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Intelligent Distribution Network Design 

Summary 

Distribution networks (medium voltage and low voltage) are subject to changes 
caused by re-regulation of the energy supply, economical and environmental 
constraints, more sensitive equipment, power quality requirements and the 
increasing penetration of distributed generation. The latter is seen as one of the 
main challenges for today’s and future network operation and design. In this 
thesis it is investigated in what way these developments enforce intelligent 
distribution network design and new engineering tools. Furthermore it should be 
investigated how a new design and control strategy can contribute to meet the 
power quality and performance requirements in distribution networks in future. 

This thesis focuses on network structures that, typical for the Netherlands, are 
based on relatively short underground cables. 

Managing current and voltage in such networks both during normal and 
disturbed operation, requires a good network design and an adequate earthing 
concept. The limited size of Dutch distribution networks has a positive effect on 
power quality aspects and reliability. The use of impedance earthing for medium 
voltage (MV) cable networks reduces the risk of multi-phase faults that cause 
large fault currents and deep dips. It also reduces the risk on transient over-
voltages due to re-striking of cable faults. A TN earthing system for the low 
voltage (LV) network reduces the risk of damaged apparatus and it maintains 
safety for people. However, care must be taken for the earthing of devices of 
other service providers, which requires a co-operative solution. 

The fast developments of computation techniques and IT equipment in the 
network opened the possibility to perform many calculations in short time based 
on both actual and historical data. Examples are the on-line distribution load-
flow and the short-circuit calculation for protection coordination and intelligent 
fault location. In LV and MV network calculations the accuracy of the models and 
the availability of data are the main obstacles. Because of the unsymmetrical 
nature of load and generation in LV networks a multiple conductor model is 
needed. For safety calculations also the earth impedances have to be modelled 
as well as the neutral and protective earth impedances and their mutual 
interactions. 

The protection philosophy in MV networks must take into account the changing 
requirements regarding safety and power quality. An overall philosophy 
concerning both network and generator protection is necessary. 
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New developments in substation automation benefit future upgrade and 
refurbishment of substation control and protection. As a result, also cheap, 
accurate and fast fault location becomes feasible, reducing the outage time of 
the customers. 

Next the influence of distributed generation on the above subjects is 
investigated. The increasing magnitude of short-circuit currents and the 
increasing voltage variations in the network are seen as a major challenge for 
the network planners. Conventional measures for reducing voltage problems 
may introduce problems with the short-circuit current level and vice versa. In 
networks which contain a large amount of both load and distributed generation, 
adverse voltage problems may occur, especially when the generation is located 
in the LV network. In order to reduce this, specific control strategies need to be 
developed. 

The last part of the thesis is related to these control strategies as a solution for 
operating future distribution networks. By introducing storage and power 
electronics, networks can be transformed into autonomously controlled 
networks. These networks remain an inseparable part of the electricity network 
but may behave in a fairly autonomous manner, both internally and externally, 
with respect to the rest of the network. The focus in this thesis is on maintaining 
an optimal voltage for all customers during all combinations of load and 
generation. Because of the autonomous behaviour of the control systems, their 
operation must be based on local measurements. A suggested approach is to 
replace the normal open point between MV feeders by a so called “intelligent 
node”. This node is able to control the power flow in several feeders by means of 
power electronics and, if provided, by electricity storage. The voltage profile can 
be improved further, by introducing an intelligent voltage control on the HV/MV 
transformer feeding the distribution network. 

The simulation studies in this research have been performed on a realistic 
model of a typical Dutch MV/LV distribution system. Based on the results the 
following conclusions are drawn: 

• The HV/MV transformer control must be based on line drop compensation. 
This compensation must use the load situation instead of the measured 
exchange signal. The compensation factor must differ between cases of high 
load and of high generation. 

• The optimal control of the intelligent node is a voltage control, based on a 
linear dependence of the voltage at the node and the power flow towards that 
node. This method can be improved when the voltage of the MV bus bar in the 
substation is taken into account. 

• Methods to obtain a perfect voltage profile will lead to a storage device that is 
not available for this voltage level yet. 
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• A voltage control based on a fixed value at both terminals of the intelligent 
node and at the MV bus bar of the HV/MV substation does not result in the 
optimal voltage profile, although guarantees a good voltage quality and might 
therefore be a good alternative. 

 
 



 

Contents 
 

Summary ....................................................................................................... 5 

Samenvatting ................................................................................................ 9 

1  Introduction ............................................................................................. 17 

1.1  Changes influencing the electricity system ......................................... 19 

1.2  Challenges for the network ................................................................ 23 

1.3  Research questions and objectives .................................................... 28 

1.3.1  State of the art ...................................................................... 28 

1.3.2  Research question ................................................................ 28 

1.3.3  Goal of the research .............................................................. 28 

1.3.4  Research approach................................................................ 29 

1.4  Relations to other work ..................................................................... 30 

1.4.1  National programs ................................................................ 30 

1.4.2  International programs .......................................................... 30 

1.5  The IOP-EMVT project ........................................................................ 34 

1.6  Outline of the thesis ......................................................................... 36 

2  MV and LV network design and operation .................................................. 39 

2.1  Network structures throughout the world ........................................... 39 

2.2  Distribution network structures in the Netherlands ............................. 43 
2.2.1  MV networks ......................................................................... 43 

2.2.2  LV Networks .......................................................................... 44 

2.3  Operation and performance ............................................................... 46 

2.4  Challenges and future networks ........................................................ 48 

2.4.1  Distributed generation .......................................................... 48 

2.4.2  Sensitive equipment ............................................................. 48 

2.4.3  Features of cables ................................................................. 49 

2.4.4  Data and communication ....................................................... 49 

2.4.5  Future networks .................................................................... 50 

2.5  Autonomously controlled networks .................................................... 51 

2.5.1  Structure and behaviour ........................................................ 51 

2.5.2  Controls................................................................................ 52 

2.5.3  Intelligent nodes ................................................................... 53 

2.5.4  Operational aspects .............................................................. 54 

2.5.5  Possible control actions......................................................... 57 

2.6  Conclusions ..................................................................................... 58 

3  Coordination of voltage and current........................................................... 59 

3.1  Normal operation .............................................................................. 59 

3.1.1  Requirements ....................................................................... 59 

3.1.2  Coordination of voltages ........................................................ 61 

3.1.3  Coordination of currents ........................................................ 73 

3.1.4  Power Quality ....................................................................... 75 



14 Contents 

3.2  Operation during disturbances .......................................................... 76 
3.2.1  Requirements ....................................................................... 76 

3.2.2  Impact of faults ..................................................................... 77 

3.2.3  Disturbances in HV networks ................................................. 79 
3.2.4  Disturbances in MV networks ................................................. 80 

3.2.5  Disturbances in LV networks .................................................. 87 
3.2.6  Limiting the impact of faults .................................................. 91 

3.3  Conclusions ..................................................................................... 94 

4  Evaluating and analysing tools and methods ............................................. 95 

4.1  Methods for analysis in MV and LV networks ...................................... 95 
4.1.1  Existing methods .................................................................. 95 

4.1.2  Advanced applications .......................................................... 98 

4.1.3  Differences for the voltage levels ......................................... 100 
4.1.4  New developments .............................................................. 101 

4.2  Future network analysis needs ........................................................ 107 

4.3  Network model and available data ................................................... 109 
4.3.1  Modelling of LV cables ........................................................ 109 

4.3.2  Diversity of loads and DG ..................................................... 110 
4.3.3  Necessary input data ........................................................... 115 

4.3.4  Required accuracy ............................................................... 118 
4.4  Future network analysis .................................................................. 122 

4.5  Conclusions ................................................................................... 123 

5  Protection, substation automation and fault location ............................... 125 
5.1  Protection ...................................................................................... 126 

5.1.1  Protection philosophy ......................................................... 126 

5.1.2  Protection of MV and LV networks ........................................ 126 
5.1.3  Future developments ........................................................... 129 

5.2  Substation Automation ................................................................... 133 

5.2.1  Requirements for MV automation ......................................... 133 
5.2.2  Points of concern ................................................................ 134 

5.2.3  Developments and implementation ...................................... 134 
5.2.4  Future possibilities ............................................................. 138 

5.3  Intelligent fault location in MV cable networks ................................. 140 
5.3.1  Development of fault location .............................................. 140 
5.3.2  Differences between HV and MV fault location ...................... 141 
5.3.3  Fault location in MV distribution networks ............................ 142 
5.3.4  Algorithms .......................................................................... 143 

5.3.5  Practical experience ............................................................ 147 

5.4  Conclusions ................................................................................... 152 

6  Distributed generation in underground cable distribution networks .......... 153 
6.1  Impact of DG .................................................................................. 153 

6.1.1  Performance during normal operation .................................. 155 
6.1.2  Performance during disturbances ........................................ 159 



Intelligent Distribution Network Design 15 

6.1.3  Planning, operation and power quality ................................. 163 

6.2  Solutions for network performance .................................................. 170 

6.2.1  Common practice solutions in the network ........................... 170 
6.2.2  Future solutions .................................................................. 173 

6.3  Conclusions ................................................................................... 178 

7  Voltage control in autonomously controlled networks ............................... 179 
7.1  Problem definition .......................................................................... 179 

7.2  Applied method .............................................................................. 181 

7.2.1  Methods to control the voltage ............................................. 183 

7.2.2  Proposed control ................................................................. 186 

7.2.3  Optimal voltage profile ........................................................ 187 

7.3  Modelling ....................................................................................... 189 

7.3.1  Network configuration ......................................................... 189 

7.3.2  Network model .................................................................... 189 

7.4  Analysis ......................................................................................... 192 

7.4.1  Scenario for load and generation ......................................... 192 

7.4.2  Control strategies using global information .......................... 194 
7.4.3  Results of the calculations ................................................... 196 

7.4.4  Consequences for the controls ............................................. 208 

7.4.5  Control strategies using local information ............................. 212 
7.4.6  Simple actions .................................................................... 215 

7.5  Conclusions ................................................................................... 217 

8  Conclusions, contribution and future research ......................................... 219 
8.1  Conclusions ................................................................................... 219 

8.2  Thesis contribution ......................................................................... 224 

8.3  Recommendations and future research ............................................ 226 

References ................................................................................................ 229 

A  Earthing ................................................................................................. 249 

A.1  Earthing a network .......................................................................... 249 

A.2  Earthing concepts ........................................................................... 252 

A.3  Connecting the LV customer network to the public network ............... 254 
A.3.1  Earthing arrangement .......................................................... 255 

A.4  Examples of network earthing in MV and LV grids ............................. 257 
A.5  Earthing and safety ......................................................................... 260 

A.6  Earthing philosophy of Alliander ...................................................... 261 

B  Components .......................................................................................... 265 

B.1  Cables ........................................................................................... 265 

B.1.1  Cable types ......................................................................... 265 

B.1.2  Loading capacity ................................................................. 266 

B.1.3  Impedance .......................................................................... 267 

B.1.4  Impact on network performance ........................................... 268 

 
 



16 Contents 

B.2  Other components .......................................................................... 268 

B.2.1  Transformers ...................................................................... 268 

B.2.2  Switchgear ......................................................................... 268 

B.2.3  Capacitor banks .................................................................. 269 

C  Reliability .............................................................................................. 271 

C.1  Comparing reliability in the Netherlands and in Europe ..................... 271 
C.2  Reliability in Dutch distribution networks ......................................... 272 

C.2.1  Current situation ................................................................. 272 
C.2.2  Improving the reliability ...................................................... 273 

D  Electro Magnetic Fields ........................................................................... 277 

E  Power Quality at Alliander....................................................................... 279 
E.1  Classification ................................................................................. 279 

E.2  Results of measurement campaigns from 2001-2007 ....................... 280 
F  Transient voltages and currents during earth faults .................................. 288 
G  Coupling of MV networks ........................................................................ 293 

H  State-estimation in MV networks............................................................. 295 

I  Protection .............................................................................................. 297 

I.1  Fault interrupting devices ................................................................ 297 

I.2  Protection relays ............................................................................ 298 

I.3  Protection of components ............................................................... 299 
J  Substation automation at Alliander ......................................................... 301 

J.1  Implementation of substation automation ........................................ 301 
J.2  Development of SASensor ............................................................... 302 

K  Background on fault location .................................................................. 307 

K.1  Analysing the measured data .......................................................... 307 

K.1.1  Transforming the signal into symmetrical components data ... 307 
K.1.2  Recognising the type of fault ................................................ 310 

K.1.3  Network earthing ................................................................ 317 
K.1.4  Additional information ........................................................ 317 

K.2  Determining the fault loop impedance ............................................. 318 
K.2.1  Three-phase faults .............................................................. 319 

K.2.2  Two-phase faults ................................................................. 319 

K.2.3  Single-phase faults ............................................................. 320 

K.3  Implementation in the Alliander network .......................................... 321 
K.3.1  Results ............................................................................... 321 

L  Abbreviations and symbols ..................................................................... 323 

Acknowledgements .................................................................................... 327 

List of Publications ..................................................................................... 329 

Curriculum Vitae ........................................................................................ 333 



Introduction 17 

1 Introduction 

The main objective of an electric power system is to transfer the electrical energy 
from the generators to the consumers. A power transmission network connects 
large-scale power plants to multiple substations near a populated area. A power 
distribution network connects the customers to the substations. Electric power 
transmission allows distant power plants to be connected to consumers in 
population centres. 

Since the electric power cannot be stored in large amounts, the electricity 
generation must always be balanced with the momentary consumption and 
losses. Multiple sources and loads can be connected to the transmission system 
and they must be controlled to provide orderly transfer of power. In the long 
term this process is dominated by the electricity market, that affects the 
purchase and sale of electricity, using supply and demand to set the price. 
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Figure 1.1 Players in the field of electricity supply 

Operating an electric power system is a complex business with a large number 
of players involved, as shown in Figure 1.1. A central position is played by the 
grid operator, owning and operating the network. 
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All players have wishes and set requirements affecting the behaviour of the 
electric power system: 

• Generators need to be connected to the network at all times in order to be 
able to generate the electric power. They need the network to be operated 
within technical limits to ensure the proper working of their generating units. 
Their relation to the society is often on the field of politics, where it concerns 
the environment and economy. This also affects the policy for constructing 
new generating units. 

• The consumers also need to be connected to the network at all times for their 
processes. These processes include conversion of electric energy into labour, 
heat and light, as well as electricity generation. The consumers are related to 
society because society determines safety and reliability requirements. 

• The society sets requirements to generation, grid operator and consumption 
players. The requirements for the generation players are mainly in the 
environmental field. The requirements towards the grid operator are in the 
field of reliability, environment, politics (economical) and safety. The 
requirements towards the consumption players are mostly in the field of the 
environment and safety. Very often the regulator is used to set the 
requirements. 

• The grid operators must enable the transmission and distribution of electrical 
energy. This must be done in a reliable, safe and economical way, while at the 
same time the environment must be saved. They will adopt new technological 
features to be able to cope with new requirements. 

• Technology players develop new components, processes and ICT-solutions for 
generation, grid operator and consumers. Driven by economical, 
environmental and sociological signals, they carry out research and 
development. Players are, amongst others, universities, technological 
institutes, manufacturers and engineering consultants. 
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