

∑

 

Similarly, it is possible to determine the apparent impedance at the other node feeder 

locations. 

 

13 ( )

12 ( )

11 ( )

(0.7776 0.2441)Ω

(0.3936 0.1056)Ω

(0.1968 0.0528)Ω

ap

location

ap

location

ap

location

Z j

Z j

Z j

= +

= +

= +

 

The sum of apparent impedances of all locations where customers are connected will give 

the apparent impedance of the feeder (H.7).  

 

( ) ( ) ( ) ( )

1

(0.1968 0.0528) (0.3936 0.1056) (0.7776 0.2441) (1.344 0.2441)

(2.712 0.5627)

n
ap ap ap ap

feeder feeder feeder location

i

Z R jX Z

j j j j

j

=

= + =

= + + + + + + +

= + Ω

∑

 

As the apparent impedance of all the feeders is the same in this case study network, it is 

possible to write from (H.8). 

 
( ) ( )( )( ) ( ) ( ) ( ) ( )

1max Re ,.....Re

(2.712 0.5627)

LV ap ap ap ap ap

net net net feeder feeder pZ Z R jX Z Z

j

= = + =

= + Ω
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Detailed measurements taken from the conductors of the Experimental SSEZ indicate that 

the sum of the neutral and the phase impedances from the node 1 to node 5, which is the 

remote end of the Experimental SSEZ in this study, are: - 

 
(0.330 0.035) (0.245 0.028)

(0.575 0.063)

ExZ j j

j

= + + +

= + Ω
 

The impedance transformation 
zµ  is then defined: - 

 
(2.712 0.5627)

(0.575 0.063)

(4.767 0.4562) 4.788 5.466

LV LV LV

z Ex Ex Ex

Z R jX

Z R jX

j

j

j

µ
+

= =
+

+
=

+

= + = ∠ �

 

Vnomµ  is determined from measurements at the MV/LV secondary distribution transformer 

of the PSCAD®/EMTDC™ model and the Experimental SSEZ when they are operating 

under zero import/export conditions (H.29) : - 

 
250

1.111
225

LV

nom

Vnom Ex

nom

V

V
µ =

= =

  

The relationship therefore between the complex voltage variations from node 1 (network 

connection emulator) to node 6 (wind turbine generator emulator) on the Experimental 

SSEZ and from the secondary distribution network busbar to the remote end of the LV 

network maybe expressed as (H.31): - 

 
( )( )104.3 4.788 5.466

(128)(1.111)

(3.511 5.466 )

p z

Vnomq

µ µ

µ
∆ = ∆

∠
= ∆
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LV Ex

abc abc

Ex

abc

Ex

abc

v (t) v (t)

v (t)

v (t)

�

�
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Appendix I-6 MV/LV Network Modelling System 

Implementation 

Load and generation profiles as described in section Appendix I-3 result in real and 

reactive power flows through the network connection emulator are illustrated in Figure 

I-5. 

 

Figure I-5:  Real and reactive power flows through network connection emulator of Experimental 

SSEZ 

Following application of the power transformation in PSCAD®/EMTDC™ the estimated 

LV network real and reactive power flows illustrated in Figure I-6 are injected into the 

PSCAD®/EMTDC™ LV distribution network model at the busbar of the secondary 

distribution network transformer (node 10) using the controllable current source inverter 

models described in Appendix H. 

 

(a)      (b) 

Figure I-6:  Real and reactive power flows injected into secondary distribution transformer 

PSCAD®/EMTDC™ model 
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It can be seen that while the profiles of the Experimental SSEZ and the 

PSCAD®/EMTDC™ secondary distribution transformer model are similar especially the 

active power profiles some differences do exist due to the operation of the current source 

inverter models. The active and reactive power flows depicted in Figure I-6 result in 

magnitude and phase displacements of the voltages at the terminals of the secondary 

distribution transformer as shown in Figure I-7. These displacements are dependent on 

the transformer self and mutual impedances, turns ratio, design and tap position. The 

phase displacements at the transformer terminals due to real and reactive power flows are 

not large and the phase displacements between the phases remain at about 120° during the 

test sequence. The phase-neutral voltages at the busbar of the secondary distribution 

transformer under zero load and generation conditions are approximately 250V. This is 

not uncommon as distribution network operators tend to keep these voltages high to 

ensure that remote end phase-neutral voltages do not fall below the statutory limits [29, 

42] under heavy loading conditions.  

 

(a)       (b) 

Figure I-7:  Phase-neutral voltages at the busbar of secondary distribution network transformer of 

PSCAD®/EMTDC™ model 

Due to the effect of reactive and unbalanced current flow in LV distribution networks, the 

phase-neutral voltage drops are generally out of phase with the phase-neutral voltages. 
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The estimated voltage differences from the LV busbar of the MV/LV distribution network 

transformer to the remote end of the case study network, as a result of the application of 

the transformation to the difference in voltages from the network connection emulator to 

the end node of the Experimental SSEZ, are illustrated in Figure I-8. The phase 

calculations assume a voltage drop convention from the LV busbar to the remote end of 

the LV network. This implies that an SSEG generating at unity power factor will result in 

a voltage change along the phase conductor which will be 180° out of phase with the 

phase voltage if the conductor is purely resistive. 

 (a)     (b) 

Figure I-8:  Transformation estimates of voltage variations from LV busbar to remote end of case 

study network 

N.B. It should be noted that the magnitude of the voltage variation is not the same as 

voltage regulation which refers to the difference in magnitudes between the phase-neutral 

voltages at the LV busbar and nodes on the LV network. 

Appendix I-7 Voltage Variation and Regulation 

As stated in chapter two, voltage rise has been identified as the most limiting constraint to 

the installation of large numbers of SSEGs in LV networks [41]. The statutory limits in 

the UK are +/- 10% based on a nominal voltage of 230V [29]. These are the limits used 

for the investigation of voltage variation in this chapter. 
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Voltage regulation statutory limits differ between countries and DNOs, however in the 

UK most DNOs allow a maximum of 5-8% voltage regulation [187-189]. For the 

purposes of this research, 5% is defined as the statutory voltage regulation limit allowed.  

Appendix I-7-1 Dynamic Results 

The complex voltage variation quantities, illustrated in Figure I-8, are added to the 

complex LV busbar voltages. This enables estimation of the remote end voltages of the 

LV network as illustrated in Figure I-9. 

 

Figure I-9:  Magnitude of phase-neutral voltages at remote end of LV network 

It can be seen from Figure I-9 that the large quantity of generation on phase A of the LV 

network results in violations of the statutory voltage limits on this phase for almost the 

duration of the test. Larger amounts of generation on the LV network result in changes to 

the voltages of the phases with no generation also. This is due to the neutral voltage 

displacement and the changes in the voltages at the terminals of the secondary 

distribution transformer during unbalanced conditions. The neutral voltage displacement, 

as in the case of the impact studies in chapter seven, is due to the neutral current flow 

which results from unbalanced loading/generating conditions in the system. 
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It can be seen from Figure I-10, that the transformation estimates that voltage regulation 

limits will be violated on phase A for more that 40% of the load and generation scenario 

under investigation. 

 

Figure I-10:  Phase-neutral voltage regulation estimate from PSCAD®/EMTDC™ transformation 

system 

Appendix I-7-2 Steady-state validation 

The model of the UK generic model developed previously [8-9] is used to validate the 

behaviour of the transformation. The models are steady-state PSCAD®/EMTDC™ 

models and three scenarios are selected which result in the Experimental SSEZ and 

transformation operating near or at their limit conditions. The scenarios investigated are 

detailed in Table I-2. 

 

Time Experimental SSEZ component status 

 Load Phase A Load Phase B Load Phase C WTGE Output PV Output 

07:30 Maximum load Zero load Zero load Max power Max power 

09:30 Zero load Zero load Zero load Max power Max power 

11:00 Zero load Maximum load Maximum load Max power Max power 

Table I-2:  Validation scenarios 
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The results of the phase-neutral voltage validation are detailed in Table I-3. It can be seen 

that the impacts of generation on the steady-state voltage rise on phase A are lower in the 

transformation results than in the PSCAD®/EMTDC™ model. This can be explained in 

part by the assumption in the derivation of the impedance transformation. This assumed 

that the ratio of neutral to phase impedances is the same in an LV network as in the 

Experimental SSEZ. In the case study LV network, the impedances of the neutral and 

phase conductors are almost identical. Another source of error is the accuracy of the 

phase of the voltage variation measurements from the Experimental SSEZ. Moreover, the 

distribution of the load and generation in the systems is also different. 

 

Time Transformation Remote End 

Phase Neutral Voltage (V) 

PSCAD®/EMTDC™                  

Network Model Remote End 

Phase Neutral Voltage (V) 

Error (%) 

 A B C A B C A B C 

07:30 261.07 248.62 246.09 258.25 246.79 247.19 1.09 0.74 0.45 

09:30 265.13 248.72 245.32 271.99 244.43 244.67 2.52 1.76 0.27 

11:00 265.52 243.19 239.72 274.03 237.57 238.38 3.11 2.37 0.56 

Table I-3:  Validation results for remote end voltages 

Appendix I-8 Voltage Unbalance 

The %VUF has a statutory limit of 1.3% in the UK [44], although short-term deviations 

(less than 1 minute) may be allowed up to 2%, which is the standard limit used for the 

maximum steady-state %VUF allowed in European networks [42].  
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Appendix I-8-1 Dynamic Results 

It can be seen from Figure I-11, that under the conditions of this study, the transformation 

indicates that the UK generic LV network will violate UK %VUF limits for extended 

periods at both the remote ends and to a lesser extent at the LV busbars of the secondary 

distribution substation. In addition, the European 2% limit is also violated but for shorter 

periods on both the LV busbar and the remote end of the LV network. The differences in 

%VUF between the LV busbar and the remote end of the network are relatively small 

which suggests that the phase change at the transformer terminals as a result of the 

unbalanced current flow through the transformer has a large influence on the negative 

sequence voltages. As expected the lowest %VUF was estimated at 7.30 when load and 

generation on phase A were closely matched and load on phase B and phase C were at a 

minimum. Again, as in the case of the voltage variation, this scenario designed for the 

purpose of investigating the operation of the transformation system, results in highly 

unbalanced conditions which would not be likely to occur in a real LV distribution 

network. 

 

Figure I-11:  Percentage Voltage Unbalance Factor (%VUF) at LV busbars of secondary distribution 

substation and at remote end of LV network 
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Appendix I-8-2 Steady-state validation 

As in the case of voltage variation the results were compared with steady-state results 

from the PSCAD®/EMTDC™ model [9] and the same set of scenarios as in Table I-4. 

The results are relatively consistent but errors are again apparent as in the case of the 

voltage variation validation investigation. The errors in %VUF error are due in part to the 

same reasons outlined in the voltage validation investigation and also due to changes to 

the phase difference between phases in the Experimental SSEZ and errors in these 

measurements. It can be seen that as the voltage unbalance increases the relative accuracy 

of the result increases. Improvements in the accuracy of the phase measurements from the 

Experimental SSEZ would increase the accuracy of the results. 

Time Transformation Remote End 

%VUF 

PSCAD®/EMTDC™ 

Network Model 

Remote End %VUF 

Error (%) 

07:30 0.629 0.82 23.01 

09:30 3.004 3.72 19.20 

11:00 5.529 6.50 14.92 

Table I-4:  Validation results for % voltage unbalance factor (%VUF) 

Appendix I-9 Thermal Limits 

Transformers and network line components, such as overhead lines and underground 

cables, have a thermal rating determined by the maximum current carrying capacity of 

that component. As stated in chapter two, presence of SSEGs may cause an increase in 

the overall current flowing in the network, bringing system equipment closer to their 

thermal limits. Therefore, a constraint to the capacity of SSEGs that may be 

accommodated by LV distribution networks exists due to component thermal limits. In 
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this section, the MVA rating of the secondary distribution transformer and the section of 

LV cable nearest to the transformer are investigated. Previous research has indicated that 

a thermal limit violation is most likely to occur on this cable [21]. The ratings for the 

transformer and the cable section in this work are as per [41]. Reduced reverse power 

flow limits are not considered as the MVA ratings of the secondary distribution 

transformers are symmetrical as they do not feature an On-Load Tap-Changer (OLTC) 

[6]. 

Appendix I-10 Dynamic results 

Figure I-12 illustrates the unbalanced current flow in the first 185mm2 section (node 11 to 

node 12) of underground cable in the LV network. The transformation system predicts 

that only the neutral conductor is operated above its rating for extended periods of time. 

This corresponds as expected with the periods of largest %VUF.  

 

Figure I-12:  Current flow between nodes 10 and 11 (185mm
2
 section) 

The rating of the secondary distribution transformer is 500kVA at a nominal voltage of 

230V. These ratings are not exceeded under the loading and generation scenario of the 

case study as illustrated by Figure I-13. This is due in part to the comparatively high 

voltages at the LV busbars of the MV/LV substation. It is possible that the three-phase 

measurement may be somewhat misleading in terms of damage or ohmic heating effects 
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in the transformer. This is because the net power flow may not be indicative of the ohmic 

heating effects in the transformer. For example at 12.00 the net power flow through the 

three-phase transformer is a 0.2MVA load. However if individual winding are considered 

there is a load of 0.2MVA on phase B and phase C and 0.3MVA is being generated by the 

LV network on phase A. This results in 0.7MVA of power flowing through the 

transformer. 

 

Figure I-13:  Apparent power flow through the LV windings of the secondary distribution network 

transformer  

Appendix I-11 Conclusion 

The transformation system was used to evaluate the impact of extreme conditions of LV 

network operation on a case study distribution network. The case-study was based on the 

UK generic network. The statutory limits for voltage rise and %VUF were found to be 

violated for almost the duration of the scenario under investigation. A major factor in 

voltage rise in this investigation was the low tap position of the secondary distribution 

transformer which resulted in phase-neutral voltages close to 250V under zero load 

conditions. The main factor in the persistent %VUF violations was due to the highly 

unbalanced nature of load and SSEG on the network but the system dropped below the 

statutory limit when load and generation were equal on phase A and the load on phase B 
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and phase C was at a minimum. Thermal limit and voltage regulation violations were less 

frequent. Moreover, thermal limit violations on the neutral conductor were more likely 

than in the phase conductors due to the unbalanced distribution of load and generation. In 

addition, the thermal limit violations on the neutral was closely related to the %VUF in 

the system as expected. 

The results from this impact study were compared and evaluated with results from 

validated steady-state models in PSCAD®/EMTDC™. The transformation has been 

proven to be reasonably accurate in assessment of voltage variation and regulation and 

therefore can be used as an enabler for LV network impact studies. The error at low levels 

of voltage unbalance were quite high but an improvement of the measurement systems 

detecting phase and changes to the ratio of the impedances between the phase and neutral 

conductors would improve the results. 

As the Experimental SSEZ is a non-uniform network with a limited degree of flexibility, 

case-study networks need to be chosen which facilitate comparison with the Experimental 

SSEZ in terms of load and generation distribution to enable more accurate results. The 

transformation also assumes that there are no harmonics in the currents flowing in the LV 

network under investigation. Finally, the transformation system is inflexible about the 

ratio phase and neutral impedances in the case-study network as this is dictated by the 

relationship in the Experimental SSEZ. 

The validated transformation, in spite of the shortcomings outlined previously, can 

therefore be used to evaluate the operation of active network management techniques that 

are developed in this work especially in the investigation of voltage rise and regulation. 

This is likely to be the first constraint to be exceeded in any LV distribution network with 

large penetrations of SSEG. 
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Appendix J SAMPLE LABVIEW™ DIAGRAMS 
 

Centrallised Voltage Controller 
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Wind Turbine Generator Direct Agent (WGA) 

 


