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1. Executive summary 

1.1. General 
The FLEXMETER project has the aim to develop and to install a flexible smart metering 

architecture for multiple energy vectors. 

An important step of the project is to integrate smart meters in the MV/LV substations in the 
electricity distribution network, taking into account Multiutilities needs in terms of power lines 
operation, maintenance and control,  in order to enable energy balance in the subtended network, 
non-intrusive load monitoring (NILM), alarms in case of faults and outages or feeders’ overloads. In 
order to do this, specific algorithms and procedures have to be implemented. 

This deliverable, in particular, reports the activities performed in tasks 3.2 (Electric storage 
integration) and 3.3 (Faults and outage detection) for storage integration and for faults and outage 
detection respectively. 

 

1.2. Deliverable structure 
Deliverable 3.2 has the objective to present the proposed procedure for storage selection and 

the algorithms for fault and outage detection and location.  

The document is structured in 3 Chapters: the first chapter consists in general information, the 
second chapter is based on the Storage Integration (Task 3.2) and the third chapter deals with 
Fault and outage detection (Task 3.3). Chapters 2 and 3 also include related conclusions and 
references. 

Due to the mainly separate nature of the two main subject of the involved tasks, the references 
are kept separate for the electrical storage integration and for the fault and outage detection.  

At the moment the project is at a stage in which the meters, mainly in the Italian test site, have 
not yet been fully installed and not all data are available, so this document, mainly the test case for 
the storage selection procedure will be updated with the results achieved when meter data will be 
available.  
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2. Electric storage integration 

2.1. Introduction to the task 
Task 3.2 aims at providing the main steps required for the integration of Energy Storage 

Systems in the existing electrical energy distribution network while highlighting the required data 
flow and main costs for the implementation of new storage modules. 

A database that summarizes the main characteristics of the available storage technologies was 
created as part of this task and is being periodically updated. This database is used as input for the 
algorithm that can be used by the DSOs when deciding if adding new storage to the existing 
network should be considered. In the case that the DSO decides to add new storage to the grid the 
procedure will provide a number of alternatives based on the existing technologies, rated values 
and general costs.  

The database together with the selection procedure and Cost Benefit Analysis (CBA) 
considerations are envisioned as a possible service to the DSO. As such the only considered 
solutions are based on storage technologies fit to be integrated at substation level. 

This part of the deliverable is structured in 4 parts:  

• An overview of the available storage technologies 
• The presentation of the database 
• The description of the storage selection procedure 
• The study case, together with CBA considerations 

2.2. Storage technologies 
One of the main goals of WP3 is the design of future add-ons and services. One of the 

objectives of such a service is the Electric storage integration, that will give DSOs the possibility to 
operate the storage systems based on real time data of client consumptions or/and energy 
demand forecast of the part of network served. 

The starting point for such a service is that the general rule that what comes in should be equal 
to what goes out also applies for transmission and distribution grids. Consequently, if a source of 
energy suddenly produces less, the demand should be reduced (which is not always possible), or 
another source of energy should compensate. The same principle applies if a source of energy 
suddenly produces more; then more energy should be used.  

Intermittent renewable energy sources, like solar and wind, require more flexibility from other 
energy sources connected to the grid. But this flexibility has a price and is not always technically 
feasible. In order to mitigate this challenge, excess energy needs to be stored and then released 
when needed. 

From a historical point of view, the electric energy storage (EES) has played three major roles: 

• First, EES reduces electricity costs, depositing electricity during periods when consumption 
level is very high and hence the energy price is a small one, to use it when the demand and 
need for electrical energy is great and the offered prices, equally high. Therefore, power 
consumption variation can be controlled over time and as a consequence the electricity 
cost varies.  
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• Second, it is used to improve the reliability of power supply. The EES systems can provide 
support when failures occur in supply networks and can be used as last resort during 
natural disasters.  

• The third role is to maintain and improve power quality, frequency and voltage levels [1]. 

Usually between production and use of energy, between availability and need there is a time 
interval and during it there is a requirement for energy reserves that will allow the adaptation of the 
power delivery independent of electrical generation process in the network [2].  

In general the EES systems role in a network may be described by the number of uses (cycles) 
and the duration of operation. In order to maintain voltage quality (e.g. reactive power 
compensation), EES facilities with high stability of cycles and high rated power for short intervals 
are required. On the other hand for shifting the time duration of some processes, large storage 
capabilities and fewer cycles are necessary [3].  

One commonly used approach when discriminating electrical energy systems for storage 
consist in the form in which the energy is stored.  

For the purpose of this study and the selection procedure as a potential service provided to the 
DSO the EES systems are classified in  

• mechanical energy storage systems,  
• electrochemical energy storage systems,  
• chemical energy storage systems, 
• electrical energy storage systems  
• thermal energy storage systems. 

This classification is presented in a synthesized form in Table 2.1 and was proposed in [3].  

Table 2.1. Electrical energy storage systems classification 

Electrical energy storage systems 
Mechanical Electrochemical Chemical Electrical Thermal 
Pump Hydro 
Storage 
PHS 
 
 

Secondary 
batteries 
PbAcid/NiCd/ 
NiMh/NiZn/Li/NaS 

Hydrogen 
Electrolyser/ 
Fuel cells/ 
Synthetic natural gas 
(SNG) 

Double layer 
capacitor 
DLC 

Sensible heat 
storage 
Molten salt/  
A-CAES 

Compressed 
air energy 
storage 
CAES 
 
 

Flow batteries 
Flux redox/ 
Flux hybrid 

 Superconducting 
Magnetic Energy 
Storage 
SMES 

 

Flywheel 
FES 

    

 

2.2.1. Mechanical energy storage 
The most common systems of this type are pumping hydroelectric power plants (PHS), 

compressed air energy storage (CAES) and flywheels (FES). 
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2.2.1.1. Pump Hydroelectric Energy Storage (PHES) 
PHES is a method of storage and production of electrical energy designed to ensure the 

necessary energy consumption for increased periods of time by moving water between two 
reservoirs at different altitudes. 

PHES consists of two reservoirs at different elevations used to store electric energy in form of 
potential energy. During periods of low demand excess energy is used to pump water from the 
lower reservoir to the upper reservoir and during periods of high demand that water is released 
back to the lower reservoir through turbines to generate electricity. 

Some units use abandoned mines as the lower reservoir, but most use the height difference 
between two natural water sources or artificial reservoirs. 

PHES is the most widely used energy storage system in the world. It accounts for the 99% of 
the total installed capacity worldwide with a total of 129 GW out of which 22 GW are in the USA 
alone [4].  

2.2.1.2. Compressed air energy storage (CAES) 
This technology is known and used since the nineteenth century for different industrial 

applications. Compressed air energy storage is based on the principle that a compressed gas 
contains more energy than an uncompressed gas. Such a plant has one or more low or elevated 
pressure compressor with the help of which the electricity is converted into compressed air at a 
pressure of about 70 bar, and then stored into the sealed underground spaces or into the systems 
of pipes and containers on the surface. When this energy is needed, the air is heated using natural 
gas turbines and the decompressed air, allowing the operation of a generator to produce electricity 
[5]. 

CAES systems are suitable for providing ancillary services network, peak consumption 
smoothing, filtering reserve and support VARs (Volt-Amperes Reactive). CAES plants can go from 
0 to maximum operating in about 15 minutes [5].  

2.2.1.3. Flywheel Energy Storage (FES) 
In FES the rotational energy is stored in the accelerated rotor, a rotating solid cylinder. The 

main components of a flywheel are the rotating cylinder (comprised of a wheel attached to the 
shaft) in a compartment, bearings and the transmission device (motor / generator mounted on the 
stator). The energy of the flywheel is maintained by preserving the rotating body at a constant 
speed. An increase of this would cause a greater amount of stored energy. The flywheel is charged 
with electricity by a drive tool. If the rotational speed of the flywheel is reduced, electricity can be 
extracted from the system by the same transmitting device. Advanced versions of storage flywheel 
systems are made of highly resistant carbon fiber rotors suspended by magnetic bearings which 
can rotate at speeds from 20,000 to 50,000 rpm inside a vacuum. The main features of flywheels 
are: excellent cycle stability, long lifetime, low maintenance, high power density and the use of 
environmentally inert material.  

However, flywheels have a level of self-discharge rather high due to air resistance and bearing 
loses, and consequently a low power efficiency. 

Flywheels are currently available separately for power quality requirements in industrial 
applications and UPS applications, particularly in a hybrid configuration. Efforts are made to 
optimize the functionality of flywheels for long-term (up to several hours) applications as power 
storage devices used in vehicles and power plants [2].  
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2.2.2. Electrochemical energy storage (ECES) 
The oldest sources of rechargeable energy were made as an electrochemical cell in which the 

storage is possible through electrochemical reactions of reduction / oxidation (Redox). The storage 
based on the chemical energy reaction was discovered in 1859 by French physicist Gaston Plante. 
Through Redox reactions, energy is stored as chemical energy and then converted into electricity 
by closing the external circuit of the battery. In this way relatively large amounts of energy can be 
stored.  

The main advantage of this method is a very low response in time and the modular 
construction. The disadvantage of using this type of storage is the relatively short lifespan which is 
limited at hundreds of cycles [2].  

2.2.2.1. Lead-Acid Battery  
Lead - acid batteries are the most commonly used cell type energy storage and have been sold 

since the 1890s. They have applications in mobile and stationary systems and are used in both 
systems with good results. 

Typical applications of Lead-Acid Batteries are: the emergency electrical supply systems, self-
contained photoelectric systems, battery systems for smoothing the output from the wind, as 
starting batteries for vehicles in submarine. A disadvantage of lead - acid batteries consists in the 
decreased ability of usage when downloading a large percentage of energy. The benefits of lead - 
acid batteries are: a favorable ratio between cost and performance, easy recycling and simple 
charging technology.  

They are predominantly used to start vehicle engines, to provide backup power and at higher 
rated capacity to store the grid energy. This technology is mature enough to be used as an 
ancillary service, such as UPSs and has proven applications for gross energy storage. The lead - 
acid battery capacity can reach values between 3 and 10 MW, for a period of a few hours. An 
example of this high capacity was presented in the Metlakatla project with an installed capacity of 
1MW [6].  

2.2.2.2. Nickel-Cadmium Battery 
Nickel - cadmium batteries have been sold since 1915 [3]. From a technical point of view, nickel 

- cadmium batteries are successful products because they are large battery systems and can 
operate on a similar scale to those of lead - acid.  

However, due to the toxicity of cadmium, these batteries are now only used in stationary 
applications in Europe. Since 2006 the consumer use was banned. They were often used in the 
transportation industry, aerospace, the consumer market for backup power, and in various military 
applications [5].  

For the purpose of this application they will be considered only if no other solution is available.  

2.2.2.3. Nickel Metal Hydride Battery  
The operating principle of Nickel Metal Hydride cell is based on their ability to absorb, release 

and transport hydrogen within the cell between the electrodes. It was initially developed to replace 
nickel - cadmium batteries. Indeed, Nickel Metal Hydride batteries have all the positive properties 
of the nickel - cadmium, except nominal maximum capacity, which is still about ten times less than 
lead-acid.  
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A major disadvantage of this solution is that they are operational only on (Celsius) positive 
temperatures. In the case of excessive overcharge of the cell an exothermic reaction (exothermic) 
occurs [3].  

In portable and mobile applications, Nickel Metal Hydride batteries were markedly replaceable 
by Lithium - Ion batteries. On the other hand, hybrid vehicles available in today’s market operate 
more using Nickel Metal Hydride batteries, as they are more robust and safer than the lithium – ion 
solution [5].  

2.2.2.4. Nickel-Zinc Battery 
Nickel – Zinc batteries use the same type of positive electrode as the nickel - cadmium, but 

with a negative zinc metal plate. These types of batteries were an important subject for the 
applications in the electric vehicle research area.  

One of the benefits of this solution is determined by a higher cell voltage than other types of 
alkaline batteries. This allows a specific energy of about 25% higher than in nickel – cadmium 
batteries. It also presents an opportunity to recharge fast enough. The main disadvantage of this 
electrochemical couple was found to be an unacceptably short life cycle, due to the formations of 
zinc on the negative electrode during charging, leading eventually to the perforation of the 
separator and shortening of the cell lifetime. Improvements in electrode technology made possible 
the reduction of this problem. As a consequence, this technology was again taken into 
consideration for commercial applications and use because the lower cost, higher voltage and 
good operating temperature ranges make this version an otherwise attractive option [3].  

2.2.2.5. Lithium – Ion Battery 
Lithium - ion batteries have become the most important storage technology in the field of 

mobile and portable applications since 2000 (e.g. laptops, mobile phones, electric bicycles and 
electric vehicles). Another advantage of these batteries is the high gravimetric energy density, and 
the prospect of significantly reducing costs through mass production.  

On the other hand, safety is a serious problem of the lithium – ion technology because most 
oxide - metal electrodes are thermally unstable and can decompose at high temperatures, 
releasing oxygen. To minimize this risk batteries are usually equipped with monitoring units to 
avoid over-charging and over-discharging. Usually a balancing voltage circuit is installed for each 
cell, preventing deviations of the voltage between units [3]. The main disadvantages encountered 
for solutions are a fairly high cost and the necessity of internal overload protection circuits. 

They can be used for multiple applications at the network level, such as adjusting the 
frequency, voltage and integration of renewable energy. One such example is the facility in 
Johnson City, New York, with a capacity of 20 MW, which was completed in 2011 and provides 
regulating frequency services [7].  

2.2.2.6. Metal-air battery 
A metal air electrochemical cell consists of an anode made of pure metal and a cathode 

connected to an inexhaustible source of air. Only the oxygen in the air is used for the 
electrochemical reaction. 

Of all variations of the chemical metal- air batteries, lithium - air is the most attractive solution in 
terms of energy density because it can store between 5 to 10 times more energy than other types 
of batteries [2].  
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Zinc – air batteries have some of the properties of fuel cells and conventional batteries: zinc is 
the fuel and the ratio of reaction can be controlled by varying the airflow and zinc oxide paste or 
electrolyte can be replaced with fresh paste. 

However, Zinc - air rechargeable cells present a difficulty in design because precipitation of 
water-based electrolyte must be tightly controlled. An electric rechargeable metal - air, satisfactory 
offers low cost of materials and high specific energy, but none has yet reached commercialization. 

2.2.2.8. Sodium – Sulfur Battery 
Sodium - sulfur batteries consist of liquid sulfur (melted) to the positive electrode and negative 

electrode liquid sodium; active materials are separated by a solid beta alumina ceramic electrolyte. 
The battery temperature is maintained between 300°C and 350°C in order to maintain the melt 
electrodes. Sodium - sulfur batteries typical reach about 4,500 cycles and discharge times of 6 - 
7.2 hours. These are effective and have a fast response. These attributes allow sodium- sulfur 
batteries to be used economically in applications combined with time shifting power quality and 
high energy density. 

The main disadvantage in this case is the need to maintain operating temperatures of the heat 
source that uses its own energy deposits, partially reducing battery performance. These batteries 
are suitable for daily cycling applications. The response time is in the range of milliseconds and 
sodium - sulfur batteries reach the requirements for the stabilization of the grid, making this 
technology very interesting for substations and large consumers [3].  

2.2.2.9. Natrium – Nickel Chloride 
Sodium- nickel chloride batteries (NaNiCl) are better known as ZEBRA batteries (Zero 

Emission Battery Research) and were sold starting from 1995. Operating temperature is around 
270° C and uses nickel chloride instead of sulfur for the positive electrode. NaNiCl batteries can 
withstand a loading or unloading limited and best safety features, but also a higher cell voltage. 
They tend to develop a low resistance to the defects, so that defects of the cell in series connection 
result only when the cell voltage is lost, instead of premature failure of the entire system. Battery 
types available at present have been successfully implemented in several models of electric cars 
(Think City, Smart EV) and are an exciting opportunity for rapid composites applications. Currently 
under development are advanced versions of ZEBRA batteries with higher power densities for 
electric vehicles, and also versions with higher levels of energy for renewable energy storage 
aimed at achieving a balance of consumption in industrial applications [3].  

2.2.2.10. Polysulfide bromide battery 
This battery functions on the basis of a reversible electrochemical reaction of the two 

electrolytes (sodium bromide and sodium polysulfide). As in other batteries the flow of power and 
the energy productivity are independent of each other. Its cells are electrically connected in series 
or parallel to give the desired current or voltage. The net efficiency is approximately 75% and the 
operating temperature is close to normal room temperature. 

This type of battery requires a fairly large effort to investigate this system and to overcome 
current constraints related to the technical and economic aspects, in order to become a 
commercial technology widespread [8].  

2.2.2.11. Vanadium redox battery 
Vanadium redox flow batteries are rechargeable batteries, which contain vanadium ions in 

various oxidation states that store potential chemical energy. Key benefits of this solution consist in 
being able to offer almost unlimited capacity by using larger storage tanks. They can be left 
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discharged for long periods without showing any side effects. The disadvantages of this technology 
are determined by the energy ratio - relatively low volume. 

The possibility of very large capacity makes vanadium redox batteries suitable for large power 
storage applications. They can help generators to meet consumer demands, can help balance or 
power consumption in disadvantaged areas. Limited self-discharge characteristics allow their use 
in applications where the battery is stored for a long time with little maintenance. The fairly quick 
response time is suitable for UPS applications. They can replace diesel generators or lead – acid 
batteries [9].  

2.2.2.12. Zinc-iron redox flow battery 
Batteries that are based on alkaline substances can start their operation more quickly than 

other flow batteries. The reaction between zinc and iron allows deeper and more efficient 
discharge cycles and a more secure operation and performance on non-flammable conditions than 
other solutions, providing a wider range of applications. The maximum lifespan of these 
technologies is 20 years [10] and the operating temperature is the ambient temperature [11].  

The price for this type of battery is rather low compared with other battery types, providing a 
safely energy storage solution that is available for applications at micro-grids, renewables 
integration and implementation of smart grids. The main advantage of this battery is the huge 
storage capacity and flexibility regardless of size applications (power and energy) [12].  

2.2.2.13. Zinc-Bromide flow battery 
The Zn - Br battery was developed by Exxon in the mid-1970s - early 1980s. This technology 

has many of the advantages of true flow cell. Battery Zn - Br offers one of the greatest voltages in 
the cell and releases two electrons in an atom of zinc. These attributes combine to provide the 
highest energy density of all batteries with the flow.  

However, high cell voltage and the powerful oxidizing bromine claim cell electrodes and fluid 
handling components, which can withstand the chemical conditions. These materials are quite 
expensive. Bromine is highly toxic by inhalation and absorption. In addition, repeated plating 
metals in general is difficult because harsh formations (dendrites) that can pierce the separator. 
They need special structures and modes of operation of the cell (discharge pulse charging) to 
achieve uniform plating and safe operation [13].  

2.2.2.14. Organic Aqueous Flow Battery 
This battery described in "Advanced Energy Materials" is expected to have a cost of about 

180 $/kWh once the technology will be fully developed. The lower cost is due to the active material 
present on the battery that consists of cheap organic molecules compared to the metals used in 
today’s flow batteries. The results obtained using these materials is a sustainable and green 
battery. 

This solution has two main electrolytes and another that serves as a support and contains 
sodium chloride, whose ions allow the battery to discharge electricity by mixing electrons in the 
central stack. To test the battery, the researcher teams created a small version, a battery of 600 
mW that was repeatedly charged and discharged at different current densities, ranging from 20 to 
100 mA/cm2. Optimal battery performance test were between 40 and 50 mA/cm2, where 70% of 
the initial battery voltage has been detained. The conclusion was that the battery continued to 
perform well over 100 cycles. 
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The research team in charge of this study plans to do a larger version with a higher capacity - 
up to 5KW – that can support maximum power consumption of a typical home. Efforts are currently 
underway including improved energy storage time [14, 15].  

2.2.3. Chemical energy storage 
Chemical storage systems that can have a significant impact on the storage of large amounts 

of electricity are hydrogen and synthetic natural gas. The main purpose of such a chemical storage 
system is the use of the "excessive" electrical energy to produce hydrogen by the electrolysis of 
water. Once hydrogen is produced there are different ways to use it as an energy carrier, either 
pure hydrogen or as a synthetic natural gas.  

Although the overall efficiency of hydrogen and SNG's is low compared with storage 
technologies like pumping hydro and Li-ion storage, chemical is still the only concept that allows 
storage of large amounts of energy to values of the order of TWh and for longer time periods - 
even as seasonal storage. Another advantage of the hydrogen and SNG - community is that these 
universal energy carrier can be used in various fields such as transport, mobility, heating, and 
chemical industries [3].  

2.2.3.1. Hydrogen  
Hydrogen does not exist in nature in a free state but must be produced and the cost of 

hydrogen production may exceed the cost of energy that can be generated or stored. The use of 
hydrogen requires overcoming barriers related to production costs, low efficiency, poor 
infrastructure, storage problems. To date, two types of installations with practical use of hydrogen 
are known: 

• autonomous systems (especially mobile); 

• energy installations 

In power plants, hydrogen can be used as a solution for electrical energy storage in large 
quantities to ensure an efficient operation of the energy system based on renewable energy. A 
typical hydrogen storage consists of an electrolyser, a hydrogen storage tank and fuel cells [2].  

In addition to fuel cells, gas engines, gas turbines and combined gas and steam cycle are 
considered for power generation. Systems for hydrogen fuel cell vehicles (less than 1MW) and gas 
engines (less than 10 MW) may be adopted for producing combined heat and power in 
decentralized plants. There are different approaches for hydrogen storage, either as a pressurized 
gas, in the liquid phase in the metal hydride, the compounds of the ethanol, or ammonia storage. 
However, for stationary applications the most popular choice is storage under pressure. Small 
quantities of hydrogen can be stored in underground pressured storage of up to 900 bar.  

So far, there were no hydrogen storage systems used for renewable energy. Various research 
and development projects during the last 25 years have successfully demonstrated the feasibility of 
hydrogen technology, as the self-sustaining island Utsira project in Norway. Wind energy is used to 
produce hydrogen by electrolysis where there may be supplied directly from the mains. Upon 
request, the stored hydrogen is added biogas used to run a gas engine. While reducing the cost of 
hydrogen, production will provide the conditions for developing an energy system based on 
renewable energy. 

The use of hydrogen as an energy carrier can change many aspects of future energy systems. 
Groups using hydrogen energy, flexible and dynamic, can be placed near power plants using 
renewable or near areas of electricity usage. Current applications of hydrogen, particularly in the 



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

13 
 

chemical and petrochemical industry are based on its production as a byproduct of processing 
fossil fuels (oil and gas) [3].  

2.2.3.2. Synthetic Natural Gas 
Methane synthesis (also called synthetic natural gas - SNG) is the second option for storing 

electricity using the chemical energy as an intermediate step. In this case, apart from the 
decomposition of water in an electrolyser, it is necessary to take a second step, in which the 
hydrogen and carbon dioxide reacts with methane in a reactor. As in the case of hydrogen, 
synthetic natural gas products can be stored under pressure in underground reservoirs, or sent 
directly to the gas network. There are conceivable solutions in which several sources of CO2 
methanation process begins, such as a fossil-fired power stations, industrial plants and power 
stations biogas. To minimize energy losses, avoid the transport of carbon dioxide (CO2 at source) 
and hydrogen (from central electrolysis) in central methanation, production of SNG is preferred to 
be performed in places where CO2 is both available and there is an excess of electrical energy. In 
particular, use of CO2 in the process of biogas technology is expected to be widespread. However, 
the intermediate, local storage of the gas is needed, because the chemical process needs to be a 
continuous process. 

The main advantage of this approach is determined by the usage of an existing gas 
infrastructure (e.g. the case of most of Europe). Pure hydrogen may be sent to the gas supply, only 
up to a certain level in order to maintain the gas mixture within the specified ranges. Moreover, it 
has a higher energy density and transportation pipelines calls for less energy.  

The main disadvantage of this solution is the rather low efficiency (lower than in the case of 
hydrogen), the conversion losses due to electrolysis, maintenance, storage, transport and 
subsequent generation of energy [3].  

2.2.4. Electrical Energy Storage 
2.2.4.1. Double layer capacitors 
Double layer capacitors, also known as supercapacitors, are a technology known for 

approximatively sixty years. These fill the gap with classical capacitors, used in electronics and 
batteries, stabilizing unlimited cycles, through high power capacity and high storage capacity, 
much bigger than the ones on the traditional capacitors. This technology shows yet a great 
potential of development, which can lead to a large energy capacity and density, allowing compact 
structures. 

The main two characteristics are determined by the extremely high capacitance values, of the 
order of many thousands Farads. The main characteristic which is not present in conventional 
batteries is the possibility of a very fast charging and discharging, thanks to the low interior 
resistance. Other benefits of this solution are the durability, the high reliability, a long life cycle, the 
functionality on a large interval of temperatures and in different environments, and the fact that no 
usual maintenance is needed.  

Life cycle for this technology reaches one million cycles or ten years of functionality without 
problems, except the solvent utilized in capacitors, where the disadvantage consists in damage in 
five-six years, without taking into account the number of actual performed cycles.  

These capacitors are green and easy to recycle or neutralized. Typical efficiency is about 90%, 
and the discharge time may vary from a few seconds to a few hours. It can reach a specific power 
density, about ten times higher than the one of the conventional batteries, but the specific energy 
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density is fairly ten times lower. Due to their characteristics, the DLCs are a viable solution 
especially in the case of applications with a large number of short cycles or charging and 
discharging, where their properties of increased performance can be used. 

Supercapacitors are not appropriate to store the energy for long periods of time, because of 
their high self discharge rate, low energy density and outstanding investment costs [3].  

Supercapacitors are used in present especially to capture the energy from the regenerative 
braking systems and to provide the power release to help the hybrid buses to accelerate, offering 
power to handle and voltage stabilization in start/stop systems. They have a reserve role and offer 
power in peak periods for automotive applications, help the acceleration of the trains, open the 
aircraft doors in case of voltage failure. They can also be used to help increasing the reliability and 
stability of the energy network, to offer energy for date plants between voltage failures and to start 
the backup power systems, such as diesel generators and fuel cells. 

2.2.4.2. Graphene Supercapacitors  
Graphene is a pure carbon thin layer, well packed, structured in a hexagonal network, of the 

honeycomb type. It is considered an extraordinary material, because it presents a large variety of 
characteristics: it is the thinest compound known by human, beeing a little thicker than an atom 
and is the best conductor known. It also has a high resistance and a light absorption capacity, 
being considered even environmentally friendly [16].  

Supercapacitors based on graphene store almost as much energy as lithium-ion batteris, 
charge and dischage in a few seconds and resist to almost 10,000 charging cycles. 

Recently, the research in this field was focused on the supercapcitors surface modifications 
based on carbon, in order to increase their storage potential at charging. The descovered materials 
have tube shapes and nanometrics dimensions, uniformly distributed on the base material. After 
doping with nitrogen, the structural features remain, but the area has increased dramatically, as 
well as the total pore volume. A larger surface area allows a greater storage. The resulted system 
has a capacity of 855F/g, a pretty big step over graphene-based materials [17].  

2.2.4.3. Superconducting magnetic energy storage 
Superconducting magnetic energy storage systems operate according to an electrodynamic 

principle. Energy is stored in the magnetic field created by the current flow through the 
superconducting coil, which is maintained below the critical temperature. One hundred years ago 
for the discovery of superconductivity a temperature of about 4°K was necessary. After decades of 
research superconducting materials with higher critical temperatures were obtained and today 
available materials can operate at 100°K. The main component of this storage system consists of a 
coil made of superconducting materials. Additional components include power equipment adjusted 
and cooled cryogenic refrigeration system. 

The main advantage of SMES is very fast response time: required power is available almost 
instantly. Moreover, the system is characterized by an operating cycle efficiency of about 85-90% 
and high power output, which can be supplied in a short period of time. There are no moving parts 
in the main SMESs, but overall reliability depends essentially on the cooling system. In principle, 
energy can be stored as long as the cooling system works but longer storage periods are limited by 
the power demand of the cooling system. 

Large SMES systems, with more than 10 MW, are mainly used in particle detection for high-
energy and nuclear fusion physics experiments. Smaller SMES products are used for quality 
control manufacturing power plants, such as microchip fabrication plants [3].  
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2.2.5. Thermal energy storage 
Thermal storage systems accumulate heat through different ways in an insulated repository for 

later use in different industrial and residential applications, such as heating or cooling a space, 
producing hot water or electricity production. These installations are implemented to overcome the 
mismatch between supply and consumption of heat, making it important to integrate renewable 
energy sources. 

Thermal storage can be divided into different technologies: 

• Storage of sensible heat; 

• Latent heat storage; 

• Storage of thermal- chemical heat; 

• Storage of heat by absorption 

Sensible heat storage is the most common and widespread technology, with the domestic hot 
water tank example. The storage medium may be a liquid (water or oil heat) or a solid (concrete or 
the ground). Thermal energy is stored only by a change in ambient temperature storage. The 
system’s storage capacity is defined by the specific heat capacity and the mass of the used 
environment. 

The storage of latent heat is achieved using the phase change materials (PCMs - a substance 
with a high degree of fusion, melting and solidifying at a certain temperature, which is able to store 
and release large amounts of energy at the change of the aggregate state) as the storage medium. 
These substances may be organic (paraffin) or inorganic (salt hydrates). The latent heat is the 
energy transferred during a phase change, such as melting ice. Heat is called "hidden" because 
there is no temperature change in energy transfer. The best known method of storing latent heat is 
the cooler of ice using ice in an insulated box/room to keep the food cool during hot days. Latent 
heat advantage is its ability to store large amounts of energy in a small volume with a minimal 
change in temperature, which allows efficient transfer of heat. 

Storage systems through absorption work as thermo-chemical heat pump under vacuum 
conditions and a more complex structure. The heat from a heat source of high temperature 
absorbent (e.g. silica gel, or zeolite) and vapor (working fluid, for example water) are desorbed 
from the adsorbent and condensed at low temperatures. The heat of condensation is removed 
from the system. The adsorbent dry and separate working fluid can be stored as long as desired. 
During the download process, the working fluid takes heat in an evaporator. Subsequently, the 
vapor of the working fluid absorbs heat in the absorber and the absorber is released at elevated 
temperatures.  

Depending on the absorbent, the low temperature of the working fluid may be up to 200°C, and 
the energy density is three times higher than the thermal water storage. However, the absorption 
storage systems are more expensive due to their complexity. 

In the context of the ESS, the major installations are based on the latent / sensitive heat. 
Concentrated solar power primarily produces heat and it can be stored easily before conversion 
into electricity, thus providing dispatchable electricity (i.e, such a dispatchable generation refers to 
a power source that can be turned off / initiated at the request grid operators, or adjusted based on 
consumption).  
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A fairly recent technology consists of a system of two reservoirs for solar power tower with a 
heat transfer fluid media and determined by a single molten salt. This molten salt is heated by solar 
radiation and then transported from the hot salt tank. To produce electricity, hot salt goes through a 
steam generator that powers a steam turbine. Subsequently, the cooled salt (still molten) is stored 
in the second tank before being pumped into the tower again. The main disadvantages are the risk 
that liquid salt freeze at low temperatures and the risk of salt decomposition at high temperatures. 
The preferred solar power system is the one based on a double environment and with heat 
exchanger oil / salt intermediate [3].  

An example of a successful project with solar and thermal storage is Delingha Qinghai 
Huanghe (China), which includes 810 MW of solar power. Its construction started in 2015 and is 
scheduled to be completed in 2017. The entire project will be composed of six plants of 135 MW 
each. Thermal energy storage based on molten salt will be integrated and will provide up to 3.5 
hours of additional power during periods of bad weather or at night [18]. 

2.2.6 Successful implementation examples 
SMES: In 1999, Wisconsin Public Service has improved the network with a distributed system 

of superconducting magnetic energy storage, which contains six individual units, which were 
installed in five different stations for electricity transmission. The aim was to increase reliability and 
capacity in geographic locations with problems in voltage balancing. SMES individual units 
provided backup power for industrial customers, storage and instant downloading of large amounts 
of power during the voltage dip or a momentary interruption. They were arranged in trailer of 14-15 
meters. The time required to restore the original voltage level was 0.5 seconds. 

Ultracapacitors: Located near Shanghai, Yangshan Port has 23-portal cranes, using sufficient 
pulling power to cause significant voltage fluctuations in the local network, sometimes even over 
10-15 seconds. The port is located at the end of a bridge of 32-33 km, which excludes increasing 
the capacity of the transmission line because of the too high costs. So the solution found was to 
use supracapacitors that support a power 3MW / 17.2 kWh, providing 20 seconds of backup power 
to mitigate voltage drops caused by crane operation. In this way they avoid the higher costs 
associated with installation of a new transmission line. 

The results were the following ones: 

• A 38% reduction in peak demand of the network; 

• Estimated savings of 2.9 million dollars (energy) over the life of the system; 

• Estimated savings of 41 million dollars over the lifetime due to improved efficiency and 
reduced maintenance on transmission lines.  

2.3. Electric storage database 
As part of the proposed Electric Storage Integration service for the DSOs, an easy to use 

database with available storage technologies was created. This database is up to date and will be 
kept as such for the duration of the project and during the expoitation phase. 

At the moment, the database is in table format done in Microsoft EXCEL. This decision was 
made in order to facilitate the easy use and to make it extendable and reusable [20]. A special 
characteristic that needs to be mentioned of the current form of the database is the availability of 
source information (link sources are added to each cell that contains information). Also, different 
cell colors indicate updated information.  
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The following energy storage technologies are featured: Lead-Acid batteries, Lithium-Ion 
batteries, Lithium-Air batteries, Zinc-Air batteries, Zinc-Bromine batteries, Zinc-Iron batteries, 
Vanadium Vanadium batteries, Polysulphide Bromine batteries, Nickel Cadmium batteries, Nickel-
Metal Hydride batteries, Nickel-Zinc batteries, Sodium-Nickel Chloride, Sodium-Sulfur batteries; 
thermal batteries; ultracapacitors; flywheels; superconductor; fuel cells. 

Other remarks and special characteristics that should be mentioned at this stage are: 

• There are some types of storage systems still in development (i.e. have a value of TLR's 
between 1 and 4, like lithium-air and zinc air batteries, etc.), but with quite good promises, that 
deserves attention though (they were marked in green); 

• There are different types of batteries belonging to the same family (such as Zinc-Bromine 
batteries, Vanadium-Vanadium batteries and Polysulphide Bromide batteries, who are all flow 
batteries - marked with yellow; Nickel-Cadmium batteries, Nickel-Zinc batteries and Nickel-Metal 
Hydride batteries, representing some types of batteries based on Nickel - marked with purple or 
Sodium-Nickel Chloride batteries and Sodium-Sulfur batteries that are thermal and colored in 
blue); 

• There are some features that are not available for certain storage technologies, which are 
defined as N/A (e.g. self-discharge is specific for batteries and cannot be found in the appropriate 
superconductor field); 

• Because the work was focused on micro-grids and storage technologies that could be taken 
into account at distribution level, energy storage technologies such as PHS, CAES, SNG, or 
hydrogen storage have not been taken into account when creating the database even if 
appropriated information is available. 

 
Figure. 2.1. Storage Database – Screenshot of the Spreadsheet: the characteristics and some 

options 
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Figure. 2.2. Storage Database – Screenshot of the Spreadsheet: intermediate page 

In the above figures some screenshots of the database are presented. It has to be noted that 
they do not present a full image of the database but are used as an example of the structure.  

2.4. Storage selection procedure 
The database described in the previous section is used as part of an Electric Storage selection 

procedure. This procedure is described in Figure 2.3 in schematic form and can be summarized in 
a couple of short steps: 

- the definition of the study case (based on grid topology, historical meter data, additional 
generation points, information about sensitive nodes, faults etc) 

- generation of the specific set of variables that the proposed storage solution should meet. 
These variables should be based on the list available in the database; 

- comparing the set of specific variables with the database; 
- exclusion of not suitable solutions. This is done based on factors that are not mentioned in 

the database, like suitability for substation use and environmental considerations; 
- simulation of the grid using the proposed solutions; 
- decision on the most appropriate solutions; 
- cost benefit analysis. 

 

Figure 2.3. Schematic description of the selection procedure 
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In order to study the usage scenarios for the storage technologies there is a need to establish 
the most important characteristics. These characteristics are detailed below and together are 
forming the set of variables that describe each storage technology in the data base: 

• Type of grid connection (1): 

It describes how to connect to the network storage environment, i.e. DC - D.C. or AC - AC; 

• Maximum/ minimum operating voltage range per commercial unit (2) [V]: 

It is the higher/ lower limit of the voltage range of the energy storage after commissioning a 
suitable number of units (cells). For example, in operation the minimum operating voltage cannot 
be lower than the minim voltage at the output of a storage cell. 

• Minimum time to reach state of charge – SOC (3) [h]: 

It is the minimum time required to charge the energy storage unit, from the minimum SOC to a 
mean value of SOC; 

• Nominal cycle time (4) [h]: 

It is the sum of the nominal charging time and the nominal discharging time; 

• Maximum total response time delay (5) [h]: 

It the necessary time for the energy storage system to provide the required amount of energy; 

• Maximum number of full cycles (6) [1]: 

It is the number of full cycles of charge – discharge the energy storage unit should withstand 
during its operating life; 

• Maximum power vs. time within rated voltage range (7) [=]: 

It is the diagram power versus time, characteristic for that type of energy storage system; 

• Minimum operating temperature (8) [ºC]: 

It is lowest value of the environment temperature at which the parameters of the energy 
storage unit remain in the admissible range and there are not irreversible damages of the energy 
storage unit; 

• SOC minimum (rated) (9) [%]: 

It is the lowest SOC the energy storage can withstand without permanent damage; 

• Maximum operating temperature (10) [ºC]: 

It is highest value of the environment temperature at which the parameters of the energy 
storage unit remain in the admissible range and there are not irreversible damages of the energy 
storage unit; 

• SOC maximum (rated) (11) [%]: 

It is the highest SOC the energy storage can withstand without permanent damage; 

• Minimum energy density of a commercial unit per volume (12)  [kWh/m3] : 

It is the lowest value of the ratio between the energy and the volume of the energy storage unit; 

• Round cycle efficiency (13) [%]: 
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Is the efficiency of a full charging-discharging cycle; 

• Minimum economical life time at normal operating conditions (14) [years]: 

Is the time in which the energy storage system should be able to operate within the parameters 
in the permitted range; 

• Minimum charging efficiency at nominal current or power (15) [%] 

It is the ratio of energy output to energy input in the process of charging; 

• Maximum self discharge (16)[%]: 

It represents the spontaneous battery leakage; 

• Minimum discharging efficiency at nominal current or power (17) [%]: 

It is the ratio of energy output to energy input in the process of discharging; 

• Minimum cost of storage technology per kWh (18) [euro/kWh]: 

It is the ratio of total cost and the capacity of the energy storage unit; 

• Depth Of Discharging-DOD (19) [%]: 

It is a parameter that indicates the percentage of the charging and discharging of the storage 
unit. For example, if a battery has DOD 0% means that it is 100% charged; 

• Energy density / specific energy (20) [Wh/kg]: 

Is the average ratio between energy and volume storage technology; 

• Power density / specific power (21) [W/kg]: 

Is the average ratio between power and volume storage systems [19]; 

• Nominal cell voltage / storage element (22) [V]: 

It is the reference voltage used to describe batteries, modules or systems; 

• The level of maturity - TRL (Technology Readiness Level) (23) [-]: 

It is an estimation of maturity storage systems based on a scale from 1-9, where only the first 
level is the existence of an  idea / mentally prototype, and 9 represents the most mature version of 
storage technology. 

This list of variables is designed to fully describe the available technologies.  

2.5. Study cases 
The study cases for the selection procedure are based on network data obtained from partners 

(E.ON and IREN). These data should include but not be limited to  

• Upward grid short circuit power and modelling characteristics; 

• MV and LV cable data; 

• MV/LV transformer characteristic data; 

• Consumption  in each node, hour by hour for at least a month; 

• Information on prosumers 



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

21 
 

As a base case the E.ON demonstration site was chosen. A part of the grid is illustrated in 
Figure 2.4 where the substations, the medium voltage and the low voltage distribution grids are 
presented. 

  
Figure 2.4. E.ON Hyllie demonstration site 

This configuration network was implemented in DigSilent (Figure 2.5) where the medium 
voltage grid is shown in red color and the low voltage grid is highlighted in green. DigSilent was 
chosen as an offline, static simulation environment due to its simple, straightforward approach. The 
final proposed storage solutions will be implemented as part of the storage management service 
described in Deliverable 4.4 and tested in real-time simulation environment during WP6.  

 

Figure 2.5. E.ON demonstration site implemented in DigSilent (red color: medium voltage, green 
color: low voltage) 

 

All the electrical parameters of the electric grid elements were provided by the E.ON, while 
other required parameters were found in the data sheet of the electrical equipment manufacturers. 

Using the Hyllie consumption measurements in a single point of common coupling, random 
consumption profiles were hourly generated for the different consumers supplied from this grid. An 
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illustrative example of a 24 hours consumption profile used for this study is illustrated in Figure 2.6. 
This part of the study will be redone once real meter data will be available. 

 
Figure 2.6. Illustrative example of a consumption profile used for the test simulation 

For the purpose of the study an additional Photovoltaic power plant was added to Bus 6 of this 
network causing an imbalance in the grid. The interconnection of the photovoltaic installation on 
the low voltage side of Bus 6 determines the increase of voltage at Bus 6, exceeding the allowed 
limit of 1.1 p.u. (Figure 2.7). In Figure 2.8 the set parameters are presented.  

 
Figure 2.7. Voltage profile at Bus 6 after interconnection a photovoltaic installation on the low 

voltage side of Bus 6. 

 
Figure 2.9. Set parameters for Hyllie demonstration site 

In order to mitigate this possible increase exceeding the 1.1.p.u. voltage limit, a storage system 
should be placed. Two scenarios are studied: the EES placed at MV and the EES placed at LV. 



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

23 
 

2.5.1. Case: Additional PV and ESS at MV 

 
Figure 2.10. Electrical network implemented in DigSilent: with magenta is illustrated the storage 

system interconnected at Bus 6 

 

After interconnecting the storage system at Bus 6 (Figure 2.10), it can be observed that the 
voltage level at low voltage side is still exceeding the 1.1. p.u. threshold. This is illustrated in Figure 
2.10 with red color. The voltage profile at Bus 6 is presented in Figure 2.11. 

 

Figure 2.11. Voltage profile at Bus 6 after interconnection a storage system at Bus 6. 

 

The conclusion of this simulation is that the storage unit does not bring important benefit when 
is connected at MV so the second scenario (the connection of this unit on the low voltage side of 
Bus 6) is studied.  

2.5.2. Case: Additional PV and ESS at LV 
The second scenario is based on adding the EES at LV on Bus 6 (the point where the 

additional generation unit was also added). The simulation of this case is presented in Figure 2.12. 
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Figure 2.12. Electrical network implemented in DigSilent: with magenta is illustrated the storage 
system interconnected on the low voltage side at Bus 6 

 

Figure 2.13 illustrates the voltage profile at low voltage side of Bus 6. As can be seen in Figure 
12, the voltage level at low voltage side of Bus 6 is below 1.05 p.u. The busbar is depicted in 
yellow, color imposed for characterizing the buses with voltage below 1.05 p.u. Figure 14 illustrates 
the charging/discharging processes of the storage unit, clearly illustrating the shaving of the peak 
production of photovoltaic installation. The required capacity of the storage unit is 100 kW. 

  

Figure 2.13. Voltage profile at Bus 6 after 
interconnection a storage system at low voltage 

side of Bus 6. 

Figure 2.14. Charging/discharging 
processes of the storage unit 

 

 

2.5.3. Case study: No PV and increased consumption within the grid 
In this case study is considered the case when no PV is installed and the voltage at the end of 

the feeder is dropping below 0.9 p.u. This is the case where at the end of the feeder there are 
important consumers, with variable profile, which during the 24 hours of analysis can determine a 
voltage level on the low voltage side of the grid below the minimum admissible voltage level of 0.9 
p.u. As it can be seen from the power flow results, the blue busbars illustrates the voltage level 
below 0.9 p.u. (Figure 15). 
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Figure 2.15. Electrical network implemented in DigSilent: with blue color the busbars with voltage 
level below 0.9 p.u.  

 

Figure 2.16 presents the 24 hours voltage profile and the cases where the minimum voltage 
threshold is exceeded. As consequence, a storage unit is located at Bus 9, at the medium voltage 
level. The capacity of this storage unit is determined as 300 kW. Figure 2.17 shows the 
charging/discharging processes of the storage unit. Figure 18 illustrates the voltage profile at the 
low voltage side after the introduction of the storage unit at MV side, showing that the 0.9 p.u. 
threshold is no more trespassed. 

  

Figure 2.16. Voltage profile for 24 hours (in 
blue), and 0.9 p.u. voltage minimum threshold 

(in red) 

Figure 2.17. Charging/discharging 
processes of the storage unit 

 

 

Stor
age 
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Figure 2.18. Voltage profile for 24 hours (in blue), and 0.9 p.u. voltage minimum threshold (in red) 

after the interconnection of the storage unit 

2.5.4. Proposed storage solutions 
Based on the study case the available information: consumption profiles – Figure 2.19 and PV 

generation profile – Figure 2.20 were compared and a typical charging/discharging profile for the 
necessary storage solution was defined. Comparing this profile with the database taking into 
consideration other factors (not all types of storage are suitable for substation use, minimum SOC 
requirements have to be strictly followed, optimal use of storage and possible future development 
of grid) 3 main solutions can be highlighted. This solutions are resumed in Table 2.2.  

 

Figure 2.19. Consumption profile 
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Figure 2.20. PV generation profile 

 

 
Figure 2.21. Necessary charging/discharging profile 

 

Table 2.2. Proposed storage solutions for the study case 

Necessary Capacity 
(kWh) Type Max. 

Efficiency (%) Real Capacity 
(kWh) Chosen 

Capacity No. of 
cycles 

Estimated 
Price  

(thousands of 
EUR) 

35 Van
adium  75 43.75 45 12000 30.0-48.6 

35 
NaNi

Cl  85 40.25 41 4500 3.6-6.0 
25 Van

adium  75 30.25 31 12000 22.0-36.0 
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2.5. Related use case 
As part of this study a use case was defined. This use case is named “Opportunity of Energy 

Storage Integration" and aims at providing the main steps required for the integration of Energy 
Storage Systems in the existing electrical energy distribution network while highlighting the 
required data flow for the implementation of the “ESI-CBA” (Energy Storage Integration - Cost 
Benefit Analysis) software tool in an already existing distribution networks. 

The diagram of the use case is presented in Figure 2.22 

 
Figure 2.22. Diagram of the ESI use case 

2.6. Conclusion  
As part of the Storage Integration study a comprehensive research on available storage was 

performed. The collected data was syntezized in a database that is presented in this deliverable. 
The next step was the definition of a specific procedure that provides possible storage solutions for 
specific study cases. This procedure is based on a set of variables and the main factors that are 
taken into account are: Voltage level, Storage efficiency, Price, No. of cycles, PQ compliance with 
regulations.  

The electrical storage algorithm can become a powerful tool that will enable the extended use 
of RES data by intelligent selection and use of storage and can help to improve the electric power 
transfer, the system operation and the system stability during significant perturbations.  

The tool is designed to match the description of each application case with the best storage 
technology among the available ones. Based on this data the DSOs can make a decision on the 
opportunity of adding storage to a particular node of the network and also to chose the most 
appropriate solution. 

Future work on this study includes: refining the algorithm, keeping the database up to date and 
using the algorithm with load data from the pilots when it will be available in order to propose actual 
storage solutions for the pilot. 

 

 



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

29 
 

2.7. References 
[1] What’s in a battery: an introduction to energy storage solutions, Ana Rosas, Apr. 30, 2015, available on 
Schneider Electric website: http://solar.schneider-electric.com/whats-in-a-battery-an-introduction-to-energy-
storage-solutions/. 
[2] Nicolae Golovanov, Hermina Albert, Stefan Gheorghe, Nicolae Mogoreanu,George Cristian Lazaroiu, 
“Renewable energy souces in the power system”, 2015, Ed. A.G.I.R., ISBN: 978-973-720-603-9, Pg. 362. 
(original in Romanian) 
[3] IEC White Paper, Electrical Energy Storage, available at: http://www.iec.ch/whitepaper/pdf/iecWP-
energystorage-LR-en.pdf 
[4] José R. Matagira-Sánchez, Agustín A. Irizarry-Rivera, “Feasibility study of micro pumped hydro for 
integration of solar photovoltaic energy into Puerto Rico's electric grid”, Proc. of North American Power 
Symposium (NAPS), 2015, ISBN: 978-1-4673-7389-0 
[5] K. Visscher, Mihaela Albu, Comparison of short term energy storage technologies, FP6 VSYNC Project 
Report, 2009 
[6] Five minute guide Energy Trilemma, can be downloaded at: http://www.arup.com/markets/energy,  
last accessed link: Oct 25, 2016 
[7] Five minute guide Energy in Cities, can be downloaded at: http://www.arup.com/markets/energy, last 
accessed link: Oct 25, 2016 
[8] Mohammed Harun, Chakrabarti,S. A. Hajimolana, Farouq, S. Mjalli, M. Saleem, I. Mustafa, Redox Flow 
Battery for Energy Storage, Arabian Journal for Science and Engineering, April 2013, Volume 38, Issue 4, pp 
723–739, ISSN 1319-8025 
[9] http://blog.mishitsolutions.com/vanadium-redox-flow-battery-system-vrb-its-operation-and-applications/ 
[10] Meg Cichon, Leasing Option Now Available for Solar Plus Flow Battery Energy Storage Systems, 
February 26, 2015, available at: http://www.renewableenergyworld.com/articles/2015/02/leasing-option-now-
available-for-solar-plus-flow-battery-energy-storage-systems.html   
[11] Zachary Shahan, Zinc-Iron Redox Flow Batteries — The Next Big Thing In Energy Storage? 
(CleanTechnica Exclusive), April 22nd, 2013, available at:  http://cleantechnica.com/2013/04/22/zinc-iron-
redox-flow-batteries-zinc-air-energy-storage/  
[12] Kalispell, MT., ViZn Energy Systems Announces Zinc/Iron Flow Battery Installation at Flathead Electric 
Cooperative, March 13th, 2014, available at: http://www.altenergymag.com/news/2014/03/13/vizn-energy-
systems-announces-zinciron-flow-battery-installation-at-flathead-electric-cooperative/16129/  
[13] Energy Storage Association, Zinc-Bromine (ZNBR) Flow Batteries, available at:  
http://energystorage.org/energy-storage/technologies/zinc-bromine-znbr-flow-batteries 
[14] Frances White, New flow battery offers lower-cost energy storage, December 21, 2015, available 
at:http://www.pnnl.gov/news/release.aspx?id=4246 
[15] Tianbiao Liu, Xiaoliang Wei, Zimin Nie, Vincent Sprenkle, Wei Wang, "A Total Organic Aqueous Redox 
Flow Battery Employing Low Cost and Sustainable Methyl Viologen (MV) Anolyte and 4-HO-TEMPO 
Catholoyte," Advanced Energy Materials, Nov. 30, 2015, 
[16] Graphene Supercapacitors: Introduction and Market News, available at:  http://www.graphene-
info.com/graphene-supercapacitors 
[17] Shalini Saxena, Beating grapheme to push supercapacitors closer to batteries, Science, 2015, available 
at: http://arstechnica.com/science/2015/12/beating-graphene-to-push-supercapacitors-closer-to-batteries/ 
[18] Project Type: Concentrating solar power (CSP) plant, Huanghe Qinghai Delingha Solar Thermal Power 
Project, China, available at: http://www.power-technology.com/projects/huanghe-qinghai-delingha-solar-
thermal-power-project/  
[19] CSIRO Energy Flagship, Electrical Energy Storage: Technology Overview and Applications, Prepared 
for the Australian Energy Market Commission, 8 th July 2015, p. 13, available at: 
http://www.aemc.gov.au/Major-Pages/Integration-of-storage/Documents/CSIRO-Energy-Storage-
Technology-Overview.aspx 
[20] Mihaela Albu; Alexandru Nechifor; Doru Creanga, “Smart storage for active distribution networks 
estimation and measurement solutions”, Proc. of Instrumentation and Measurement Technology Conference 
(I2MTC), 2010, pg. 1486 - 149  



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

30 
 

3. Fault and outage detection 

3.1. Introduction to the task 
Task 3.3 aims to design an algorithm for outage/fault detection on the DSO’s network and at the 

user’s level. As the output, it provides an easy to understand overview of the MV and LV network 
status, and, in case of faults, an alarm indicating the portion of network and users de-energized. As 
the approach, an algorithm should get as input the measurements from the network metering 
system and from the users’ meters. It will integrate these data together and with the already 
available data from the HV/MV stations. The analysis of these integrated data will allow for 
providing the required output. 

To describe the achievements of T3.3 considering the expected output, different terms in outage 
diagnosis and management, in terms of fault and outage detection/location, are firstly defined as a 
basic taxonomy. Then, an overview of different methods of fault and outage location is provided 
with scientific and technical references. The methods and experimental applications performed 
under FLEXMETER regarding fault and outage location will be discussed afterwards, and a short 
perspective of these activities will be provided at the end. 

3.2. Basic taxonomy 
Generally, in outage diagnosis and management before restoration, we introduce 4 different 

processes including fault detection, outage detection, outage location, and fault location. Each of 
these processes in the distribution systems may take place either in MV or LV grids. 

The process of detection of the occurrence of a fault (permanent or transient) is called fault 
detection (Figure 3.1 a), while outage detection refers to the process of detection of the occurrence 
of an outage during a permanent fault (Figure 3.1 b). 

  

Figure 3.1 - Fault detection (a)  vs. outage detection (b) 

Outage location includes a combination of techniques which are applied to find the outage area 
and the protective devices involved in fault clearing (Figure 3.2 a). And finally, finding the location 
of the faults, that caused the resulting outage situation, is called fault location (Figure 3.2 b). 
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Figure 3.2 - Outage location (a) vs. fault location (b) 

 

3.3. An overview of outage management in electricity distribution systems 
An Outage Management System (OMS), providing the capability to efficiently identify and 

resolve outages, is a tool that is aimed to manage the grid and restore power during service 
interruptions. The tool is designed to efficiently identify and resolve outages and hence reduce the 
cost of unserved energy. An OMS can significantly cut the cost of an interruption for the utility, 
improve the quality of service for consumers, and enhance safety for everyone who uses or 
operates the grid. 

Outage management involves five different phases: 

• Protection system reaction and outage alert; 

• Outage and/or fault location; 

• Fault isolation and partial supply restoration; 

• Repair or replacement of faulty element and full restoration. 

The second phase can be differentiated into Outage location (outage mapping) and precise 
fault location. When a short circuit fault occurs, protective devices close to the fault will 
automatically isolate the faulted area. The loads downstream of the protective devices will be in 
outage. We employ the term outage location to denote the task of finding the status of the 
protective devices and hence the outage area and the term fault location to denote the process of 
finding the place of the fault that caused the resulting outage situation [1].  

Outage location is often performed prior to fault location to improve its accuracy. Many 
methods for outage and fault location have been proposed and employed by the researchers and 
utilities. In the next subsections, different fault location methods are reviewed. 

3.3.1. Fault location Methods 

Fault location in distribution medium-voltage (MV) networks has been a subject of interest to 
utility engineers and researchers. Information on accurate fault location available just after the fault 
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helps utility personnel to expedite service restoration and to make adequate reconfiguration of the 
network for reducing outage time and operating costs. 

Fault location in distribution networks creates new problems compared with the same task in 
HV and EHV transmission lines. In HV and EHV networks each transmission line may be equipped 
with a dedicated fault locator. In such a case, the fault location algorithm is a numerical procedure 
that converts voltage and current, given in a digital form, into a single number being a distance to 
fault. In contrast to the transmission lines, the distribution networks are usually nonhomogeneous, 
with branches and loads along the line, which make the fault location difficult [2]. The following 
issues make fault location in distribution networks difficult: 

• Geographic dispersion of distribution networks over a vast area; 

• Lack of measurements and fault recording devices; 

• Change of size of the conductors and use of cables besides overhead lines; 

• Presence of laterals, load taps and single and three phase loads; 

• Presence of loads between the faulted point and the measurement bus and change of 
loads during the fault; 

• Dynamic topology of distribution networks; 

• The effect of fault resistance that is usually not negligible; 

• Multiple fault location in distribution networks due to their dispersion and presence of 
several laterals; 

• Presence of DG which changes the direction of power flows. 

Therefore, a suitable fault location method has to consider the heterogeneity of the lines, 
presence of laterals, load taps, and comparatively a lower degree of instrumentation in distribution 
systems. A number of methods have been proposed specifically for fault location on the distribution 
systems. These can be classified into four groups, based on data requirements as well as 
topological/modeling requirements: 

• Impedance-based algorithms [3- 13]; 

• Methods based on travelling waves [15- 19]; 

• Artificial intelligence-based methods [23, 24]; 

• Algorithms based on sparse voltage measurements [25, 29]; 

In the following, different proposed methods in each category are reviewed. 

3.3.1.1. Impedance-based fault location methods 

Impedance-based fault location algorithms mainly make use of the fundamental-frequency 
voltage and current measurements available at the substation to estimate the fault location. The 
estimation is often based on iterative solution of the equations which describe fault steady state 
condition. To illustrate the process let’s consider the line-section shown in Figure 3.3, where 

voltage phasors at the sending end [ ]Tcbas VVVV ,,=   and upstream current phasors 

[ ]Tcbas IIII ,,=  are assumed to be known and [ ]TcbaR IIII ''' ,,=  and [ ]TfcfbfaF VVVV ,,= are 

downstream currents and fault location voltages. 
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 The voltage measured at the incoming node can be expressed as follows: 

( )RSSS IIRdZIV −+=           (1) 

where d is the distance to fault and Z  and R  are line impedance and fault resistance matrices.  
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Figure 3.3 - A faulted line section of a radial distribution system 

Based on the type of the fault and the phases involved, the elements of the matrix can vary 
from zero to infinity. For example, for a phase A to ground fault, only fR takes a nonzero value and 

faR , fbR  and fcR  are zero, infinity and infinity, respectively and Eq. 1 can be rewritten as: 

)()( '
131211 aafcbaa IIRIzIzIzdV −+++=        (3) 

Taking the real and imaginary parts of the voltage equation and eliminating fR , the fault 

distance equation can be obtained. 
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BABA
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In this equation, the fault distance and downstream current are unknown variables. Most of the 
impedance-based algorithms use an iterative technique to estimate the unknown value. For 
example the iterative procedure employed in [7, 11] is as follows: 

(1) Assume the downstream current to be equal to the pre-fault load current. 
(2) Calculate the fault distance using Eq. 4. 
(3) Calculate the voltage at the fault location. 

SSF dZIVV −=            (5) 
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(4) Use the voltage obtained in step 2 to calculate RI . 
(5) Go back to step (2) and repeat the process until the estimated fault distance converges to a 

certain value. 

Unlike transmission lines, the distribution feeders usually have many intermediate loads and 
voltage and current measurements are available only at the substation. So, the impedance-based 
methods start from the first line section and solve their fault location equations (e.g. Eq. 4) to make 
an estimation of the distance to the fault. If the calculated fault distance is beyond the line section 
length, it means that the fault is not in that section and the process should be repeated for the next 
section. Voltage and current at the head of the next section are estimated using the following 
equations. 

k
s

k
S

k
S LZIVV −=+1            (6) 

11 ++ −= k
L

k
S

k
S III            (7) 

where 1+k
LI  is the load current at node 1+k . Considering a constant impedance load model, 

1+k
LI current is given by: 

111 +++ = k
S

k
L

k
L VYI            (8) 

Based on this procedure, impedance-based algorithms search all other line sections until the 
fault location estimate converges to a distance less than the line section length. 

 
Figure 3.4 - A sample distribution network 

Power distribution systems are typically composed by a main feeder and laterals which 
constitute a branched configuration (Figure 3.4). In order to consider the laterals, the methods 
proposed in [9, 11-13] calculate n equivalent systems, where n is the number of laterals. For each 
equivalent system, the methods solve the fault location equations section by section starting from 
the first one. For example, in Figure 3.4 there are a total of 10 possible power flow paths, and the 
node groups (1, 2, 3, 4, 5) and (1, 2, 6, 7, 16) comprise two of them. The equivalent systems are 
made by transformation of the lines and loads outside the path, into equivalent constant 
impedances along the system. For example, for path (1, 2, 3, 4, 5) Figure 3.5 shows the equivalent 
network. 
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Figure 3.5 - Equivalent network of the system in Fig.3.4 for path (1, 2, 3, 4, 5) 

In [9] the equivalent impedances are calculated by computation of equivalent impedance of 
parallel and series impedances, representing lines and loads. However, the power flow based 
method proposed in [11-13] is better suited for large scale branched distribution networks. Prior to 
fault location, these algorithms perform a power flow using the pre-fault substation voltage and 

currents and then calculate the equivalent impedances qpZ −  in each node by using: 

qp

p
qp I

V
Z

−
− =            

 (9) 

where pV  is the pre-fault voltage at bus p and qpI −  is the pre-fault current flowing from bus p to 
bus q. 

All impedance-based fault location methods are based on the same fundamental concepts and 
assumptions; however, there are some features and differences which influence their performance 
and range of application. Table 3.1 compares different aspects of the impedance-based methods 
to highlight their differences. 

Table 3.1 - Comparison of different impedance-based algorithms 

Method Domain of equations Consideration of distribution networks 
nature 

Load 
model 

Line 
model 

Fault types 
considered 

Phase 
compo
nents 

Symmetrical 
components 

Load 
taps 

Laterals Unbalances Non- 
homogeneity 
of lines 

Method 
proposed in [3] 

 � � � � � Z short All 

Method 
proposed in [4] 

�  � � � � Voltage 
dependent 

short SLG, LLG 

Method 
proposed in [5] 

 � � � � � Voltage 
dependent 

short All 

Method 
proposed in [6] 

�  � � û � Z short LG 

Method 
proposed in [7] 

�  � � � � Z short LG 

Method 
proposed in [8] 

�  � � � � Voltage 
dependent 

short All 

Method 
proposed in [9] 

�  � � � � Z short LL 

Method 
proposed in 
[10] 

   � � û � Z distributed LG 

Method 
proposed in 
[11] 

�  � � � � Z short All 

Method 
proposed in 
[12] 

�  � � � � Z P-line 
model 

3L 
LG 

Method 
proposed in 
[13] 

�  � � � � Z P-line 
model 

All 
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3.3.1.2. Fault location methods based on travelling waves 

Traveling-wave theory has long been studied for transmission line fault location; however, 
following the improvements in communication and measurement infrastructure (e.g. the possibility 
of GPS time synchronization) and due to utilities desire for faster, more accurate fault location, 
these methods gained more and more attentions. 

Traveling wave-based fault methods have shown to have accurate results for transmission 
lines fault location and are also independent of the network configuration and hence insensitive to 
modelling errors. However, these techniques require high sampling rate and are therefore more 
costly to implement. 

Travelling wave theory 

Consider an element length of a three-phase line shown in Figure 3.3. Let’s assume that kR , 

kG , kL  and kC  are self-resistance, conductance, inductance and capacitance per unit length of 

phase k  and kmL , kmC  are the mutual inductance and capacitance, respectively, per unit length 
between kth and mth phases. If the line is subjected to transient conditions such as faults, the 
associated changes in voltages and currents within an element dx  of the line are related by the 
following equations: 

For the ‘a’ phase: 
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Similar equations can be derived for phase ‘b’ and ‘c’. 

By replacing abv , acv , bav , bcv , cav , cbv  with their equivalent phase voltages (i.e. baab vvv −= , ..., 
etc.), the above equations can be written: 
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            (11) 

Where T
cba vvvv ],,[=  and T

cba iiii ],,[= . 

By replacing the time operator 
t∂
∂  in equations with the transform operator, the latter can be 

written as: 

Yv
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=
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∂

=
∂

∂

            (12) 

Where Z  and Y  are the same as z  and y  except that the time operator 
t∂
∂  has been replaced 

by the transform operator p .  Taking the second order derivative gives: 
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Where γ known as propagation constant, and its value is given by: 

ZY=2γ  

By solving the equations as an ordinary differential equation in x  and then finding i , for a single 
phase line, we obtain: 
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where 1k  and 2k  are constants. 

Since the line voltage and current are functions of the time t  as well as distance x , the 
equations need to be modified by replacing )(xv  and )(xi  with ),( txv  and ),( txi  , and the constants 

1k  and 2k by the time functions )(te f  and )(ter , such that: 
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For a lossless line, 0== GR  ,which in turn leads to 

c
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where 

LC
c 1
=  

Is known as velocity of propagation and  

C
LZ =0  

Is known as the surge (or characteristic) impedance. 

It is possible, with the help of Taylor’s theorem, to show that: 

)()( atftfe ap ±=±            (17) 

If this relation is applied to the above equations we obtain: 
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Functions )(
c
xtef −  and )(

c
xter + represent travelling waves in the forward and backward 

directions of x, respectively. 

Waves travelling over assumed homogeneous lossless lengths of transmission line continue to 
propagate at a uniform velocity c  and are unchanged in shape. However, at points of discontinuity, 
such as open circuits or other line terminations, part of the incident wave is reflected back along 
the line and part is transmitted beyond the discontinuity. The wave impinging on the discontinuity is 
often called an incident wave and two waves to which it gives rise are normally referred to as 
reflected and transmitted waves [14]. 

When a fault occurs along a transmission line, the voltage and current transients will travel 
towards the line terminals. These transients will continue to travel back and forth between the fault 
point and the two terminals for the faulted line until the post-fault steady state is reached. The 
changes of the terminal bus transients can be studied using the well-known lattice diagram 
method. Considering a single-phase lossless transmission line, connected between buses A and 
B, with characteristic impedance 0Z  and traveling-wave velocity of v . If a fault occurs at a distance 
x from bus A, this will appear as an abrupt injection at the fault point. This injection will travel like a 
surge along the line in both directions between the fault point and two terminals until the post-fault 
steady state is reached. A lattice diagram illustrating the reflection and transmission of traveling 
waves initiated by the fault transients is shown in Figure 3.6 [15]. 

 
Figure 3.6 - Traveling voltage and current waves: lattice diagram for a fault at distance x from A 

[14] 
Forward and reverse waves, as shown in Figure 3.6, travel in different directions at v, which is 

a little less than the speed of light, toward the transmission-line ends. Transmission-line ends 
represent a discontinuity or impedance change where some of the wave’s energy will reflect back 
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to the disturbance. The remaining energy will travel to other power-system elements or 
transmission lines. ta and tb represent the travel time from the fault to the discontinuity. With the 
GPS technology, ta and tb can be determined very precisely. By knowing the length of the line and 
the travel times one can calculate the distance (x) to the fault from substation A. This is the 
essential idea behind traveling wave-based fault location methods. 

In three phase transmission lines, the traveling waves are mutually coupled and therefore a 
single traveling wave velocity does not exist. In order to implement the traveling wave method in 
three phase systems, the phase domain signals are first decomposed into their modal components 
by means of the modal transformation matrices. The first mode (mode 1), is usually referred to as 
the ground mode, and its magnitude is significant only during faults having a path to ground. 
Hence, this component cannot be used for all types of faults. The second mode (mode 2), also 
known as the aerial mode, however is present for any kind of fault. Accordingly, the fault location 
problem is formulated based essentially on the aerial mode, making occasional use of the ground 
mode signal for purposes of distinguishing between certain peculiar situations [16]. 

Fault location using travelling waves 

Depending on the existing communication scheme between the two ends of the line, fault 
location problem can be solved in two different ways.  

When fault signals are recorded simultaneously at both ends of the line both of which are using 
the same time reference synchronized using Global Positioning Satellite (GPS) receivers a two 
ended fault location method can be employed. The recorded waveforms will be transformed into 
modal signals. Let at  and bt  correspond to the times at which the modal signal in scale 1, show 

their initial peaks for the signals recorded at bus A and B respectively. Assuming that the recorded 
signals at the two ends of the line are fully synchronized, the delay between the fault detection 
times at the two ends, can be determined. 

bad ttt −=             (19) 

The distance between the fault point to bus A will then be given by: 

2
dmtvLx −

=            (20) 

where L is the length of the line, x is the distance to fault from bus A, and mv , is the speed of 
the traveling waves for mode m. 

A more robust configuration that does not require remote end synchronization is when the fault 
location is determined based solely on the recorded signals at one end of the line. However, in 
such a case, due to the lack of any other time reference, all time measurements will be with 
respect to the instant when the fault is first detected. Therefore, fault location calculations will be 
based on the reflection times of the traveling waves from the fault point. Unfortunately, for faults 
involving a ground connection, not only those reflections from the fault point, but also from the 
remote end bus will be observed at the sending end of the line. Proper algorithms should therefore 
be devised in order to distinguish between close-in and remote faults which may produce similar 
reflection patterns for the grounded faults. 

It has long been observed that ungrounded faults such as line-to-line or ungrounded three-
phase, do not cause significant reflections from the remote end bus during the fault transients. 
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Thus, by measuring the time delay between the two consecutive peaks of the recorded fault signal 
at scale 1, the distance to the fault can easily be calculated: 

2
dmtvx =             (21) 

where, x is the distance to the fault, mv  is the wave velocity (for the mode used), and dt  is the 
time difference between two consecutive peaks. 

When the fault involves a connection to ground, then sending end signals may contain 
significant reflections from the remote end bus in addition to the ones from the fault point. The 
remote end reflections will arrive later than the fault reflections if the fault occurs within half the 
length of the line, close to the relay location. The opposite will be true if the fault is situated in the 
second half of the line. If the fault is in the near half of the line, then dt  in the above equation will 
simply be the time interval between the first two peaks of the scale 1 for the aerial mode. If the fault 
is suspected to be in the second half of the line, then dt  will be replaced by: 

xd tt −= τ2             (22) 

Where τ  is the travel time for the entire line length, and xt , is the time interval between the first 
two peaks of aerial mode in scale 1 [16]. 

Authors in [16] propose a method to distinguish between grounded and ungrounded and line 
second half and first half faults. Accordingly they use the above equations to find the exact location 
of transmission line faults. 

Interpretation of fault generated transients becomes computationally difficult if the attenuation 
and distortion of the signals are taken into account as they travel along the line. Therefore, the 
travelling waves-based methods use additional tools like wavelet transform to simplify the analysis. 
Wavelet transform possesses some unique features that make it very suitable for this particular 
application. It maps a given function from the time domain into time-scaling domain. The basis 
function used in the wavelet transform, has band-pass characteristics which makes this mapping 
similar to a mapping to the time-frequency plane. Unlike the basic functions used in Fourier 
analysis, the wavelets are not only localized in frequency but also in time. This localization allows 
the detection of the time of occurrence of abrupt disturbances, such as fault transients [16]. 

Fault location using travelling waves in distribution systems 

Inspired by the works implemented for transmission networks, several fault location methods 
have been proposed for distribution networks, based on almost the same principles. The method 
proposed in [17] first identifies the fault path, based on the traveling wave information provided by 
the high frequency components of the recorded fault transient signals. It then calculates the exact 
fault location along the identified path based on the power frequency signals. The multiphase 
transient signals are first decomposed into their modal components. Then, the modal signals are 
decomposed into their wavelet components and the corresponding wavelet coefficients are 
obtained. These wavelet coefficients are used to extract the relevant signal features which are 
subsequently used to identify the branch or path where the fault is located. Once the faulted lateral 
is identified, the system is simplified representing the no faulted laterals as equivalent impedances. 
Then, the post fault phasors are extracted from the wavelet transform coefficient decomposition of 
both current and voltage signals at the power frequency scale and the distance is calculated using 
an impedance-based method. 
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The method proposed in [18] also relies on detecting fault-generated high-frequency signals 
and successive identification of arrival of the travelling high-frequency voltage signals at the busbar 
where the locator is installed. The three phase voltages are monitored using high-voltage coupling 
capacitors. Modal mixing transforms are then used to extract the aerial mode and ground mode 
signals. Finally digital band-pass filters extract the high-frequency components and use them for 
fault location. 

The two end fault location method proposed in [16] for the transmission lines is employed by 
[19] to locate distribution network faults. This work supposes that fault transient detectors based on 
Digital Wavelet Transform are installed at substation busbars and load terminals to capture the 
time taken for the transient to arrive and assumes that the recorders are synchronized with a 
Global Positioning System (GPS) clock. From the recorded time and the topological structure of 
the network, fault location is calculated. 

Fault-location methods using traveling waves are independent of the network configuration and 
devices installed in the network. However, Distribution networks normally have short lines and a 
large number of laterals and load taps that reflect travelling waves. Therefore, the use of the 
travelling wave-based algorithms in distribution networks will require measuring devices with very 
high-frequency sampling rates. The method proposed in [17] requires transducers with a 
bandwidth of 50 kHz. Measurements with sampling frequencies of 20MHz and 200 MHz are 
employed in [18]. The method proposed in [19] not only requires a sampling rate of 1 MHz but also 
needs an accurate Global Positioning System to synchronize the measurements. While, recent 
developments in transducer technology enabled high sampling rate recording of transient signals 
during faults, such measurements are costly for distribution network level. Moreover, studies have 
shown that the use of the travelling wave-based methods may have difficulties in locating 
distribution network faults. These methods are more suited for long transmission lines that are 
equipped with better monitoring devices. 

3.3.1.3. Artificial intelligence-based methods 

Methods based on artificial intelligent systems, such as neural networks are proposed as 
alternative methods that can have accurate results with less online computation. Artificial neural 
networks are fault tolerant and, once trained, present very short execution times. Besides, they 
present generalization capability during real-time inferences, which means that they are able to 
perform satisfactorily even for unseen patterns. Neural network-based method employ a large set 
of simulation results or real data as sample input output features to train their network. The inputs 
comprise of measured voltage and currents, weather data and etc.; the output is usually the 
distance to the fault. Once trained, the neural networks can be employed to predict the fault 
location based on the provided inputs. 

Artificial neural networks 

An artificial neural network (ANN) is an information processing system that has certain 
performance characteristics in common with biological neural networks [20]. Multi-layered 
feedforward neural network topology also called multi-layered perceptron (MLP), is the most 
popular neural network in use today. An MLP neural network consists of one input layer, one 
output layer and one or more hidden layers. The number of neurons in the input and output layers 
are, respectively, equal to the number of inputs and outputs, while a trial-and-error procedure is 
usually employed to determine the number of neurons in the hidden layers. Each neuron is 
connected to other neurons through communication links, each with an associated weight. The 
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weights represent information being used to solve a problem and have to be determined by a 
learning (training) algorithm [20]. The MLP neural networks are usually trained in a supervised 
manner with a highly popular algorithm known as the error backpropagation [21]. This algorithm is 
simply a gradient descent-based method to minimize the total squared error of the output 
computed by the net. However, the conventional back-propagation method is often too slow for 
many practical problems; thus, in practical applications algorithms like the resilient back-
propagation technique, which is one of the fast training algorithms, is employed to accelerate the 
training process. This training algorithm is thoroughly described in [23]. 

Neural network-based methods 

The method proposed in [24] uses the wavelet transform to take some characteristic features 
from the current patterns obtained from the measured signals registered at the power distribution 
substation. It then trains an Adaptive Neuro-Fuzzy Inference System to predict the zone where the 
fault is located, as output. This approach does not use the electrical model of the network and is 
hence insensitive to modelling errors. However, its accuracy is limited to the faulted zone and it’s 
unable to locate the fault. Simpler methods like the current pattern matching method proposed in 
[7] can provide almost the same results. 

In [25] authors propose an artificial neural network (ANN) and support vector machine (SVM) 
approach for locating faults in radial distribution systems. In distribution networks, the relationship 
between the measurements and the fault distance is highly complex if all types of faults at all 
loading levels and, along all the radial feeders, are considered simultaneously. In the proposed 
combined approach, the Support Vector Machine breaks the complexity of the fault location 
problem, and the Feedforward neural network estimates the reactance to the fault. Two schemes 
are proposed for locating the fault. In the first scheme only fault type classification is done, and a 
separate neural network is trained for each type of fault. In the second scheme, the fault type and 
substation short circuit level are determined by the classification procedures and a Feed Forward 
Neural Network is trained for each class. 

The main shortcoming of the neural network-based approaches is the requirement of 
numerous actual or simulated fault cases for training. Moreover, the training process should be 
repeated following any changes in distribution network topology. 

3.3.1.4. Algorithms based on sparse voltage measurements 

These methods use sparse voltage sag measurements for fault location. They identify the fault 
location by assuming it on all nodes throughout the network, solving post-fault power flow and 
calculating the difference between the measured and calculated voltage sags. The node with the 
smallest mismatch would be the nearest node to the actual location of the fault. 

These methods utilizes voltage and current measurements at the head of main feeder and the 
magnitude of voltage sags recorded at some nodes equipped with voltage measurements, such as 
power quality meters or digital fault recorders. The algorithm is based on the fact that each fault 
causes voltage sags with different characteristics at different nodes. Therefore, knowing the 
voltage sag magnitudes at certain measurement nodes, it would be possible to locate the faulted 
node. The method proposed in [25] assumes the fault at each node throughout the network and 
calculates voltage sags using a during fault load flow algorithm. It then determines the faulted node 
by comparing how well the calculated values for each node match the measured values. If the 
following index is calculated for each node, the node with the largest value of the index has the 
best match and would be one end of the faulted line: 
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where meas
iVΔ  and calc

jiV ,Δ  are the measured and calculated voltage sags at i-th measurement 

node for fault at j-th node, m is the number of measurements and ε  is a small number to avoid 
deviation by zero. 

For each node, after calculation of the pre- and during-fault voltage magnitudes using a during 
fault power flow algorithm, the Index  value can be calculated. 

The fault location method proposed in [27], first estimates fault current by summing fault 
current contributions from all sources. It then injects the calculated current at all system nodes to 
calculate the change in three phase voltages at all measurement nodes. Finally, comparing the 
measured values with calculated values, the method identifies the faulted node. This work has a 
simple procedure; however, its approximate estimate of fault current affects the accuracy of the 
results. The authors in [29], propose a method with the same principles, but instead of estimating 
the change in voltages, they estimate the fault currents and identify the faulted node by comparing 
the estimated currents. The proposed method has acceptable results with or without 
synchronization of the measured values, though it requires a large number of meters. 

The fault location methods proposed in [25, 28] are based on the fact that each fault causes 
voltage sags with different characteristics at different nodes. Therefore, knowing the voltage sag 
magnitudes at certain measurement nodes, it would be possible to locate the faulted node. The 
algorithm assumes the fault at each node throughout the network and calculates voltage sags 
using a load flow program. It then determines the faulted node by comparing how well the 
calculated values for each node match the measured values. The proposed methods successfully 
identify the faulted node without synchronization of the measured values, but they cannot pinpoint 
the fault. 

The method presented in [26] follows the same principles. For each node, the method first 
employs a set of short circuit analysis to estimate fault resistance. It then applies the estimated 
resistance and explores the similarity between the measured and calculated voltage sags to find 
the faulted node. In the next step, the algorithm considers the lines connected to the selected 
node, moves the fault along these lines and pinpoints the fault. The method is accurate and can 
identify the exact fault location; however, using three iterative stages for estimation of fault 
resistance, identification of faulted node and precise fault location increase the computational 
burden, especially for large networks. 

Despite the shortcomings mentioned, all of the previously mentioned works could provide 
acceptable results. However, since all of these methods rely on indices defined based on 
measured voltages, they would be very sensitive to measurement inaccuracies. Moreover, these 
methods require the pre- and during fault sparse voltage measurements and their accuracy is often 
limited to the nearest node to the fault location.  
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3.4. Implementation in FLEXMETER 
Continuity of service in general depends on our system and its equipment for protection, 

switching, etc., and the number and duration of faults. To improve the continuity of service, we 
should either install more advanced equipment or better manage the faults. 

At the moment, most DSOs use customer calls to detect and locate the LV network outages. 
After detection and identification of the outage area, fault location in MV and LV is normally 
performed by inspection by the operators. This process has the following disadvantages: 

• During the nights there would be a little number of customer calls which makes the 
outage detection process difficult or impossible. 

• False or fake reports are hard to realize. 
• The whole process is time consuming and inefficient. 

In the FLEXMETER project new meters are being installed at the user level and in MV/LV 
substation at the beginning of LV feeders. Thanks to the data measured by these devices it is 
possible to enhance the outage detection and location and perform it with no or little human 
intervention. 

Three levels of service can be implemented, depending on the capabilities of the meters and on 
the communication network performances. They will be listed in increasing performance and 
requirements order: 

A) LV Outage detection and outage location 

In case of outage, all the meters in the outage area detect the absence of voltage and send a 
“last gasp” signal to the cloud system. No particular stringent requirements are needed from the 
communication network point of view. The main issue is that the communication network should 
work also in a power outage condition, thanks to a UPS system. Mapping the received signals from 
the user meters results in outage location. 

B) LV Fault location 

After the detection of the outage and the identification of the area affected by the outage itself, 
thanks to the measurements at MV/LV substations, it is possible to design an algorithm, to identify 
the fault location on the LV lines. For this purpose the meters in the MV/LV substation feeding the 
fault, should send the current and voltage waveform or during-fault phasors immediately after the 
fault detection. Also in this case no particular stringent requirements are needed from the 
communication network point of view. The amount of data to be sent is quite small and there are 
no stringent latency requirements. Even if the data arrive to the cloud some seconds after the 
event, it would be much faster than with conventional fault location methods. Also in this case the 
main issue is that the communication network should work also in a power outage condition, 
thanks to a UPS system. 

C) MV Fault location 

The HV/MV substations are already equipped with voltage and current measurements for the 
purpose of protection. MV network fault location is an additional feature which could be 
implemented is HV/MV substations or in the main control center. In the first case just the fault 
location is reported, while in the second case the voltage and current waveforms or their calculated 
during-fault phasor should be sent from the primary HV/MV substation to the cloud. The 
requirements from the communication network point of view are the same of the previous point. 
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Completed Steps: 

Regarding faults and outages use case in distribution systems, there could be specifically 8 
different use cases, listed below. However, some of them are neither interesting for the owner of 
use case (DSO), nor economically beneficial. 

All possible use 
cases 

Implementation/Consideration/Proposal 

Outage detection in MV From circuit breakers status and “last gasp” messages from available 
substation meters 

Outage location in MV From circuit breakers status and “last gasp” messages from available 
substation meters 

Fault detection in MV Automatically done by protection relays 

Fault location in MV Introduced in (C) 

Outage detection in LV “last gasp” signal from user meters (A) 

Outage location in LV Mapping “last gasp” signals of user meters (A) 

Fault detection in LV Automatically done by feeder protection devices 

Fault location in LV It is not cost-beneficial, and its requirements cannot be met from existing 
meters. However, the same proposed algorithms for fault location in MV 
can be applied in LV. 

 

3.4.1. Implementation of fault location in MV grid 
Regarding the methodology for fault location in distribution grids, MV and LV are the same. 

However, fault location in MV is more interesting and beneficial, as a larger number of customers 
may be affected by a power outage in MV. PoliTo proposed an impedance-based fault location 
method for its accuracy and minimum required measurement. This method at least require the 
phasors or samples of voltage and current recorded at the head of the main MV feeders (HV/MV 
substation) and DG terminals (pre- and during fault); active and reactive consumptions or 
forecasted loads for MV/LV transformers; and network data in terms of topology and line 
impedances. As FLEXMETER smart meters are not installed at the primary station level, only 
existing measurements could be used for this use case. However, due to lack of communication 
system to retrieve real time pre- and post-fault data from one side, and limitations of network data 
accessibility, we demonstrate the proposed method and communication architecture through 
simulation. 

For the simulation, we performed tests and validations using real time simulation, because it is a 
highly reliable method based on electromagnetic transient simulation which can provide a virtual 
environment of the real systems where new control strategies (e.g. fault location) can be tested ex-
ante before implementing in the real world, providing trustable real-like information on impacts and 
benefits. This kind of simulation for testing and validation of proposed algorithms reduces costs, 
enables more complete and continuous testing of the entire system without interruption, safely 
under possibly dangerous conditions, and with many possible configurations without physical 
modification. 
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We implemented an integrated architecture of simulation to connect the virtual model of the grid 
running on a real time simulator with the fault location algorithm running on another system. This 
emulates what we propose in real world: retrieving smart meter data and sending to a fault location 
central system in a cloud. 

The architecture is an implementation of an Internet-of-Things to facilitate software in-the-loop 
(SIL) and hardware in-the-loop (HIL) tests. 

The proposed flexible integrated platform is depicted in Figure 3.7. The main components of this 
architecture include: i) real-time simulator, ii) communication interface, iii) application based nodes, 
iv) HIL facilities, and v) a supervisory and monitoring center. 

The virtual model of the distribution system is built in a workstation connected to the real-time 
simulator. This connection can be either direct or through a local network.  Measurement data 
obtained from the real-time simulation and command signals controlling the distribution system 
from the application nodes are exchanged through the communication interface. The components 
are shortly described in the following. 

 
Figure 3.7 Architecture of the integrated interdepartmental real-time simulation laboratory 

The real-time simulator, in this architecture, aims to reproduce the behavior of an electric 
distribution system modeled as a test bed for developed algorithms or devices, performing SIL or 
HIL. The requested measurements from the real-time model can be sent out through UDP-TCP/IP 
to be used by the control and management algorithm development nodes (SIL). In addition, the 
real-time simulator can communicate with real physical devices and system components (e.g. a 
micro-grid controller, protection automation systems, PV panels, wind turbines, etc.) through 
analog and digital I/O signals. 

In the proposed architecture, the real time simulation module is in charge of acquiring 
real/realistic network data, models the distribution system, and provides required measurements or 
signal connections with external applications. It provides simulation as a service. 

The communication architecture depicted in Figure 3.8 exploits the publish/subscribe 
communication model. 
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Application	2 Application	1 Hardware	in	
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Figure 3.8 Data flow and command signals exchange 

Each component or application in the platform can: i) publish information and ii) subscribe to 
specific event notifications. In particular, it exploits the Message Queuing Telemetry (MQTT) 
protocol. Exploiting this approach, each simulated grid component is seen by other software 
components (e.g. algorithms, control strategies and cloud platforms) as an IoT device able to send 
information and to receive, if possible, commands. 

A variety of different applications in distribution systems can be considered within this 
framework. The applications could be: i) models and tools for network management, ii) control and 
management systems for individual users and micro-grids, iii) outage management strategies 
including fault and outage location algorithms, iv) demand side management, etc. 

A monitoring center supervises the co-simulation performance and supports the analysis of 
interoperation of multiple applications and algorithms. In this real-time simulation framework, data 
and models from the real world can be fed into a real-time simulation by which a variety of tests 
and studies are performed to finally analyze the benefits gained from new technologies or control 
strategies. From the results of such analysis, the supervisor would detect the tentative conflicts and 
propose improvements of the schemes or devices under test in terms of a better interoperability. 

A demonstration of the proposed architecture was presented in a paper, applying it to test of a 
fault location algorithm in a portion of Turin distribution system model. The portion of distribution 
system used in simulation consists of a primary substation with three MV-22 kV busbars, each of 
which is fed by a transformer characterized by voltage ratio of 220/22 kV (Figure 3.9).  There are 5 
MV lines starting from the HV/MV substation supplying 40 MV/LV transformers, and totally 49 
branches. The real-time platform RT-LAB® developed by OPAL-RT® is used for simulating the 
distribution system. The grid model is developed in MatLab Simulink® (SimPowerSystem toolbox) 
with some Artemis library blocks from OPAL-RT. To execute the model on the real-time simulator, 
a fixed step time of 50 µs is selected for electromagnetic transient studies. The sampling time step 
to get snapshots of system status and measurements (reporting rate) is set as 250 µs. 
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Figure 3.9 The portion of MV distribution grid for the demo simulation 

The fault location algorithm used in this demonstration exploits only one measurement device in 
secondary substations in addition to the voltage and current provided by digital fault recorder 
installed at the head of the network main feeder. It starts from the first line section (branch), and 
iteratively solves the equations describing fault steady state condition for all network line sections, 
one by one, to estimate all possible fault locations and the related fault resistance values. Then, for 
each possible fault location, the method applies the fault with the estimated fault resistance and 
selects the fault location with the minimum difference between the calculated and measured 
voltage sag at a secondary substation as the correct solution. 

Based on the fault location algorithm we apply, 32 samples per one cycle are required before 
fault occurrence and 32 samples of one cycle after fault occurrence and before protection reaction.  
The selected cycles should not be more than a few cycles far from the fault, however if a wide 
observation window (e.g. 1 second) around fault is retrieved, the abnormal/faulty values can be 
easily recognized. Therefore, we set the communication rate of the meter 1 second. 

As the reporting rate is 250 µs, considering the communication rate as 1 second, there will be a 
13*4000 matrix generated and reported every second. Hence, the MQTT software adapter 
receives data frames of about 154 bytes * 4000 each second and parses them into a JSON format 
before publishing to the Message Broker. Then the Message Broker is in charge of routing such 
messages to the subscribers. 

Firstly, the fault location simulations have been performed using the MATLAB-Simulink software 
to model the network. The voltage and current phasors are calculated by Discrete Fourier 
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Transform (DFT) using a data window of 64 samples per cycle. The simulated faults include single-
line to ground (AG) faults with different fault impedances applied at the middle of all line sections of 
the longest feeder, providing 54 fault scenarios. Table 3.2 presents the results of the fault location 
algorithm for 16 of 54 performed simulation tests. The reported estimation errors are the distance 
between the reported fault location and the actual fault location in meters. It can be seen that as 
the fault resistance and the distance to the substation increases, the fault location error increases. 
However, in all cases the proposed method provides accurate results. 

Table 3.2 ESTIMATION ERROR OF THE FAULT LOCATION ALGORITHM FOR AG FAULTS AT THE 
MIDDLE OF LINE SECTIONS IN METERS 

Fault scenario 
Fault resistance 

1Ω 5Ω 10Ω 20Ω 

Middle of section 1 10.47 13.08 17.45 43.63 

Middle of section 5 18.32 23.56 26.17 78.53 

Middle of section 10 20.94 38.62 55.35 145.79 

Middle of section 15 21.81 69.81 148.34 211.78 

 

 
Figure 3.10 Retrieved voltage and current waveforms for an AG fault 

Following a fault occurrence on the distribution system running on the real-time simulator, the 
main feeder circuit breaker is opened due to the trip command of the over-current relay. After 
breaker opening, the 1s window of the measured voltage and currents is sent through the 
communication architecture to the fault location algorithm, The algorithm checks all line section 
and finds the faulted line section after some seconds. 

Figure 3.10 shows the received voltage and current waveforms for an AG fault in the middle of 
8th line section in the third feeder. The algorithm is not aware of the fault location. It first calculates 
the voltage and current phasors and then analyses them to find the fault location. The fault is 
located at 8th line section 454.52 m from the beginning of the line, having an estimation error of 
50.98 m. 
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The visualization application is aimed to constantly analyze and prepare the demanded 
measurements for the supervisor. The supervisor monitors the network and the interoperability of 
multiple applications and algorithms (Figure 3.11). 

 
Figure 3.11 The implemented architecture 

3.4.2. Other applied methods and tests of fault location 
In traditional distribution networks, after the occurrence of an outage caused by a specific fault in 

MV, DSOs usually use techniques such as a sequence of switching operations on remotely 
controlled or manually operated switches to make a primary estimation of the faulted area. For LV 
faults, the DSO normally uses customer calls. Then, they send the maintenance crew to patrol the 
area and find the fault evidences. The crew isolates the faulty section and restores the customers 
connected to the healthy sections of the feeder. The whole process may take from tens of minutes 
to hours. 

The FLEXMETER infrastructure provides the possibility of better fault management and fault 
location methods. In case of outage, all the meters in the outage area detect the absence of 
voltage and send a “last gasp” signal to the cloud system. The last gasp message should contain 
at least the error code, the ID of the meter and a time stamp. In this case it is possible to find the 
LV outage area. The overall procedure is similar to the traditional methods using trouble calls; 
however, the DSO does not need to wait for sufficient number of customer calls to find the outage 
area. In addition to outage location, thanks to the measurements at HV/MV substations, it is 
possible to design an algorithm to identify the fault location on the primary MV lines. For this 
purpose the meters in the HV/MV substation feeding the fault send the current and voltage 
waveforms or phasors immediately after the fault detection. In addition to HV/MV substation 
measurements and smart meters “last gasp” signal, the measured voltages and currents at some 
of the secondary MV/LV substations are also available in the central cloud. The amount of data to 
be sent is quite small and there are no stringent latency requirements. The main issue is that the 
meters and communication network should work also in a power outage condition. 
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3.4.2.1. An improved combined method 

Based on different available measurements in the FLEXMETER project, we made some 
qualitatively and quantitatively comparisons among different fault location methods to find the most 
appropriate one based on the FLEXMETER infrastructure. Finally, a combined method as a hybrid 
solution is proposed to overcome the drawbacks of the previously proposed ones, while keeping 
their advantages. The proposed method always reports one location for each fault scenario and 
constantly provides accurate results. 

Based on the presented results and discussions, impedance-based methods have accurate fault 
location results, but they report multiple locations for a single fault. On the other hand, the methods 
based on sparse voltage measurements do not have the multiple estimation problems, but they are 
sensitive to measurement errors and their accuracy is limited to the nearest node to fault location. 
The combined method can overcome the drawbacks of the previously proposed methods, while 
keeping their advantages. The proposed combined method first performs an impedance-based 
algorithm to find the possible locations for fault and the related fault impedance values. It then 
applies the fault at each point reported by the impedance-based method with the calculated fault 
resistance and investigates the similarity between the calculated voltage sags and measured 
voltage sags to find the correct solution. 

In FLEXMETER project the meters in the MV/LV substation should send the during-fault current 
and voltage waveforms or phasors immediately after the outage detection. The proposed methods 
then can use the MV side voltages, which can be calculated using the available MV/LV substation 
measurements. Methods based on sparse voltage measurements, because of their measurement 
requirements, are not applicable to traditional networks. 

The proposed method is designed to work with only one measurement device in addition to 
substation voltage and current measurements. Therefore, it requires very little investment to be 
implemented on any traditional network. However, increasing the number of measurements can 
improve its reliability. 

Figure 3.12 shows the flowchart of the proposed algorithm. For each possible fault location, the 
method applies the fault with the estimated fault resistance and calculates the following index. 
Finally it selects the fault location with the maximum value of index (minimum difference between 
the calculated and measured voltage sags) as the correct solution. 
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Figure 3.12 Flowchart of the proposed combined method 

 

ΔVm is the measured voltage sag and ΔVi
c is the calculated voltage sag for ith possible fault 

location at the node where measurement device is installed. 

To test the performance of the proposed method, consider a fault at line 38-40, 50m far from 
node 40 in the 134 node distribution network shown in Figure 3.13. In the first phase, the 
impedance-based algorithm reports 8 possible locations with related fault resistances. In the 
second phase, supposing that one voltage measurement device is installed at node 63, the fault is 
applied at each location with the calculated resistance and the index value is calculated for each of 
them. Figure 3.14 shows the calculated index values for all reported locations. 
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Figure 3.13 Single line diagram of 134 node distribution feeder 

 

Figure 3.14 Fault location results of the proposed method for fault at line 38-40 
As can be seen in this figure, the fault location at line 38-40 has the largest value of index and is 

selected as fault location. The calculated distance is about 42 meters from node 38 and the fault 
location error is just 8 meters implying the accuracy of the proposed method. 

For a fault at line 76-63, 10m from node 63, the impedance-based algorithm reports 5 possible 
locations with related fault resistances. Figure 3.15 shows the calculated index values for all 
reported locations. It can be seen that also in this case the proposed algorithm successfully finds 
the correct faulted line. The location of the fault is estimated at about 2 meters from node 63 
having less than 8 meters estimation error. 

 

Figure 3.15 Fault location results of the proposed method for fault at line 76-63 
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As can be seen in Table 3, almost in all cases the proposed method provides more accurate 
results. The proposed method not only overcomes the drawbacks of the previously proposed 
methods, but also keeps their advantages. 

Table 3 Comparison between the proposed combined method and voltage sag based methods 

Fault scenario R
F 

Propos
ed method 

 

Voltage 
sag-based 
method 

Fault at line 54-
55 

39m from 54 

5
 Ω 

1.37 279 

2
0 Ω 

20.23 229 

Fault at line 74-
75 

55m from 74 

5
 Ω 

1.32 55 

2
0 Ω 

19.85 55 

Fault at line 90-
119 

44m from 90 

5
 Ω 

1.37 44 

2
0 Ω 

20.29 44 

Fault at line 109-
110 

15m from 109 

5
 Ω 

1.81 15 

2
0 Ω 

32 15 

 

3.4.2.2. Fast fault location method 

Distribution systems are evolving towards fault self-healing systems which can quickly identify 
and isolate faulted components and restore supply to the affected customers with little human 
intervention. A self-healing mechanism can considerably reduce the outage times and improve the 
continuity of supply; however, such an improvement requires a fast fault location method and also 
a communication and measurement infrastructure. We studied the feasibility of fast service 
restoration through a fast fault location method. A fast fault location method is proposed which is 
applicable to any distribution network with laterals, load taps and heterogeneous lines. The 
performance of the proposed method is evaluated by simulation tests on a real 13.8 kV, 134-node 
distribution system under different fault conditions. We show that the communication delay plays a 
less important role in overall restoration time, and we stress the contribution of a fast fault location 
method in keeping the overall interruption time less than 1 minute. 

Figure 3.16 shows the process of a conventional outage management system. Upon the 
occurrence of a fault and subsequent operation of the protection system, outage mapping is 
carried out. This is traditionally based on activities such as grouping of customer outage calls to 
determine the protective devices involved in fault clearing to find the outage area. Then, a repair 
crew has to be sent to patrol the area and walk along the power distribution lines, which can be 
kilometers, in order to find the fault evidences and to ensure safety prior to re-energizing the 
system. The whole restoration process may take from tens of minutes to hours. 

In modern distribution networks with advanced measurement and communication infrastructure, 
using an accurate fault location method will reduce outage times and enhance the reliability and 
quality of supply. Fault location helps utility personnel to quickly restore the maximum number of 
the interrupted customers located on the healthy sections as shown in Figure 3.17 when compared 
with Figure 3.16. Fault location not only provides the possibility of fast service restoration and 
hence reduction of the outage cost, but also narrows down the search area and minimizes the 
patrolling time. 

 



FLEXMETER 646568  D3.2 Report on electric storage, fault and outage detection… H2020-LCE-2014-3 
   

55 
 

 

Figure 3.16 Process of a conventional outage management system 
Comparing Figure 3.16 and Figure 3.17 clearly indicates that fast fault location in an advanced 

outage management for fast service restoration can considerably reduce the outage times and 
improve the continuity of supply. However, such an improvement requires a fast fault location 
method and also a communication and measurement infrastructure. In this scenario, the rising 
concept of Internet-of-Things (IoT) can provide the information needed by fault location algorithms 
in (near-) real-time. Indeed, each smart meter in charge of monitoring a substation operation can 
be considered as an IoT device connected to the Internet that sends relevant data to remote 
algorithms and control policies. We realized the possibility of implementation of such an advanced 
outage management system exploiting an IoT approach. An optimized fast fault location method is 
proposed:  

 

 
Figure 3.17 The process of an advanced outage management system 

The main idea is to propose a fast fault location method that satisfies the key attributes required 
to make an advanced fault management system feasible. The proposed fault-location method, as 
said before, utilizes voltage and current measurements at the head of main feeder and the 
magnitude of voltage sags recorded at some nodes equipped with voltage measurements, such as 
power quality meters or digital fault recorders. If the following index is calculated for each node, the 
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node with the largest value of the index has the best match and would be one end of the faulted 
line: 

,
1

1
j m

meas calc
i i j

i

I
V V ε

=

=
Δ −Δ +∑

 

Where ΔVi
meas and ΔVi,j

calc are the measured and calculated voltage sags at ith measurement 
node for fault at jth node, m is the number of measurements and ε  is a small number to avoid 
deviation by zero. 

For each node, after calculation of the pre- and during-fault voltage magnitudes using a power 
flow algorithm, the I value can be calculated. The surface in Figure 3.18 shows the I  values for 
different locations of a sample distribution network. As shown, the I takes its maximum around the 
faulted point and as the distance to fault increases, it gradually decreases. The voltage sag method 
examines all system nodes searching for the maximum of this surface. The main idea is to 
optimize this process. Therefore, instead of applying the algorithm to each node throughout the 
network, it is only applied to a limited number of nodes, significantly reducing the computational 
time.  

Starting from any initial point, the trajectory to the maximum point of the surface is almost always 
upward. Therefore, a simple local search algorithm can be used to find the node with the maximum 
value of I (i.e. the nearest node to the fault). 

 

 
Figure 3.18 Index values for different locations of a sample distribution network when there is a 

fault in the middle of line 3-4 
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As shown in Figure 3.19, the proposed method starts at a random initial node and repeatedly 
moves to an improving neighboring node. At the final point of the search trajectory it reaches to a 
node which I is higher than its neighboring nodes. The last selected node is the fault location (i.e. 
the nearest node to the maximum of the surface in Figure 3.18). 

 

 

Figure 3.19 Flowchart of the proposed fault location algorithm 

Following the occurrence of a fault, the proposed method investigates a limited number of nodes 
to find the nearest node to the fault location.  

This method was tested by simulation studies on a 134-node, real distribution network. The 
simulation study verifies that the proposed method satisfies the attributes required to make an 
advanced fault management system feasible. 
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