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SYMBOLS 

A initial value of the direct current component (A) 
B magnetic flux density or induction (T) 
d length of the light path (m) 
E strength of electric field (V*m-1) 
 angle between plane-polarised lights (rad) 
H magnetic field strength (A*m-1) 
id.c. direct current component of short-circuit current (A) 
Ik steady state short-circuit current (A) 
I#

k initial symmetrical short-circuit current subtransient initial (A) 
ip peak short-circuit current (A) 
K specific coefficient depended on electrical and optical properties 
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1 INTRODUCTION 

The quality of human life has improved throughout the last half-century. The 
reason behind that is directly linked to electricity. But the impact of using the 
traditional methods of power energy management, such as generation, transmission, 
distribution and utilization leads to the unsustainability of the natural energy 
resources, climate changes, rapid increase of contamination and pollution, energy 
instant losses. Thus, the nature and humans are in danger and improper use of 
power energy evokes additional charges that people must take into account and 
carry. Such kind of non-profitability is also based on electrical equipment we are 
using: household devices, heating devices, lighting systems that are not 
manufactured according to environmental rules and are ineffective and cannot save 
electrical energy. Similar problems occur by the examination of substation 
equipment. A substation contains numerous “old-fashioned” costly technical 
solutions. To realize these, loss of monetary resources, reliability capabilities for 
future upgrading occurs. For example, the costs for substation equipment are 
steadily growing, the constructing materials and devices: copper wiring, oil for 
primary equipment, primary switching devices, traditional instrument transformers, 
and digital/analog relay protection are becoming more expensive. 

To solve problems with emissions, non-effective electrical energy treatment and 
traditional mono-directional generation of electrical energy, the European Union 
has set up the final targets to year 2020 in the middle of 2010 regarding the climate 
change and energy sustainability1: 
 greenhouse gas emissions 20% (or even 30%, if the conditions are right) lower 

than 1990; 
 20% of energy from renewables; 
 20% increase in energy efficiency. 

Therefore the governments of different countries in the European Union are 
strongly required to make sufficient efforts to achieve the aforementioned tasks. 
The first steps were to broaden the percentage in energy generation on account of 
renewable energy sources like hydro power plants, wind generators, solar energy 
transforming, geothermal energy utilization etc., to reduce the dependence on main 
energy resources. Nowadays the most advanced states in the implementation of the 
above are Denmark, Germany, Norway, and the Netherlands. The renewable energy 
source performance and the electrical energy generation require specific approaches 
of control the electrical power flow from a transmission system operator point of 
view. Thus, the appropriated modelling of static and dynamic situations in the 
transmission grid depending on instantly changing capacity of renewable energy is 
usually pre-investigated to pre-plan the appropriated operation activities in the 
transmission network. There are not many opportunities how to manage electrical 
energy generation from wind parks by transmission system operators. It could either 
be controlled directly one by one from remote control centre of a transmission 
system operator or the sophisticated remote control automation system should be 
integrated into every wind park automation system to be operated as part of one 
virtual wind park from the transmission network point of view. 

                                                             

1 European Commission, Brussels 2010. A strategy for smart, sustainable and inclusive 
growth 
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The next steps were widely promoted to integrate in private and public areas like 
household, farms, pools, electrical vehicles etc. These are mostly referred to as 
smart system automation regulating electrical power stream to the distribution 
network from dispersed electrical power producers. The distributed energy 
resources are complicated to predict, but there is still a possibility for proper output 
of system behavior by a modeling process. Indeed the distributed energy resources 
already provide working solutions today and wide expansion is expected. To help 
the standardization process regarding the Smart Grid, the European Union 
composed the standardization mandate M/490 EN, which is described as “CEN, 
CENELEC, and ETSI are requested to develop a framework to enable European 
Standardisation Organisations to perform continuous standard enhancement and 
development in the field of Smart Grids, while maintaining transverse consistency 
and promote continuous innovation”. 

The structure of electrical energy generation, transportation, distribution, 
transformation and utilization is changing irreversibly, firstly from the concept 
point of view, when electrical power streams in the power network are becoming 
more multi-directional as compared to those in the past. In fact, the future power 
energy network sets the challenges to conceptual, structural approach, profiling, 
testing and promotes innovative thinking representing the new capabilities of all 
components in the future power energy network. 

These main capabilities are the following: 
 innovative exchange of data; 
 specific representation of data in the digital form for digital relays purposes; 
 IP-based communication principles; 
 real time interactions using the protection system automation; 
 precise online measurements that meet the requirements both in terms of 

protection and revenue metering. 
Adaptability of the substation system automation would increase and it would 

finally be transformed to the transmission of dispersed power network system 
automation. For example, the global load shedding automation based on frequency 
will be switched partially off as the substation medium voltage feeders of non-
primary consumers in the substation where the system automation is installed, as 
also the medium voltage feeders in another substation where the other part of global 
system automation sets the condition to perform the required operation from remote 
end. Communication between the parts of system automation in different 
substations is maintained using the reliable time-critical LAN communication that 
meets the international standard for communication. These parts of system 
automation are continuously interchanging the operation conditions, necessary 
power network measurements and also the healthy status that will limit the 
flexibility of global system automation in the power network. 

The next example will be the fully automated regulation of wind parks from the 
Estonian transmission system prospective. The traditional realization to control and 
monitor the wind park from the remote control centre of the transmission system 
operator is the direct communication to the control and monitoring device in the 
wind park. The dispatch centre will be responsible for receiving the maximum 
generated energy to the transmission grid. In case of an emergency situation the 
power generation from the wind park might be limited from the remote control 
centre of the transmission system operator to ensure the stability in the transmission 
grid. If there are more wind parks and distributed energy resources connected to the 
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transmission grid, there are various operation activities are required from the 
manned dispatch centre. 

 
Figure 1.1 General view of the components in the energy system [23] 

The fully automated interaction activities between the substations, the power 
station, the distributed energy resource units and consumers are only possible if 
important preconditions are fulfilled in terms of technology. Some of the 
preconditions are the following: 
 digitalization of the protection process and local/remote supervision; 
 qualitative and quantitative digitalization of all analog values (from the source) 

or quick quality lossless analog / digital signal transformation for minimum 
time duration; 
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 using of local digital network within every substation; 
 ability to use the secured and reliable digital telecommunication network; 
 standardized approach to be implemented in the control and protection of the 

primary switching device, by  instrument measurements, relay protection, 
telematics equipment, control and protection of secondary device 
parameterization and documentation; 

 secondary devices have to meet international standards  to be interoperable and 
extendable. 

Figure 1.1 shows the interconnections of the participants in the power energy 
network where the protection, control, monitoring and system automation functions 
are automated and supervised using the digital network and digital technics. 
Naturally, the common household will definitely be included in the aforementioned 
automation function, such as online metering, smart switching operations, 24h/7d 
management of household regarding the consumption of electricity, time-dependent 
charging of vehicles. These are only a few additional household functions that allow 
utilization of electricity in a more efficient way. 

Nowadays the expansion of remote monitoring and control deeply into the 
household brings out the benefit for efficient analysis of possibilities in the energy 
saving. I.e. the annual consumption of energy in the building will be thoroughly 
inspected to find the way how to perform the building renovation to reduce the 
operating expenses and to save the power energy. In this case the buildings should 
be equipped with the metering system connected to the remote supervision centre to 
achieve the most effective power energy consumption. Such metering system will 
include many smart meters exchanging the measuring and control data to make 
possible the setting up the power energy consumption depending on time schedule 
in every household [11]. 
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2 REVIEW OF THE ESTONIAN TRANSMISSION 
SYSTEM 

The Estonian energy transmission network (Elering AS) is the public company 
that is 100% owned and governed by the Ministry of Economic Affairs and 
Communications. The Estonian energy transmission system is connecting the power 
plants, DER, RES, the transmission and distribution system operators and electricity 
consumers located in Estonia. As the sub-component, the Estonian transmission 
network belongs to the international synchronous zone BRELL. In the past the 
Estonian transmission network was part of the BALTSO cooperation organization 
of Estonian, Latvian and Lithuanian Transmission System Operators, but it merged 
to the European Network of Transmission System Operators for Electricity. 
Nowadays the former BALTSO functions as the Regional Group Baltic [3]. 

According to the agreements made in BRELL, Estonian overhead power lines 
are to ensure the optimal quantity of bi-directionally transmitted power energy 
using the local interconnections between Belorussia, Russia, Estonia, Latvia, and 
Lithuania (see Figure 1.2). 

The high voltage DC link ensures the transmission of power energy between 
Estonia and Finland since 2006 at the rated capacity of 350 MW. In spite of the 
Elering AS control function of Estlink, it is not the asset of Estonian system 
operator, but the owner is Eesti Energia Group, which is a large enterprise that 
unites power generation, distribution and other companies. 

The Estlink2 is also the high voltage DC link with higher rated capacity of 
650 MW under construction in cooperation with Finnish and Estonian transmission 
system operators. The expected energizing of Estlink2 is the year of 2014. 

The Estonian transmission system operator is erecting the emergency reserved 
power plant with the capacity of 250 MW. Hereby the ERPP will support the main 
grid stability and start to energize the Estonian electricity system from scratch (in 
case of black-out). 

 

Figure 1.2 General view of the BRELL transmission network 

The Estonian transmission system operator is responsible for the following 
assets: 
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 5223 kilometres of high voltage overhead and cable lines (330 kV, 110 kV, 
220 kV, 35 kV); 

 146 substations. 
The Estonian transmission system operator is the independent TSO running the 

national grid under the Electricity Market Act guaranteeing the functioning of the 
whole electrical system and ensuring the quality of electricity supply. Elering AS is 
also responsible for the steady balance of the power system [2]. 

The maximum possible capacity of the main grid varies from the export/import 
demand, present operational network and future conditions. All the conditions of 
the transmission network are under thorough supervision and analysis of the 
Estonian transmission system operator, taking into account that Elering AS is the 
participant of Nord Pool Spot – the leading power market in Europe. 
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3 HYPOTHESES AND OBJECTIVES 

The non-conventional instrument measuring technology at high voltage 
implementation is a prospective research or prototype direction; it is a consistence 
towards saving the world, towards producing pollution free technologies, and 
reducing the asset management costs. 

The main achievement in the implementation of non-conventional instrument 
measuring technology is to have the entire standardized technical solution that is 
suitable for any kind of existing, renovated and new high voltage electrical 
installation (substation, overhead and cable lines). 

Below the objectives of non-conventional instrument measuring technologies are 
listed: 
 to analyze State-of-the-Art and NCIT technology comparison; 
 to analyze preconditions to implement the NCIT technology; 
 to compose requirements for NCIT implementation; 
 to distinguish all NCIT possible benefits and drawbacks. 

The new modern substation must contain all possible achievements in the fully 
digitalized relay protection, computing networking, measurement A/D conversion 
and remote end substation data interchange.  This research estimates possible 
technical solutions  to avoid the first implementation circumstances of innovative 
solutions. Specific requirements were set to avoid the lack of technical 
interoperability and life cycle time of equipment regarding the future service and 
extensions. During the analysis specific issues (e.g. measurement accuracy, 
interoperability, and proprietary technics) were found out that would influence 
thoroughly the non-conventional instrument measuring technologies. For example, 
the utility requirement to use the internationally standardized equipment is the 
guarantee for ensuring the equipment interoperability and opportunity to extend the 
substation in the future. 

In spite of the above considerations, proprietary manufacturer-oriented 
electronics (e.g. in analog/digital conversion) is available that could be provided to 
the utility at higher prices and it will definitely eliminate the solutions not supported 
by other vendors or system integrators. Hence the NCIT system must meet rigid 
behavior requirements for input and output of some proprietary components in the 
NCIT system – such as “black box”. 
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4 CONTRIBUTION 

The current thesis demonstrates the efficiency and power of the implementation 
of non-conventional instrument measuring technologies in the high voltage 
transmission network and the trends of future development. The present thesis 
analyzes the essential issues by the implementation of the measuring technology 
based on novel principles from a utility prospective. 

Peculiarities of the study. NCIT is not an instrument transformer, but a complex 
system of analog sensors, analog/digital converters, special optical medium, 
temperature optical compensators etc. It is impossible to have this system partially. 
The output of such an NCIT system is analog and/or digital, whereby both types of 
outputs must be standardized. If the analog outputs are intended for existing “old-
fashioned” extensions in substations, then digital output must match the inputs of 
protection relays, so the implementation of the digital standardized process bus (e.g. 
sample values, primary equipment protection, control and monitoring) is highly 
required. In addition, there are few possibilities to compose the implementation of 
NCIT digital standardized station bus (protection functions, logical functions, time 
synchronization, remote control and monitoring, parameterizing and mapping rules 
etc.), therefore the precondition of using the station bus should be foreseen to gain 
all the advantages from the implementation of the innovative technical solution of 
NCIT. 

According to the EU directives2 3 the transmission system operators in the 
European Union should become public-owned companies, hence they will be open 
and transparent to all qualified bidders in the case of public procurement. Such 
practice has been implemented in Elering AS. So the qualified competitors have 
equal opportunities to win the tender. Thus, in the case of non-conventional 
instrument measuring technologies, every TSO requires system transparency and 
interoperability when applied with different vendor solutions. The standardized 
solutions would help to exclude the costly proprietary realizations in the high 
voltage substations and would ensure the efficiency by substation extension and 
renovation. 

Pertinence of the study. Digitalization of different services in our world has not 
left the power energy generation, transmission and distribution fields untouched. 
But only after the standard IEC 61850 was composed, the protection relay devices 
(IEDs) could become fully digital devices and serve other IEDs using the substation 
LAN. The thesis is relevant towards the future vision of Estonian electricity system 
where the power energy transmission becomes the fully automated unit in each part 
of the substation, routing the power energy flows according to the operational 
situation of the transmission network and protecting the Estonian electricity system 
from transmission network conditions of probable black-out. In the future the 
protection and load shedding functions in power generation, transmission, 
distribution and electricity consumption would be tightly intertwined to guarantee 
the uninterruptable quality energy supply to customers and to force the energy 
market to act more efficiently. 

                                                             

2 Directive 2009/72/EC of the European Parliament and of the Council 
3 Directive 2009/73/EC of the European Parliament and of the Council 
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5 TRADITIONAL SUBSTATION TELEMATICS 

5.1 History 

Telematics plays a major role in today’s power energy systems. Simon Nora and 
Alain Minc introduced the term of telematics in their report in 1978 titled as 
L'Informatisation de la société. In their report they compare the expectations of 
telematics with electricity: “…Today, any consumer of electricity can instantly 
obtain the electric power he needs without worrying about where it comes from or 
how much it costs. There is every reason to believe that the same will be true in the 
future of telematics…”. 

Unfortunately, derivation of the term telematics is still arguable, but the 
definition of the term by academician Dennis Foy became widespread: Latin tele- 
(far off) and Greek -matos (machinery). 

After 34 years, when the report was published, some of the perspectives of 
telematics mentioned in the document have become an inalienable reality today. 
Actually the different telematics systems are inculcated in almost all areas of human 
activity: military, public, society, education, medicine, electricity production and 
consumption etc. 

There is no information about the first telematics system. But the most 
efficacious telematics systems were in use by military forces and they were 
completely confidential, thus held in secret. After starting to use telematics for civil 
purposes, the interconnection of large power grids in the Midwestern and  Southern 
U.S. (1962) could be handled as the largest first synchronized system in the world 
using the telematics conception. 

5.2 Tasks in substation 

The main components of remote control and supervision for power grid are the 
SCADA system, RTU, IED devices and communication between each other. The 
abbreviation SCADA usually refers to centralized and highly computerized 
systems, which monitor and control the substation equipment in online mode and 
analyze events in report or data base mode. The SCADA is the system spread out 
over large power network areas. All remote control actions, status supervision, 
gathering of measurements, some kind of analysis tasks are performed via locally 
placed RTUs and IEDs. 

On the one hand, the substation RTU is dedicated for proper reaction to 
information objects (control, status, measurement messages), receiving them from 
side remotely connected to the SCADA system. On the other hand, RTU ensures 
the exact transmission of a message to the executing device (IED) receiving the 
commands from and sending the response back to the SCADA system. The RTU is 
located in the substations for exchanging the data (control, state, alarm, indication, 
measurement information) between the substation and the Remote Control Centre. 

The reliability of the substation RTU is guaranteed by right parameterization, 
failure loss operation and long lifecycle. The aforementioned RTU functionality is 
specified as follows: 
 RTU operational area (functions, data transmission, time base, technical data, 

Electromagnetic and Environmental Compatibility etc.); 
 RTU hardware (modular topology, processor, I/O-, power supply modules etc.); 
 control and monitoring (control, state, measurement, event, alarms, indication); 
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 time synchronizing; 
 compatibility and interoperability with the SCADA; 
 type of communication interface. 
 The primary equipment of a substation should be connected to the IED device 
  the tasks of which are: 
 local control and monitoring function; 
 protection function; 
 provision of remote control and monitoring. 

Figure 1.3 shows the typical primary equipment of a substation (marked with 
pink color) and the secondary equipment (marked with blue color). 

 

Figure 1.3 Fragment of 110 kV substation SLD [22] 

The classical design of remote control and monitoring for primary equipment in 
a substation is performed by using several IEDs that ensure direct actions to 
primary equipment due to copper wired connections, e.g. control circuits, trip 
circuits, signal and monitoring circuits. 
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IEDs might be differently equipped with communication interfaces regarding the 
RTU; so the appropriated communications between IED and RTU could be both 
fibre optic to avoid the electromagnetic interferences or copper wired connections. 
Copper connections are used either for data transmission (e.g via RS485) or for 
binary information exchange (e.g. binary input/output). 

Furthermore, IEDs should be connected to the RTU, which provides remote 
control operations and monitoring functions for the SCADA system of RCC and 
substation local PC workstation. All telematics devices and related communication 
systems (e.g. SCADA↔RTU↔IED) must be quite reliable to send and receive data 
information without any restrictions, time constraints or errors whenever needed. 
The telematics devices should execute all specified actions without any malfunction 
or disturbance. Because of remote communications between RCC and substation 
RTU, the relevance of telecommunication quality and redundancy is highly required 
from the utility point of view. Nowadays the telecommunication services could be 
provided from the utility (owner and service provider) or from third-party 
telecommunication. 

Generally, there are three parts of telematics networks, which are divided 
depending on the network location: 
 substation network (e.g. between RTU and IED); 
 telecommunication service provider network (e.g. optic fibers of power 

transmission lines); 
 Remote Control Centre network (SCADA). 

Figure 1.4 shows a general overview of the typical realizing for telematics 
communications. 

The substation RTU is something between the gateway device and the industrial 
controller, which usually has the: 
 digital input / output modules; 
 analog input / output modules; 
 optical modules; 
 processor module; 
 power supply module; 
 licences for external communication protocol; 
 external communication ports to the SCADA; 
 external communication ports to IEDs; 
 external communication ports for time synchronization. 
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Figure 1.4 General communication schemes between RCC and SS [21] 

Operational measurements are important for the RCC to control the power 
network in real time. The measurement visualization should be performed both 
locally and remotely for the management of the substation locally and the 
transmission network remotely. The measurement transducer is the device that 
converts one form of a signal to another, allowing its measurement to be displayed 
and data transmitted. This device is able to provide voltage and current based 
measurements to RTU. Measurement transducer uses the external DC power supply 
to operate. The measurement transducer must meet the specific accuracy 
requirements, which are harder for direct measurement than for calculated values 
(e.g. active and reactive power). 

The substation measurement systems are divided into two fully independent 
groups like operational and revenue metering systems. The first one is provided to 
establish the control of emergency, technological and service activities (e.g. to 
check the voltage and current of the switched off power line). With appropriate use 
of operational measurements, the substation equipment is adequately estimated (e.g. 
needs for activation of backup power supply to customer). The second group is 
important for revenue AMR, which is not a part of telematics. 

Because RTU is the only binding knot of the data exchange from and to the 
substation, the proper RTU working should be established without any mistake in 
the RTU internal data transformation in every data flow direction (see Figure 1.5). 
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Figure 1.5 Simplified view of the substation bay telematics 

One of the important requirements is the time synchronization of RTU and other 
IED devices in the substation. The purpose of the substation GPS reference clock 
and the time synchronizer (GPS device) is to ensure correct real local time and date 
run in IEDs (incl. RTU). Due to the operation of the GPS system, the transmitted 
signals from the substation in the SCADA system have always correct and 
synchronized time stamp. Previously the time synchronizing was performed by the 
SCADA, when using e.g. serial communication protocol according to the standard 
IEC 60870-5-101. Nowadays the local GPS system could be used in the substations 
for all required purposes [19]. 

Thus, all the components of substation telematics are responsible for faultless 
working, while RTU can only receive and transmit those signals, which are 
accessible for interoperation and are parameterized in RTU accordingly. Before the 
system is maintained and commissioned, the telecommunication network should be 
planned taking into consideration some aspects, which definitely influence 
telematics technical solution. The first step for telematics set up is to define the 
network type and the features of all telecommunication network components, which 
should physically and logically reckon and match: 
 topology network (star, ring, fully reserved, tree, partial connections or mesh, 

bus) [35]; 
 identical physical communication ability (voltage level, optical wave length, 

optical cable plug etc.) for communicative devices; 
 logical interoperability of device communication interface (standardized data 

transmission protocol like IEC 60870-5-103); 
 all of telematics “participant” devices should match each other from hardware 

and software side like: 
 copper wiring, current/voltage rate compatible; 
 optical fibers, the same wavelength inside the optical cabling, suitable type of 

plugs etc.; 
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 use of the same open communication “language” (e.g. IEC 60870-5). 
Sometimes hindrance may occur when the above-mentioned items have to 

connect all telematics system devices together. In case of the mismatched interface, 
the technical solution problem may be solved by using of additional converter-
devices, which reduce the reliability of the whole telematics system. 

Every protection device and RTU should be time synchronized with required 
accuracy, but the way how to perform that is the responsibility of the device 
manufacturer. There are typical time synchronization standards for output like 
IRIG-B, DCF77, GPS, time strings, 1 ppm, IEC 60870–5-101/103, IEEE1588. The 
time synchronization device should be adapted to all IEDs and RTUs in the 
substation and it is most important to follow identical time synchronizing mode 
excluding the individual solutions. 

The IEDs need also interface for remote service communication. 
The work which defines the quality of device operation is the parameterization 

of IEDs and RTUs. The parameterization of IED (protection relay) includes several 
parameterization levels: 
 protection function (the essential purpose of the protection relay); 
 logic (the additional non/standard logic in the protection relay); 
 telemetry (the definition of information objects for RTU/SCADA). 

The last item is directly bound with telematics, whereby the defined information 
objects for the RCC should be linked from previous parameterization levels. The 
main idea is to precisely define all the addresses of information objects. In case of 
using IEC 60870-5-103 there is the type identification and information number. The 
same numbers should be inserted into the configuration of the source and receiver 
devices (IED and RTU) to transmit the exact amount of information objects to the 
SCADA correctly. 

5.3 Parameterizing of telematics device 

The trivial tele-control and -monitoring in the substation might be established 
using different methods and practices depending on which level the 
telecommunication is required; as a rule the hardwired binary inputs/outputs and 
analog modules would execute the necessary tasks. But creation of 
telecommunication based on the telecommunication protocol is something different. 

In telecommunication the basic difference is between logic how to create the 
IED telecommunication (e.g. meets the communication standard IEC 60870-5-103) 
and gateway (RTU) telecommunication to the RCC (e.g. meets the communication 
standard IEC 60870-5-104), but in general, the principal sequence remains the 
same. The thesis presents the telematics parameterization, configuration and its 
typical obstacles based on RTU device handling, the activities of which are 
compared later to  alternative system automation and telecommunication based on 
newer standards. 

The RTU is the device that is foreseen to serve the RCC and substation 
equipment to intercommunicate remotely. The intercommunication scope includes 
different types of information, i.e. commands, statuses, positions, indications, 
measurements. The main parts of the RTU usually are: 
 hardware (rack, power supply module, processor module, I/O-modules, 

communication modules etc.); 
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 firmware (small program to control internally different components of hardware 
module); 

 parameterization; 
 communication links for external telematics consumers (different networks, 

cables, communication devices for data exchange with the SCADA system, 
IEDs, measurement transducers, GPS time synchronization system etc.). 

RTU hardware components should be selected according to technical 
requirements stated in the requirements of the client. The RTU software affords all 
parameterization features that enable performance of all needed RTU extensions, 
tunings, adjustments etc. Basically the parameterization features of RTU 
configuration software are divided into four groups: 
 hardware; 
 communication interfaces with external telematics devices; 
 logic function; 
 information objects exchange with telematics system participants. 

The RTU hardware should be correctly defined by the RTU software. The 
reason is that, in addition to the location of different RTU extension modules for 
their proper use in couple with external telematics devices,  internal communication 
between RTU modules is ensured via system bus. The communication interfaces of 
RTU support all possible RTU connections with the SCADA system, IEDs, 
measurement transducers and GPS time synchronization system. The logic 
realization requires also use of the standard logical elements like AND, OR, NOR 
and/or some extended block-elements, e.g. measurement converter in RTU. The 
grouping of some sub-signals with the following composing of the independent 
group-signal in RTU for the SCADA system belongs to logic function too. The 
most obstructive part of the RTU parameterization is the definition of signals 
(information objects) transmitted and received by the RTU. The reason is the 
adjustment of various number of information object parameters. To keep the RTU 
parameterization under control and to avoid the human mistakes, the main steps by 
handling the RTU parameterization should be kept in mind (shown in Figure 1.6). 

The most important document that describes the scope of the telematics system 
in the substation is the client’s requirements. This document is mostly concentrated 
on the specification of the RTU requirements, but also depends on some 
requirements stated for another telematics devices (e.g. for measurement 
transducer). The valid RTU requirements are obvious, expressed in: 
 RTU compatibility to the existing RCC equipment [20]; 
 RTU compatibility to the new and/or existing substation equipment [20]; 
 the transparency of the telematics system with RTU for supervision and future 

modification; 
 standardized solutions of the telematics system equipped with RTU, i.e. use of 

international standards by constructing and commissioning of the telematics 
system; 

 easy detection of the possible failure in the RTU; 
 easy replacement of failed RTU modules; 
 repairing of the failed RTU modules intact the others. 

There is another inseparable part of supply documents that helps to specify the 
features and functions of the RTU as compared to common requirements. It is the 
scope of the supply document that illustrates more or less the actual demands for a 
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specified substation RTU. Hence, the contractor must obey the requirements stated 
in both documents. 

The RTU is parameterized by an RTU specialist using a usual human-machine 
interface (keyboard, mouse, display) of the PC. Commonly each manufacturer uses 
proprietary RTU software for RTU parameterization. 

 
Figure 1.6 RTU parameterization handling [20] 

Numerous RTU software tools are available that are equipped with specific 
features of human-machine interface (HMI). As a result, there are many 
possibilities to present the image of the RTU internal structure in configuration 
software. To make the RTU software easy to understand for the client personnel, it 
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should meet the requirements of IEC standard compatibility, e.g. the international 
standard IEC 61131 for programmable logic controllers (e.g. part 3 programming 
languages: ladder diagram, sequential function charts, function block diagram, 
structured text, instruction list). Thus, the data types, objects, function blocks, logic 
etc. defined by the RTU software do not confuse the client personnel though the 
software manufacturer does. 

If the whole or part (substation extension) of RTU parameterization is ready for 
implementation, the preliminary test of RTU parameterization will be established to 
detect the possible RTU internal mistake or conflict. It will be performed using 
several testing software programs. There are two solutions for that: 
 to activate the functions of RTU parameterization software check (e.g. 

“compile” or “consistency check”); 
 to conduct the external test for RTU configuration (e.g. IEC 60870-5-104 data 

transmission protocol test system). 
Naturally, the first method is more preferable and less expensive to test the ready 
RTU configuration. The second method involves third-part testing software like 
RTU parameterization software. The testing process is followed by the site 
acceptance test of the RTU configuration required. The SAT is one of the routine 
tests for the telematics systems that might be: 
 design test (manufacture’s test); 
 site acceptance test (SAT and pre-SAT; on-site device test before the final 

commissioning); 
 specific test (according to the client demand). 

The functional target of RTU should be checked by the execution of the SAT. 
As a rule, there are more than one telematics devices connected to the RTU that 
should react adequately to the RTU behavior. Hence, in the case of precursory RTU 
parameterization, the telematics system participants like IEDs (e.g. protection 
relays) should be also parameterized correctly. Care should be taken to ensure that 
single modification of some parameters in the telematics participant device will not 
cause a failure because of non-up-to-date RTU parameterization.  In the best case it 
will end with failure of some remote control functions for the SCADA system. The 
worst case will cause the human accident like remote high voltage energizing 
operation of power overhead line servicing by maintenance personnel. 

The best solution of SAT execution is not only to test all the parameterized 
information objects defined in RTU, like their test from “lower” level (IEDs binary 
inputs, RTU binary/analog inputs etc.) up to the SCADA system, including the 
testing of all remote commands execution from RCC. Thus, Figure 1.7 explains the 
RTU configuration process including more steps concerning the other telematics 
devices. 

There should be not any mitigation to reduce the testing amount of information 
objects even concerning logic grouping of information objects composed in RTU or 
IED. All sub-information objects belong to separate SAT performance. 

The above described handling process scenario of the RTU parameterization 
should be valid not only by new RTU placement and its parameterization works, 
but also in the case of any extension of the substation telematics system. 

As compared to the RTU, the IED has a few slight differences concerning the 
telecommunication performance that require the IED protection functions activation 
and definition. All the other telecommunication parameterization possibilities 
remain in general the same. 
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Nowadays there are various types of IEDs on the market that could include even 
some functionality of RTU/gateway. Thus, the IED of some manufacturer could 
establish telecommunication directly to the RCC. Hence, the IED 
telecommunication parameterization is not under observation because of principal 
similarity to the RTU configuration. 

 

Figure 1.7 RTU sequence of configuration [20] 

 

5.4 Traditional measuring devices 

The traditional current and voltage transformer is widespread in every electricity 
system from low voltage to extremely high voltage levels. Those primary devices 
ensure the accurate and online measurement streams for appropriated protection 
function actions in relay protection, for visualization of the power energy 
exchanging process in the transmission/distribution network, for the analyzing of 
the power energy quality and for keeping the revenue metering records. The 
instrument transformers reduce the primary measuring value to the secondary value 
according to clear value ratio to handle it in secondary SS devices. The working 
principle is based on the Maxwell-Faraday equation of electromagnetic induction 
for inductive CT, VT and for capacitive VT with capacitive voltage divider. 
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The current instrument transformer may be placed in the control room gas 
insulated substation) or directly to the switchyard (air insulated substation). The CT 
will need a space in both types of insulation. 

As a rule, several bays in the substation are equipped with CT: 
 power (auto)transformer high voltage bay; 
 power (auto)transformer middle and low voltage bay; 
 bus-bar coupler bay of different voltage levels; 
 reactor bay; 
 capacitor bay; 
 overhead and cable line bay; 
 auxiliary transformer bay. 

The CT contains a cap, bellow, primary rod with terminals, 
cores, casting, internal (oil-paper) and external (porcelain or 
composite) insulation, filling oil and a box (see Figure 1.8). The 
CT may have a few cores according to the request. Usually it is 
used for transmitting the measurements to the different protection 
relays (main and back-up relays). The idea of multiplicity of 
cores is based on CT redundancy. Hence the “N-1” criterion 
could be fulfilled if one core among the others will rupture its 
proper work, i.e. other cores of CT will remain in normal 
operation unimpaired. 

Figure 1.8 Example of instrument CT 

The instrument voltage transformer is the primary device that makes voltage 
measuring opportunities available for relay protection and monitoring purposes. 
Like the CT, the voltage instrument transformer may be also placed in the control 
room (gas insulated substation) or directly to the switchyard (air insulated 
substation). The VT needs a space in both types of insulation. 

As a rule, the following bays are equipped with VT: 
 power overhead and/or cable line bay; 
 power (auto)transformer all bays; 
 each section bay of bus-bar; 
 by-pass bus-bar bay; 
 reactor bay; 
 auxiliary transformer bay. 

The cap, bellow, bushing, casting, external (porcelain or 
composite) insulation, windings, iron core and terminal box of the 
VT are shown in Figure 1.9. The VT could be used in different 
types of performance: 
 capacitive VT (single phase); 
 inductive VT (three phase). 

Figure 1.9 Example of instrument VT 

The first variant of VT could be roughly named as a capacitor divider the main 
advantage of which is that it is cheaper than the inductive VT. The performance of 
the inductive VT represents usually two different secondary windings. One is the 
open-delta winding (single phase earth-fault distinguishing) and the other is the 
star-winding. 

Nowadays the instrument transformer commonly used is a combined instrument 
transformer that includes in one primary device case the current and the voltage 
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instrument transformers. The main advantage of that is space saving in the the 
switchyard and low price of the device. 

The MTs are commonly equipped with a visualization display, but it is also 
possible to order without that. The MTs could be connected into the loop or radially 
(star topology). The RTU and measurement transducer use the industrial 
telecommunication protocols like Modbus or Profibus and internationally 
standardized communication protocol IEC 60870-5-102/103 and IEC 61850. By the 
maintenance of the MT the input connection scheme must be taken into 
consideration (n-wires balanced load, n-wires unbalanced load). The conventional 
technical solution for telematics connections is represented in Figure 1.5. It is the 
telematics structure based on star topology. The key device in such a telematics 
system is the RTU that manages data exchange between IEDs and Remote Control 
Centre. The communication protocol of IEC 60870-5-103 will be used in the 
direction of IEDs. The communication protocol of IEC 60870-5-104 is used in the 
direction of RCC. The RTU is connected to the substation switch that provides the 
necessary communication links of RTU for the RCC. In both directions from the 
RTU optical cables should be installed, maintained between appropriated devices to 
ensure optical insulation of different telematics devices. The measuring transducers 
are commonly hardwired to the RTU directly or via electrical/optical decoupling 
device. The telematics system is equipped with a local time synchronization system 
(based on GPS) that is connected either to the RTU that distributes the time 
synchronization signal from a GPS receiver to the IEDs or to each IED and RTU 
separately via signal cabling or optics. 

The classical function of a measuring transducer (MT) is to convert analog 
signals received from the instrument transformer to the lower level analog signals 
and to digitalize those. The MT input side is usually hardwired to the secondary 
circuits of the instrument transformers and output side is connected to the analog 
inputs or communication interface of the Remote Terminal Unit (RTU). 

The main features of a MT are listed below. They should be checked by the 
selection of the MT: 
 input current (1 A or 5 A); 
 external power supply (mostly used the DC); 
 zero-output (preferable 4–20 mA); 
 measuring accuracy class (e.g. 0.5); 
 sample value (analog/digital transducer); 
 programmable scaling and over-value; 
 communication interface (analog/digital transducer). 

Typical technical data of the MT are; input voltage, current, frequency, the 
overcurrent and overvoltage for a certain time period (continuous overcurrent or 
instantaneous), analog input impedance, measurement accuracy, and sampling rate. 

The input values are commonly set with some reserved range (e.g. 120%), but 
the values above the nominal measuring range could not be given with declared MT 
accuracy class. The analog current input impedance would be kept as low as 
possible and voltage input impedance / vice versa; it will help to reduce the error 
due to differences of impedance values. 

Measurement accuracy will be declared only in the nominal range of 
measurements and it is commonly 0.5 for the MT. An important quality is the 
sampling rate and measurement resolution ratio; the first shows the splitting up of 
the incoming analog signal per second and the resolution rate defines how precisely 
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the analog signal would be converted to digital value. Usually MT has the 
resolution rate 12 bit (0.0244% from total analog value) and sampling rate of 3 kHz 
(3000 times per second). It is quite accurate digitalization in MT, but is not enough 
for visualization of all needed harmonics. Higher sampling and resolution rates are 
implemented in a power quality analyzer intended to record power energy quality. 

The digital MTs equipped with a visualization display are widely used. The MTs 
could be connected into the loop or radially (star topology). The MT uses the 
industrial protocols like Modbus or Profibus and the internationally standardized 
communication protocol IEC 60870-5-102/103 and IEC 61850 for data delivery to 
the substation telematics devices. 

The financial side of the traditional measurement technology is constituted 
mostly by the following: 
 purchase price; 
 installation, commissioning and first operation costs; 
 maintenance expenses; 
 repairing costs; 
 utilization costs. 

The componential part of purchase for new secondary measuring devices like 
measurement transducers, the RTU device, the digital or A/D modules in RTU and 
accessories (please note that the power quality analyzer is not under discussion) is 
so fractionary regarding the costs of new primary devices that there is no special 
issue at all considering the total formation of investment calculations. The new 
primary devices are of course the margin investment part. 

In a fact, the purchase prices are the sensitive issue. Thus, they are represented 
on a comparison diagram in Figure 1.10. 

The diagram shows the large difference between the price of capacitive and 
inductive VT in 330 kV regarding the 110 kV VTs. The reason is that the 
constructive specialty of 330 kV VT level sets the ratio of used material (e.g. 
copper wiring, amount of oil content, external dimensions) to the voltage level. 
Essentially, the price for the capacitive VT is equivalent or lower than that of the 
inductive VT, but the amount of ordered VTs, the transportation costs, the VT 
factory location might influence the end price of the VT, as shown in Figure 1.10, 
110 kV voltage level VTs. 
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Figure 1.10 Comparison of purchase prices. 330 kV and 110 kV CTs and VTs 

Figure 1.11 presents a more classical situation with some deviations on the 
Estonian market regarding the purchase price for 110 kV VTs. 

 
Figure 1.11 Comparison of purchase prices. 110 kV VT 

The installation, commissioning and first operation costs are constant values and 
those depend on the amount of ordered CTs and VTs, the distance between the 
control room and the switchgear (the length of copper wiring) and charge for 
inspection services. 
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The asset management costs for modern traditional CTs and VTs should be 
infinitesimal, but the periodical visual check is still required (e.g. to check the 
instrument transformer oil level or to repair the oil leakage). Based on practical 
experiences in the Estonian transmission system operator, the asset management 
costs could be 0.01 - 0.05% from instrument transformer purchase price under 
normal conditions. The repairing works and the utilization costs at the end of the 
instrument transformer life cycle vary depending on the CT/VT type, size and 
voltage level. 
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6 TRADITIONAL INSTRUMENT TRANSFORMERS 

6.1 General overview 

The typical drawbacks of the traditional instrument transformer are basically 
caused by the design of the instrument transformer. 

Magnetic core of the current transformer. The saturation in the magnetic core 
disturbs the presenting of an adequate value in the secondary winding, so the IEDs 
and other devices will not receive the measurement data to act properly. To solve 
such a saturation effect on relay protection functions, the IEDs are equipped with 
fast microprocessor technics that pick up and make the decision to send the 
command already during a couple of fault current periods before the instrument 
transformer saturation begins. Figure 1.12 shows the fault characteristics of the 
overhead line that might have in phase current asymmetrical component that needs 
time to end the decay process exponentially. 

 
Figure 1.12. Short-circuit on the primary terminals of CT [IEC 60909-0] 

The DC component causes the saturation of an instrument transformer in a 
certain ratio to sum current AC and DC components in input circuits. The distortion 
of magnetic core saturation influences secondary windings in the current 
transformer, as presented in Figure 1.13. 

The traditional instrument transformer is usually characterized by following key 
features that give better overview about limitations within operation. 

Insulation breakdown of an instrument transformer. The reason of that could be 
the over-voltage because of lightning or for example at the end of the current 
transformer life cycle. It is usually internal ground fault that excites a lot of heating 
energy for a short time period. 

The content of oil or sulphur hexafluoride. The damage of an instrument 
transformer would cause environmental pollution. Furthermore, by the production 
of instrument transformer oil or SF6, the industry causes also contamination. 
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Figure 1.13. Saturation at CT secondary terminals [IEC 60909-0] 

The ferro-resonance of an instrument transformer. The relation between non-
linear inductance and non-linear capacitance might cause the ferro-resonance in the 
inductive voltage transformer. The hazard to thermal damage of a voltage 
transformer is conditioned with a jump of current value by slow 
increasing/decreasing of input voltage that is changing its inductive or capacitive 
character. Naturally the appropriated values of magnetic core flux (saturation) and 
network frequency imply the conditions for the appearance of ferro-resonance [36]. 
The phenomenon could occur by parallel connections of capacitance and inductance 
(e.g. earth connection, parallel overhead lines on the same pylon) and also by 
sequent mode connection. The main hazard is the magnet core saturation of 
instrument current transformer that causes the overheating of the primary winding 
due to the ferro-resonance phenomenon [12]. 

Non-linearity of measurement accuracy. In general, the accuracy class of an 
instrument transformer defines the range of error in respect of transformation ratio 
and phase shift. In other words “the accuracy class characterizes a current or 
voltage transformer in which the error, under specified application conditions, 
remains within the stipulated limits4”. Regarding the voltage transformers, the phase 
shift should be mentioned that is the error between the phases of the input and 
output voltages, voltage error and rated voltage factor that defines the maximum 
voltage values in multiplied mode meeting the declared measurement accuracy, 
operating and cooling conditions. Voltage transformers for measurements and 
protection are available, necessary to operate the relay protection under abnormal 
conditions (e.g. fault), when the voltage measurements could be very low. The 
voltage transformers for billing purposes have higher accuracy class that should be 
ensured within 80 to 100% of rated voltage, but with less voltage and phase 
displacement errors than the voltage transformers for relay protections. 

The current transformers have also the same enlarged accuracy class intended 
for relay protection purposes. There are fixed values of the current under rated 
current conditions not to be exceeded in certain accuracy class of the current 

                                                             

4 Technical dictionary instrument transformers, Ritz Instrument Transformers GmbH, 2nd  
edition, 2011 
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transformer. Figure 1.14 shows the limits for current error values depending on 
different accuracy classes. 

 
Figure 1.14. Standardized limits of CT current error 

The difference in phase between primary and secondary currents should be also 
preserved in limits to meet the declared accuracy class of measurements in the 
current transformer. The allowed phase displacement is shown in Figure 1.15; those 
values are standardized limits for phase difference, which has positive sign of the 
angle, when the secondary values ahead the primary values [1]. 

As a rule, the current transformers should be tested after manufacturing during 
the factory acceptance test, which could include different types of routine and 
extended tests. The routine tests are the mandatory part of product quality 
verification before sending the product from the factory to the end customer. All the 
testing data would be fixed in the specific testing reports. The data of routine test 
describe the instrument transformer insulation, rated output and corresponding 
accuracy class, intern-turn overvoltage, composite error and security factor, power 
frequency withstand, ferro-resonance, partial discharges, tan δ (dielectric loss 
ratio factor) and capacitance measurement at power frequency, impulse withstand 
etc. 

The current value error and phase displacement are visualized in non-linear 
mode, which it is caused by the form of magnetization current of the current 
transformer. From the theory it is known that the secondary current should be the 
same as the primary current, i.e. magnetization current and inductance are zero. The 
real magnetic core is not the ideal CT, therefore the other components must be 
taken into account by calculating of the secondary current. 
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Figure 1.15. Standardised limits of CT phase displacement 

The metering and protection CT cores differ from each other because of their 
function tasks. The CT metering core may not damage the metering devices 
connected in secondary circuits, therefore the metering CT is saturated faster by 
close to limits primary current values (e.g. at 120% of rated current). The protection 
cores of CT shall have extended linearized magnetizing curve to cover partially the 
overcurrent area. 

Nowadays the linearized magnetic (e.g. with air gaps) cores are widely used to 
extend the overcurrent factor of CT (see Figure 1.16). 

 
Figure 1.16. Comparison between different types of CT cores [1] 

The real high voltage CT accuracy of measuring is better than required in the 
international standard. Figure 1.17 shows the phase displacement within ±8 angular 
minutes, that is a good result. 
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Figure 1.17. Phase displacement of 0.5S CT measuring core 

Figure 1.18 presents the current error deviations between the measuring cores of 
different CTs. 

 

Figure 1.18. Current error of 0.5S CT measuring core 

The routine test results of the core of the 3rd CT shows the common clearly 
expressed relation between current error and measured values at the beginning of 
rated current measurement range The voltage transformers are divided to two 
groups regarding the working principle: 
 inductive VT; 
 capacitive VT. 
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The inductive VT is like the power transformer that does not have the load. Thus 
all standard elements (e.g. ferro-magnetic core, primary and secondary windings) 
are presented in VT. The influence of saturation and ferro-resonance should be 
under observation to avoid them. The easiest example is the de-energizing of 
110 kV OHL being on the same pylon with 220 kV OHL. The resonance circuit 
will be formed by 110 kV OHL VT and the capacitance to the 220 kV OHL. Hence, 
when the voltage on switched off 110 kV OHL is decaying (at frequency 16.6 Hz), 
the magnetic flux is increasing in 110 kV VT and the saturation conditions would 
be fulfilled. The capacitive energy of 220 kV OHL will supply the oscillation and 
the ferro-resonance process will not stop. 

The capacitive VT is based on the voltage divider principle, where the set of 
capacitances is used. The inductive VT includes the voltage transformer, but it is at 
much lower power and includes the damper into the secondary circuit. The 
capacitive VT might have the protection gap in the primary part to arc discharge the 
overvoltage. 

The VTs are intended for measuring and protection purposes based on voltage. 
The VTs must meet the international requirements based on the international 
standards (e.g. IEC 60044-2). 

Voltage factor. Among other important characteristics of VT (accuracy class, 
voltage error, phase displacement etc.), the rated voltage factor shows the 
multiplication of the rated voltage that VT could handle, ensuring the required 
measuring accuracy. 
Power accuracy. It is the apparent power to be supplied from CT/VT, the secondary 
equipment with rated secondary current/voltage meeting the required accuracy. 

6.2 State-of-the-art in measuring 

In spite of the international standard IEC 60044, many parts of IEC 60044 were 
replaced with the extended standard IEC 61869 in July 2013, including the major 
content of standard IEC 60044 that was used in the current research work. 

The qualitative and quantitative measurements from high voltage primary 
equipment to the RCC are usually sent by reducing the current and voltage levels. 
The devices commonly used for this purpose are traditional electromagnetic current 
and voltage instrument transformers and measurement transducers that are receiving 
the secondary values from instrument transformers and distributing them to the 
RTU in any required mode (analog signal – e.g. 4..20 mA, communication protocol 
– e.g. Modbus RTU, IEC 60870-5-103). 

Because the traditional measurement technology is using low level voltage and 
current values, the opportunity to sample them and transmit the sampling to the 
IEDs presents the real advantages and benefits in today’s high voltage substations 
as NCIT. The structure and rules how to act are stated in the standard IEC 61850 
part 9-1 and part 9-2. The process bus of the substation is responsible for streaming 
the measurement information to the different IED (e.g. differential protection, 
distance protection), specific indication information regarding the measurement 
system and for the control and monitoring of primary equipment (e.g. circuit 
breaker, isolator, earthing switch). The control and monitoring of primary 
equipment in the transmission network is not yet widespread, thus the basic 
implementation of nowadays process bus is focused on the digital sample values 
sending to the relay protection devices. The standard IEC 61850 allows the data 
flow to be used according to the ISO/IEC 8802-3 (unicast – one-to-one  between 
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client and server; multicast - broadcast) and to the standard IEC 60044-8 (specified 
in IEC 61850-9-1 for many subscribers). The use of stand-alone merging unit is not 
mandatory if this functionality is implemented in an electronic instrument 
transformer. The first important issue by sample values transmission is the 
adjustable sample value rate from 80 samples per cycle (protection functions) to 
256 samples (power quality analyzer, splitting system etc.). The second important 
issue is to send the sampled values being time synchronized; therefore the precise 
oscillator must be integrated in MU or electronic instrument transformer or the 
precise time synchronization pulse per second. The primary part of non-
conventional instrument technology could be described by a sensor, optical or 
copper medium, merging unit or integrated electronics, which all must resist the 
different ambient temperature, thus the ambient temperature compensator is 
required. Unlike the traditional instrument transformer, the installation of 
non/metallic sensing element of the non-conventional instrument technology might 
be classical or combined with a circuit breaker or a high voltage bus-bar. 
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7 THE ROLE OF STANDARDIZATION 

Telecommunication in a substation is an inseparable part of power engineering. 
Electrical power transmission and distribution could ensure the uninterruptable and 
reliable operation of an electricity system with efficient telecommunication only. 
Nowadays the supervision for energy production, transmission and distribution is 
made by use of appropriated telematics. The telematics was different in the energy 
sector and was not enough interoperable; hence telematics systems were 
manufacture oriented systems. There were a lot of drawbacks regarding the 
interoperability issues because of complex integrity of different telematics devices 
and telecommunication protocols (e.g., the proprietary communication protocols 
that cause heavy dependency on one manufacturer). 

The standardization is a proper way to have a telecommunication system in the 
energy sector under control. Therefore, the internationally standardized telematics 
solutions should be used in telemetry setting the main requirement for a substation 
as “acceptable price with high quality and sustainability”. It means the construction 
process to build, modify and extend the telematics system despite the system 
vendor/integrator/manufacturer. What kind of international standard for telematics 
systems in the energy sector could satisfy all the needs regarding telematics? 

The answer is the international standard of IEC 61850. This standard was 
specially designed for use in the energy sector like transmission and distribution. 
The IEC 61850 defines equipment control and monitoring, measuring and alarming, 
reliability check of information stream and automation behavior in faulty cases, 
protection functions etc. The clear advantage of implementing this standard is 
covering TSO and DSO and also the applications of renewable energy solutions, 
smart measuring, energy storage etc. 

The IEC 61850 standards were published from the International Electrotechnical 
Commission in the period of 2002 – 2004 and were caused an immediate dispute 
around the world. The huge amount of publications about IEC 61850 in 
newspapers, scientific journals, books, surveys etc. shows the tremendous growth of 
interest towards its implementation. And several years later the personnel of 
transmission, distribution utilities and power generation companies started to realize 
the real technical solutions based on the standard IEC 61850. Step by step the 
understanding of project composing principles took a shape in the substation 
automation system using the standard IEC 61850. While the standard IEC 61850 
seems firstly to be too trivial, the target customer should see beyond the standard 
the innovative solution through sophisticated data transmission via substation local 
area network. Today many IEC 61850 capabilities could be useful not only in limits 
of substation functional dimensions (e.g. substation automation, HMI, SCADA, bay 
and bus-bar automation), but also in relation to the communication between the 
different substations, different utilities and power generation companies, the 
different consumers and even different countries. The key benefit will be the 
possibility to construct the digital network to serve the so-called station bus and 
process bus, where the physical devices could form different virtual devices, the 
measurement data flow ensures the protection operation, the system automation 
could be distributed within the different substation bays, the measurements 
distributed from switchyard could be digital and accurate enough without the 
implementation of a traditional instrument transformer etc. 

The process bus does not set the implementation limits with current and voltage 
sensors using the distribution of sampled values according to the standard for the 
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demand of relay protection and revenue metering, it also predefines the possibilities 
to erect the substation on the new level of substation smartness, smartness of 
primary equipment. Unfortunately only few manufacturers on the market offer the 
above-mentioned process bus solutions, but it is all because the customers are 
looking for complete station bus and process bus solutions to integrate them in one 
substation and to benefit from all kind of feasible advantages offered by the 
standard IEC 61850. The standard IEC 61850 is not debatable as a stand-alone 
standard, but it is standing “shoulder-to-shoulder” with other works of IEC 
Technical Committees (other IEC standards), national standards, European 
standards and international standards. 

 
Figure 1.19 Parts of the standard IEC 61850 

The standard IEC 61850 is divided to several parts make easier access to 
different aspects of the standard shown in Figure 1.19. 
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8 MEASURING AND DATA COMMUNICATION 

8.1 Preparing the data communication 

The transmission of measurements as part of the process of bus implementation 
requires the preparedness of substation for digital technology compliance and 
digitalization of data exchange via communication paths. 

What is the reason for use of the high-level computing and digital network 
technology in the substation? The new concept of substation automation, control 
and monitoring system presumes the existence of substation LAN, which should 
have the opportunity to extend it. The substation LAN could be constructed for 
remote event reading, remote service, time synchronization etc. If the steps to 
follow the logic of “linked” capabilities devices (IEC 61850) are injected to the 
ideological principles of substation construction, commissioning and operation, 
then the modern substation will reach all benefits and advantages that offer higher 
horizons of efficiency regarding the different implementation and saving 
opportunities. In general, the implementation of a digital station bus is relevant due 
to the advantages of the financial and configuration process: 
 standardized technical solution; 
 standardized devices that ensure the functional and communication 

interoperability; 
 backward and forward compatibility for parameterizing and service software 

tools; 
 reduced man/hours within system design; 
 reduced commissioning costs; 
 station bus device interoperability; 
 typical modeling of substation; 
 encapsulated services in Ethernet; 
 object orientation; 
 substation sample modeling with SCL up to the all data needed IED; 
 reduced use of copper wiring. 

The start point to gain the aforementioned advantages is to meet the appropriated 
international standards that are valid in the European Union. This research took into 
account the IEC 61850, which is intended for such novel substations construction 
principles. The station bus is the TCP/IP based LAN that serves the substation 
automation and control functionality according to the standardized Ethernet 
technology. The innovative substation automation system needs more information 
objects to make the SAS more transparent and reliable, but as a result, the 
applications working with those various information objects are more complex. The 
information object amount is steadily increasing thanks to the advancing 
semiconductor technology. The standard IEC 61850 ensures the capability of 
handling the online information concerning all the users. The standard IEC 61850 
offers the key advantage of standardized information modeling. The addressing is 
running without attaching the device code (e.g. replace the distance protection relay 
with overcurrent terminal relay), and furthermore, the addressing to information 
objects is implemented by pre-defined and user defined object naming. This could 
help to avoid the use of vendor specific configuration files in the device. The 
automatic process of configuration is another benefit of the standard IEC 61850. 
The IEC 61850 is not another telecommunication protocol, it is the conglomerate of 
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encapsulated services and applications to obtain the maximum supervision and 
control result in the high voltage substation SAS and supervision. 

In brief, the key characteristics of the IEC 61850 station bus are: 
 modeling (physical device, logical device, logical node, data object, attribute); 
 model and service mapping (e.g. LN data to MMS; MMS service read/write; 

object mapping to OPC); 
 standardized object names (e.g. ER.Е1.Q1/XCBR1.ST.Pos); 
 unified configuration language (SCL – XML based representation of modeled 

data and communication services); 
 manufacturing message specification (structure of message for IED and the 

control system); 
 Client/Server (the server communicates with many clients via TCP/IP, client 

driven connection; the model is seen); 
 Publisher/Subscriber (broadcast/multicast without feedback; the model is 

hidden); 
 freely extendable logical nodes [32]. 

Figure 1.20 provides a better understanding of what is changing and where the 
difference between the configuration of telematics in previous time and the 
configuration of telematics as part of SAS configuration according to the 
IEC 61850 station bus is. 

As it was mentioned before, the advantages of the internationally standardized 
technical solutions and devices are the benefit key to have the independence of the 
device manufacturers, clear vision how to extend the existing technology and to 
have an opportunity to reduce the investments. Thus, the international standard to 
be used is IEC 61850. The appropriated files written by SCL are intended to 
configure the IED communication. The following files are to be generated for the 
aforementioned tasks: 
 CID-file is the IED configuration; 
 ICD-file is the functional capability template to be configured in the IED 

configuration tool; 
 IID-file is the pre-configured instance of the specific IED (2nd edition of 

IEC 61850); 
 SCD-file is the substation configuration that includes instances and 

communications; 
 SED-file is the configuration of interfaces to be used for data exchange between 

the projects (2nd edition of IEC 61850);  
 SSD-file is the configuration of substation equipment in the switchyard. 

Figure 1.20 shows the management of the software pieces needed for proper 
configuration of substation secondary devices. Nowadays each IEC 61850 brand-
new IED comes to the market with ICD-file. The IED capability description file 
specifies the IED functionality on the relay protection data communication level. If 
the utility knows already what the primary structure is in the substation, then he 
could prepare the SSD-file for the whole substation by himself and using the system 
configuration tool he could create the SCD-file. The vendor configuration tool is 
usually needed to parameterize the IED directly using the appropriated data from 
the substation SCD-file. The CID-file is necessary, when the IED utility 
parameterizes the IED preparing all the individual communication descriptions. 
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Figure 1.20 Configuration overview of the station bus 

The database is intended to compose the independent IED-file storage from 
different manufacturers of IEDs. The IED capability description is necessary to 
observe the functionality of IED. To define the single line diagram and the 
communication structure and protection functions the system specification 
description is needed (output of system configuration tool). The configured IED 
description file is the part of substation configuration description file for only one 
IED. The SCD-file describes the whole configuration of the substation. There is one 
interesting file of instantiated IED descriptions that is defined in the 2nd generation 
of the IEC 61850. The idea is to create the instances of IEDs as the instance of IED 
data model without configuration. The IID presents the information of data 
modeling, communication part, and functions for only one IED. 

8.2 Designing the data communication 

From the utility point of view, the IEC 61850 station bus has the lowest price 
with all the required capabilities. To verify the compliance to the standard 
IEC 61850 the utility will check the specific IED documentation. The first 
determination of suitable IEC 618500 IEDs could begin from the following IED 
documentation:  
 the IED manufacturer  gives the record statement about the IED accordance to 

the standard IEC 61850; 
 the IED will obtain the IEC 61850 conformance test report from the 

independent test lab [26]; 
 PICS Protocol Implementation Conformance Statement (the communication 

capabilities of the system or device that are foreseen to be tested); 
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 MICS Model Implementation Conformance Statement (describes the data object 
model elements supported by the system or device); 

 TICS Tissue Conformance Statement (device supported technical issues owned 
and defined by UCA user group); 

 PIXIT Protocol Extra Information for Testing (contains system or device 
specific information regarding the communication capabilities of the system or 
the device to be tested. PIXIT does not belong to the standard and could not be 
standardized). 

If the existing IED documentation is not enough or includes informational gaps, 
then the real IED testing procedure could be performed or the IED could be 
disqualified for the project.  

Some basic technical requirements that help to verify the IED to be in the 
telecommunication system of the substation secondary part are as follows: 
 Ethernet based LAN, 
 fewer communication devices; 
 communication cabling – optical fibres; 
 redundant communication regarding the LAN devices; 
 openness for substation extension; 
 physical segregation for main and backup protection relay; 
 use of LAN encapsulated services; 
 standardized substation devices; 
 long life-cycle of a communication device. 

The examples of minimum reliability, environment and topological  
requirements for the IEC 61850 station bus to be fulfilled in the substation are as 
follows: 
 requirements to computing network devices - switches: 

o MTBF at least 30 years; 
o meeting the international standards: 

 standard meeting declaration and conformance test reports for 
IEC 61850-3; 

 IEC 60255-21-1, ..-2 or e.g. MIL-STD-167 and -810 (vibration, 
extreme operation temperature range, humidity, etc.); 

 IEC 60255-21-2 or e.g. MIL-S 901D (shock test); 
 IEC 61000-4 parts 2, 16, 29 (electromagnetic compatibility); 

o automatic seamless LAN reconfiguration capability; 
o VLAN priority handling; 
o doubled active standby power supply modules; 
o main, backup, auxiliary and remote handling switches are from the same 

manufacturer, type and version number; 
o data exchange speed at least 100 Mbps [30]; 
o support different types of fibre connectors (e.g. LC, ST); 

 requirements to cabling: 
o optical non-plastic fibres; 
o optical halogen free cable; 
o optical metallic free cable; 
o single-mode or multi-mode according to the distance between communicative 

devices; 
o the wave length will match the IED station bus interface specification; 

 telematics requirements to IEDs: 
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o meeting the standard IEC 61850; 
o the loop communication for IEDs connections is allowed if the IED is 

equipped with a non-manageable integrated switch; 
o interface to support several Ethernet services. 

8.3 Substation computing network topology 

The secondary devices connected to each other in the substation LAN should be 
defined before beginning to compose the local area network in substation. The 
traditional substation of TSO has protection relays, measuring devices and different 
ancillary devices that ensure the control, monitoring and protection functions of 
substation primary equipment. Despite the IEC 61850 possibilities to allocate the 
protection functions independent of the physical device, the protection devices are 
grouped based on physical device principles: 
 main protection devices (differential protection, bus-bar differential protection, 

line differential protection, line distance protection relays); 
 backup protection devices (current protection functions in bay terminal 

protection relays, voltage protection functions in bus-bar protection relays); 
 ancillary devices (automatic voltage regulator, power transformer ARS 

terminal, annunciator, time synchronization system); 
 measuring devices (measuring transducer, power quality analyzer, disturbance 

recorder); 
 telematics devices (RTU, GW, local workstation, LAN switch); 
 devices for revenue metering of power energy. 
All the above-mentioned devices will be placed at the substation LAN topology to 
fulfil the following requirements: 
 RTU lower communications shall be redundant;  
 to build up the IED communications the following variants will be 

implemented: 
o ring for switches, star for IEDs (see Figure 1.21); the amount of switches 

connected in ring is defined by voltage level and functionality of IEDs. The 
basic communication organization principles of IEDs connections per one 
switch are the following: 
 330/220/110/35/15/10/6 kV main protection relays; 
 330 kV backup protection relays; 
 330/220/110/35/15/10/6 kV backup protection relays and system 

automation devices; 
 ancillary protections and functions (e.g. annunciator, power 

transformer ARS); 
o ring for switches, loop for IEDs (see the Figure 1.22); the maximum number 

in serial connected IEDs is limited by main and backup protection functions 
and feasibility defined by the utility. The partition principles of IEDs 
connections are (in one stroke): 
 main protection switch: 330/220/110/35/15/10/6 kV main protection 

relays; 
 1st backup protection switch: 330/220/110/35/15/10/6 kV backup 

protection relays, 
 2nd backup protection switch: 330/220/110/35/15/10/6 kV bus-bar VT 

protection relays, BFP, CBFP and SAS protection relays; 
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 ancillary switch: all voltage level automatic voltage regulator, auxiliary 
and ancillary protection relays and devices (e.g. annunciator, IED of 
power transformer automatic reserve switching); 

 
Figure 1.21 LAN topology no.1 of the IEC 61850 station bus [18] 

o ring for switches, star for IEDs per bay (see Figure 1.23); the amount of 
switches connected in ring is defined by cable/overhead lines, power 
transformer and others bay protection relays and devices: 
 cable/OHL bay; 
 power transformer bays; 
 all bays serving with SA; 
 ancillary SS services; 

 station bus functionality requirements: 
o all the other automation functions will be realized without copper wiring on 

the secondary part: 
 circuit breaker automated reclosing; 
 circuit breaker failure protection; 
 any transmission network parameter load shedding, 
 islanding; 

o the substation physical LAN with the following encapsulated services: 
 time synchronization; 
 remote handling; 
 MMS data exchange; 
 GOOSE data exchange; 
 LAN automatic reconfiguration for less than 5-10 ms; 

 IED communication capability requirements: 
o SS control interlocking (not the relay protection blocking) shall be realized 

for complete SS interlocking system by GOOSE messages (copper 
connections with interlocking coils shall remain in use); 
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o all GOOSE messages shall be under supervision from appropriated protection 
relays connected with GOOSE message receiving. Hence the fast retransmit 
on data change and continuous the periodic slow retransmit of GOOSE 
without data change (watch dog with configurable retransmission time in ms) 
are required. The function logic of GOOSE message supervision shall be 
agreed with the Client; 

o the using of VLAN handling, priority tagging is mandatory; 
o the interlocking logic process using the supervised GOOSE shall be blocked 

after any failed GOOSE message (e.g. gap in GOOSE message continuous 
sending) and shall cause the continuous blocking for interlocking logic (i.e. 
also for IED control logic of primary equipment) until de-blocking command 
will be initiated centrally from RCC. The exact blocking logic of interlocking 
logic shall be agreed with the client; 

o GOOSE messages are not allowed for use for trip command, starting and 
blocking (except interlocking logic) signals, SAS and/or protection functions 
and for annunciator (local alarm centre); 

oall new GGIOs shall be agreed with utility; 
 requirements to the time GPS synchronization system: 

o the IEDs, RTU and local PC workstation shall be time synchronized with 
local time (i.e. protection relays, RTU shall log the events and send the 
information within IEC 61850 and IEC 60870-5-104 with the time stamp of 
local time); 

o the using of network time protocol is allowed; 
o the system shall be equipped with highly precise oscillator that should 

automatically overtake the keeping the time accuracy even the GPS signal is 
lost. 

 

Figure 1.22 LAN topology no.2 of the IEC 61850 station bus 

The different schemes of the substation LAN topology are not only the schemes, 
the complicity of the LAN topology depends on the IED amount, the task 
importance and reliability criteria. All the presented schemes have their own 
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benefits and drawbacks the discussion of which is out of scope of this thesis 
research. 

As a result of the above-mentioned requirements the targets of the pre-planned 
substation LAN should clearly face up the financial efficiency, provide technical 
applicability and guarantee the maximum uninterruptable functionality of substation 
secondary devices. 

 

Figure 1.23 LAN topology no.3 of the IEC 61850 station bus 

To clarify the task of the station bus, it should be mentioned that the substation 
TCP/IP network is intended to link together the control, monitoring, and protection 
functions between physically separated secondary devices. Thus the independent 
data interchange between them from the connection to secondary circuits up to the 
substation primary devices would be established. 

By the determination of the efficient substation LAN topology, the designer will 
take into account not only the amount of LAN components, but also the different 
factors of MTTF, MTBF and working availability and probability to fail. 

The abovementioned factors characterize the life cycle of the certain device. The 
life cycle is divided to three time phases: running-in, continuous operation and 
operational resource finishing. During those phases the possibility of a device to fail 
is higher at the beginning of exploitation and at the end of life time. 

Mean Time To Failure is a factor that determines the reliability rate. The MTTF 
is applicable to the systems and to the device as the system.  The MTTF is used to 
characterize the systems or devices that have no possibility to be recovered, but for 
example could be only hot-swapped. 

Mean Time Between Failure is a factor to determine the amount of failures per 
time period. The MTBF is the key factor in compiling a new system from 
appropriated devices in spite of the underestimation of the device MTBF from the 
end users [37]. Hence the pre-planning persons, system integrators and end user 
should have this information as well as price information about the device. 



51 

Unfortunately the MTBF is not stated on the specification sheet and it is not easily 
found. The end user will have to be very careful when accepting the devices without 
necessary data that might badly influence the complete system installation in critical 
situations. 

Mean Time To Repair is a factor that determines the time for the device to be 
repaired. As a rule, the MTTR is applicable to device components that could be 
replaced to recover the device functionality. Usually the MTTR does not describe 
the programmable logic, functions and routine, i.e. the software is not specified in 
this factor. The issue that has great influence on MTTR is the time to be out-of-
operation of the device. To reduce this factor the end user is trying to purchase 
some spare parts at the same place of device installation or close by the built object. 
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9 NON-CONVENTIONAL MEASUREMENT 

The non-conventional measurement technology suits perfectly for the provision 
of AC current and voltage measurements from the high voltage switchyards. The 
non-conventional measurement technology is based traditionally on the not-in-use 
physical phenomenon. Because that measurement technology and the phenomenon 
are not widespread and well known, the term non-conventional would be used in 
this research to characterize the innovative approach. In some years, when the non-
conventional measuring technology steps into the market of high voltage 
measurement forcing out the habitual instrument transformers and measuring 
transducers, non-conventional will become conventional enough. 

There are not many patented solutions for NCIT and the main objective is the 
NCIT technology is not only the sensing element. There are four different sensing 
technologies to reach the target: 
 current measurements of the NCIT technology based on the optical sensing 

element (Faraday’s effect), i.e. the magnetic field influences the polarization 
angle of the light beam flux. The important light elements in this solution are 
the double refraction crystal and the polarizers (see Figure 1.24, A); The 
following equation shows the calculation of angle [28] between plane-polarised 
light: 

 V*B*d (9.1) 

 current measurements of the NCIT technology based on the shunt resistor in the 
secondary winding (the output voltage on the shunt resistor is directly 
proportional to the primary current and ratio between the primary and the 
secondary winding numbers of turns) [13]; 

 current measurements of the NCIT technology based on air gap coil (Rogowski 
coil that is wound on the air core), thus the voltage in the secondary winding 
output is proportional to the derived primary current [13]. The output signal is 
not anyhow realistic and it should be treated to receive the real primary current; 

 voltage measurements of the NCIT technology based on the classical RC-
divider (chosen because of non-sensitiveness to frequency deviations); 

 voltage measurements of the NCIT technology based on piezoelectric effect. 
The applied pressure (tension/compression) causes the difference of electrical 
potential in the crystal. The sensor comprises the piezo-electric sensor element 
and the fiber optics wound around the sensor [27] [31]; 
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 
 

Figure 1.24 Examples of current and voltage NCIT 

 voltage measurements of the NCIT technology are based on the linear electro-
optic effect when electric field-induced linear birefringence occurs inside the 
refractive index (how the light propagates through the optical medium), i.e. 
electrical field influences the light polarization angle (Pockels effect) [24]. Thus 
the birefringence in the piezocrystal is caused due to the AC electrical field (see 
in Figure 1.24, B). The angle [38] between two polarised light signals could be 
expressed by: 

 *L*K*E (9.2) 

The all afore-mentioned are the NCIT details regarding the sensing element, but 
the utility is interested in additional values that he would get from implementation 
of NCIT technology. Thus the utility starts to ask how: 
 to reduce the substation renovation or construction costs; 
 to make redundant the system of NCIT; 
 to use the NCIT for protection relays, for revenue metering system and for the 

power quality analyzer; 
 to increase and keep the measurement accuracy; 
 to minimalize the vibration affect; 
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 to record the aperiodic component of current during the fault; 
 to compensate the temperature dependence [29]; 
 to extend the measuring range without additional charges. 

The NCIT technology might work properly if the whole system sensing element, 
optical medium, output module including the analog / digital converter is 
functioning perfectly. Hence, the electronic device should be discovered and 
familiarized. The international standards IEC 61850-9 and IEC 61869-9 are related 
to the merging unit, the device is responsible for the digitalization of current and 
voltage measurements in both directions. On the one hand, the MU is just the 
device to sample the analog values to the digital mode IEC 61850-9-2 (like MT 
with e.g. Modbus RTU interface), but on the other hand, the MU is a fully 
automated device that is able to take into account many physical parameters by the 
transmission of the digitalized values to the secondary devices. Actually the MU is 
the device that enables the sampling performance of current and voltage values 
obtaining them from CT and VT, to publish the current and voltage measurements 
to the related subscribers, i.e. substation secondary devices (monitoring, protection, 
power quality) as the sample values (multicast values mapping over Ethernet) [9], 
to time-link the current and voltage values, to avoid connections mostly of copper , 
and last but not least to exclude the requirement for the galvanically insulated 
current and voltage inputs of protection relays and disturbance recorders. Because 
of patented NCIT technology, the end user does not know very much about the 
analog values that are sent to the MU directly from the primary conductor. The 
important details should be presented in the MU specification regarding the process 
bus interface. The substation process bus is the part of substation LAN that is 
responsible for process tasks. In fact, the utility as an end user should not know 
much about the NCIT current and voltage sensors, whereas the process bus 
interface would be carefully described in the utility requirements. 

9.1 Sample value 

The device that broadcasts the sample values to the protection relays and power 
analyzers is the Merging Unit. The MU is the analog-to-digital converter whereby 
the analog signal could be electrical or optical. The MU is receiving continuously 
the analog current and voltage measurements, is sampling them and publishes the 
digital values to the relay protection LAN. The basis of the sample value is the 
sampling process that means the splitting of the steady analog signal to the different 
level discrete signal at a regular time period.  The regular time period should be 
defined by the sample rate, i.e. by sample frequency. The higher the sample 
frequency is, the more samples are in the output of the analog value digitalizer and 
the representation of the analog signal is more exact. The  regular time period 
between samples should be very precise to change  all the possible analog signals to 
the discrete signals. The digitalized signals or measurements would be sent to the 
measuring instrument. Nowadays the most widely implemented solutions of 
IEC 61850 measurements transmission are based on Light Edition (LE) of the 
standard IEC 61850-9-2. The general differences of LE as compared to the original 
standard are: 
 80 samples per cycle for protection and metering (from analog values); 
 256 samples per cycle for power quality (from analog values); 
 optical time synchronization pulse per second (1PPS); 
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 LD names and LNs are defined for MU; 
 three-phase voltage and neutral voltage (dataset); 
 three-phase current and neutral current (dataset); 
 trip signals are not supported in MU. 
 

For better understanding of the sampling process according to the international 
standards, the standardized frame format (see Figure 1.25) will be discussed. This 
frame format is based on the well-known standard ISO/IEC 8802-3 that describes 
the data information exchange principles between systems in LAN and WAN. The 
standard third part sets rules for using of the physical layer and media access 
control. 

By the implementation of the afore-mentioned frame format, the utility shall 
keep in mind that the sample values could be used now in most cases according to 
the Light Edition of IEC 61850- 9-2 [9] and to the implementation guide of UCA 
International User Group that is “not-for-profit corporation focused on assisting 
users and vendors in the deployment of standards for real-time applications for 
several industries with related requirements“5. 

Below the frame will be briefly reviewed. The preamble is used for the 
synchronization of Ethernet frames in substation LAN. The destination MAC 
address might be needed, e.g. as multicast address to follow the messages to the 
certain ports of the switch [33]. The source MAC address is the publisher MAC 
address. The priority tagging will set the priority class to send the appropriated 
messages in the first turn. The VLAN is intended to sectionalize the LAN for more 
efficient substation LAN implementation and for splitting the network burden [30]. 
The MAC address shall be based on VLAN, therefore the MAC address will be 
assigned to the particular VLAN. The Ethertype defines the type of application 
services that might be used (e.g. GOOSE, SV, GSE); the SV service type is 
0x88BA [10]. The application identifier has a freely configurable number and it is 
recommended to set it unique for each specific destination source. The application 
data protocol unit contains the SV information. Each frame contains several 
samples in the dataset, so for the protection relay (80 samples/cycle) the total 
sample number is 32 000 pcs. 

The planning of the LAN for measurement transmission in LAN should take into 
consideration the amount of IEDs that receive the measurements from the MU. The 
more IEDs there are in the same LAN, the less measurements are possible to 
transmit from the MU without obstacles, because each IED needs some part of 
measurement data traffic (e.g. 10 Mbit/s). 

                                                             

5 UCA, http://www.ucaiug.org 
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Figure 1.25 ISO/IEC 8802-3 frame format. IEC 61850-9-2  

9.2 Merging unit and particular application 

The merging unit is the device that: 
 digitalizes the analog value from the primary equipment to the digital value for 

further transmission of the value via substation LAN using the sampling 
methods; 

 converts and inverts the analog signal from the primary equipment to the 
standardized analog value for traditional protection relay with classical analog 
inputs (current and voltage) using the value sampling and interpolation 
methods. 
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The digitalization of the analog value is similar to the MT, but as a rule the MU 
has higher sample frequency and the communication principles between MU and 
the secondary devices (e.g. relay protection) meet the international standards and 
are reliable to distribute the necessary measurements under every condition to the 
substation secondary devices. 

Digitalization of the analog values and to interpolation of them back to the 
analog value on the lower power level is necessary because of the transition period 
from electro-mechanical and semi-digital protection relays to the fully digital 
protection relays, where there are many “old-fashioned”, but completely in order 
and properly functioning substations with no influence of digital technics onto 
protection relays. Thus the possibility to connect the traditional electro-mechanical 
or semi-digital protection relay to the MU is indispensable in such substations. 

The interpolation is a sophisticated process of guessing the value at any 
time and between the taken samples. Thus, the interpolation is the inverted 
sampling process. The MU could use a specific method of interpolation to 
provide a better possibility to reconstruct the analog signal, whereby the 
simplest interpolation types like linear interpolation would not be used. 

Because the MU could be treated as a Black-box, the MU should meet the 
typical basic requirements stated to the MU functional behavior of software, 
hardware specification and interoperability: 
 high energy analog output signal for revenue metering 1A or 5A; 
 low energy analog output signal for protection 200 mV [17]; 
 bandwidth 10-6000 Hz (up to the 100th harmonic); 
 CT accuracy class for revenue metering 0.2S; 
 CT accuracy class for protection 0.5; 
 VT accuracy class metering and protection 0.2; 
 IEC 61850-9-2LE interface, CT accuracy class for revenue metering 0.2S; 
 IEC 61850-9-2LE interface, CT accuracy class for revenue metering 0.5; 
 time synchronization 1 pulse per second; 
 VT circuit inputs; 
 CT circuit inputs. 

There is the vital functionality of the measuring sensors that would be required 
from the transmission system operators - i.e. the redundancy of the NCIT sensors 
and MUs. It would be performed in different ways – integration of several NCIT 
sensors in one sensor block and the duplication of MUs. Those solutions ensure the 
“N-1” reliability criterion for distribution of the sample values segregating the main 
and back-up relay protection functions and the revenue metering [15]. 
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Figure 1.26 Example of temperature dependent measuring error [8] 

Because of today’s lack of non-conventional voltage instrument transformers  
the use of the complete NCIT technology is impossible, thus connection to the MU 
can be established by the traditional VT. The ambient temperature fluctuations 
cause changes in the current measurements; hence the MU will have temperature 
compensation for current sensors (see Figures 1.26 and 1.27). 

The accuracy class in the Figure 1.26 remains in the accuracy class. 

 
Figure 1.27 Example of temperature dependent measuring error [14] 

The Figure 1.27 shows the signalling logic compensating the linear dependence 
of bow-tie HiBi (high birefringence) spun fibre on the ambient temperature. The 
sensitivity of HiBi sensor is linearly dependent on temperature (temperature 
dependence of the spun Verdet constant). This dependence is avoidable by 
continuous temperature monitoring of the sensing element and the correction of the 
signal forming [6] [29]. 
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The measuring sensors connected to the MU might use the different analog-to-
analog or analog-to-digital conversion technologies beginning from the using of 
Rogowski coil and ending with voltage drop conversion on the resistive shunt. The 
output of such sensors (physical connections) for converted data transmission could 
be mostly optical, but the copper wired connections are also well-known by some 
specific NCIT solution implementations. 

The error rate of NCIT current sensors could achieve 0.2% by 0.1% of rated 
current and remain into the accuracy class by 1000% and even more of rated current 
[34]. 

The MU should have the analog outputs that are suitable for implementation of 
the traditional analog-digital protection relays and the metering applications. But 
the circumstance is they may not be the universal analog outputs because of burden 
class (energy extracting). I.e. the common metering applications require low energy 
consumption 1 A/5 A with rating factor two, however the protection applications 
need for 40 A theoretically with three phase currents. This tremendous amount of 
energy is not realistic in analog outputs of the MU. Hence the LEA outputs 
(200 mV) were developed and standardized for the above-mentioned demand. The 
LEA format has limitations because of electro-magnetic interference that sets the 
distance limitation within analog secondary circuits [7] [14]. And the only solution 
remains the sample values implementation on substation LAN. 

9.3 Measurement transmission using the LAN 

The transmission of measurements within substation LAN requires the following 
composition principles for NCIT applications: 
 NCIT primary sensing elements (CT and VT) with a merging unit; 
 NCIT CT primary sensing elements and traditional VT with a merging unit; 
 traditional CTs and VTs with a merging unit. 

The requirement to transmit the measurements within substation LAN is only 
applicable to substation already equipped with LAN that intended for operational 
data exchange between protection relays. The Figure 1.28 shows the basic 
principles to form the station bus and process bus independently; e.g. the protection 
relays shall have separated data communication interfaces meeting the standard 
IEC 61850-8-1 and the standard IEC 61850-9-2 (sample values). The reality 
slightly differs from the basic overview in Figure 1.28. The main reason is the 
modern LAN device technology that helps to avoid the using of many physical 
LAN networks with implementing of virtual LAN. The VLAN is the ability to 
make the data link segregation between differently mapped workstations in the 
same physical LAN according to the different rules. In another word the one group 
of one broadcast domain (or network allocation) is not able to “see” the data of 
another domain placed in the same physical network. The VLANs could be used on 
the substation LAN to make separate the data communication between RTU and 
SCADA and between IEDs [4]. 

The station bus is responsible for data traffic between IEDs, RTUs, local 
workstations, HMI and sometimes exceptionally remote SCADA. As a rule the 
substation automation data transmission is divided regarding the data type would be 
sent out to the substation switch; operational messages (e.g. MMS) and GOOSE 
messages. The amount of VLAN communications increases accordingly, if the 
station bus has the third party consumer (like the DSO). 
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Figure 1.28 Structure of f IEC 61850 substation implementation 

The process bus could fulfil the versatile tasks like the measurement sampling, 
transmission of measurements to the disturbance recorder or power quality analyser, 
management of primary switching equipment etc. The process bus could be part of 
the one substation LAN or physically separated in critical applications. The most 
important issue is the speed and reliability of data transmission in process bus 
realisation. The sample values are time critical, because they are using the 
application layer mapped directly to the data link layer. The outliving of transport 
and network layers increased the performance of digital measurement data 
exchange [5]. 

9.4 Overview of NCIT topologies 

The topology conglomerate of LAN and NCIT connections depends on the use 
variations of NCIT components. There are only three basic ideas how to implement 
the NCIT at the substation today: 
 semi-NCIT; 
 NCIT with traditional instrument transformers; 
 “pure” NCIT. 

Figure 1.29 shows the one of nowadays obstacle i.e. the lack of the NCIT 
voltage sensors, thus the MU might be in connection as with current sensors as also 
with traditional voltage instrument transformer. The drawbacks of such topology 
remains based on construction ideology of traditional voltage instrument 
transformer. The MU should compensate or correct the all physical effects up to the 
appropriated level digitally before the value goes to MU output (analog or discrete). 
Another case when the influence of some conditions or properties would be 
unavoidable in MU. Therefore the additional devices could be used with MU to 
eliminate the unwanted influence. 

There are redundant MUs are shown on the Figure 1.29, which ensure the 
operation of protection functions in case of MU outage in overhead line bay or bus-



61 

bar MU. The communication of the MUs to the substation LAN is shown as the 
VLAN connections among the station bus LAN. 

 
Figure 1.29 Topology of the semi-NCIT 

Figure 1.30 presents the NCIT technology in the substation as the two separated 
systems to back up each other. The key benefit of such solution is to ensure the 
protection functionality in substation type with 110 kV sections in case of break-
down of one MU. 

 
Figure 1.30 NCIT topology 
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Figure 1.31 presents the NCIT technology with the redundant sensors 
(integrated by manufacturer) that are serving by different MUs to increase the 
availability of the NCIT system. 

 

Figure 1.31 NCIT topology with redundant sensors 

The brief sum of the issues should be taken into consideration is following: 
 avoid noise by measuring; 
 ensure standardized dynamic behaviour of MU (IEC 61850-9-2); 
 do the records from disturbance recorders; 
 perform the remote handling of MU; 
 ensure resistance to thermal current; 
 chose right MU installation place (could be installed in switchyard or in control 

room); 
 define original or mixed NCIT solutions with traditional CTs and VTs; 
 think about life cycle working stability (not only sensors, but also MU); 
 require the programmable measuring range in MU without changing the 

sensors; 
 technics shall meet the IEC standards (e.g. 61869); 
 provide from MU  80 – 256 sam/c; 
 state the accuracy for revenue metering – 0.2S; 
 working temperature should be -40..+60C°; 
 require the independence on phase shift from frequency in high voltage part. 
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10 SPECIMEN TO THE MERGING UNIT 
REQUIREMENTS 

There is example of some typical requirements the MU shall meet: 
 IEC standardized high voltage measuring system shall include: 

o current sensors (available as mass product on the nowadays market) 
 with accuracy class 0.2S; 
 redundant/doubled sensing element; 
 extreme ambient temperature operation range (-40°..+50°); 

o voltage sensors with accuracy class 5P (not available as mass product on the 
market); 

o working frequency 10-6000 Hz; 
o redundant (processor and power supply) merging unit: 

 digital interfaces IEC 61850-9-2 (SV: 80-256 samples/cycle). One 
group of separate interfaces is intended for relay protection and the 
other group – for revenue metering; 

 adjustable analog current input rated burden 10 VA(20VA), current 
1 A(5 A); 

 maximum withstand current; 
 adjustable analog current output; e.g. consumption 1 VA, current 1 A. 

Indoor installation. The variable number of independent current 
outputs; 

 voltage input, e.g. rated burden per ph. 1 VA, voltage 110-500V. The 
variable number of independent voltage inputs; 

 multirange voltage output, e.g. rated burden at least 1 VA, voltage 100-
240V. The variable number of independent voltage outputs; 

 adjustable measurement range (e.g. x2.5) with the same current 
sensors; 

 time synchronization input (e.g. PTP, 1PPS); 
 LAN interface for remote handling; 

o one multipurpose software tool (parameterizing, analyzing, remote handling 
etc.). 
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11 IMPLEMENTATION MILESTONES FOR NON-
CONVENTIONAL MEASURING 

From the utility prospective the implementation of the NCIT will impact the 
utility activity. Therefore the following milestones shall be taken into consideration. 

The first milestone refers to the personnel of utility. The acquiring the NCIT 
additional knowledge, considering the NCIT educational costs and hands-on 
training for pre-planning personnel and asset-managers are highly required for 
innovative technical solutions. The expectations of utility for well-versed utility 
personnel in novel measuring technology are ahead of the time and are not realistic, 
especially by first implementation of such solutions. Anyway the utility possessing 
of thorough know-how about the NCIT conversion of analog values to the digital is 
not necessary and even possible, because the patented NCIT technology does not 
foresee the deep customer penetration into the NCIT details due to business 
confidence, fabrication secrets and warranty limitation. Hence the black-box 
approach should be applicable to the NCIT technology from customer point of 
view. In other words it has no sense to know how, for example, the high voltage 
primary values become the discrete value or what kind of interpolation is used for 
the analog signals forming in the HEA interface. The behaviour of output signal 
depending on measurements in the primary part is considerably more important. 

The technical requirements for the NCIT equipment shall extract the specific 
preliminary document to simplify the estimation of NCIT equipment. The form of 
that document could be different, but the most useful form is the questionnaire. The 
fulfilled questionnaire will help the utility to pre-examine the NCIT equipment to 
be sure the offered devices are meeting the general technical requirements stated by 
utility (see Appendix). 

The second relevant milestone is the need of utility to have knowledge about 
F.A.T and S.A.T. content and procedures to be carried out in the substation with the 
target to check e.g. the proper functioning of MU input/output interfaces in different 
grid operational situations. Thus, the composing of the testing activities is a vital 
and necessary requirement for the end customer. It could be useful to avoid the 
composing the test procedure starting from scratch, because the similar testing 
content and sequence could be already established by some international non-profit 
organization. The end customer has to possess the enough knowledge for efficient 
analysis of the offered NCIT system that technical data are stated in the product 
specifications, of the independent test lab confirming test reports, of the 
interoperability testing reports and the references. 

The third milestone is the NCIT long-term service agreement with the 
manufacturer or the system integrator. This is relevant to the financial part rather 
than to the technical issues, whereby the technical support, the regular service, the 
delivery of the spare parts etc. should be stated in the service agreement documents. 

Today’s NCIT technology is matured enough for simple implementation to serve 
the relay protection. The power analysis, disturbance recording and the revenue 
metering could be also realized using the NCIT, but there are some limitations to 
the interoperability issues and the higher sample frequency. Such specific 
implementations as the integration and co-operation of the traditional instrument 
measurements and non-conventional instrument measurements located in different 
places need to be clearer from the experience point of view. 
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There is another important requirement (fourth milestone) by the implementation 
of the NCIT, due to the backward compatibility of the devices declared as the 
IEC 61850 process bus devices shall be ensured whenever the standard IEC 61850 
is being extended. 

The NCIT implementations in the busbar differential protection or using the 
intercommunications between substations remain temporarily out of the research 
scope, because of lack of or insufficient implementation knowledge and case 
studies. The pilot projects were started already in the 90s, but those substation 
NCIT installations do not help enough to convince the potential customer to 
overcome to the newer measurement technology with financial benefit. And the 
NCIT device manufacturers do not speed up the producing of the technology that 
does not offer good demand and sale volume [25]. 

There is a necessity to use the revenue metering and power quality analysing in 
NCIT implementation because of functional advantages of novel measuring 
technology. But there are no regular use cases available in Estonia for revenue 
meters with the NCIT technology because there are no appropriated type approval, 
lack of test procedure and hence no possibility to register into the metering system 
database from the State authority. Hence the continual analyzing of use case studies 
is the fifth milestone should be mandatory to keep the NCIT technical requirements 
of utility on the top of meeting the reliability and availability criteria. 
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12 FUTURE TRENDS AND RESEARCH 

The future sets the challenges for generation, transmission, distribution and 
consuming of electrical energy, whereby the data exchange has the major role to 
route the energy streams, to activate and deactivate the generating units depending 
on consuming demand, to carry out the scheduled electricity consumption, to 
storage the energy as for short-term as also for long-term period, to ensure the grid 
stability based on measuring information around the total electrical network and 
many more. 

The perspective smart grid concept is exciting many power energy professionals 
from different walks of life to set the unified idea how the smart grid should 
function. Partially the smart grid functions are not very new (e.g. load shedding 
automation), but they have a new vision how to gain savings on energy 
consumption and to make this energy consumption homogeneous within the day 
period. Another goal is to make the energy consumption and generation predictable 
all the time. It might help to reorganize the ratio between renewable energy and 
fossil fuel based generated energy flexible without any impact on supply reliability. 
Nowadays there are some pilot projects based on such vision, but this system will 
be propagated worldwide. 

The functions of real smart grid are impossible to be established without active 
intercommunications between all participants on the electricity market (production, 
transmission, distribution, consumption). Only after that it is reasonable to start 
thinking about a self-healing electricity grid. If the electricity network has the 
measurement system with an integrated transmission function in every node, then 
by collecting such measurements online it is possible to create a global automation 
system for monitoring and fully automated action, for example, to the primary 
switching devices to energize/de-energize the power network segments according to 
the logic ensuring the power energy supply to the customers. 

Finally, the revenue metering of electrical energy would be integrated in the 
appropriated service application that would collect the data about consumed power 
energy from, e.g., database storages. The revenue metering values could be sent, for 
example, to the data storage via the MU or similar devices with less capability if 
needed (e.g. farm household). 

Therefore the aforementioned trends and opportunities should be studied to be 
implemented in electricity networks. 
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14 ABSTRACT 

This research determines the sequence of how to implement the transmission of 
measurements in a substation using the non-conventional instrument technology. 
This approach is needed for versatile apprehension of the essential key benefits in 
digital substation. Hence the use of substation LAN for different purposes and tasks 
like protection communication, time synchronization, remote handling etc. is the 
beginning and the prerequisite for a further step to be made into the digital form for 
transmission of measuring data between various parts of substation primary and 
secondary equipment. 

The study gives an overview of how to proceed from the determination of the 
suitable technical solution realized by the NCIT technology, how to make NCIT 
technology transparent, how to handle the technical obstacle that might occur 
during different project phases and what kind of the end targets should be followed 
from the utility point of view regarding the novel technology benefits and 
drawbacks. 

The study covers the issues that help to comprehend the roles of the 
manufacturer based on non-conventional instrument transformers, the system 
integrators and the utility by preplanning tasks, by the project establishing and by 
the asset managing. The utility should minimize the risks with multi-vendor 
solutions, which will ensure the future benefits in the case of substation extensions, 
secondary equipment repair and retrofit. 
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15 CONCLUSION 

The present research work “Measurement and Data Communication Technology 
for the Implementation in Estonian Transmission Network” is composed arising 
from the instantly changing measuring and data exchange technology, the formation 
of open energy market and the necessity to upgrade the substation in the high 
voltage transmission network as the end result. 

The following tasks are solved according to the set up target of the research 
work: 
 the study includes the research, the analysis and the comparison of the different 

novel NCIT technologies that are applicable in the high voltage transmission 
networks. The study gives the proposals for NCIT implementation. Herewith 
the technical solutions for implementation of NCIT technology are invented 
regarding the Estonian transmission network; 

 the study includes the research, the analysis of the data communication 
technology and its implementation specialties within the process in high voltage 
transmission networks; 

 the study includes the research of the distinctive features in Estonian 
transmission network regarding the implementation of novel NCIT measuring 
and data communication technologies. The specific requirements are worked 
out for the implementation of the innovative technology. The specific 
requirements content the special Quotation Questionnaire that helps the utility 
personnel to evaluate the equipment of NCIT already in the stage of offering. 

 
The results of the research work will facilitate the technology development and 

the selection for the best technological solutions in Estonian TSO Elering. 
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16 KOKKUVÕTE 

Käesolev doktoritöö „Mõõte- ja andmesidetehnoloogia uurimine ja rakendamine 
Eesti kõrgepinge ülekandevõrgus“ on koostatud seoses kiiresti uueneva mõõte- ja 
andmeside tehnoloogiaga, avatud elektrituru tekkimisega ning sellest tuleneva 
vajadusega moderniseerida Eesti kõrgepingevõrkude alajaamad. 
 

Vastavalt töö eesmärgile on lahendatud järgmised püstitatud ülesanded: 
 töös on uuritud, analüüsitud ja võrreldud erinevaid kõrgepingevõrkudes 

rakendatavaid nüüdisaegseid mõõtetehnoloogiaid ning antud soovitused nende 
rakendamiseks. Seejuures on välmitud tehnilised lahendused mittetavapärase 
mõõtetehnoloogia rakendamiseks Eesti kõrgepingevõrkudes; 

 töös on uuritud ja analüüsitud protsessisiinil põhinevat andmesidetehnoloogiat 
ning selle rakendamise iseärasusi kõrgepingevõrkudes; 

 töös on uuritud Eesti kõrgepinge ülekandevõrgu iseärasusi võimaliku uue 
mõõte- ja andmesidetehnoloogia rakendamise seisukohalt ning välja töötatud 
tingimused uue tehnoloogia rakendamiseks. Väljatöötatud tingimused hõlmavad 
ka eriküsimustikku, mille alusel hinnatakse mitte-konventsionaalse tehnoloogia 
seadmestikku veel pakkumuse esitamise faasis. 

 
Doktoritöö tulemused võimaldavad Eesti süsteemioperaatoril Elering kavandada 

oma edasist tehnoloogilist arengut ning valida selleks parimad tehnilised 
lahendused. 
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ÔG\OJP��_TOZ\IY�\J�_LIXXRJ\]OP\IJ�aGIPI]IKcdL�efghfYiYMfMTUVWOPF LIXYZF[\]FHLIXYZF[\]FH ÔG\OJP��_EI�FGY�\JFYLOGG\FG_LIXXRJ\]OP\IJ�aGIPI]IKcdL�efghfYiYMfM�\���̂IKPO�F�E�KIJ �\���̂IKPO�F�E�KIJ
�\GF��OKKTFOK�P\XF�HFG[FG
�FG[FG

�FG[FG
TFOK�P\XF�HFG[FG �RQHPOP\IJLIXXRJ\]OP\IJ�aOP�Ê��L�N�M�OJZ�Ê��L�N�S
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[QUEST.] Mets,I. Example of Quotation Questionnaire to evaluate the 
equipment of non-conventional measuring. 
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Quotation Questionnaire for the non-conventional measuring equipment 

 

Table 1.1 Example of Quotation Questionnaire for NCIT 

GENERAL DATA FOR MERGING UNIT AND ACCESORIES 
Manufacturer       
Type designation       
Total number of merging units       
Accordance to the standards and 
standard certification, details 

EVS-EN 60044-1 
EVS-EN 60044-2 
EVS-EN 60044-6 
EVS-EN 60044-7 
EVS-EN 60044-8 
IEC 61869 
IEC 61850-9-2LE 
IEC 61850-9-1 
IEEE 1588 

 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 
 Yes  No 

Total number of digital inputs       
Functions of digital inputs       
Type and performance of digital input 
connections 

      

Total number of optical digital outputs 
(IEC 61850-9-2) 

      

Wave length of IEC 61850-9-2 optical 
interface 

      

Functions of digital outputs       
Type and performance of digital output 
connections 

      

Type and performance of digital input       
Total number of independent analog 
inputs 

      

Type and performance of primary 
sensing elements 

      

Maximum length of optical cabling to 
primary sensing element 

      

Type of temperature compensation       
Total number of independent (HEA - 
1 A/5 A) high energy analog outputs 

      

Type and performance of independent 
(HEA -1 A or 5 A) high energy analog 
output 
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Total number of independent (LEA – 
200 mV) low energy analog outputs 

      

Total number of independent voltage 
analog output (100 or 220 V) 

      

Type and performance of independent 
(LEA – 200 mV) low energy analog 
output 

      

Output rated frequency       Hz 
Output rated current In       A 
Output rated voltage UN       V 
Rated burden of each analog output       �       VA 
Rated burden of each analog output       �       VA 
Input rated frequency       Hz 
Input rated current In       A 
Input rated voltage UN       V 
Rated burden of each analog input       �       VA 
Rated burden of each analog input       �       VA 
Auxiliary DC voltage       V 
Type and performance of independent 
voltage analog output (100 or 220 V) 

      �       V 

Hot-standby redundancy of power 
supply modules 

 Yes  No 

Hot-standby redundancy of processor 
modules 

 Yes  No 

Hot-standby redundancy of process 
bus outputs 

 Yes  No 

Number of measurement value 
samples for protection 

      

Number of measurement value 
samples for power quality 

      

Self-monitoring of digital inputs  Yes  No 
Self-monitoring of digital outputs  Yes  No 
Self-monitoring of analog inputs  Yes  No 
Self-monitoring of analog outputs  Yes  No 
Self-adjustment of laser power  Yes  No 
Type and performance of digital output 
(process bus) interface 

      

Separate TCP/IP port for PC 
connection 

 Yes  No 

Time accuracy of internal clock 
(oscillator) by external time 
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synchronization 
Time synchronization of MU - pulse 
per second 

 Yes  No 

Time synchronization of MU – PTP 
(type) 

 Yes  No          

Ambient operating temperature range 
(°C) 

      �       

Maximum error of digital output 
(process bus) depending on ambient 
operating temperature 

      

Maximum error of 1 A/5 A analog 
output depending on ambient operating 
temperature 

      

Accuracy class 0,2S when secondary 
burden is any value from 0 % and 
120 % of the rated burden 

 Yes  No 

Accuracy class 0,5 when secondary 
burden is any value from 0 % and 
120 % of the rated burden 

 Yes  No 

Accuracy of current measuring       % 

Accuracy of voltage measuring       % 
Accuracy of active power measuring       % 
Accuracy of reactive power measuring       % 
Accuracy of frequency       % 
Frequency bandwidth      -      Hz 
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