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Abstract 
Due to a new law that enforces distribution companies to install AMR (Automatic 
Meter Reading) meters, new possibilities are opened. Not only the primary purpose of 
AMR meters, i.e. measure the consumption at the customer side, can be beneficial but 
also outage management which can help reduce the unavailability of a grid. These 
meters have been further developed lately and new areas of use are under 
investigation. 
 
Distribution automation is a term that normally connects to middle voltage level 
substations. This technology is used to monitor and remotely control power 
distribution, where for example outage management is an important part. Historically, 
implementation of distribution automation at low voltage level has never been 
interested since investments have been given priority to middle voltage level which 
covers more customers.  
 
This thesis investigates the possibilities to use AMR meters in order to reduce 
customer outages, identify limits in present construction and suggest necessary 
modifications to improve the performance of the system. A reliability analysis of the 
different proposed solutions and a sensitivity analysis of the most attractive solution 
are also included. An investment analysis is performed, to get an idea how much the 
investment would cost on an implementation  
 
The result from the thesis has shown, that one of the proposed solutions which 
consists of a number of breakers implemented strategically in a grid, not contribute to 
any major improvements. The investment cost is relatively high, and the reliability 
analysis has shown that the amount of outages increase, while the average repair time 
of interrupted customers decrease. If the breakers are less expensive and their fault 
rate reduced, a new investigation may be of interest in the future. 





Sammanfattning 
Till följd av en ny lag som tvingar nätbolagen att installera fjärravlästa elmätare, 
öppnas nya möjligheter att inte bara utnyttja mätaren till det ursprungliga syftet, dvs. 
att mäta förbrukningen hos kunden. Dessa mätare har utvecklats ytterligare de senaste 
åren och nu undersöks nya användningsområden. 
 
Distributions automation är ett begrepp som normalt förknippas med ställverk på 
mellanspänningsnivå. Tekniken används för att övervaka och fjärrstyra distributionen, 
där exempelvis avbrottshantering är en viktig del. Implementering av distributions 
automation på lågspänningsnivå, har historiskt aldrig varit intressant eftersom man 
hellre satsat pengar på att utveckla mellanspänningsnivå som täcker fler kunder. I och 
med att kunder nu har fjärravlästa elmätare installerade ges nya möjligheter att utnyttja 
informationen från dessa, i samma syfte som distributions automation används på 
mellanspänningsnivå. 
 
Det här examensarbete undersöker möjligheterna att använda fjärravlästa elmätare i 
syfte att minska antalet fel, identifiera vilka begränsningar som finns och föreslå 
modifieringar som krävs för att kunna utnyttja informationen. Examensarbetet 
innehåller även tillförlitlighets analys av olika förslag, och även känslighetsanalys av 
den mest attraktiva lösningen. För att få en uppfattning om vad investeringskostnaden 
uppgår till har även en investeringskalkyl inkluderats.  
 
Resultatet från examensarbetet har visat att den föreslagna lösningen, där ett av 
huvuddragen är att implementera ett antal effekt brytare på strategiska ställen i ett 
givet nät, inte bidrar med några större förbättringar. Investeringskostnaden är 
förhållandevis hög, och tillförlitlighetsanalysen har visat att avbrotten ökar i antal, 
medan den genomsnittliga reparationstiden hos drabbade kunder minskar. Om 
brytarna i framtiden blir billigare och mindre felbenägna kan en ny undersökning vara 
av intresse. 
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1 Introduction 

1.1 Background 

According to a law, power consumption must be measured and read out once a month 
by utilities by the end of June 2009. This law is accepted in order to abolish conflicts 
between customers and utilities, due to the fact that utilities presently estimate the 
consumption and therefore create a situation where loss of interest on prepaid charges 
may be subject to dissatisfaction. Another reason for implementing the law is to 
clarify the consumption for the customer, which can contribute to promote energy 
saving investments for individual customers. The consequence of this is that all 
utilities are recommended to use AMR (Automatic Meter Reading) meters in order to 
solve problems related to previous type of meters. Vattenfall has been working with 
replacing all their old meters with AMR meters that can be readout remotely. 
 
The main purpose of AMR is to handle the measured values in a more efficient way 
compared to the previously manual readout method. In addition, AMR meters are 
capable of increasing the possibilities to improve the performance of the grid. Ideas 
related to distribution automation that are not yet investigated can possibly bring 
further development to Vattenfall. The intention of this thesis is to investigate if the 
information from the AMR meters can be utilized to minimize outages, and what need 
to be modified in order to meet this achievement. 

1.2 Research Objective 

Customer outages are undesirable, both in amount and duration. An outage often leads 
to a service visit by fieldcrew operating in the area, where the fault is initiated. This 
can be time consuming, which results in both higher operational- and penalty costs. 
This also leads to loss of income for the utility.  
 
The purpose of the project is to investigate the possibilities and advantages that could 
be gained by applying new technology to reduce customer outages. AMR data can be 
used to present information about outages that can be used in a way to isolate faults, 
and thus improve outage restoration for customers. The objectives of the project are: 
 

• Seek knowledge of the concepts of Distribution Automation (DA), outage 
management and the AMR system and also the present status of Vattenfall.    

• Investigate the possibilities to reduce customer outages by duration and 
quantity automatically. Suggestions of modifications should be analyzed in 
order to investigate limits and possibilities.  

• Perform reliability analysis of proposed solutions, by using an appropriate 
simulation tool.  
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• Estimate the cost of implementation of the proposed solutions. 
 
The grid that is used for analysis in the thesis is a specific radial grid from a rural area 
with 23 customers connected to it. The grid was provided by [1]. 

1.3 Outline 

Chapter 2 is an introduction to the power system in Sweden and briefly explains how 
distribution automation works, also an overview of the situation for automatic meter 
reading within Vattenfall. 
Chapter 3 provides details about the theory of reliability analysis and also definition 
of terms used. 
Chapter 4 explains how Neplan works and briefly demonstrates how to build a model. 
Chapter 5 begins with the specific grid that is used for analysis, identifies the 
technical limitations in present construction, possible solutions for improving system 
efficiency and finally proposed models. 
Chapter 6 presents the reliability assessment of the proposed model and a sensitivity 
analysis. 
Chapter 7 provides details about breakers that are part of proposed solutions and the 
investment cost related to implementation. 
Chapter 8 includes a conclusion and proposed future work. 
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2 Overview of transmission system 

2.1 Introduction 

The transmission of power from producers to consumers in the Nordic electric 
network consists of three parts. These are transmission network, sub-transmission 
network and distribution network. The transmission network is used to send power 
over long distances or large areas. Since Sweden has a large amount of hydropower in 
the northern part of the country, the transmission network is used to transfer the power 
to the southern part where most consumers are located. The transmission network is 
operated in the range of 220-400 kV. The sub-transmission network is used for the 
same purpose, but the operating voltage is lower. Distribution of power in the 
distribution network is performed at a level of up to 130 kV. A voltage of this level is 
usually transformed down to voltage level between 10 and 20 kV, and also 30 and 40 
kV in some locations. 

2.2 Distribution network 

The distribution grid is used to distribute power to the end customers. The grid 
consists of both middle voltage level and low voltage level substations. Different 
components and grid layouts are used to reach a high redundancy, and to minimize the 
outage time. 

2.2.1 Transformer stations and substations 

The transformers in distribution facilities are usually in the ratio of 130/40, 130/20, 
130/10, 40/10 and 20/10 voltage for high and low side, respectively. In dense 
populated areas, distribution voltages of 10 kV and 20 kV are used, whereas in rural 
areas 20 kV is the most frequent. The substations used for distribution in dense 
populated areas are normally built inside buildings. Regardless of voltage level, the 
same type of substation is used, but the dimensions are larger for the 20 kV level 
compared to 10 kV.  
 
Padmount transformer is used in electrical power distribution to convert voltage from 
the high voltage terminal to the low voltage terminal. A typical padmount transformer 
enclosure includes a tank for holding the coil assembly of the padmount immersed in 
oil and a wiring house. In order to enclose the high and low voltage bushings, the 
wiring house have high and low voltage wiring compartments. To prevent 
unauthorized access, a cover is usually welded on top of the tank. [2] The main reason 
for using padmount transformers is that they offer a wide selection of load capacity in 
modular form. Other reasons include esthetics and safety. [3] 
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The possibility to restore the power as soon as possible during a fault is important. 
This can be achieved in two ways, according to [4]: 

1) Each station is supplied with sufficient amount of transformer power, so that it 
can retain delivery even if one transformer becomes out of service. 

2) A combination of spare power in transformer and distribution line. In such a 
system, stations and distribution lines form a ring according to Figure 2.1. 
Each station only needs one transformer, and it must be able to deliver 1,5 
times of the loads connected to the station itself. 

 

 
Figure 2.1 combination of spare power in transformer and lines, [4] 

2.2.2 Low voltage station 

Low-voltage distribution, the part of the network connected to customers in the 
distribution system, is normally operated at 400 V (phase to phase). The variation and 
operation of the equipment used for low-voltage distribution are vast. It can range 
from very simple equipment located in line posts, to larger systems located in separate 
buildings. However, the equipment design is similar no matter where the equipment is 
used. Traditionally, the only purpose is to convert high voltage to low voltage. 
According to [4], low voltage stations always consist of a simple high voltage 
substation, usually composes of several load break switches, a fuse and a transformer. 
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On the low voltage side, there is a low voltage substation with load break switches in 
the distribution branches.  
 
Low voltage distribution stations are connected differently to distribution feeders. 
Two ways are shown in Figure 2.2 and Figure 2.3. If the low voltage station is 
connected to a radial construction, one load break switch or elbow connection 
connects to the feeder. In the system with ring distribution, two load break switches or 
elbow connections are added compared to radial construction. The economic issues of 
operation and maintenance and Energy Not Served (ENS) are considered when 
selecting to operate with radial construction or ring construction. 
 
There are several thousands of low-voltage distribution stations in Sweden. The 
majority of them are low-power line post stations spread out in rural areas. In dense 
populated areas, large types of systems are common where the voltage is transformed 
from 20 kV. These correspond to a significant part of the total cost for the facilities of 
a distribution company in a population centre, approximately 20-25 percent, according 
to [4]. Because of that, larger low-voltage distribution stations must be constructed as 
simple and lean as operation and personnel safety allows.  
 
It is possible to distribute low voltage from substations to other substations or 
customers, in meshed grids- and radial systems. As seen in [4], meshed grids provide 
outstanding reliability, but it is expensive considering the economic issue. Though, it 
is not practical in modern constructions, due to higher load density compared to 
preceding systems. In a system with loops, the power can be restored manually in 
cable boxes with fuses and other connection components, which is not feasible when 
having radial cables. Surveys within reliability analysis have shown that radial cables 
in general give customers sufficient reliability, when including costs for outages as 
well. 

Elbow contact or other 
connection

transformer

fuse

Disconnecting switch

Disribution 
station

Low
Voltage

Distribution
station

 
Figure 2.2 Connection of low voltage station via radial construction, [4] 
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Disribution 
station

 
Figure 2.3 Connection of low voltage station via ring construction, [4] 

2.3 Distribution Automation (DA) 

DA distinguishes from the normal Supervisory Control And Data Acqusition 
(SCADA) system because of the decision making feature. In the conventional 
SCADA, decision-making is supervisory, i.e. the control decision is taken manually 
on the basis of experience and the available real time data. The control decision can 
then be executed via a human machine interface. 
 
DA is a way of monitoring and control power distribution in networks. This is 
possible by new capabilities in power-electronics, information technology and system 
simulation. In an integrated system, network data are collected and analyzed, that are 
used as decision basis to make appropriate control decisions. The decision is then 
implemented in the network, and the result is verified to compare if it is satisfactory of 
function. [5] The DA concept simply applies automation to the entire distribution 
system operation and covers the complete range of functions from protection to 
SCADA and associated information technology applications. [6] 

2.3.1 DA Terms 

Within the DA concept, there are a few terms which are frequently used in the 
industry. 
Distribution Management System (DMS): According to [6], DMS focuses on the 
control perspective, where the system gives information to the operators with the best 
“as operated” view of the network. It coordinates all the downstream real-time 
functions with information needed for manually operated devices to properly control 
and manage the network. A common human-machine interface and process optimized 
command structure are vital in providing operators with facilities that allow efficient 
performance of their tasks. 
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Distribuition Automation System (DAS): As seen in [7], the definition of 
Distribution Automation System (DAS) according to IEEE is “a system that enables 
an electric utility to remotely monitor, coordinate and operate distribution 
components, in a real-time mode from remote locations“. Hierarchally, DAS is under 
supervision of DMS and operates all the remote controlled devices at the substation 
and feeder levels (circuit breakers, reclosers, autosectionalizers), also control the local 
automation distributed at these devices, and the communication infrastructure. DAS 
covers a wide range of implementations, from simple retrofitted remote controls, to 
the installation of complete systems. [6] In a typical distribution automation system, as 
shown in [5], the above components are integrated which is shown in Figure 2.4. 
 

Figure 2.4 Distribution Automation System, [5] 

 
Distribuition Control Centre (DCC): The location, from where control decisions are 
initiated, is generally called Distribution Control Centre (DCC), according to [5]. 
Distribution Automation Systems covers data acquisition, telemetry and decision 
making system. It involves collecting and transferring measured parameters to a DCC, 

Distribution control 
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also displaying and performing analysis for control decisions which results in 
improving the system operation. The control action can be performed either manually 
or remotely access. 

2.3.2 Apparatus/Equipment involved in DA system 

The following subsystem groups are necessary in order to have an operating DA 
system: 

Instrumentation equipment 

In [5], the purpose of installing field instrumentation in the equipment that is being 
monitored and controlled by the DA system, is described. Examples of field 
instrumentations are sensors, transducers and actuators which are interfaced with the 
monitored equipments. The sensors monitor certain parameters and the actuators 
control certain equipments or feeders in the system. The actuators could either be 
automatically or manually operable. All the field instrumentations in connection with 
equipment that is being monitored and controlled are interfaced to a local unit called 
Remote Terminal Unit (RTU). This device can be used to execute commands and also 
to implement control decisions, based on information from the engineering analysis 
software. The RTU is capable of collecting data from the measured equipment and 
transmit it to the DCC. As seen in [8], other functions, diagnostic checks and generate 
the alarm signal, depending on the state of the switch, can also be performed by the 
RTU.  

Communication system 

The communication system is used to transfer data both to and from remote terminal. 
Different types of communication equipment are located on strategic places in the 
network, enable point to multi point communication. The communication media can 
either be wired or wireless. [5] A couple of different communication technologies can 
be used, with different advantages and drawbacks as discussed in [9], for example 
public telephone, cellular telephone, power line communication, radio communication 
and microwave communication.  
 
Leased public telephone lines can be a problem in areas or countries where the 
coverage is underdeveloped. The main advantage of Power Line Communication 
(PLC) is that it uses the power network as communication medium, and the network is 
owned by the utility. Another feature is that it reaches every point in the network and 
automatically extends to newly added network components. If radio communication is 
used, the communication system is usually owned by the utility, and the operation is 
independent of the condition of the power system. Many data channels, including 
high-speed channels can be supported by the communication system, as well as voice 
communication. Licensing of radio frequencies can be a requirement, and those can be 
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difficult to obtain in some areas. Another problem can be to implement the system in 
the field, if for example the terrain is mountainous. 
 
There are also different kinds of protocols used depending on the application, and 
many standard protocols do not support the facilities required for distribution 
automation or the particular communication medium. [8] 

Control decision unit 

There are two key software elements – master DA software and engineering analysis 
software at the DCC. The master DA software acquires the system data (both static 
and dynamic) and converts it into an information system. The engineering analysis 
software provides the control decision utilizing the system information, available at 
the DCC. [5] This is illustrated in Figure 2.5. 

 
Figure 2.5 DCC software 

Using DA, it is possible to optimize the use of available resources and enhance 
reliability and quality of power distribution. The system efficiency is improved by 
reducing technical losses, for example reduction in equipment damage, and enhancing 
life-cycle of the existing distribution system infrastructure. The functions that can be 
automated are classified into two categories, according to [5]; monitoring functions 
and control functions.  
 
• Monitoring functions: Functions for recording meter readings at different 

locations in the system, operating status and abnormal conditions. The system 
data obtained from the monitoring functions can be useful for both daily 
operation and also system planning.  

 
• Control functions: Functions for switching operations in the system such as 

switching capacitors, or reconfigure feeders. Other examples of control functions 
are identification of fault locations, service restoration and outage management.   

Ring main unit 

According to [10], one of the key components for DA is the Ring Main Unit (RMU). 
Previous generation RMUs were designed without DA concept. Some of these 
previous generation RMUs have been retrofitted, making DA available. Modern 
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RMUs are able to interface with existing SCADA system and have integrated 
controllers, sensors, power supply and communication units.  
 
In the electrical supply chain, the last transformation is often from medium voltage to 
low voltage via the distribution substation. A feeder from a primary substation could 
connect to a number of distribution substations. The transformer is connected to the 
feeder and equipped with protective device, usually a circuit breaker or a switchfuse. 
If a fault occurs on the feeder, a circuit breaker trips, leaving the feeder and all its 
connected loads off supply. If the location of the fault is known, and the feeder has 
sectioning breakers, the faulted section can be isolated, and loads on healthy section 
can be restored to supply. In an open loop feeder, any load connected to a section that 
experience a failure, the power can be restored through reconnections involving the 
normally open point, which is described further in section 2.3.3. At the distribution 
substation, switches used for sectioning the feeder are added in the local transformer 
protection, form a three-way switching system. This is often called a ring main unit. 
[6] 

2.3.3 Function 

Examples of areas and related functions that can be automated using DA are: 
 
Load control 

• Load reduction to reduce system power peaks and prevent overloading of 
distribution equipment. 

Substation automation 
• Monitoring the status of substation equipment. 
• Monitoring voltages and circuit loading. 
• Supervisory control of substations. 
• Collection of substations measured data. 

Feeder automation 
• Fault isolation and service restoration. 
• Remote circuit switching. 
• Collection of feeder measured data. 

Feeder Volt and VAR Control 
• Remote control of LTCs, regulators and capacitors. 

Automatic Meter Reading (AMR) 
• Automatic billing procedure. 
• Detection of meter tampering and theft. 
• Monitoring of meter for proper operation. 
• Remote services disconnect and reconnect. 
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In this thesis, it is desired to implement the concept of DA in the low voltage level 
grid by using AMR meters. In this section, an introduction of how fault isolation and 
service restoration can be handled in a DA system is described. 
    
A standard distribution automation system according to [8], in form of an open ring 
feeder is shown in Figure 2.6, where a fault has occurred in point C.   

 

A

B

C

D

E
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RTU2 RTU3

RTU4

CB1 CB2

AS1

AS2 AS3

AS4

Circuit 
Break

Line Switch

Control 
Point

Communication 
Line

SCADA

 

Figure 2.6 Typical Distribution Automation Scheme, [8] 
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A Normally Open Point (NOP) in the network is in Automatic Switch 4 (AS4), where 
the line switch is marked black. Once a fault occurs, the faulted section must be 
isolated, and any healthy circuit between the NOP and the fault can only be re-
energized by closing the NOP. When the primary circuit breaker (CB1) trips in 
response to the fault that occurs in C, the control point is informed and the automatic 
restoration sequence, determined by software executed in the control point, is initiated. 
Instrumentation for fault current detection connected to RTUs can, in connection with 
the control point, locate the fault. By opening the line switch at AS2 and AS3, and 
closing the switch at AS4 that is normally open, the fault is isolated. The power is 
restored to all customers in the network. 
 
The key elements in this system are the control point, the automated switch, the 
communication and the automated restoration sequence. The control point is able to 
communicate with all of the automated switches installed in the feeder and with the 
primary circuit breakers. Another important role is the interface to distribution 
SCADA, so that any automated response can be notified in the main control centre. 
Each automated switch is equipped with a Fault Passage Indicator (FPI) or protection 
relay, an actuator and auxiliary contacts. The FPI determines the location of the fault, 
the actuator controls the opening and closing of the device depending on the control 
signal and auxiliary contacts are used to monitor the status of the switch. 
 
Historically as shown in [6], there has been very little control and monitoring of the 
low voltage level distribution switchgear, because utilities have concentrated their 
efforts on improving the performance of their middle voltage level network. 
 
Some utilities use a NOP connected to other grids. In case of an outage, there is a 
possibility to close the NOP and restore power to customers. For customers requiring 
high reliability, for example hospitals, banks or industries other solutions are 
necessary in form of automatic changeover, to provide a switched alternative supply. 
In this case, two low voltage level circuits are taken to the customer load point, and 
one is run normally open using a normally open circuit breaker. If the other supply 
fails for any reason, the circuit breaker on the faulty supply can be arranged to open. 
By closing the normally open circuit breaker, customer supply can be restored. More 
information is provided in [6]. 

2.4 Automatic Meter Reading 

Every customer has a meter that shows how much power the customer has consumed. 
The grid company is responsible to make readout of the meter at least once a year. As 
seen in [11], the readout serves as material for billing purposes, so that the grid 
company and the distribution company know how much the customer will pay for the 
consumption. If the customer changes distribution company, moves to another 
residence or the meter is changed for any reason, the grid company has to make 
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readout and is responsible for the job being accomplished. This has been done 
manually until recently. The grid company can either send someone to do the job, or 
use a form where the customer can fill it out himself and report to the grid company.  
 
A decision taken by the Swedish government states that all meters should be readout 
once a month after 1:st of July, 2009. This means that all meters will be replaced by 
remote meter reading. Vattenfall have launched a project called project AMR where 
an important part is that billing should be performed on actual consumption instead of 
prediction. 850 000 meters from at least two suppliers are going to be replaced by the 
end of 2008. The project is divided into three subprojects called AMRELVA1, 
AMRELVA2 and AMRELVA3 where the purpose is to replace old meters by new 
AMR that measure and automatically report the meter reading values in an effective 
system structure, which is explained further in section 2.4.5 [12] 
 
The thesis is limited to investigate the possibilities to use AMR3 meters to solve the 
problem. AMR1 and AMR2 only include a limited number of meters, and the fact that 
new meters most likely will cover features that are not supported within AMR1 and 
AMR2 supports the decision. The project within AMR3 has an outage management 
system that the thesis assumes is available. Even though AMR1 and AMR2 do not 
support any type of outage management system, they are still mentioned in the thesis. 

2.4.1 AMRELVA 1 

Also known as AMR1, was the first purchase within project AMR. The supplier is the 
French company, Actaris. The communication is based on radio and is developed by 
the Swedish company Senea. The first installations were accomplished in 2003, where 
the job was performed in two steps, with 50 000 meters each. The locations were 
western Sweden and the Mälar region. The project is finished and passed to the 
division for operation. The system for collecting meter-reading values is located in 
Trollhättan and is called Custcom. [12] [13] 
 
The meters used in AMR1 are manufactured by Actaris and communicates with a 
radio based communication module. Most of the meters are connected to a 
concentrator, but point-to-point is also supported on some locations. This can be used 
when meters are installed too far from a concentrator. In those cases, the meters 
communicate via GSM directly with the collection system. [13] [14] The meter used 
in AMR1 is illustrated in Figure 2.7. The meter values are sent on a daily basis, and 
the storage time of data is one year. [15] 
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Figure 2.7 AMR1 meter 

Concentrators are used in all of the AMR projects. They act as a router to transmit 
data further up in the system hierarchy. [13] Associated with AMR1 are about 1300 
concentrators, each of them has GSM module that enables wireless communication 
with the collection system. On average, about 80 meters is connected to each 
concentrator, but the potential is about 1000 meters. [14] 

2.4.2 AMRELVA 2 

The second purchase within project AMR. A Slovenian supplier called Iskraemeco 
was chosen. The communication between meter and concentrator is PLC, which uses 
the grid of Vattenfall, but some meters use GSM/GPRS for point-to-point 
communication. Installation started in the fall of 2004 in three phases with 50 000 
meters each. Most of the meters are located in middle parts of Sweden and some on 
Gotland. The project is finished and passed to the division for operation. Sollentuna is 
the location for A-collect, the system that collects meter-reading values. [12] [13]  
 
Manufacturer is Iskraemeco. Three types of meters are used for installation; MT351 a 
three phase-meter, ME351 a single phase-meter and MT372 a three phase-meter 
equipped with a GSM/GPRS module. MT351 and ME351 use PLC to communicate 
with the concentrator, and those meters are most common in AMR2. In Figure 2.8 a 
MT-351 meter is shown. [13] [14] The meter values are sent on a daily basis, and the 
storage time of the data in the meter is 0,5 year. [15] 
 



  
  

 

 Page 15 (81) 

 

Figure 2.8 AMR2 meter MT-351 

The concentrator has a GSM/GPRS module that communicates with the data 
collecting system (A-collect). Each concentrator is able to handle up to 1000 meters 
but as in AMR1, the actual number is much lower. When communicating with the data 
collecting system, TCP/IP is used and data is sent in a compressed XML file via FTP. 
[13] [14] 

2.4.3 AMRELVA 3 

AMR 3 is the third purchase within project AMR, and the latest one. The main 
supplier is the Spanish company Telvent Energia y Medioambiente S.A that delivers 
their system platform Titanium together with meters from the American company 
Echelon. Compared with AMR1 and AMR2, Vattenfall uses a different approach in 
AMR3 when processing the data collected from the meters. Instead of using data 
collecting systems that are managed within Vattenfall, an external operator has been 
responsible for this service. Telvent is currently responsible for collecting data from 
meters within AMR3, where Vattenfall acts as a customer and buys the information. A 
third company, Eltel Networks is responsible for the installation of the meters. [12] 
[13] [16] 
 
About 600 000 meters are included in project AMR3. Two types of meters are used, 
both from the same manufacturer (Echelon). The meters used in AMR3 features more 
functions compared to the meters used in previous AMR projects. These can probably 
improve customer service or constitute an addition value to business. Advantages, not 
covered in previous AMR projects are remotely upgradeable meters, customer service 
have access to immediate meter values and it is also possible to remotely disconnect 
customers. Other features are for example device case tampering, magnetic tampering, 
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reverse energy detection and phase inversion (introduction of 180 degree phase 
difference). The meter values are sent daily, and the storage time is 180 days. [15] [16] 
 
Before summer 2008, Vattenfall assumes that less than 1% of the meters they plan to 
install are remaining. Presently, they install about 1500 meters per day. Included in 
those 5% are meters that are difficult to access. They are part of a process called clean 
up, where more work is put into installation. [16] 
 

Figure 2.9 AMR3 meter 

The concentrator communicates with the data collecting system via GSM/GPRS, and 
the meter communicates via PLC to the concentrator. Titanium is the data collecting 
system developed by Telvent that is used in AMR3. Both meter and concentrator in 
AMR3 are manufactured by Echelon. They use a system platform called Network 
Energy System (NES) that is developed by Echelon. The number of meters per 
concentrator varies significantly, and is related to the amount of customers connected 
to a low voltage station, according to [17].  
 
In AMR3, the concentrator works in a cycle, pinging all the underlying meters in order 
to detect outages. Ping can be described as the concentrator sending a signal to a 
meter, and the purpose is to confirm if the meter is connected to the concentrator. If 
the meter detects a ping signal, it responds immediately to the concentrator. If the 
concentrator cannot connect to a meter with ping, an error message is sent (power 
down) to the Performance Event Register (PER). PER is explained further in section 
2.4.5. The concentrator is still trying to ping all meters, and if it for some reason can 
connect again a new message is sent (power up). The messages/codes are sent to PER. 
A lot of other quality related codes are sent to PER in order to monitor the status of 
power that is delivered to customers. 
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According to [17], customers who use power intermittently through out the year, for 
example summerhouses, are handled differently. Presently, it is either confirmed by 
telephone that the customer is not located in his/her summerhouse, or field crew from 
Vattenfall visit the house where the meter signaling ‘power down’. They can then state 
weather the customer is living in the house or not. The ping cycle is updated not to 
include that summerhouse in particular if the customer himself is not there and has 
switched off the power. More information about the ping cycle is seen in section 5.5.4. 
 
If there is an outage that affects the concentrator, initially the concentrator pings all 
underlying meters. This is done to assure power is back on all meters. If a meter sends 
the message “power down”, Vattenfall are aware of this before customer calls and can 
take necessary action. [16] When major storms occur severe outages is often a result. 
Once the storm is settled, the rebuilding process of the grid starts. By using the 
possibility to ping the meters in an area, the operator has a tool to evaluate weather the 
rebuilding process is successful or not. Earlier, Vattenfall had to call the customer to 
be sure that power was restored. [18] 

2.4.4 Comparison study of AMR meters 

Vattenfall use AMRs from three different suppliers, where all meters have different 
advantages and drawbacks. Generally speaking, the meters within the last purchase 
(AMR3) include more intelligent functions than the preceding meters. This type is 
also the most frequently installed meter by Vattenfall. In order to get an overview of 
the features that cover the meters, a comparison study is included in this thesis. 
 
The communication solutions are different between the meters. A good overview is 
given in Table 2.1. 

Table 2.1 Communication solution 

Type of meter
link 

AMR 1 AMR 2 AMR 3 

AMR - DC Radio Power Line Carrier Power Line Carrier 
DC – Collection system GSM GSM/GPRS GSM/GPRS 
AMR – Collection system 
(Peer-to-peer) 

GSM GSM/GPRS Not available 

 
As seen in [15], all meters can handle daily values, and also the possibility in the 
future to deliver hourly values. Though, the storage time is different between the 
meters. AMR1 has a 1 year storage time of data, while AMR2 and AMR3 have 180 
days. 
 
The features that are connected to functionality are very different between the meters, 
which are overviewed in [15]. It is obvious that the meters used in AMR3 have more 
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options that can be of use for improving the service. In Table 2.2, functionality 
features are shown. For on-demand readings, the expression “minor development” is 
used, which refers to the development of a process. The development of this process is 
considered as minor. 

Table 2.2 Functionality features 

Type of meter 
Feature 

AMR 1 AMR 2 AMR 3 

Remotely 
connect/disconnect 
customers 

Not available Not available Disconnection is 
possible today. 
Connection also needs a 
manual switch on by the 
customer. 

Remote change of 
tariff 

Possible today – 
New tariff must be 
sent remotely every 
365 days. 

Possible today, 
must be conducted 
manually. 

Done automatically and 
scheduled by customer 
service. 

Remote firmware 
updating 

Not available Not available Possible today and in 
use. 

On-demand 
readings 

Possible, with minor 
development.  

Possible, with 
minor 
development.  

Immediate values are 
available. Customer 
service uses a web 
interface. 

 
In order to prevent tampering of the meters, different level of protection is included in 
the meters. It is preferable to detect if customers try to manipulate the system, with 
different kinds of solutions. In AMR3, some functions are not yet fully developed. 
However, information is available in the meter, so it is a matter of developing 
processes in the information system to benefit the data. In Table 2.3, tampering 
features are shown. Information regarding tampering detection that is available in the 
meter is not shown for the customer. Magnetic tampering, according to [13] is 
performed by locating a magnet close to the meter, that may affect the registration of 
the consumption. If customers try to produce power, and transmit it via the AMR 
meter to the grid, some meters will register it as consumption and add energy 
positively in order to avoid this. 
 
To monitor the quality of the power that is delivered to the customer, features in some 
meters can be used for this purpose. In Table 2.4, an overview of supported features is 
presented. According to [15], Vattenfall has an option in the contract with the supplier 
of AMR3, that future software releases may include other features. In Table 2.4, it is 
expressed as “potentially available”. 
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Table 2.3 Tampering features 

Type of meter 
Feature 

AMR 1 AMR 2 AMR 3 

Device case 
tampering 

No alarm functionality 
in meter 

No alarm 
functionality in 
meter. 

Immediate information 
available in meter. 
Event is sent to PER. 

Magnetic tampering No alarm functionality 
in meter 

No alarm 
functionality in 
meter. 

Immediate information 
available in meter. 
Event is sent to PER. 

Reverse energy No alarm functionality 
in meter. Meter always 
adds positive values. 

No alarm 
functionality in 
meter. Meter 
stops but does not 
add values. 

Under development. 
Immediate information 
available in meter. 
Event is sent to PER. 

Meter phase 
inversion 

No alarm 
functionality. Meter 
always adds energy 
positively. 

No alarm 
functionality in 
meter. Meter sets 
on hold in case of 
phase inversion. 

Under development. 
Immediate information 
available in meter. 
Event is sent to PER. 

 

Table 2.4 Power quality features 

Type of meter
Feature 

AMR 1 AMR 2 AMR 3 

Sag voltage, Surge 
voltage, Over current 

No functionality 
in meter. 

No functionality 
in meter. 

Event is sent to PER. 

Overtone, Transient, 
Unbalance/asymmetry, 
flicker 

No functionality 
in meter. 

No functionality 
in meter. 

Potentially available in 
the future. 

Zero fault No functionality 
in meter. 

No functionality 
in meter. 

Function available and 
can be viewed manually. 
Potentially automatically 
calculated in the future. 

 
There are different advantages and disadvantages for the meters. However, the AMR3 
meters cover most functions. A summary is found in Table 2.5. 
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Table 2.5 Summary of advantages and disadvantages 

Type of meter 
Feature 

AMR 1 AMR 2 AMR 3 

Advantage Large storage 
space  

Large storage 
space, PLC 
communication 

Many features supported, 
PLC communication, 
large developing 
possibilities such as 
tampering detection and 
power quality monitoring 

Disadvantage Few features, 
small developing 
possibilities in 
tampering 
detection and 
power quality 
monitoring 

Few features, small 
developing 
possibilities in 
tampering detection 
and power quality 
monitoring 

Less storage space 
compared to other 

2.4.5 Systems involved in meter readings 

In the AMR system, a lot of information systems are working in parallel. In this 
chapter, a brief explanation of the different information systems is included. Vattenfall 
uses three types of meters, from three different manufacturers and also three different 
types of data collecting systems. Figure 2.10 illustrates the systems involved.  
 
The Meter Data Management System (MDMS) used is called Meter Asset Register 
(MAR) which is used to store collected data from the collection systems. Another 
example of how MAR is used are the registration of which type of hardware used in 
specific locations and customer sites. This is for example type of concentrator, AMR 
meter, modem, test protocol and GSM card. It can be considered as an inventory list 
and is used to support all processes in AMR installation, operation and termination. 
[19] [16] This is common for all three types of AMRs. MVS+ is a web-based interface 
where employees at Vattenfall can log on to and gather data. Detailed system 
integration is illustrated in Figure 2.11. 
 
According to [16], SpinNet is the system Vattenfall uses as work order software (WO-
system). This is used to execute orders, and also to keep track of on-going orders. The 
main user of SpinNet is customer service centre. 
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Figure 2.10 Meter Readings, systems involved, [19] 

 

 
Figure 2.11 System integration, [19] 

SpinNet is connected to other information systems in the system integration, for 
example MAR and PER, but also to external work order system. Another software that 
customer service centre uses, is called mySAP. This is used for billing purposes and 
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customer support. PER is a system that monitors the quality and performance of 
AMR3 meters. If an event occurs, for example that a meter does not respond to a ping, 
it is stored in PER. Other types of events are for example tampering detection and 
power quality alarm, which is also stored in PER. The quality is strictly regulated in 
contracts between Vattenfall and Telvent since Vattenfall pays per meter reading. In 
order to supervise the quality, PER is necessary. 
 
Vattenfall uses a combined SCADA/TCS (Trouble Call System) called DRISS 
(swedish DRIftStödSystem). The “point of delivery” is stored in DRISS, which is a 
permanent unique identification (ID) connected to a specific building where power is 
delivered. According to [6], a TCS is a system that makes use of customer phone call 
due to loss of supply. TCSs are designed to extract maximum information from the 
call itself, while provide the caller with up to date information.   

2.4.6 Outage management 

An outage, according to [6] is defined as the location of an operated protection device 
or open conductor and the extent of the network de-energized as a result of the 
operation including the affected customer. Presently, a lot of the customers can have 
an outage without Vattenfall awareness it until the customer contacts customer 
service. This feature is done automatically for customers that have an AMR3 meter 
according to the process described in section 2.4.3. The ability to isolate fault and 
restoring power for customers that should not be affected by the fault, is not yet 
supported in AMR3. Customers can be affected by a failure that is located in another 
part of the grid. If reconnection can be implemented automatically, based on 
information from AMRs, it may be possible to reduce outages for customers that are 
indirectly affected by an outage. 
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3 Definitions and terminology 

3.1 Definitions of reliability 

Risk has a wide ranging content. According to [20], risk is referred, not only how 
hazardous and event is, but also for the likelihood it is to happen. In the discussion of 
risk in a power distribution system, the major concern is the risk for the system to fail 
to perform its function, that is, fails to deliver power to its customers. This means that 
the higher the risk, the lower the system reliability. The risk of the system to fail to 
deliver power can be estimated by applying the concept of reliability analysis to the 
system. Random failures of system equipment are generally outside the control of 
power system engineers. [21]  
 
The risk analysis of a distribution system is based on probabilistic techniques that 
respond to the system random behaviour. It reveals the inherent stochastic nature of 
the system, and predicts the system ability to perform its required functions. The 
system reliability is measured in terms of a set of reliability indices. The risk 
assessment calculates the indices and provides the quantified measure of the system 
risk. [21] Reliability analysis can be implemented using either qualitative or 
quantitative techniques. Using a qualitative technique imply that reliability assessment 
must solely depend on engineering experience and judgement. Quantitative methods 
use statistical data to reinforce engineering judgement. Quantitative techniques use 
historical performance of existing systems in order to predict the effect of changing 
condition. In this thesis, a quantitative approach is used. For more information, see 
[20] or [21]. 
 
The definitions of the terminology used within reliability analysis can be summarised, 
which are provided below: 
 
Risk: The likelihood and hazard of an event. [20] 
 
Probability: Mathematically it is a numerical index that can vary between zero which 
defines an absolute impossibility to unity which defines an absolute certainty. [20] 
 
Reliability: Reliability is the probability of a device performing its purpose 
adequately for the period of time intended under the operating conditions 
encountered. [20] 
 
Quantitative analysis: A technique that make use of historical performance of 
existing systems for prediction of future performance. 
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Qualitative analysis: A technique that is based on experience of design and operating 
engineers. [20] 
 
Unavailability: The best estimate of the probability of finding the piece of equipment 
on outage or failed at some future time. [20] 
 
Failure rate: A measure of the rate at which failures occur [20] 
 
Repair time: Time counted from the moment the component fails to the moment it is 
returned to an operable condition. Also known as outage duration, down time or 
restoration time. [20] 
 
Reliability cost: The investment cost needed to achieve a certain level of reliability. 
[20] 

3.1.1 Component reliability and reliability cost 

Power systems contain of many components, including lines, cables, transformers, 
breakers, switches, etc. When a system failure occurs, the underlying reason is 
component outage. In reliability analysis, the system performance can be estimated 
based on the reliability data of individual system components. Reliability data is a 
description of the reliability and failure characteristics of components. The data 
involves two main aspects of the component behaviour, that is functional mode and 
failure mode. In this thesis, the data associated with these two processes can be 
described according to section 3.1 
 
In order to keep a power system in operation, maintenance and investments might be 
necessary. To decide in which part of the organisation or power system an investment 
is most appropriate, can be a difficult task. A utility that is in the process of 
reinvestments must always consider if the investment can be justified. Reliability 
analysis can help utilities motivate investment decisions or contribute to avoid 
unprofitable investments. It is obvious that reliability and economics play a major 
integrated role in the decision-making process. Increased investments are required in 
order to improve reliability. This is clearly illustrated in Figure 3.1. The incremental 
cost ∆C increases to achieve a given increase in reliability ∆R, as the absolute 
reliability level increases. In Figure 3.1, ∆C is written as dC, and ∆R as dR. High 
reliability may not be economical to achieve. [22]  
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Figure 3.1 Incremental cost of reliability, [22] 

3.2 Mathematic of reliability 

In this thesis, component data such as failure rates and repair times are used, which are 
parts of the results in [21]. According to [21], field data is analysed to produce the 
statistical reliability data. In a defined period of time, failure events are counted for a 
specific component category, which can be used to estimate the failure rate and 
average outage duration by equation (3.2.1) and (3.2.2): 
 

TN
n
*

≅λ     (3.2.1) 

 

n
t

r ∑≅     (3.2.2) 

 
Where λ = failure rate (failure/year.unit, for line: failure/year.km) 
n = number of failures observed for all the relevant component population 
N = total relevant component population 
T = exposure time when failures can occur (year) 
Σt = total outage time accumulated for all the relevant component population (hour) 
r = average outage duration (hour/failure) or repair time 
 
The failure rate and the average outage duration can be used to calculate the 
unavailability per year, which is defined in [21] as the production of failure rate and 
outage duration in years expressed as a percentage. The unavailability is calculated 
with equation (3.2.3), where 8760 is [hr/yr]: 
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U = Unavailability (%) 
 
In a radial grid, all the components are connected in series (denoted s in equation 
3.2.4, 3.2.5 and 3.2.6), hence it is called a serial system. In a serial system all 
components must operate for a system success. The failure rate of each component can 
be used in a general n-component series system, where the sum of failure rates would 
define the failure rate for the whole system. With the average repair time r and failure 
rate of each component, the repair time for the system is defined. The failure rate, 
repair time and unavailability for the entire system are defined in equation (3.2.4), 
(3.2.5) and (3.2.6).  
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sss rU λ=     (3.2.6) 

 
In a parallel system all components need to be out of service for a failure. If for 
example two lines are in parallel, and one of them is tripped, the system is still in an 
operating condition. If two lines are in parallel they must be treated differently 
compared to a serial system, where one method as shown in [20] is to reduce two 
parallel components to one equivalent component. Parallel is denoted p in equation 
(3.2.7), (3.2.8) and (3.2.9). An illustration can be found in Figure 3.2. 
 
 
 
 
 
 
 
 

Figure 3.2 two parallel component equivalent, [25] 

For the equivalent, equation (3.2.7), (3.2.8) and (3.2.9) are used to calculate the fault 
rate, repair time and unavailability: 
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The repair time rp represents the average period of time during which both components 
are concurrently out of service, i.e. it represents the period during which the two 
failures overlap. 

3.3 Reliability indices 

There are indices which being used to assess reliability, one of them which is 
commonly used is probability. However, many other indices are now calculated 
regularly, the most appropriate being dependent on the system and its requirements, as 
seen in [20]. Two system indices that can be used when analysing power systems are 
shown in equation (3.3.1) and (3.3.2). 
  
SAIDI (System Average Interruption Duration Index) is the average interruption 
duration per customer served. It is calculated by dividing the sum of all customer 
interruption durations during one year by the amount of customers served. 
 
 
 (h/year) (3.3.1) 
 
 
SAIFI (System Average Interruption Frequency Index) is the average number of 
interruption that a customer would experience. It is calculated by dividing the sum of 
all customer interruption by the amount of customers served. 
 
 
 (1/year) (3.3.2) 
 
where λi = failure rate at load point i 
Ni = number of customer at load point i (one in this case) 
Ui = unavailability at load point i 
 
There is also a reliability index that combines SAIDI and SAIFI to give a value of the 
average interruption duration of those customers interrupted during a year. That is 
CAIDI (Customer Average Interruption Duration Index) and is determined by 
dividing the sum of all customer interruption durations by the number of customers 
interrupted one or more times during a year. 
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 (h) (3.3.3) 
 
 
CAIDI can also be viewed as the average restoration time expressed in hours. 
 
For more information about reliability theory, the reader is referred to study [20]. 

3.4 Sensitivity Analysis 

It is of course hard to imagine that the input data for reliability is always 100% 
accurate. In order to minimize the possible uncertainty in the reliability data, a 
sensitivity analysis is performed. The technique can be implemented by assessing the 
reliability data in different alternations used for a specific component, and compare 
how system indices are affected. Sensitivity analysis studies the impact of this 
uncertainty and how the variations in reliability data affect the system reliability.  

3.5 Selection of breaker 

Rating current and the short circuit current are important to consider, when selecting 
breakers for a grid. If the rating current exceeds the specification of the breaker, it may 
fail. If the short circuit current is higher than the specification of the breaker, the 
breaker may fail to trip when a short circuit occurs. The breaker must be designed to 
handle the rating current, and also to be able to break the maximum short circuit 
current. These parameters are dependent of transformer feeding the grid, location of 
the breakers and loads which are connected to the grid. The short-circuit voltage in 
percent, Uk, is calculated from the resistive- and reactive voltage drop in percent, as 
seen in equation (3.5.1) and (3.5.2). The Uk value is used to calculate the maximum 
short circuit current. Resistive and reactive are denoted r and x respectively. 
   
  (%) (3.5.1) 
 
 
 (%) (3.5.2) 
  
 
The short-circuit voltage in percent can be calculated according to equation (3.5.3): 
 
 (%) (3.5.3) 
 
In the equations above, the indices are 
In1 = primary rated current (A) 
Un1f = primary rated voltage/phase (V) 
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Rk1 = primary equivalent resistance, see equation (3.5.4) below (Ω) 
Xk1 = primary equivalent leakage reactance (Ω) 
 
 
 (Ω) (3.5.4) 
 
In equation (3.5.4), the indices are 
R1 = primary winding resistance (Ω) 
R2 = secondary winding resistance (Ω) 
N1 = number of turns on the primary side  
N2 = number of turns on the secondary side 
Rt = a fictional additional contribution due to stray losses (Ω) 
 
As seen in [24], for a given transformer where rated transformer power S, if phase 
voltage UN on the secondary side and Uk value are known, it is possible to calculate 
the maximum short-circuit current Ik.  
 
 (A) (3.5.5) 
 
 

3.6 Investment Analysis 

An estimation of the investment for a proposed solution is also included in the thesis. 
Components from Schneider electric are used and time of installation is assumed to be 
2 hours per breaker. The profit, if any, is the reduction in Cost of Energy Not Supplied 
(CENS). 
 
A method to check the profitable of an investment, called Net Present Value can be 
applied. According to [25], equation (3.6.1) can be used to see if the investment is 
profitable. 
 

GyearnrNUSaNPV −= )%,(*  (3.6.1) 
 
where NPV = Net Present Value (SEK) 
a = yearly net inflow (SEK) 
r = the required rate of return (%) 
G = Initial investment (SEK) 
n = the total time of the project (years) 
NUS = present value annuity factor 
 
If NPV is a positive value, the investment is profitable. 
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4 Overview of NEPLAN 

4.1 Introduction 

Neplan is a commercial software for power system analysis. In this thesis, Neplan is 
an integrated tool for calculation of system indices related to reliability analysis, of a 
proposed model. Neplan was developed by BCP Inc. in cooperation with ABB 
Utilities GmbH and the Swiss Federal institute of Technology. Neplan includes for 
example optimal load flow, transient stability and reliability analysis. [26] A graphical 
interactive working environment is used for building models that can be simulated. 

4.2 NEPLAN reliability 

According to [26], Neplan performs reliability calculation according to the flowchart 
as shown in, Figure 4.1. 
 
Neplan lists all possible outage combination in the first step of the reliability 
calculation. In Figure 4.1, the reliability simulation starts within the dashed square. 
The software distinguishes between first order outages and second order outages. 
Normally, the total number of possible second order outages combinations is 
calculated in equation (4.2.1). First order outages can be the result of some failure 
modes such as independent stochastic, single outages, common mode outages, ground 
faults and unintended switch opening, etc. Second order outages are referred to as 
multiple failures with two overlapping outages. According to [27], it is described as 
one moment, there are two faulted components in the system. 
 

)!2(!2
!sec
−

=
n
nnscombinatiooutagesorderondofnumbertotal  (4.2.1) 

 
Where n is the number of components in the system (i.e. generators, transmission 
lines, circuit breakers, etc). 
 
In [26], an example where 108 components are considered in the simulation process, 
the resulting number of second order outage combinations can be calculated using 
equation (4.2.1), which gives 5778 combinations. In Neplan the total number of 
outage combinations is considered to be the sum of both first and second order outage 
combinations. In the example, the total resulting number of outage combinations is 
5778 plus 108. 
 
The reliability input data for first order failure modes are mainly the failure rate and 
repair time and the output data are failure rate and its associated duration. The second 
order outages are considered to include two stochastic outages at the same time. In 
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order to lessen the computational efforts and time, more than two overlapping outages 
are not considered in Neplan.  
 

 
Figure 4.1 NEPLAN flowchart, [26] 
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Failure effect analysis is performed on each failure combination. As seen in [28], 
processing of a failure combination produces a value for the contribution of that 
combination to the reliability characteristics of the network, expressed as a 
probability. 
 
Neplan checks the system performance for each outage combination. In case of system 
abnormality for some states, NEPLAN will take actions to restore the system states. If 
the abnormality persists, a load shedding is the last action followed by an interruption 
record of the interrupted load point. [26] More information about reliability in Neplan 
can be found in [26],[27] and [28] 

4.3 Implementation example in Neplan 

Neplan is user-friendly software where a grid is built by adding power system 
components. A graphical representation is used to illustrate a component, where data 
can be assigned to each component. If a model is implemented in Neplan, components 
can be “dragged and dropped” and then linked together. A working window in Neplan 
is shown in Figure 4.2. Components can be selected from the component list, which is 
located on the right side of Figure 4.2. The left side is the variant manager where 
different settings can be applied to different variants of the project. In the bottom, the 
message window is located and on top of the working environment is a toolbar. 
Assigning data to a component is initiated with a double click on the actual 
component, where a window appears with different menus to choose from, depending 
on what type of data that is going to be implemented. 
 
A sample of a low voltage level grid is illustrated in Figure 4.3. The boxes in 
connection to each component show the identity.  

4.4 Reliability calculation in Neplan 

It can be of interest to compare the result from hand calculation with the output from 
Neplan for a small sample grid. Assume one wants to calculate SAIDI, SAIFI and 
CAIDI for the small sample grid in Figure 4.3. The grid consists of one transformer, 
one breaker and one cable. As seen, it is a pure radial grid which means that equations 
for a serial system are the most suitable. Data for the components are shown in Table 
4.1.  

Table 4.1 Input data for components in example grid 

Component  Failure rate (f/yr.unit or 
f/yr.km) 

Repair time (h/f) 

Transformer 0,01 5,1 
Breaker 0,004 2,0 
Cable 0,046 12,58 
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Figure 4.2 Working environment in Neplan 

Abbreviations used in Figure 4.3 are explained as: 
F = number of faults per year (1/yr) 
T = system load interruption mean duration (h) 
Q = system load interruption probability (min/yr) 
W = Total load energy not supplied (MWh/yr) 
P = total interrupted load power (MW/yr) 
L-uniqe number = Identification of the component 
C = Total load interruption cost 
 
By using equation (3.2.4) the system failure rate can be derived. With equation (3.2.5) 
and (3.2.6) the repair time and unavailability for the system is calculated: 
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Figure 4.3 Example of grid in Neplan 

 
To obtain the average annual probability of unavailability, Us have to be divided by 
the number of hours in a year: 
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To calculate the system indices, equation (3.3.1), (3.3.2) and (3.3.3) are used. In this 
grid, the number of customer, Ni is set to one. 
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Neplan calculates the individual unavailability of each component in the system using 
an approximated equation, where xi is the unavailability of component i and P(xi) the 
probable annual unavailability, which can be calculated by using (4.4.1). According to 
[26], one method to calculate the equivalent unavailability is called the approximated 
analytical method, where it is also stated that Neplan resulting indices are very similar 
to the approximated analytical way. 
 

miwherexP
i

i
i ...,,2,1)( ==

µ
λ

   (4.4.1)  

 
The value of repair rate µi of each individual component is considered being much 
greater than the value of the failure rate λi. For m series connected components the 
general procedure to calculate the failure rate and unavailability for all the m 
components are given by equation (4.4.2) and (4.4.3).  
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If the simple example in section 4.3, also illustrated in Figure 4.3, is implemented in 
Neplan and executed, the result is shown in Table 4.2: 

Table 4.2 Simulation results of simple example in Neplan 

N - 1 Total number of customers served
SAIFI 1/yr 0,06 System average interruption frequency index
SAIDI min/yr 38,261 System average interruption duration index
CAIDI h 10,628 Customer average interruption duration index
ASAI % 99,993 Average service availability index
F 1/yr 0,06 System load interruption frequency
T h 10,628 System load interruption mean duration
Q min/yr 38,261 System load interruption probability
P MW/yr 470,99 Total interrupted load power
W MWh/yr 5005,757 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
 
As seen, the result from Neplan when implementing the simple example from section 
4.3, is similar with the result that was obtained with hand calculation. The annual 
probability of unavailability is not given in Neplan. It is obtained from the result in 
Table 4.2. Q has to be divided by the number of minutes in a year, in order to obtain 
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the dimensionless average annual probability of unavailability. This result is also 
similar to the result obtained with hand calculation. 
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5 Proposed models of low-voltage distribution 
system 

5.1 Introduction of system 

In this thesis, a small system from a rural area in Sweden is used. [1] It contains a 200 
kVA transformer with the ratio of 11 / 0.4 kV, which is fed from the distribution grid. 
The system is illustrated in Figure 5.1, which is the specific grid that is investigated. 

 
Figure 5.1 Low voltage level grid 

As seen in Figure 5.1, fuses are located in connection to every busbar and also 
between busbars and end customers. In some feeders, there is a fuse on each side of 
the feeder.  

5.2 Problem identification 

Figure 5.2 is one of the examples to show that fuses are the main component used for 
protection on the low voltage side. In the same figure, an example of how the low 
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voltage grid is connected to a distribution feeder is shown. Fuses give both advantages 
and disadvantages.  
 

70 kV
10 kV

0,4 kV

 
Figure 5.2 ring type grid, [29] 

Fuses are inexpensive and not very complex to be restored. Field crew can, based on 
information of which customers that report an outage, identify which fuse that has 
tripped. By using the information from the concentrators about which meters that do 
not respond to ping (an explanation of ping is seen in section 2.4.3.), and combine it 
with the location of the meters, the tripped fuse is determined faster compared to the 
situation before AMR has been introduced. Information systems related to AMR 
notify operators that customers experience outages. In order to replace the tripped 
fuse, field crew is sent to the faulty location. Since all customers downstream of the 
tripped fuse experience an outage, branches of the grid can experience an outage even 
if the fault is located in another branch. In this thesis, the possibility to restore power 
automatically for customers located in a branch separated from the faulty location is 
investigated, in order to decrease the duration of outages which created by 
sympathetic tripping on an unfaulted feeder.  
 
Since fuse is a passive component, once it is tripped it cannot be remotely restored to 
an operating condition again. It has to be replaced with a new fuse, which must be 
considered as a limitation of increasing the level of automation. In order to increase 
the possibility to make sections in the grid, and minimizing the number of affected 
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customers, fuses have to be replaced or complemented with some other type of 
components. The thesis also investigates the economical issue of the proposed 
investment, and how the reliability is affected. 
 
As mentioned earlier, a problem with the low voltage level grid, in this thesis, is that it 
consists of fuses. See Figure 5.3 for example, which illustrates what happens if a fault 
occurs in two fuses, and the problems related to the fault.  
 

Blown fuse

 
Figure 5.3 Overlapping fault 

AMR meters in connection with customers downstream of the first tripped fuse do not 
respond to the ping, when the concentrator executes the ping cycle. Error messages are 
received in PER which indicates that customers experience outages. Depending on the 
location of the fault, some customers can potentially have power restored 
automatically. In this example, the fault must be located downstream of the last fuse 
indicated as blown in Figure 5.3. Two overlapping faults may occur, i.e. two fuses 
trip, even if the system is designed in a way that minimizes the risk, which is called 
selectivity.  
 
Selectivity: In a protective system, selectivity refers to the overall design of protective 
strategy wherein only those protective devices closest to a fault will operate to remove 
the faulted component. This implies a grading of protective device threshold, timing, 
or operating characteristics to obtain the desired selective operation.[30] 
 
Selectivity, or discrimination which is another word, is further explained in section 
5.3. Overlapping faults can for example be caused by aging or deterioration of 
components that affects the selectivity of the fuses. This may occur when previous 
faults have exposed fuses in one specific grid to a large current. In such cases, if only 
the tripped fuse is replaced in the specific grid according to [29], the impact of other 
fuses in the same grid that have been affected by the large current, is that they can trip 
at a lower level than designed for. This affects the selectivity negatively.  
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It is obvious that without a better operational plan nor investment, automatic 
restoration is impossible in the present system. Even if it is possible to detect which 
customers that experience outages, presently no type of technology is installed in the 
grid that automatically minimizes the number of affected customers if an overlapping 
fault occurs. 

5.3 Alternative technologies 

One solution would be to replace the fuse with a disconnecting switch together with a 
fault detector. This idea also assumes that fault detecting device is installed in series 
with the disconnecting switch. A preliminary idea is illustrated in Figure 5.4. If the 
type of fault described in section 5.2 occurs, the possibility to re-close the switch helps 
utility restore power for customers in the branches indirectly connected to the fault.  

Disconnecting switch
together with fault 
detecting device 

 
Figure 5.4 Modification with disconnecting switch 

 
Another preliminary idea would be to install fuses that can be replaced remotely. This 
also requires a fault detecting device. 
 
As seen in [31], alternatives to fuses are for example ACB (Air Circuit Breaker), 
MCCB (Moulded Case Circuit Breaker) and MCB (Miniature Circuit Breaker). These 
are available in different sizes from different manufacturers. Examples of circuit 
breakers are illustrated in Figure 5.5. 
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Figure 5.5 Circuit Breakers (Courtesy of ABB) 

In order to select the appropriate circuit breaker, depending on the application, there 
are specific demands, for example breaking capabilities that the circuit breakers need 
to be fulfilled. Discrimination of breaker aims to ensure that only the circuit breaker 
which is located immediately upstream of a fault trips even if the circuit breaker 
higher up in the structure is affected by the same fault current. If discrimination is not 
used, they all trip at the same time if there is a short circuit, which means that all 
customers in the grid experience the outage. If discrimination is used, power are still 
supplied to branches that are not affected by the fault, which Figure 5.6 illustrates.  
 

 
Figure 5.6 Dimensioning with discrimination, [32] (courtesy of Schneider Electric) 

 
As seen in [32], it is not a requirement from authorities to always design a grid with 
discrimination. In some installations, discrimination can not be achieved due to 
personal safety requirements.  
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There are three basic methods to achieve discrimination. The first is to set protection 
devices to trip at higher threshold current further up the structure. The second is to set 
a time delay on circuit breakers, which set devices to trip later in time, at a higher 
level in the structure. This solution means that only the breaker closest to the fault 
trips. The third and the best method is to discriminate on the basis of the total energy 
passing through the circuit breaker. The energy is the square root of the current 
multiplied with time. [33] 
 
In this thesis, the alternative technology proposed are circuit breakers since that seem 
to be the most realistic alternative. It has to be clarified that breakers are related to the 
protection system that can make use of AMR data, which is related to other system.  

5.4 Proposed models with respect to change of component 

If all fuses are replaced, the problem is solved but to a large cost. A grid can have 
hundreds of customers and breakers are expensive. 
 
It is uninteresting to be able to reconnect single customers directly to feeders. If a 
customer for any reason is disconnected due to a tripped fuse, it is probable that a fault 
has occurred. A reconnection of that customer only results in a new trip, since the fault 
is still present. If the fuse is tripped due to ageing, it is only the customer on that 
feeder that is affected. A proposed solution is that only fuses at strategically locations 
in the grid need to be replaced by circuit breakers. These locations are encircled in red 
in Figure 5.7. As seen, depending on where the fault occurs, it is still possible to 
minimize the faulted area in the grid and restore power to some customers. This is the 
model that is investigated and analyzed in chapter 6. 

5.5 Proposed models with respect to software improvements 

In section 5.3 and 5.4, alternative technologies have been discussed, on the level of the 
low voltage grid. Figure 5.8 does not only show the information flow, it also illustrates 
the different levels in the system hierarchy where the level of AMR meter is 
considered as the lowest level. The levels are ranked as meter level, concentrator level 
and data collecting level or PER. Depending on which level that is considered, data of 
different extent are available, for example ‘responding on ping’. 
 
The meter level needs to be described separately in order to avoid misunderstandings. 
The location of individual meters is an important issue. In this thesis the location of 
individual meters is referred to as structure, which refers to the tree or formation of 
branches. Individual meters in connection with each other and finally the concentrator 
form this structure. 
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Figure 5.7 Strategically locations 

The different levels in the system hierarchy may need to be adapted in order to 
cooperate with proposed components. For example, at the concentrator level, the 
structure is presently not available. In order to utilize the breakers most efficiently, 
there may be a level where structure and ping responding need to be known. 
 
There are two alternatives: Concentrator level or data collection level. Both 
alternatives give different options to filter out error messages that can be interpreted as 
an outage, where the outage in fact may be false.  

5.5.1 Concentrator level 

Assume that the structure is implemented at concentrator level. In the grid that is used 
in this thesis, the concentrator is located at the top busbar, and handles all meters 
below this point. In order to reduce false outages, a filter can be beneficial to filter out 
customers that have summerhouses, where power is seasonally used. Let us assume 
that a customer has a summerhouse, and switches on the power a few weeks every 
year. The meter (meter A), which is connected directly after the main breaker, does 
not respond to the ping which means that the concentrator sends the error message 
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‘meter down’ when the customer has switched off the power. The first interpretation 
identifies an outage. In order to increase the notification of outage, a ping can be 
executed to a meter (meter B) on the same busbar as meter A. If meter B responds, it 
can be considered as ‘meter up’, and the notification for an outage of meter A is low. 
If the ping cycle is broken, and a more adaptive pattern is executed which is described 
in section 5.5.4, there may be time saving in the process of confirming that the outage 
is false. If the structure is available at concentrator level and if necessary, more 
computer power for logic decisions in the concentrator is implemented, this method 
potentially reduces the amount of data transmitted up in the system hierarchy.  
 
It is beneficial for Vattenfall to reduce the amount of data transferred to data collection 
level. The data between concentrator and data collecting system are sent via GPRS, 
which function is outsourced. Vattenfall pays for the amount of data sent, which 
means that if the amount decreases, the cost will decrease. 
 
If a real outage occurs, discrimination of breakers can potentially handle outages, 
which means that only the breaker next to the fault upstream trips. If for any reason 
two breakers trip, the concentrator can be instructed of how to handle this scenario. 
Detecting which customers that experience outages can be achieved from the ping 
cycle of the concentrator. If the decision can be executed to remotely switch on the 
breaker that is highest up in the structure, a new ping cycle can reveal if customers 
successfully are restored from outages. 
 
It is not desired to mix protection system with administration system, however 
protection system may utilize information from administration system. If breakers are 
remotely controlled, information about which customers that experience outages can 
be transmitted from the concentrator to a remote breaker central unit. The decision is 
then taken in the central unit whether to close the breaker highest up in the structure, 
in the scenario described where two breakers trip. It is two different systems in 
parallel, where one take advantage of the information from the other, as shown in 
Figure 5.8.  

5.5.2 Data collecting level 

If the grid structure is implemented at the data collecting level a lot of information will 
be transmitted between the concentrator and the data collecting system. There must 
also be a connection to the remote breaker central unit either from the data collecting 
system or from the concentrator. One problem related to the data collection system is 
that Vattenfall buys this service from an external vendor (Telvent). 
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Remote breaker central unit

information
Data collecting

level

PER

 

Figure 5.8 Information flow 

If one assumption is that this does not create any problem, for example accessing data, 
there is a potential advantage with having the grid structure implemented at this level. 
The information regarding structure can be distributed to concentrator level, and 
updated at a certain time interval for example once a day. This would theoretically 
simplify the procedure to install new meters if the grid needs to expanded. An 
advantage with such a system would be when concentrators need to be replaced, in 
case of malfunctioning. If the structure is distributed, the only necessary arrangement 
in order to restore service would be to replace the concentrator, and the update is 
conducted automatically, i.e. giving the new concentrator the structure. Another option 
would be to have this information distributed from PER, but it would still provide the 
same advantages, i.e. simplify installations and replacements of malfunctioning units. 

5.5.3 Other alternatives 

In order to provide the central unit with information as fast as possible about which 
breakers have tripped, more concentrators in the low voltage level grid can be 
installed. If one concentrator is installed at each busbar, and the position of each 
concentrator is assumed to be known, the detection of outages will be quick due to a 
smaller amount of meters per concentrator. The breaker central unit will quickly be 
able to decide where a reconnection is suitable. However, other factors like 
investment-, operation- and maintenance costs make this alternative unattractive. A 
possible risk would also be that the concentrators could interfere with each other.  
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5.5.4 Ping cycle 

It is described earlier in section 2.4.3 how the ping cycle is used to determine whether 
a meter experiences an outage or not. This is a potential issue that can reduce outages 
for customers, by earlier detection of faults. The ping cycle is conducted in a strictly 
serial pattern, referred to as fixed pattern, which ping all meters on one particular 
busbar, one by one. When all meters on one busbar are pinged, the cycle continues to 
ping meters on the next busbar. This is illustrated in an example in Figure 5.9. In the 
example, it is assumed that the grid consists of six meters distributed on two busbars. 
Busbar 1 has meter A, meter B and meter C connected to it and busbar 2 has meter D, 
meter E and meter F. It is the same cycle that is repeated. 
 
If a customer experiences an outage, it will not be detected until the ping cycle reaches 
the meter on its way through the cycle. If it is assumed that the meter switches to 
outage state immediately after the concentrator has pinged the meter on its way 
through the cycle, it will not be detected until a new cycle has started. Depending on 
how many meters included in the cycle, the procedure might take up to one hour.  
 
If the cycle changes from a fixed pattern to an adaptive pattern, as suggested in this 
thesis, this can contribute to detect if meters experience outages. The adaptive pattern 
is explained as follows: To assure that meters connected to a busbar do have power, 
one meter in connection to the busbar is pinged. However, in order to ping all meters 
in the grid, a new meter has to be pinged each time the busbar is subject to outage 
detection, within one cycle. Similar to the fixed pattern, the adaptive pattern acts in a 
cycle, but the meters are not pinged in a strict order. If no outages occur, the order of 
which busbar that is selected is strict. A proposed flowchart where the adaptive pattern 
ping cycle is implemented is illustrated in Figure 5.10. It shows how the concentrator 
uses an improved ping cycle which ping meters in a more efficient way that 
potentially can detect if a protection device has tripped. The word ‘adaptive’ refers to 
a proposed function which can be explained as follows: If one meter connected to a 
busbar is detected as out of service, the ping cycle changes its pattern to ping another 
meter on the same busbar, instead of changing busbar as the original cycle would have 
done. If all meters connected to one busbar indicate an outage, it is likely that a 
protection device has tripped. To confirm the tripped protection device, a meter 
connected to a busbar higher up in the structure can be pinged. If the meter responds 
the ping, it is probable that the protection device between the busbars have tripped.  
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Figure 5.9 Fixed pattern 
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Figure 5.10 Adaptive ping cycle flowchart 
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6 Reliability assessment of proposed low voltage 
distribution system 

In this chapter, a reliability analysis of the proposed model in section 5.4 is conducted. 
The model is also subject to a sensitivity analysis. The results and findings are 
presented here. 

6.1 Input data 

6.1.1 Reliability input data 

The data for the components in the grid can be seen in Table 6.1, which is taken from 
[21].  

Table 6.1 Component data 

Component  Failure rate (f/yr.unit or 
f/yr.km) 

Repair time (h/f) 

Transformer 0,01 5,1 
Busbar 0,001 3,35 
Fuse 0,002 4,77 
Breaker 0,004 2,0 
Cable 0,046 12,58 
 

6.1.2 Sensitivity analysis input data 

The concept of sensitivity analysis is described in section 3.4. Base case is the system 
that is referred to as case 2 in section 6.4. In order to investigate the impact of 
uncertainty in transformer-, busbar-, fuse-, breaker- and cable failure data, two cases 
are studied for each component, where a total of ten cases are studied (case a to case 
j): 
 

• Case a, c, e, g, i: same as base case but the component failure rate is increased 
by 50 %. 

• Case b, d, f, h, j: same as base case but the component failure rate is decreased 
by 50%. 

 
This analysis clearly shows which components that are most sensitive to variations in 
input data. The components that are most sensitive to variations, are subject to a more 
detailed analysis. In those cases, the failure rate and the repair time are increased by 
50% and 75%, and decreased by 50% and 75%. It is then studied how CAIDI is 
affected.  
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6.2 Assumptions and limitations 

Below are simplifications that were necessary to use in this thesis. 
 

• In NEPLAN, fuse is not a component where data for reliability can be 
assigned. This problem can be solved by using breakers, where the parameters 
for reliability are changed. 

• Due to difficulties to handle a large grid, for example obtaining information 
from Netbas via [1], a grid from a rural area in Sweden is used.  

• Same reliability data is used for all breakers. In reality, different sizes of 
breakers may have different reliability data. The manufacturer could not 
provide any reliability data at all. 

• Breakers are assumed to be replaced when malfunction.  

6.3 System simulation 

In the system simulation, data is taken from a rural area in Sweden, and is shown in 
Figure 5.1. Technical data of the system is provided in Table 6.2. Since a few different 
variants of the system are simulated, a range is given for some components. 

Table 6.2 System information 

Type Amount/size 
Customers 23 
Busbars 8 
Fuses 0-33 
Breakers 0-33 
Transformer 1 
rating current, fuses 35-630 A 
customer consumption 5975-34421 kWh 
Cable 2,801 km 

6.4 Results 

Results are obtained from the reliability analysis, the sensitivity analysis and a case 
which reliability is analysed if fault rate for fuses and breakers vary most beneficially.  
This is further described in section 6.4.3.   

6.4.1 Reliability Analysis, basic case 

The result from the reliability analysis is presented first. Three different cases are 
presented.  
 

• Case1: Grid with original layout, i.e. no changes are implemented to any 
components. 
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• Case 2: Grid with breakers placed at strategic places. Fuses are still used in 
most parts of the grid. 

• Case 3: All fuses are replaced with breakers. 
 
For reference, the result from case 1 is presented first. This is illustrated in Table 6.3 

Table 6.3 Result for case 1 

N - 23 Total number of customers served
SAIFI 1/yr 0,193 System average interruption frequency index
SAIDI min/yr 29,472 System average interruption duration index
CAIDI h 2,547 Customer average interruption duration index
ASAI % 99,994 Average service availability index
F 1/yr 0,193 System load interruption frequency
T h 9,218 System load interruption mean duration
Q min/yr 106,651 System load interruption probability
P MW/yr 0,042 Total interrupted load power
W MWh/yr 0,104 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
Table 6.4 and Table 6.5 shows the result for case 2 and case 3. 

Table 6.4 Result for case 2 

N - 23 Total number of customers served
SAIFI 1/yr 0,215 System average interruption frequency index
SAIDI min/yr 29,673 System average interruption duration index
CAIDI h 2,302 Customer average interruption duration index
ASAI % 99,994 Average service availability index
F 1/yr 0,215 System load interruption frequency
T h 8,247 System load interruption mean duration
Q min/yr 106,3 System load interruption probability
P MW/yr 0,046 Total interrupted load power
W MWh/yr 0,104 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
 

Table 6.5 Result for case 3 

N - 23 Total number of customers served
SAIFI 1/yr 0,257 System average interruption frequency index
SAIDI min/yr 30,227 System average interruption duration index
CAIDI h 1,962 Customer average interruption duration index
ASAI % 99,994 Average service availability index
F 1/yr 0,257 System load interruption frequency
T h 6,73 System load interruption mean duration
Q min/yr 103,695 System load interruption probability
P MW/yr 0,055 Total interrupted load power
W MWh/yr 0,107 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
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As seen from the results, if all fuses are replaced with breakers (case 1 compared with 
case 3), both SAIFI and SAIDI increases, and CAIDI decreases. The system indices in 
case 2 are between case 1 and case 3, but the change is not of great concern. The 
difference in ENS is not significant, therefore no earnings in form of reduced penalty 
costs can be taken into account. 
 
The indices can also be illustrated in diagrams, which are depicted in Figure 6.1, 
Figure 6.2 and Figure 6.3 below. In Figure 6.1 and Figure 6.2, it is shown how SAIFI 
and SAIDI increases depending on which case that is considered. In Figure 6.3 it is 
shown how CAIDI decreases for the same cases.  
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Figure 6.1 SAIFI 

It is also interesting to investigate how significant the changes of SAIFI, SAIDI and 
CAIDI are in percent compared to case 1. This is illustrated in Table 6.6. 

Table 6.6 Change in percent 

change in percent
Case 2 compared to Case1 Case 3 compared to Case 1

SAIFI 11,4 33,2
SAIDI 0,7 2,6
CAIDI -9,6 -23  

 
As shown in Table 6.6, the most significant change is seen of SAIFI. The increase of 
SAIDI is less than 3% for both case 2 and case 3 compared to case 1. The fact that 
SAIFI and SAIDI are increased, and the average repair time is decreased do not 
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improve the energy not supplied. The average repair time is improved, but the number 
of faults are increased. 
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Figure 6.2 SAIDI 
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Figure 6.3 CAIDI 
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6.4.2 Sensitivity Analysis 

In order to conduct a complete reliability study, input data needs to be assigned to the 
proposed model. If input data is subject to variation, it is also important to use 
sensitivity analysis as a tool to see how the result may change. The variation of input 
data, may give different result depending on which component that is subject to 
variation. 
 
The results of the sensitivity analysis from the different cases, described in section 
6.1.2, are illustrated below. It is then investigated how the system indices are affected. 
The result is merged into one diagram. The effect of increasing the failure rate by 50% 
is presented in Figure 6.4. The result is similar if the failure rate is decreased with the 
same percentage, but with the difference that SAIFI and SAIDI are decreased. 
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Figure 6.4 Effect of 50% increase of failure rate 

As seen from the results in Figure 6.4, cable is the component that affects the system 
indices most significantly. Since cable is the component where failure rate and repair 
time are based on the largest number of statistical data, expected deviation of failure 
rate from data is not as probable as for other components. The statistical material that 
is used for breakers and fuses is based on a smaller sample size of field outage 
records, compared to cables. However, it is seen that fuses, breakers and cables are 
most sensitive to variations in input data. These three components are investigated 
further in terms of sensitivity. Fuse is the first component for which repair time and 
failure rate are changed, as described in section 6.1.2. It is illustrated how failure rate 
and repair time are alternated for fuse in Table 6.7. 
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Table 6.7 CAIDI when changing fuse repair time and failure rate 

Fuse repair time (h) Failure rate (f/yr) CAIDI (h) 
-75% of base case  
1,1925 

0,0005 2,198 

 0,001 2,13 
 0,002 2,017 
 0,003 1,926 
 0,0035 1,886 
-50% of base case  
2,385 

0,0005 2,226 

 0,001 2,183 
 0,002 2,112 
 0,003 2,054 
 0,0035 2,03 
Base case  4,77 0,0005 2,283 
 0,001 2,29 
 0,002 2,302 
 0,003 2,312 
 0,0035 2,316 
50% of base case  7,155 0,0005 2,339 
 0,001 2,396 
 0,002 2,492 
 0,003 2,57 
 0,0035 2,603 
75% of base case  
8,3475 

0,0005 2,368 

 0,001 2,45 
 0,002 2,588 
 0,003 2,699 
 0,0035 2,747 
 
In Figure 6.5, it is displayed graphically how CAIDI changes, when repair time and 
failure rate for fuse are varied.   
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Figure 6.5 CAIDI as function of fuse failure rate and repair time 

The second component of interest is breaker. It can be seen in Table 6.8 how failure 
rate and repair time are changed, and how CAIDI is affected. 
 

Table 6.8 CAIDI when changing breaker repair time and failure rate 

Breaker repair time (h) Failure rate (f/yr) CAIDI (h) 
-75% of base case  0,5 0,001 2,358 
 0,002 2,263 
 0,004 2,099 
 0,006 1,963 
 0,007 1,903 
-50% of base case  1,0 0,001 2,386 
 0,002 2,314 
 0,004 2,192 
 0,006 2,091 
 0,007 2,046 
Base case  2,0 0,001 2,418 
 0,002 2,375 
 0,004 2,302 
 0,006 2,242 
 0,007 2,215 
50% of base case  3,0 0,001 2,45 
 0,002 2,436 
 0,004 2,412 
 0,006 2,393 
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 0,007 2,384 
75% of base case  3,5 0,001 2,466 
 0,002 2,466 
 0,004 2,467 
 0,006 2,468 
 0,007 2,469 
 
If Table 6.8 is represented graphically, Figure 6.6 illustrates the result. 
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Figure 6.6 CAIDI as function of breaker failure rate and repair time 

Third component of interest is cable. It can be seen in Table 6.9 the impact of 
changing failure rate and repair time, and how CAIDI is affected as a result. 

Table 6.9 CAIDI when changing cable repair time and failure rate 

Cable repair time (h) Failure rate (f/yr) CAIDI (h) 
-75% of base case  
3,145 

0,0115 2,08 

 0,023 1,934 
 0,046 1,755 
 0,069 1,65 
 0,0805 1,612 
-50% of base case  6,29 0,0115 2,154 
 0,023 2,057 
 0,046 1,938 
 0,069 1,867 
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 0,0805 1,842 
Base case  12,58 0,0115 2,303 
 0,023 2,303 
 0,046 2,302 
 0,069 2,302 
 0,0805 2,302 
50% of base case  18,87 0,0115 2,452 
 0,023 2,548 
 0,046 2,667 
 0,069 2,737 
 0,0805 2,762 
75% of base case  
22,015 

0,0115 2,526 

 0,023 2,671 
 0,046 2,849 
 0,069 2,954 
 0,0805 2,992 
 
Table 6.9 illustrated graphically is shown in Figure 6.7 
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Figure 6.7 CAIDI as function of cable failure rate and repair time 

Figure 6.5, Figure 6.6 and Figure 6.7 all have the same characteristic. For small repair 
times, CAIDI is reduced when the failure rate is increased. The reason is that the faults 
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that are added have shorter repair times, which means that the average repair time for 
affected customers are shorter. For large repair times, the opposite is valid.  

6.4.3 Reliability analysis, sensitivity analysis case 

The reliability is affected if the fuses in the grid all have a failure rate that is 50% 
increased, and at the same time using breakers that have a failure rate that is 50% 
decreased. In the thesis, the impact of the case described is investigated and how the 
system indices are affected in case 1, case 2 and case 3 from section 6.4.1. The input 
data used are listed in Table 6.10. 

Table 6.10 Input data 

Component  Failure rate (f/yr.unit or 
f/yr.km) 

Repair time (h/f) 

Transformer 0,01 5,1 
Busbar 0,001 3,35 
Fuse 0,003 4,77 
Breaker 0,002 2,0 
Cable 0,046 12,58 
The result from the reliability analysis, sensitivity analysis case is illustrated in Table 
6.11, Table 6.12 and Table 6.13. 

Table 6.11 Result from reliability analysis, sensitivity analysis case 1 

N - 23 Total number of customers served
SAIFI 1/yr 0,225 System average interruption frequency index
SAIDI min/yr 34,597 System average interruption duration index
CAIDI h 2,565 Customer average interruption duration index
ASAI % 99,993 Average service availability index
F 1/yr 0,225 System load interruption frequency
T h 8,586 System load interruption mean duration
Q min/yr 115,808 System load interruption probability
P MW/yr 0,049 Total interrupted load power
W MWh/yr 0,122 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
Table 6.12 Result from reliability analysis, sensitivity analysis case 2 

N - 23 Total number of customers served
SAIFI 1/yr 0,218 System average interruption frequency index
SAIDI min/yr 31,081 System average interruption duration index
CAIDI h 2,378 Customer average interruption duration index
ASAI % 99,994 Average service availability index
F 1/yr 0,218 System load interruption frequency
T h 8,454 System load interruption mean duration
Q min/yr 110,482 System load interruption probability
P MW/yr 0,047 Total interrupted load power
W MWh/yr 0,109 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
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Table 6.13 Result from reliability analysis, sensitivity analysis case 3 

N - 23 Total number of customers served
SAIFI 1/yr 0,193 System average interruption frequency index
SAIDI min/yr 24,724 System average interruption duration index
CAIDI h 2,137 Customer average interruption duration index
ASAI % 99,995 Average service availability index
F 1/yr 0,193 System load interruption frequency
T h 8,299 System load interruption mean duration
Q min/yr 96,017 System load interruption probability
P MW/yr 0,042 Total interrupted load power
W MWh/yr 0,087 Total load energy not supplied
C CU/yr 0 Total load interruption costs  
 
As seen from the result, SAIFI, SAIDI and CAIDI are decreased and as a result, ENS 
is also decreased. Graphical representations for the different cases are illustrated 
below in Figure 6.8, Figure 6.9 and Figure 6.10. Figure 6.8 and Figure 6.9 show how 
SAIFI and SAIDI are decreasing depending on which case that is considered. This is 
the opposite compared to section 6.4.1. As seen in Figure 6.10, CAIDI is decreasing 
similarly to Figure 6.3.  
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Figure 6.8 SAIFI 
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Figure 6.9 SAIDI 
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Figure 6.10 CAIDI 

If the failure rate is most beneficent as in the example above, there are savings in 
CENS. It has to be mentioned that it is not likely to occur. Even if the case is assumed, 
the savings are probably not as significant to justify the investment. If the failure rate 
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for breakers and fuses is changed in the opposite way, the result would have been 
worse compared to section 6.4.1. 
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7 Breaker selection 

7.1 Input data 

The rating current of the fuses that are presently used in the grid is also used as input 
data. The rating current needs to be considered when selecting appropriate breaker. 
This is provided in Table 7.1. 

Table 7.1 Fuse rating 

Rating current, 
fuse (A) 
630 
200 
100 
63 

 
The supplying transformer in the grid is a 200 kVA transformer with a Uk value of 
3%.  

7.2 Breaker selection 

In order to select the appropriate breaker, the maximum short-circuit current needs to 
be calculated. This can be accomplished with equation (3.5.5). 
 
 
 
 
Data for the fuses are known. The selection of breakers is based on the fuses that the 
breakers replace. According to the data for the fuses, the rating current has a range 
from 63 A to 630 A. This means that three different models of breakers replace the 
fuses. The weakest breaker can break a short-circuit current of up to 25 kA at a line-
to-line voltage of 380/415 V. According to the maximum short-circuit current 
calculated, the breakers are designed to handle that current. Table 7.2 gives an 
overview of the components, where each row shows the rating current for a fuse and 
the breaker that replace it. For each breaker, a trip unit is selected. 

kAIk 97,12
03,0*230*3

200000
==
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Table 7.2 Breaker and trip unit selection table 

Rating current, 
fuse (A) 

Breaker, model Trip unit, model Rating current, 
breaker (A) 

630 NS630N STR233E 630 
200 NS250N TM200D 200 
100 NS100N TM100D 100 
63 NS100N TM63D 63 
 

7.3 Implementation of investment analysis 

As discussed in section 3.6, the difference in W, total load energy not supplied 
between case 1 and case 2 is used to calculate CENS. When a customer is out of 
power, there is a CENS, which is related to how much it costs for the society when it 
happens. According to [34], the customer interruption cost for Vattenfall 
Eldistribution is 76,9 SEK/kWh. It is of interest to investigate if this cost is reduced 
when the changes are implemented in the grid. 

Table 7.3 Difference in W between case 1 and case 2 

W W ∆W CENS Saving
case 1 (kWh/yr) case 2 (kWh/yr) (kWh/yr) (SEK/kWh) (SEK/yr)

104 104 0 76,9 0
 
Since W is not changed if case 2 is implemented instead of case 1, there are no savings 
in CENS. In order to apply the Net Present Value method, there has to be something to 
make profit from. If the ENS had decreased between case 1 and case 2, there would 
immediately have been a saving from the CENS. This saving could have been handled 
as a profit and could have been used in the NPV. Since the investment never can be 
profitable, the only consideration is the actual investment cost. 
 
One might think that money is saved when having overlapping faults where breakers 
minimize the area of the fault. A reconnection can potentially clear one breaker, and 
customers indirectly affected can have power restored faster. The saving is less man 
hour due to faster reconnection of customers. However, this is directly connected to 
the difference in ENS. If the amount of ENS decreases, so does the amount of man 
hour spent as well. This can also be seen if the total amount of outage duration is 
calculated, which is done by multiplying SAIFI with CAIDI. This is shown in Table 
7.4. 
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Table 7.4 Difference in total amount of interruption duration 

case 1
SAIFI (1/yr) CAIDI (h) total amount of interruption duration (H/yr)

0,193 2,547 0,491571

case 2
SAIFI (1/yr) CAIDI (h) total amount of interruption duration (H/yr)

0,215 2,302 0,49493

case 3
SAIFI (1/yr) CAIDI (h) total amount of interruption duration (H/yr)

0,257 1,962 0,504234  
With the new solution with breakers at strategically locations, customers that 
experience a fault are reconnected faster, but since the frequency of failures are 
increased, the amount of man hour will be slightly increased. 
 
The considered case is when breakers are used at strategically places. To be able to 
section the grid, a total of 10 breakers are used for the matter. Three different breakers 
and four different trip units are used. In this thesis, list prices from Schneider Electric 
are used to calculate the cost for the intended components, and the installation time for 
each breaker is assumed to be 2 hours. In order to have remote control of the breakers, 
motor-mechanism modules are necessary as well. Table 7.5 is a spreadsheet that 
displays how much the cost is to replace 10 fuses with breakers. 

Table 7.5 Investment analysis 
breaker price per unit (SEK) number of units total price (SEK)
NS630N, 4P 11549 3 34647
NS250N, 4P 3804 2 7608
NS100N, 4P 1815 5 9075

trip unit
STR23SE, 4P 4125 3 12375
TM200D, 4P 1798 2 3596
TM100D, 4P 1015 4 4060
TM63D, 4P 766 1 766

motor mechanism module
MT100/160 2745 7 19215
MT250 4255 2 8510
MT630 5989 3 17967

Installation cost (SEK/h) hour
550 20 11000

total sum (SEK) 128819
 
The prices are list prices that may be reduced depending on customer discount. 
 
It may be interesting to investigate how the investment cost would change if the grid 
would serve a larger amount of customers, for example 5 times the amount of 
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customers compared to the grid used. If the layout would be the same, the only 
difference would be the size of the breakers, since the rating current would be 5 times 
as high. 
 
If the same investment analysis is used, the cost is illustrated in Table 7.6. 

Table 7.6 Investment analysis 
breaker price per unit (SEK) number of units total price (SEK)
NS3200N, 4P 64 961 3 194883
NS1000N, 4P 29 194 2 58388
NS630N, 4P 11 549 4 46196
NS400N, 4P 7 794 1 7794

trip unit
Micrologic 4763 3 14289
Micrologic 4763 2 9526
STR23SE, 4P 4125 4 16500
STR23SE, 4P 4125 1 4125

motor mechanism module
MT630 5989 5 29945

Installation cost (SEK/h) hour
550 20 11000

total sum (SEK) 384852
 
The cost for the investment increases but not as significantly as the number of 
customers.  



  
  

 

 Page 69 (81) 

 

8 Closure 

8.1 Conclusion 

This thesis work investigates if it is possible to use information obtained from AMR 
meters in order to reduce outage both with respect to amount and length. Limits in a 
specific grid are also included in the work, and also necessary modifications in order 
to be able to reach a level where AMR data can be utilized. A reliability analysis has 
been performed of a new solution. Finally, the necessary investments connected to the 
suggestion have been analyzed. 
 
Without making any major modifications of a grid, it is difficult to utilize information 
from AMR other than to detect faults and location. This thesis has shown that the fact 
that fuses are used, makes it difficult to make any type of control of the grid. The ping 
cycle that is used to detect if meters are down or not can be modified in order to speed 
up to the process. This will most likely reduce the time for detection, which means 
that the outage time is decreased. 
 
The investment costs for the grid that is used might differ a bit from reality. Key 
account customer gets discount from the supplier, and costs for implementing the 
control system for the breakers are hard to estimate. Customers that are affected have 
reduced outage time with the proposed solution. However, it does not contribute to 
any savings in manpower time since the frequency of failure increases.  
 
The engineering issue is important as well as considering this as a business case. 
When focusing on the business case, the investment cost must be considered as high. 
The structure of the grid is closely connected to how many breakers that are necessary 
to implement in the grid, and the investment costs are also dependent of the size of the 
transformer and the number of customers. Breakers designed for high rating current 
and short-circuit current are more expensive. If a grid with more customers is 
analyzed, it can be interesting to see if crew time savings and manpower savings may 
contribute to justify the investment. 
 
If Vattenfall wants to utilize information from AMR in order to increase the level of 
automation, the necessary investments related to hardware are probably not worth the 
investment cost. The cost for implementing the breakers is high, where the only 
improvement is the reduction of the average repair time (CAIDI). If the initial 
investment cost would be decreased and the breakers would have a better failure rate, 
that could contribute to decrease CENS, the investment might be something to 
consider. If breakers are developed in the future, a new investigation might reveal this. 
In this thesis, the only thing investigated that helps reducing the outage time would be 
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the suggestion of an improved ping cycle. How large the investment would be for that 
is difficult to estimate without future research.   

8.2 Future work 

It has to be highlighted that the future is more related to the potential of development 
of software, merging of information systems and how information in nodes can be 
presented to operators in a fast way. Future work is not related to hardware 
development. The pingcycle is a component that together with systems higher up in 
the system hierarchy, may be utilized more effective in order to shorten lead times and 
coordinate field crew to the faulty location.  
 
If outages want to be minimized without implementing new hardware, further 
investigation about how large the investment cost would be to implement a new ping 
cycle can be of interest. A modification of the ping cycle may shorten the outage time, 
as seen in this thesis, but further investigation need to be performed in order to see 
how beneficial it would be. Depending on the size of the grid, an improved ping cycle 
may give different result in outage time shortening. 
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10 Appendix A: Grid data 
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MÄTARSÄKRING Sektionslängd Beräknad aktiv effekt Beräknad reaktiv effekt Spänningsfall Märkström säkring Grupp

km kW kVAr % A
16 0,384 3,678 0,524 2,50 50 6
25 0,660 12,210 5,914 4,40 35 6
25 0,149 5,442 2,636 1,40 50 3
20 0,112 7,301 3,536 1,30 50 3
25 0,113 13,345 6,463 1,70 50 3
20 0,127 5,702 2,762 1,30 63 3
25 0,136 9,271 4,490 1,70 50 3
20 0,122 9,393 4,549 1,50 35 3
25 0,244 15,959 7,729 3,30 50 3
25 0,217 13,706 6,638 2,70 50 3
25 0,227 12,455 6,032 2,80 50 3
25 0,146 11,342 5,493 1,70 50 6
20 0,474 6,606 3,199 3,40 63 3
35 0,470 9,987 4,837 3,70 63 3
25 0,274 6,919 3,351 2,70 50 6
20 0,338 10,249 4,964 3,70 50 6
20 0,340 10,178 4,929 3,70 50 6
25 0,153 3,909 1,893 0,50 63 4
25 0,066 15,907 7,704 1,20 50 0
20 0,213 9,073 2,274 1,50 50 3
20 0,212 6,987 0,996 1,50 50 3
20 0,217 6,845 1,716 2,40 50 3
20 0,544 9,536 2,390 4,00 35 6  
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Max kortslutningsström Min. kortslutningström (AB) Objektnummer
kA kA

1,071 0,435
0,761 0,304
1,231 0,478
1,903 0,755
1,876 0,744
1,561 0,611
1,407 0,548
1,661 0,653
1,265 0,458
1,721 0,617
1,519 0,547
2,147 0,934
0,757 0,254
0,783 0,262
1,206 0,491
0,752 0,297
0,743 0,293
1,025 0,409
1,675 0,693
1,883 0,754
1,910 0,766
1,721 0,617
0,843 0,336  
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Placering Spänningsnivå Typ Area Resistans Reaktans KapacitansLängd Knutpunkt Knutpunkt Objektnum
kV mm2 ohm ohm uF km

0,400 N1XV 95 0,0317 0,0071 0,0247 0,099
0,400 N1XV 95 0,0381 0,0086 0,0298 0,119
0,400 AKKJ 95 0,0640 0,0150 0,1120 0,200
0,400 AKKJ 50 0,0763 0,0093 0,0595 0,119
0,400 N1XV 50 0,0385 0,0047 0,0126 0,060
0,400 N1XV 10 0,1208 0,0062 0,0099 0,066
0,400 EKKJ 10 0,0586 0,0028 0,0102 0,032
0,400 EKKJ 10 0,1610 0,0077 0,0282 0,088
0,400 EKKJ 10 0,1135 0,0054 0,0198 0,062
0,400 EKKJ 10 0,0641 0,0030 0,0112 0,035
0,400 EKKJ 10 0,0824 0,0039 0,0144 0,045
0,400 N1XV 10 0,1574 0,0081 0,0129 0,086
0,400 N1XV 10 0,0897 0,0046 0,0073 0,049
0,400 N1XV 10 0,0915 0,0047 0,0075 0,050
0,400 EKKJ 10 0,1171 0,0056 0,0205 0,064
0,400 EKKJ 10 0,1080 0,0051 0,0189 0,059
0,400 EKKJ 10 0,1702 0,0081 0,0298 0,093
0,400 N1XV 10 0,1025 0,0053 0,0084 0,056
0,400 N1XV 10 0,2233 0,0115 0,0183 0,122
0,400 EKKJ 10 0,0238 0,0012 0,0042 0,013
0,400 EKKJ 10 0,0439 0,0021 0,0077 0,024
0,400 AKKJ 50 0,0763 0,0093 0,0595 0,119
0,400 AKKJ 150 0,0130 0,0047 0,0365 0,063
0,400 N1XV 50 0,0962 0,0117 0,0315 0,150
0,400 N1XV 10 0,0293 0,0015 0,0024 0,016
0,400 N1XE 95 0,0394 0,0087 0,0275 0,123
0,400 S1E7E 10 0,0494 0,0025 0,0041 0,027
0,400 EKKJ 10 0,1336 0,0064 0,0234 0,073
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Placering Spänningsnivå Typ Area Resistans Reaktans KapacitansLängd Knutpunkt Knutpunkt Objektnum
kV mm2 ohm ohm uF km

0,400 N1XV 10 0,0494 0,0025 0,0041 0,027
0,400 N1XV 10 0,2196 0,0113 0,0180 0,120
0,400 S1E7E 10 0,0476 0,0024 0,0039 0,026
0,400 N1XE 10 0,0641 0,0028 0,0048 0,035
0,400 N1XE 95 0,0877 0,0195 0,0672 0,274
0,400 N1XE 10 0,0952 0,0042 0,0089 0,052
0,400 N1XE 50 0,0994 0,0121 0,0326 0,155  
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Placering Spänningsnivå Typbeteckning Märkström Fabrikat Knutpunkt 1 Knutpunkt 2 Obj.nr
kV A

0,400 IEC KNIV 200 200 IEC-STANDARD
0,400 IEC KNIV 200 200 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 63 63 IEC-STANDARD
0,400 IEC DIAZED 63 63 IEC-STANDARD
0,400 IEC KNIV 100 100 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 63 63 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 35 35 IEC-STANDARD
0,400 IEC KNIV 100 100 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 K-KNIV 630 STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 K-KNIV 630 STANDARD
0,400 K-KNIV 630 STANDARD
0,400 IEC DIAZED 63 63 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC KNIV 100 100 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
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Placering Spänningsnivå Typbeteckning Märkström Fabrikat Knutpunkt 1 Knutpunkt 2 Obj.nr
kV A

0,400 IEC KNIV 100 100 IEC-STANDARD
0,400 IEC DIAZED 50 50 IEC-STANDARD
0,400 IEC DIAZED 35 35 IEC-STANDARD
0,400 IEC DIAZED 63 63 IEC-STANDARD
0,400 IEC KNIV 35 35 IEC-STANDARD  


