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Abstract

Substations are a fundamental part in electrical energy transmission and
distribution. The role of a substation is to transfer and transform electrical
energy by stepping up or down the voltage. To do this, high voltage switching
equipment and power transformers are used, in addition to instrument
transformers that supply the status of the primary system to the secondary
equipment. Substation Automation Systems are then used to control, protect
and monitor the substations [1]. The IEC 61850 standard developed digital
substation with most advanced techniques. The IEC 61850 standard define in
its sub-clauses IEC 600448 and IEC 61850-9-2 about digital interface, digital
communication and Sampled Values transmission over an Ethernet link called
Process Bus. This thesis is mainly based on the development of the non
Conventional Instrument Transformers (NCIT), analogue to digital data
converter and power system protection. The scope of this study includes the
development of current and voltage transformer models in SIMULINK which
gives the ideal behaviour of NCIT for protection and measurement. The
research Methodology is modelling NCIT and a Merging Unit (MU) in MATLAB
SIMULINK, and then the simulated results are verified according to the IEC
61850 standard. The 4 kHz output (Voltage/Current) signal is obtained in the
digital form with 16-bit resolution. Final round of the research is to model the
multi-bus electrical transmission power system in SIMULINK using

SimPowerSystems Toolbox to run the verification tests on NCIT and Merging
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Unit models. The Merging Unit functionality is validated by obtaining three
phase analogue signals of both currents and voltages from NCIT. Signal
processing is performed on these signals and then transmitted on the Ethernet
port in the form of SV (Sampled Value) Stream according to the IEC 61850-9-2
standard. The developed Merging Unit is then connected to the different nodes
of the power system to test the performance and reliability of the Merging Unit.
The protection functions are not tested on Intelligent Electronic Devices (IEDs)
as the available SEL, Areva and ABB IEDs were not compatible at this stage
with the Process Bus of IEC 61850-9-2. The aim of this research is educational
or is an IEC 61850-9-2 Process Bus concept demonstration tool, to test
protection IEDs before they can operate in a real system. The field engineers
need a calibrating relay setting tool to perform troubleshooting. Electrical
engineering students, researchers and electric utility integration engineers will
be able to use the developed NCIT Unit for basic testing and demonstrating the
Process Bus technology concept -IEC 61850-9-2 based testing environment-
and also interface the Process Bus with bay level, which is highly required tool
by the industry. The model can easily run on any PC with average processing
power which is ideal for electrical students and researchers. The required
software packages are MATLAB, Simulink and SimPowerSystems, which are

commonly used and accessible research tools.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Introduction

Power System consists of generation, transmission and distribution; safe power
system operation is essential to ensure client satisfaction. Power System
protection is an essential event for the safety and reliable operation of the power
grid. Within substation automation, electromechanical relays were the first to
start in the protection field. Solid-state relays replaced the first generation of
electromechanical relays and were more efficient in the sense of their operation
functionalities. Later on the electronics revolution brought microprocessor-based
relays -as the state of the art- with many advanced operating principles, the use
of which has achieved the highest level of substation automation for more

reliable energy output to customers [1, 2].

In power transmission system, the power substation plays a significant role
since one of its roles is to transfer the voltage from high to low or vice versa by
utilising the power transformer. In the substation, the monitoring, control,
protection and other automation functions are provided by the Substation
Automation System (SAS). The communication network within the substation is
divided into three levels: station level, bay level and process level [2]. NCIT and
Merging Unit are located on the process level. The communication network

1



Chapter 1: Introduction

between primary equipment on process level and bay level is referred to as
Process Bus. The communication aspect of Process Bus is known as Sampled
Values service in the SAS, as per the recommendation of the International
Electrotechnical Commission (IEC) standard 61850 for the use of Ethernet

based communication in the substation automation field.

This thesis concentrated on the process level protection devices (NCITs and
Merging Unit) and also its communication aspect, especially the Process Bus’
Sampled Values service in the SAS. In order to make the readers familiar with
these topics, the terms related to the topic and the scope of this research is
introduced in this Chapter. As the IEC 61850 standard has been widely
accepted and adopted in the substation automation, it is important that the

testing tools keep up with this development [3].

1.2  Motivation

e NCIT logical model for measurement of current and voltage

e |EC 61850 9-2 based logical Merging Unit testing environment

e Quick Configuration

e Signal processing of all sensors - conventional or non-conventional

e Synchronization of all measurement with time stamped - 4 currents and 4
voltages

e Analogue interface - high and low level signals

e Digital interface - IEC 61850-9-2 or IEC 60044-8

2



Chapter 1: Introduction

Figure 1.1 illustrates substation automation with station and Process Bus. The
red encircled portion of the Figure 1.1 is the main task of the research work
where the Merging Unit is an interface between instrument transformers and the
Process Bus. Subsequently, the Process Bus is the interface between the

Merging Unit and IEDs.

A D c
T T Vﬂm?‘? transformers Intelligent Electronic Device (IED):

- Protective Relays;
@ - Digital Fault Recorders;
Vollage = Revenue Maters;
secondary - Remole Terminal Units;

wires - Power Quality Monitars:
- Phasor Measurement Units, ...

Current

E r
=4 L Y — E
sE¢E = T
0 c B
s y IEC 61850.9-2 g _'ﬁ
(measurement SV,
Merging Unit protective SV) .

Figure 1.1 Substation Automation with Station and Process Bus [15]

1.3 Research Goals and Objectives

The objective of this research is to have a logical Merging Unit which allows
running the simulations and testing on a PC which eliminates the need for any
vendor specific products, which are available at a high cost. The final goal of
this research is the development of a Merging Unit that compiles with the IEC

61850 9-2LE standard, guidelines, understanding of its operation within NCIT
3



Chapter 1: Introduction

and the Process Bus. Figure 1.2 shows a complete Process Bus solution with

logical Merging Unit.

f—————= i — ——— — i —— — ———— —
SoftWare Merging ‘

Unit Model

Process

ADC

Process Bus
Interface

)
]
]
Etherner (eth1)
I':l

Figure 1.2 Complete Soft/Logical Merging Unit Model Project

1.4 Research Methodologies and Techniques

The research methodology and techniques for this thesis work are as follows:

1. Describe the IEC 61850 standard and its significance especially IEC
61850 sub-clauses IEC 60044-8 and IEC 61850-9-2 about digital
communication and Sampled Values transmission over Ethernet link

2. Develop an understanding of IEC 61850 based SAS

3. Study the UCA Implementation Guideline for IEC 61850-9-2 (9-2 Light
Edition or 9-2LE) which specifies Sampled Value data sets that are
transmitted, sampling rates, time synchronisation requirements and

physical interface
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4. Research method for converting Analogue measurement signals from
optical components to digital signals by the Merging Unit for digital
interface between process level and bay level according to IEC 61850-9-
2 LE guideline

These digital signals will have the information of primary currents and voltages.
The available literature in this area of research is dynamic and highly

informative.

1.4.1 Research Method

To achieve the requirements of this research, the following methodology and

techniques are implemented:

Task 1: Literature review to get maximum exposure of research and related
work

Task 2: Analysis of the currently available equipment (NCITs and Merging Unit)
and its application

Task 3: Experimental setup

Task 4: Modulation techniques

Task 5: Performance analysis, testing and model validation

Task 6: Results
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1.5 Original Contribution of the Thesis

High significance of NCITs relative to other technologies including, Safety,
Dynamic range, Bandwidth, Environmental, Size, Cost and Compatible,
NCITs can be implemented in existing substations or old substations and
provide intelligent communication network to enable the real time monitoring
which is the most important factor for any country’s power sector. This research
is significant as this will look into implementation of NCITs in the Smart Grid
environment. The scope of this research is to parameterise the NCITs models
developed in the Simulink and the model of Merging Unit to test and protect

multi-bus electrical power system in Simulink.

1.6 General Limitations

As a general rule, cost, time factor and availability of technical apparatus bring
constraint to each project which somehow affects the quality of the research
work. Therefore, the constraint makes the expectation of the work more

reasonable and close to final result and finding.

1.6.1 Technical Limitations

This constraint includes the unavailability of real time simulator which restricts

this work to off-line simulations. The unavailability of IEC 61850-9-2 Process
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Bus on the ABB, AREVA and SIEMENS IEDs provided in the electrical lab

prohibited the use of interoperability tests.

1.6.2 Time Constraint

The time factor plays an important role in any project. Due to this constraint
were not able to arrange Process Bus enabled-IED to perform test bed and
perform interoperability tests. Even though it was not in the tasks to compete in
priority list but it could be an interesting work to add up to the research work or

future works.

1.7 Organisation of the Thesis

Chapter 1 Summarises the introduction, motivation behind this study work, the
selected research methodology and purpose of research

Chapter 2 Summarizes literature review

Chapter 3 Covers the basic theory and modelling of the NCIT, the theoretical
background of signal processing and explains the existing modelling
of the Merging Unit

Chapter 4 Gives the experimental analysis and results

Chapter 5 Conclusion and future work
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Chapter 2: Literature Review

2.1 Introduction

The demand of electricity generation is day by day rapidly increasing, on the
other hand, the environmental and climate issues such as carbon dioxide
emission and green house gases are more of a concern to governments, Local
bodies and the common public as well. As a result, the clean energy and
renewable are preferred and many new green energy power plants are under
construction. Transforming the existing power plants as well as building new
green energy power plants with intelligent power network to meet not only future
demand of electricity, but also efficiently control and distribution of energy flow.

The Smart Grid is the vision of future power grid [4].

2.2 Smart Grid

Recent trend in the power industry across the globe is to use advanced state-of-
the-art communication techniques and information technologies in electric utility
to realize the concept of Smart Grid; it integrates new innovative technologies
and the action of all the participants throughout the power system for smart
generation, transmission, distribution and utilization of electrical power as shown

in Figure 2.1. Having said that, it is also must be mentioned that Smart Grid
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implementation requires an intelligent communication network in order to enable

real time monitoring of valuable grid assets, improving the automation

functionalities and intelligence in the existing power network.

Figure 2.1 Smart Grid Concepts [4]

The Smart Grid also interface all the players in power grid which includes the
end user customer, industrial user, industrial plants, building automation system,

electric network and energy storage installation [5, 6]. Figure 2.2 explains

roadmap to Smart Grid.
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— e Gas & Water Plug-in electric

Il Network Initiatives Motorine T L ochicle Sareoct
. Advanced
~ | Initiatives built on AMI protection schomes

Complete or underway initiatives Dynamic rating of
- P Y assets . . ‘

‘ Micro generation
€

Asset condition
monitoring

Carrier Grade
Communications ‘

& storage

More accurate
regulatory reporting

Improved asset | management
management

‘ Consumer portal

Restoration ‘

verification ' Distribution

' automation via AMI

Figure 2.2 Roadmap to Smart Grid [36]

2.3 Substation Automation System

The electricity is generated by the power plant (e.g. Thermal plants in Australia).
The power generated needs to be delivered to the consumers. Substations are
a fundamental part in electrical energy transmission and distribution. The role of
a substation is to transfer and transform electrical energy by stepping up or
down the voltage/current. To do this, high voltage switching equipment and
power transformers are used. In early technology fuses are used to protect the
power transformers in the substation. As advancement in technology emerged,
electromechanical relays replaced fuses. Similarly, microprocessor technology
has seen the electromechanical relays replaced by IEDs. Furthermore, an
instrument transformer on process level that supplies the status of the primary
system to the secondary equipment has been added. In the substation, SAS

10



Chapter 2: Literature Review

provides monitoring, control, protection, communication and other automation
functions within the standard protocol IEC 61850 [7]. This integration not only
affects substation design but almost every system or component in it such as:
monitoring, protection and control by replacing hundreds of hardwired
connections with communication links, which leads to a more cost effective

copper-less substation [8].

24 |EC 61850

Early times multiple protocols exist for substation automation, which include
many protocols with custom communication links. Different vendor’'s devices
Interoperability would be an advantage to/for user of substation automation
device. About 60 members of IEC project group from different countries worked
in IEC three working groups from 1995. After working on all the concerns and
objectives, they created IEC 61850 standard. With the goal set for substation

automation were:

1. A single protocol for a complete substation allowing for the modelling of
different data required for substation

2. Classification of basic services required transferring data so that the
complete mapping to communication protocol can be made future proof

3. Support of high inter-operability between systems from different vendors

4. A common method/format for storing complete data

5. Define complete testing required for the equipment which conforms to the

standard [9]

11
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To achieve Smart Grid vision outlined in the road map, the IEC 61850 is listed
as a relevant and recommended standard. IEC 61850 with the help of modern
Information and Communication Technology (ICT) to facilitate communication
solution, Fibre optic or Registered Jack (RJ) cables, network switches and
routers are used to reduce the copper wire. Digital information is transferred in a
substation with the help of a microprocessor based device and automation
solution which was absent in the past, which was the main reason behind
holding back the digitisation of substation automation. Figure 2.3 shows digital

substation automation system.
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Figure 2.3 Digital Substation Automation System [10]
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In order to address this matter IEC Technical Committee (TC-57) published the
standard entitled “Communication Networks and Systems in Substation” in 2003

[11].

2.5 Conventional Substation Architecture

The conventional substation architecture as illustrated in Figure 2.4 utilises too

much copper wire to connect conventional transformers with the protection

system.
HMI
Control Center -
Interlocking Rl i,__i o I_L
logic
l H H M
_ Hardwired with parallel Cu wires |
Relay | | Relay Relay| | Relay
X1 X2 L X1 X2
Conventional Conventional Conventional Conventional
Switchgear CT/VT's Switchgear GT{VEs

Figure 2.4 Station Bus and Conventional Wiring [12]

As can be clearly identified this Figure only illustrates one bay case. It is easy to
picture and comprehend the complexity level of the connections with hundreds
of bays to protect. Studying the same case with IEC 61850 standard

implementation, it will be done by removing the conventional transformers and
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using non-conventional transformers, serial point-to-point connections according
to the standard for conventional switchgear. In this thesis the non-conventional
transformers are modelled and then IEC 61850-9-2 interface is implemented.

The architecture for IEC 61850 is also given in the Figure 2.5.

Control Center HMI T - . || Engineering
'

. A
0

Ethernet
Switch

IEC61850-8
IEC61850-9

Bay Relay| |Relay Bay Relay| |Relay

Controller A Controller A B
T — , | —
Ethener
Switch 7 S e
Modern Non Convent. Modem Non Convent.
Switchgear CT/VTs Switchgear CT/VT's

Figure 2.5 IEC 61850 Substation Architecture [12]

2.6 Digital Substation

The future of substations are complete digital substations according to IEC
61850 implementation. To achieve information sharing and interoperability
between different vendor products based on IEC 61850 protocols e.g.
Manufacturing Message Specification (MMS), Generic Substation Events (GSE)
and Sampled Value. The GSE control model is further subdivided into GOOSE
(Generic Object Oriented Substation Events) and GSSE (Generic Substation
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State Events). Digital substation comprise of intelligent microprocessor based
devices and networking IEDs. In comparison with the conventional substations,
communication interfaces and protocols are different in bay level and the station
level, but the major difference between the two is the Process Bus implemented
in the digital substation. The digital substation includes Merging Units, intelligent
primary devices and fibre optical connections. The fibre optical connections
replaced conventional CT/VT and copper cable wiring. Digital substation with
IEC 61850 standard, introduced GOOSE scheme which is the replacement of
old traditional binary input (Bl) and binary output (BO). The digital binary input
and binary output are configurable and Ethernet switch is used to deliver
GOOSE and reduce the wiring in the substation. IEC 61850 also introduced
Sampled Value which makes the current/voltage sampling at primary side easier
and more reliable. The voltage and current signals captured on primary side,
converted to the digital signals and then delivered to the protection and control
devices via optical fibre [13]. Sample Value source (Merging Unit) throughout a
substation, time stamp each sample accurately that allow protection IEDs to use
Sampled Value data from several sources. The clear comparison between

conventional and digital substation is given in the Figures 2.4 and 2.5.

2.7 Non-Conventional Instrument Transformers (NCITs)

NCITs integrate new innovative technologies and the action of all the
participants throughout the power system for the smart generation,

transmission, distribution and utilisation of electrical power. Smart Grid needs an
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intelligent communication network to enable the real time monitoring of valuable
grid assets for improving the automation functionalities and intelligence in the
existing power network. First Initiative of NCITs was taken by replacing CTs by
Rogowski coil used as an AC current sensor. Rogowski coil is connected to an
integrator circuit to obtain an output voltage proportional to the instantaneous
value of the current. New development of Smart Digital Optics (SDO) in NCITs
started a revolution in power protection. Optical current sensors are now
introduced based on Faraday Effect which does not require any oil or Sulfur
Hexafluoride (SFg) gas insulation and now both CTs and VTs can be
conveniently replaced by NCITs [1]. The Figure 2.6 shows the fundamental

principle of optical current sensor based on Faraday'’s effect for measurement of

current.
Faraday Effect P g Optoelectronics module
% Optical phase modulator e
_ o Polarizer Polarization-meintaining Reflector
linearly polarized light Magnetic field Light e — fiser link

\ave dependent rotation source

Phato —
X diode 'r“{,,‘
a0
maq“ B Sensing
. fiber cail
Magnetic field

dependent rotation

Figure 2.6 Fundamental of Optical and Fibre-optic Current Sensor [8]

It is an interaction between light and a magnetic field in a medium. The
Faraday’s effect causes a rotation of the plane of polarisation which is linearly

proportional to the component of the magnetic field in the direction of
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propagation [8]. Calculations of measurement of current are made with the help
of phase shift angle. The Pockels effect is the linear electro-optic effect shown in

Figure 2.7.

Pockels effect

Electro-optic crystal
Biy Ge, 04, (BGO)

.\({Jigfﬁnh

Orthogonal linearly

polarized light waves Phase shift proportional

= to applied voltage
qowe®® Abeo = € | E-ds

Figure 2.7 Fundamental of Electro-optic Voltage Transducer [8]

Electro-optic effect is the change in the refractive index resulting from the
application of dc or low frequency, electric effect. Refractive index changes in
proportional to the applied electric field (Pockels Effect). Where refractive index
changes in proportion to the square of the applied electric field (Kerr Effect).
This effect can occur only in non-Centro symmetric materials (crystal materials)
[8]. Figures 2.8 and 2.9 shows the high significance of NCITs relative to other

technologies including:

1. Safety, as optical output poses no safety risk as compared to CTs

potential lethal voltage
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2. Dynamic range, optical sensors do not have the limitation magnetising
current and suffer saturation effects as in conventional CTs do and
remain accurate down to zero current

3. Bandwidth, the actual limit is more likely to be anti-aliasing filters in the
process of digitising the optical signals

4. Environmental, optical sensors do not require oil or SFg insulation and
present very lower risk to environment

5. Size, small size and weight of the optical sensors reduce the requirement
of mechanical support and have flexibility in mounting the device

6. Cost, relative to conventional CTs, optical sensors can provide significant
cost reductions through reduced installation, maintenance and disposal
cost, bulk copper, spares inventory and structure requirement

7. Compatible, NCITs can be implemented in existing substations or old
substations and provide intelligent communication network to enable the
real time monitoring which is the most important factor for any country

power sector [1]
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Figure 2.8 Placement of Optical Sensors in Electrical Substation [10]
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Figure 2.9 NCITs on Field Applied to 170kV live Tank Circuit Breaker [10]
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2.8 Merging Unit

NCITs appear to be reliable and can measure current and voltage in order to
simplify and compact the primary equipment, reduce environmental footprint
and most importantly hazards associated with Conventional Instrument
Transformers (CITs) [1]. Furthermore, NCITs are key components in the
application of relays, meters and bay computers, all of which are used to
measure, control and protect the operation of power networks. An accurate
transformation of a secondary quantity is essential to feed substation IEDs and
digital relays. To communicate with IEDs and digital relays digital interface is
required and NCITs only measure the high transmission voltage and current in

analogue signals [14].

The absence of a digital interface standard did not allow NCITs into IEC61850
high voltage transmission sector. New International Standard IEC 61850-9-2
first released in 2004 [1], which has given new exposure to digital interface
standard for connection of NCITs to high voltage transmission domain in order
to protect the equipment and revenue meters. Merging Unit is being introduced
as shown earlier in Figure 1.1 which is best defined as; Interface Unit that
accepts multiple analogue CTs/VTs (optical or conventional) in addition to
binary input and produce multiple time-synchronised serial unidirectional multi-
drop digital point-to-point output to provide data communication via logical
interface 4 and 5 [16]. Interface 4 is defined for Current Transformer (CT) and

Voltage Transformer (VT) instantaneous data exchange (especially samples)
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between the process and bay levels, whereas Interface 5 is defined for control
data exchange between the process and bay level. The “Process Bus” is
defined in the IEC 9-2 LE (LE is the Light Edition) transmits not only position
information but also Sample Values and trip commands [1, 17]. Existing Merging

Units have the following functionalities [16]:

e Signal processing of all sensors - conventional or non-conventional

e Synchronisation of all measurement with time stamped - 4 currents and 4
voltages

e Analogue interface - high and low level signals

¢ Digital interface - IEC 61850-9-2 or IEC 60044-8

2.9 NCITs, Merging Unit and IEC 61850-9-2

The communication network in substation automation network is divided into
three levels, station level, bay level and process level. Switchgears equipment,
actuators and sensors are on process level. Communication network between
process level and bay level is called Process Bus [18]. Figure 2.10 shows three

level hierarchies of SAS in IEC 61850.
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Figure 2.10 Three Level Hierarchies of SAS in IEC 61850 [19]

In general IEC 61850 the bay level specified in IEC 61850-8 is being widely
used; IEC 61850 Process Bus part 9-2 standard has been implemented in some
pilot installations. Introducing the Process Bus is obviously of great benefit,
great reduction of copper wire, digitised information system, implementation
procedure with automated testing makes it easier [20]. As aforementioned,
Process level contain circuit breaker, current and voltage transformers and
these devices exchange information with bay level equipment, then Merging
Unit was eventually introduced [21]. Merging Unit was first defined in IEC

60044-8 and is shown in Figure 2.11.
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Figure 2.11 Merging Unit Definition in IEC 60044-8 [21]

The architecture of Merging Unit is shown in Figure 2.12, the first block contains
analogue filtering which requires the NCITs signals to decide and cut off
unnecessary frequency, and then the signals pass through the ADC (analogue
to digital convertor) in order to convert signals to digital form. DSP (digital signal
processing) block removes the noise from the signal and performs digital

filtering of the signal.

CT/PT
Merging Unit
Analog Filters , Analog Analog to Digital DSP b
. Circuit Chnverter Digital Sl.gn:il
Group Delay 1 ADC - Processing
’ | Group Delay 2

Delay=D1+D2
Synchronization
1PPS

Figure 2.12 Architecture of Merging Unit [22]
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This process causes the delay in the phase, which can be compensated by
using synchronisation pulse from GPS clock or some cases internal clock. The

delay in the phase can be realised in the Figure 2.13.

signal

e

Mﬂme

DELAY D1+D2

Figure 2.13 Phase Delay in the Signal [22]

The Merging Unit generates Sampled Value traffic that is fed into the Process
Bus network so that bay level devices such as IEDs can collect the
measurement. The Process Bus Sampled Value service is based on Data link

layer [23]. Table 2.1 explains OSI Layer Communication Model.
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Table 2.1 The Seven Layers of the OSI Model [24]

Layers Function

1. Physical Transmission of an unstructured bit stream
over the physical medium

2. Data Link Reliable transmission of frames over a single
network connection

3. Network End-to-end communication across one or more

sub-networks

4. Transport

Reliable and transparent transfer of data

between end points

5. Session

Control structure and management of sessions

between applications

6. Presentation

Data representation (encoding) during transfer

7. Application

Information processing and provision of

services to end users

The OSI layer model is divided into lower and higher layers, Physical, Data link
and Network are lower layers and the rest of layers are the higher ones. It is
lower layers responsibility to transfer the data between end systems while the

higher layers are to provide services to user of the end system [24]. The

information flow between OSI layers is presented in Figure 2.14.
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Figure 2.14 Information Flow and Encapsulation [24]

The encapsulation of data should be from top layer down to Data link layer, so
all the headers are to be added in each layer [25]. The allowed time-critical
packet communication delay such as Process Bus communication GOOSE and
Sampled Value is 3 to 4ms. The studied results in reference [26] show that
Sampled Value delay time with sample rate 1920-4800Hz are within the range

by using 100 Mb/s optical fibore communication speed.

2.10 Conclusion

The research is based on protection through Process Bus with NCITs and
Merging Unit. The goal is to have educational purpose-built or used as a
Process Bus concept demonstration tool, to test the protection IEDs before they
can operate in a real system. The field engineers need a calibrating relay as a

setting tool in order to perform troubleshooting. To evaluate the protection logic
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through Process Bus, there are several options, such as Omicron and Doble
test tools and also physical Merging Unit from any vendor but all of them are
either expensive or inflexible for educational purposes. However, to develop an
industrial level Merging Unit testing tool is too ambitious for the scope of this
thesis. The proposal of real-time digital simulators together (opal RT) with
MATLAB Simulink NCITs and Merging Unit modules are taken into account

because of feasibility and manageability with respect to limited time.
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Chapter 3: Models of NCITs, Merging Unit and Multi-Bus

Power System

3.1 Introduction

This Chapter includes the modelling of NCITs in Simulink, use of Opel RT
Simulink Merging Unit model and Multi-bus power system Simulink model

through following steps:

1. Theoretical background about CITs and NCITs for the reader to
understand the difference and functionality of both

2. Developed modules of NCITs are presented. These modules are not real
models for CT/VTs but give the ideal realization of CT/VTs

3. Theoretical background of Merging Unit is presented for the reader to
understand importance of Merging Unit and also the main functionality of
Merging Unit

4. Opel RT Simulink Merging Unit model is presented

5. Introduction to the overall power system and its different components in
addition to the modelling of a multi-bus power system in Simulink
SimPowerSystems simulations

6. Developed power system modules in Simulink is presented
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3.2 Conventional Instrument Transformers VS NCIT

Current transformers (CTs) play key roles as they produce the access to the
high currents in a power system through replica on the secondary side with
reduced level. IEDs detect the fault within time limits and isolate them; therefore
these devices are totally dependent on instrument transformer measurement
values. Problem with conventional current transformers is saturation in CT core
because of non-linear excitation in high fault currents. This result in the
measured value of current on the secondary side is no longer accurate
according to the turn’s ratio, which leads to triggering of wrong event [27]. The
replacement for the CITs is NCITs, also known as Electronic Current
transformer (ECT) and Electronic Voltage Transformers (EVT), which play an
important part in Smart substation. Electronic transformers use the electronic
technology to measure current and voltage of power system and deliver these
measurements to protection relays and control system. Employing ECT has
advantages of no saturation effect, no flammable materials such as oil, simple
insulation structure and immunity to electromagnetic interference gives NCITs

an edge on CITs [28].

3.3 Non-Conventional Instrument Transformers

NCITs nowadays, have achieved high performance in control and protection

regarding substation automation. Rapid development and achievements in
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electronics and information technology, has led to substations being more
compact and digital data transmission is transported from process level. NCITs
have proven its performance in worse condition of temperature, mechanical
vibrations and electromagnetic compatibility [29]. The designs of NCITs are
based on IEC 60044-8 and IEC 60044-7 respectively. The digital output
interface of NCITs is based on IEC 61850-9-2. The detected current
measurement is achieved by Faraday’s effect while voltage measurements
achieved by Pockels effect. Both measurements are transmitted to Merging Unit
as optical digital signals. Therefore, the primary equipment and substation
system wiring can be simplified by utilising optical fibre for communication of

data and procedural commands [30].

3.4 Simulink Model of ECT/EVT

On the transmission level the values of current and voltage are very high.
Instrument transformers step down the voltages/currents for monitoring and
protection purposes. Instrument transformers usually transform the high-tension
side to 110/220 V and 1/5 A depending on the measuring systems configuration.
In this research, the voltage and current are stepped down to 110 V and 1 A.
Once measurements are stepped down it further scales down with respect to
ADCs requirements for Merging Unit to work properly on these measurements.

Figure 3.1 shows the Simulink model used for both ECT/EVT.
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CO—S + P

Gain Saturation Gaint

Figure 3.1 ECT/EVT Model

The given Simulink models have two gain blocks and one saturation block, the
gain block on the Inl is used to step down ratio of the incoming currents and
voltages from main transmission line. The next step is the saturation block
which provides a lower and upper limit to the measured values. Reason for
saturation limit is to block any extra high current and voltage at the time of
abnormal or fault conditions. The last step is the second gain block which uses
further scaling down, if required for Merging Unit to convert AC signal to digital
signal. The second gain can be parameterised according to the given or

required condition to make the model flexible for any input measurement vales.
3.5 Merging Unit

Merging Unit plays an important role in digital substations. It exchanges the
message between process level and the bay level (secondary equipment) of the
substation automation. Merging Unit collects multi-channel analogue signals
output from ECT and EVT, converts the analogue signal from ECT/EVT (NCITs)
to digital signal and transmits these signal with the aide of IEC 61850 protocol to

protection and control devices [21].
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Much research has been already done and others are still ongoing by different
researchers and vendors on Merging Unit. The cases studied in reference [32]
(which is based on GE equipment) and reference [26], both project utilised
physical Merging Unit in their experimental setup. Figure 3.2 shows a physical

Merging Unit experimental setup.
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Figure 3.2 Physical Merging Unit Experimental Setup [26]

In presence of physical Merging Unit and professional tools shown in Figure 3.2,
detailed IED protection function evaluation has been given in reference [26].
Physical Merging Unit is not feasible as in some cases large amount of Merging
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Units are needed to test, which will be costly and inflexible for educational
purposes. Software models and simulation of Merging Unit are preferred even in
large scale test, when large amount of Merging Units are needed for testing

purposes.

3.6 Design and Function of Merging Unit

Literature studies reveal, different researchers suggesting different designs for
the Merging Unit with pretty much similar functionality. The work done in
reference [21] is used as reference point for understanding the design and
function of Merging Unit. The Merging Unit design comprises of three major
parts Data Acquisition and Processing function, Synchronizing function and

Packet transmission as shown in Figure 3.3.
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A/D
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Controller . o
Synchronizing
~ . —
""" function
D Ethernet
— b E— frame
Coutroller Packet €
‘ transmission D
A/D
.. —
transmission
------ Acquisition
- [
AD and procession
transmission

Figure 3.3 Function Model of Merging Unit [21]
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Merging Unit after converting NCIT 4 current and 4 voltage analogue signals
into digitized form with an output rate of 4 kHz according to IEC 61850 standard
in Data Acquisition and Processing function. Merging Unit sends the information
in form of Sampled Values or also known as Sample Measured Values (SMV).
These Sampled Value service is based on Data link layer on Process Bus [23],
where Data link is reliable for transmission of frames over a Single network
connection [24] within OSI layer communication model. The Ethernet based in
IEC 61850 is the same for conventional and commercial networking. Standard
communications mapping for Sampled Values is specified in IEC 61850-9-2.
Sampled Value requires VLAN frame tagging (VLAN ID, or VID) which is
commonly referred to as ‘802.1Q tagging’ according to IEEE 802.1Q-2005
standard. VLAN tags provide additional information to network switches about
which virtual network a frame belongs and priority CoS (Class of Service) is

assigned to the frame [33].

The Merging Unit, throughout a substation time stamps each Sampled Value
accurately; in turn this allows protection IED to use Sampled Value data from
several sources. IEC 61850-9-2 LE specifies an optical 1 pulse per second
(1pps) timing signal with +1psec accuracy for this purpose [34]. A standard

802.1Q tagged Ethernet frame is depicted in Figure 3.4.

Preamble Start Destinatio  Source 802.1Q Priority Canonical VLANID Payload Frame
Frame n Address Ethertype 07 Format (00016 to Ether type Check
Delimiter Address (3 bytes) (810016) (3 bits) Ind. FFE16) Sequence
(3 bytes) (1 bit) (12 bits)

Figure 3.4 Generic 802.1Q Tagged Ethernet Frame [33]
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IEC 61850-9-2 and 9-2LE has its own overhead which define Sampled Value
payload with not only ASN.1 encoding but also other fields, identify the source
of the sampled data and time stamp [33]. Figure 3.5 shows Sampled Value

protocol overhead [33].

Application Protocol sviD smpCnt confRef smpSynch
E;g;rfpe D SL\:: r??;a Reserved | Owerhead Source | Sample | Configuration | Synch. Mea%tg;ment
] (40004) g (APDU/ASDU)| Name | Counter Revision Sampling

Figure 3.5 Sampled Value Protocol Overhead [33]

IEC 61850-9-2 is a Multicast protocol; so specific destination addresses are
used. IEC61850-9-2 recommend that destination MAC address in the range 01-
0C-CD-04-00-00 to 01-0C-CD-04-1F-FF be used for Sampled Values [33]. The
measurement data contains the measured values. Fixed scaling is used to
convert primary quantities to integers like current x 1000 and voltage x 100.
Sampled Value source for protection mode transmit waveform data 80 times per
nominal cycle, which is 4000Hz for 50Hz power system and each frame of
Sampled Value data contains one reading making 4000 frames per second
transmitted for each three phase set [14, 15]. Figure 3.6 shows the Sampled

Values measurement data.
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la x 1000 | Is Quality Ig x 1000 | Ilg Quality I x 1000 le Quality | Iy x 1000 Iy Quality
(32 bitint.)] (32 bits) | (32 bitint.)| (32 bits) (32 bit int.) (32 bits) | (32 bit int.) (32 bits)

Vax 100 | Va4 Quality | Vg x 100 Vg Quality Ve x 100 | V¢ Quality Vy x 100 Vy Quality
(32 bit int.) | (32 bits) | (32 bit int.) (32 bits) (32 bit int.)] (32 bits) (32 bit int.) (32 bits)

Figure 3.6 Sampled Values Measurment Data [33]

3.7 Simulink module of Merging Unit

These above reference points Data Acquisition and Processing function,
Synchronizing function and Packet transmission, which are explained
methodically, explained the basic building blocks for the development of
Merging Unit. The studied Merging Unit in the reference [21] used the FPGA
(Field Programmable Gate Array) but the Merging Unit for this research was
developed in Simulink. The ECT/EVT models are connected with Merging Unit
and then Merging Unit will be connected through network switch with Process
Bus and test like Merging Unit accuracy, correctness, speed and limitation will

be done. Simulink module of Merging Unit model is shown in Figure 3.7.

Opal IEC61850 Merging Unit Errb

| stop

Op61850MergingUnit
LDName = xxxxMUnn0001

Figure 3.7 Simulink Based Merging Unit Model
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Table 3.1 explains the significance of each bit.

Table 3.1 Quality Attributes of Dataset

Bit |Attribute Name Attribute Value Defaul
Value Value
0-1||Validity Good 00 00
Invalid 01
Reserved 10
Questionable|l 1
2 ||Overflow TRUE |FALSE
3 ||Out of range TRUE |FALSE
4 |Bad reference TRUE |FALSE
5 ||Oscillatory TRUE |FALSE
6 |Failure TRUE |FALSE
7 |Old data TRUE |FALSE
8 |Inconsistent TRUE |FALSE
9 |[Inaccurate TRUE |FALSE
10 |Source Process 0 0
Substituted |1
11 |[Test TRUE |FALSE
12 Operator TRUE |FALSE
blocked
13 |Derived TRUE |FALSE

V, I, QA and Stop are four input vectors used to specify the Sampled Value to
be multicast during the RUN phase of the model. There is fifth input, which is

clock but this only appears in the block if the External Clock is selected from the
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parameters setting. The two vectors V (Va, Vb, V¢, Vi) and | (I, Iy, I, 1) are the

three phase voltages and currents measurement.

The QA is an eight-element vector (each element represents a 16 bit value)

which is used to input the quality attributes of the current/Voltage dataset (QVa,

QVb, QVC: QVna Qlaa le, Qlc, Q'n)-

The input “Stop” is a flag enabling which start the transmission of Sampled

Values per nominal line cycle, Stop value “0” means enabled and Stop value “1”

means disabled.

The only output is the error status “Err” which return the following values as

shown in Table 3.2.

Table 3.2 Merging Unit Error Status

The block completed the send operation

successfully.

-1 | The driver didn't initialize properly.

-2 | The block stop input flag is enabled.

The send operation could not be completed (error

returned by the Ethernet driver).

14 Could not communicate with the interface
specified by the Ethernet adapter parameter.
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Parameters detail of Merging Unit model is explained in Figure 3.7a.

! = * = = X4 Ethernet Adapter : Specifiez the name of the Ethernet adapter
Function Bk Par: rs: rgin P P P
“‘ unction Block Parameters; Op61850Me: 9 gUﬂIt interface (string, 64 characters max). To verify which Ethernet
. : device: are available on a RedHat system, issue the following
0p61850MergingUnitMask (mask) (link) & comenand:
This block is used to simulate a IEC 61850 Logical Device Merging 1“2“;’“%“9 networl interfaces s printed. Report in this field
Unit in a Substation Automation System. This block refers to the the name of the network interface to be used by this merging unit.
definition of the merging unit given in the IEC 61850-9-2-LE
document.
LDMame : Specifies the system-wide unique identifier [string, 10
characters min.,, 35 characters max.). The user convention [EC 61850-3-
In the IEC 61850-9-2-LE document, the merging unit is an interface 2LE recommends using the following format SococMUnn’ where oo is
unit that accepts 4 CT/VT in input and produces time synchronized mm:"at_i;" 0:"'5 substation name, voltage level and bay and
ti L nt.
sampled values on the IEC 61850 network. e nn identiies the messuring pot
Parameters N . I
MAC Address : Specifies the MAC multicast destination address where
the sampled values will be published [e.g. '01-0C-CD-04-00-00"). The
Ethernet Adapter MAC address must respect the following format 'hh-hh-hh-hh-hh-hh',
etho where his an hexadecimal digit
LDName Sampling Rate : Specifies the number of samples transmitted per
cycle.
xoecMUnn0001

MAC Destination Address
Mominal Frequency : Specifies the power system frequency
01-0C-CD-04-00-00

i Extrapolation: Specifies the extrapolation method the driver applies

Samp“ng Rate [BD 'l to estimate the block input value at a predse time. Each Merging

Unit block has a 50-element circular buffer. During each caloulation

Mominal F[equenw ISQ - ‘ step, it fills up one entry. Depending on the extrapolation method,

the driver uses a number of known values from the circular buffer

= and predicts the block input value that will be sent on the network
o ] at that moment.

Extrapolation | Linear

Clock [Intem al 'Jl Clock: Specifies the clock of Merging Unit . If the option of "External

Clock™ is selected, the Merging Unit will be synchronized with an
external clock that receives in the clock input field. Otherwise the
block uses internal clock of the system. This option allows us to use

— — - T Spectracom, TSync, PCle board along with Merging Unit block to
[ Cancel l i Help l Apply l synchronize the time with GPS instead of system time.

Figure 3.7a Parameters Detail of Merging Unit Model

3.8 Simulink modelling of Power system

In order to test the developed product of Merging Unit and ECT/EVT the next
task was to model a power system, which can give the simulated values to
check the flexibility and dynamics of the Merging Unit. The next task is to model
a power system in  Matlab/Simulink  SimPowerSystems  toolbox.

SimPowerSystems toolbox is a dedicated tool for modelling and simulating the
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generation, transmission, distribution and utilization of electrical power. It
contains built-in models of three phase electric voltage source, transmission
line, load and transformers. The Merging Unit block represents a sample
Merging Unit model in IEC 61850 architecture. It performs a time coherent
combination of the current and voltage data. Merging Unit combines the
currents and voltages from three phases and additionally also the currents and
voltages neutral in one dataset that include the Logical Nodes (LN) TVTR
(voltage transformer) and TCTR (current transformer) for transmission with the
Sampled Value service to all subscribing IEDs. The Merging Unit version follows
the recommendations of the UCA International Users Group and it is published
in the user convention IEC 61850-9-2LE (Implementation Guideline for Digital
Interface IEC 61850). Especially, Sampled Value dataset is composed of four
ECTs/EVTs transmitted using 80 or 256 sample per cycle. The Merging Unit
block input data is computed by the sample rate and also nominal frequency of
the block [35]. The reason of using Simulink SimPowerSystems is because it is
compatible with the OPAL-RT Real Time Simulator and can be used to further

test the overall system in the real time environment.

3.9 Power System Modelling In SimPowerSystems

The single line diagram of the power system, which was modelled in the

SimPowerSystems, is shown in the Figure 3.8.
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Busl Bus2 Bus3 Bus4d

Programmable | | |
Voltage Source | | @ | l
Step down 10 Km

transformer Transmission line
100/33KV 10 MW Load

Voltage Regulator

Figure 3.8 Single Line Diagram of Test System

Figure 3.8 illustrates how various power system components are connected

together to form a power system model. These components and their respective

parameter setting details are discussed in subsequent sections.

3.10 List of SimPowerSystems Blocks Used

The used components are presented in the following list and are explained

subsequently.

=

Three phase Programmable Voltage Source
2. Three phase Pi Model For Transmission Line
3. Three phase Series RLC Load

4. Three phase two winding transformer

5. Voltage Regulator

6. Three phase Discrete Sequence Analyser

7. Power GUI (Graphical user interface) Block
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3.11 Three phase Programmable Voltage Source

In Simulink SimPowerSystems library, it contains various electrical sources
which are based on modelling a certain power systems requirement. The three
phase programmable voltage source is used in this thesis. Figure 3.9 shows the

block used in the model.

File Edit View Simulation Format Tools Help

O E&E A » ‘1D.D |N0rrna| j a2} BE

o
¥ o
AC Current Source =
o @ Controlled Voltage Source
o
b e
@AC Voltage Source 2
I e == I

B

" o
i @ o J-|—_IZZIC\.-‘0|tagE Source
= Al I

| Battery aln @ Bla

clo

o
o
Three-Phase -
|||—®-Mu\,—[m\-e o Programmable @ Controlled Current Source
| Voltage Source m
=

clo

Three-Phase Source

Electrical Voltage Sources

Ready 100% oded5

Figure 3.9 Three Phase Programmable Voltage Source Block

The output of three phase programmable voltage source is as follows:
1. “N” in electrical term represents Neutral. It connects either neutral or
ground. In this case it connects to external ground
2. "A B C” represents three voltage phases with programmable frequency,

phase, amplitude and harmonics
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The Figure 3.10 shows the block parameters detail

programmable voltage source.

jl_n;Biock"

: 3-Phase Prog ble Voltage Source

of three phase

Three-Phase Programmable Voltage Source (mask) (link)

This tab gives the option to put line to line

This block implements a three-phase zero-impedance voltage source. The common
node (neutral) of the three sources is accessible via input 1 (N) of the block. Time
variation for the amplitude, phase and frequency of the fundamental can be pre-
programmed. In addition, two harmonics can be superimposed on the fundamental

voltage amplitude with phase and frequency

Provides option to put time wvariation in

Ly

Note: For "Phasor simulation” , frequency variation and harmonic injection are not
allowed. Specify Order =1 and Seq=1,2 or 0 to inject additional fundamendal
components A and B in any sequence.

Parameters | Load Flow

Positive-sequence: [ Amplitude(Vrms Ph-Fh) Phase(deg.) Freq. (Hz)]
[100e3 0 50]

Time variation of: | Amplitude

_+Pr0vides option to select variation type and here

amplitude phase and frequency.

step type is selected.

Provides option to select the step magnitude. This

Type of variation: |Step 1

Step magnitude (pu, deg. or Hz):

0

Variation timing (s) : [ Start End ]
[0.10.2]

[¥] Fundamental and/or Harmonic generation;,

[2201]

B: [ Order(n) Amplitude(pu) Phase(degrees) Seq(0, 1 or 2) ]

A: [ Order(n) Amplitude(pu) Phase{degrees) Seq(0, 1 or 2) ] El

| | step variation can be in voltage , phase or
1 | frequency.

1

This option provides the duration for which any
change in voltage , phase or frequency is added.

To add any order of harmonic this option is to be
selected first.

This option is used to put the order of harmonic

[0000] [ | with specific amplitude, phase, frequency, and
sequence (positive/negative or zero).
Timing (s) : [ Start End ] |
s 01 I - || This option defines the time duration for harmonic
2 > :
OK [ Cancel ] [ Help } [ Apply ] generation.
= o — o —

Figure 3.10 Block Parameters Detail of Three Phase Programmable Voltage

Source

3.12 Three Phase PI (1r) Section Line

Three phase PI (11) section line block implements a balanced transmission line

with parameters lumped in a PI (1) section line. Three phase PI (11) section line
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block from SimPowerSystems library is used to connect bus 2 to bus 3. Three

phase PI (1) section line block Figure 3.11 is shown.

File Edit View Simulation Format Tools Help

O)=eE & & =) » |1D.D |N0rrnal ﬂ =
— o oA Al e
o—{———} n o o o B\
a_p——— = o|C Clo slc
Distributed Parameters Linel Three-Phase Three-Phase Fault
PI Section Line

Ready 100% oded5

Figure 3.11 Three Phase PI (1r) Section Line Block

The parameters of terminals of both end of the transmission line will implement

a PI (1) section. Details are shown in Figure 3.12.
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I W Block Parameters: Three-Phase PI Section Line ﬁ
Three-Phase PI Section Line (mask) (link)

This block models a three-phase transmission line with a single PI section.

The model consists of one set of RL series elements connected between input
and output terminals and two sets of shunt capacitances lumped at both ends
of the line. i

RLC elements are computed using hyperbolic corrections yielding an "exact”
representation in positive- and zero-sequence at specified frequency only.

To obtain an extended frequency response, connect several PI section blocks
in cascade or use a Distributed Parameter line.

Parameters ) The frequency used for specification of line
Frequency used for R L C specification (Hz) : | parameters. In this case it is 50 Hz.
50

|| Positve- and zero-sequence resistances (Ohms/km) ER1 ROT » The positive and zero sequence resmtam:f.:s can
T be set equal to zero if the lossless line is

{ - considered but here it is left to default value.
Positive- and zero-sequence inductances (H/km) [L1 LO] :

f [ 0.9337e-3 4.1264e-3] — The positive and zero sequence inductances for
Positive- and 26ro-sequence capacitances (F/km) [ C1C0J : the transmission line. These values are also

kept to default value.
[12.74€-9 7.751e-9] 5

Line sectionjength (km):c 1t represents the length of the transmission line.

— The length of the transmission line between
bus2 and bus3 is 10Km.

| OK H Cancel [ Help I Apply

10
————

Figure 3.12 Parameters Detail of Three Phase PI (11) Section Line

3.13 Three Phase Series RLC Load

Three phase RLC load is also selected from SimPowerSystems library, which
provide constant impedance through series combination of resistance,

inductance and capacitance. The block diagram is shown in the Figure 3.13.
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File Edit View Simulation Format Tools Help

OleE& ¢ + (Frr b = |'I[H} ]Norrnal _:_J
=] a o o a o o4
=< m T L
Three-Phase Three-FPhase il TLE
Parallel RLC Load Series RLC Load ale
L =
= — Three-Phase
Dynamic Load
Ready [100% [odeds

Figure 3.13 Three Phase Series RLC Load Block

Parameters detail can be seen in Figure 3.14.

B Block Parameters: 10MW Load

Three-Phase Series RLC Load (mask) (link)

Implements a three-phase series RLC load.

Parameters | Load Flow

Configuration [Y (grounded)

A 4

This option allows to put the load in the connection
type you require your model to simulate. In our case it
is Y grounded.

A 4

It is the line to line value in the system and here it is
set to 33KV,

Nominal phase-to-phase voltage Vn (Vrms)
33e3

Nominal frequency fn (Hz):

50

Active power P (W):

10000000

Inductive reactive power QL (positive var):
100

Capacitive reactive power Qc (negative var):

100

v

It is the value of the operating frequency of the system
which can be 50 or 60 Hz. Here it is 50Hz.

It is the required active power required for the load in
total. In our case it is set to 10 MW.

L 4

It is the total inductive reactive power which is
required from the grid and it is due to the inductive
loads in the total load value. It is set to 100Mvar.

Measurements [None

A 4

It is the total capacitive reactive power which is
required from the grid and it is due to the capacitive
loads in the total load value. It is set to 100Mvar.

I OK H Cancel [

Help

Apply

v

This option 1s to get values of voltages and currents
for phase to ground. But it is not selected here because
we are using three phase V/I measurement block
instead.

Figure 3.14 Parameters Detail of Three Phase Series RLC Load
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3.14 Three Phase Transformer Two Winding

The SimPowerSystems library shown in Figure 3.15, demonstrates different
kind of transformers. The model required for this project is a three phase
transformer with two winding. The purpose of simple three phase two winding

transformer is to step down the voltage from 100 kV to 33 kV.

File Edit View Simulation Format Tools Help

R = = Lo » = [0 [Nomal -]
o|lal 2+ |o a2 |o az|o
A F
3|E P2k T, o2
o|Al AZ (o
3 E_I:E o g -l L]
e 3IE B
o|B1 g2 (o g\(_ba o bz(m
ol el S 9cz(m alc 3 ez
alct g H gcz 0 Three-Phase Three-Phase Transformer
Transformer Inductance Matrix Type
Three-Phase Tr_ansformer (Three Windings) {Three Windings)
12 Terminals
o[a+ alA a|o olA a2|a
o|lp+ EEAL
o|c+ [\ olB b|e olp bz |o
ala- | ;é‘ﬂ .
o|g- “CYE \rgl:“ “CYE \rgl:zu
o|c- 3|
: Three-Fhase Three-FPhase Transformer
Zigzag Transformer Inductance Matrix Type
Phase-Shifting Transformer (Two Windings) {Two Windings)
Ready 100% oded5

Figure 3.15 Three Phase Transformer Two Winding Block

Terminals “A B C” which are three phase input represents primary side of the
transformer and terminals “a b ¢” which are three phase output represents the
secondary side of transformer. Parameters setting especially step down

configuration can be seen in Figures 3.16 - 3.18.
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B Block Parmmetars Theee Phaes Teanstormer (Tan Windengs) |
Thrae-Phase Transformer (Two Windings) (mask) (link) &

This block implements a three-phase transformer by using three
single-phase transformers. Set the winding connection to 'Yn' when |-
you want to access the neutral point of the Wye.

Click the Apply or the OK button after a change to the Units popup
to confirm the conversion of parameters.

||| Configuration Paramelersl Advanced |

[¥] Break Algebraic loop in discrete saturation model |

2| Selecting this option speed up the simulation.
Use SI units (internal use)

I OK H Cancel i[ Help H Apply I

Figure 3.16 Three Phase Transformer Two Winding Advance Parameters Detail

Windingl presents the primary side of the transformer.
The transformer between busl and bus2 has a primary side

'g Block Parameters: Three-Phase Transformer (Two Windings) - .| connected to a programmable line to line voltage source.
Three-Phase Transformer (Two Windings) (mask) (link) »| 7| Primary side is connected as Y so that line voltage from
This block implements a three-phase transformer by usingfthree | Voltage source terminal and the voltage seen by

single-phase transformers. Set the winding connection to 'fn' when | transformer is same.
you want to access the neutral point of the Wye. |

E Winding2 is also connected as Y to make the turns ratio

Click the Apply or the OK button after a change to the Unitg popup to

confirm the conversion of parameters. calculations simpler. If the windings are connected
) =»| differently then turns ratio calculations becomes more
I Configuration I Parameters | Advanced | | complicated due to Y-delta transformations of voltages.
|'winding 1 connection (ABC terminals): |Yg - : Therefore both primary and secondary are Y connected.
Wincling:2 connection (b terminals) - u If this option is selected then it implements a saturable
[7] saturable core 2| three phase transformer. It is ignored in this seftings of
Measurements [None 1 '] paIameters.
- This option provides the measurements of voltage, flux,
[ o J [ = I [ il I = 2| currents at the terminals of the windings. This option is not
ncel e A Y &
| L s . | used here. Instead VI measurements block is used.

Figure 3.17 Three Phase Two Winding Transformer Parameters Detail 1
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E Block Parameters: Three-Phase Transformer (Two Windings)

b=y

Three-Phase Transformer (Two Windings) (mask) (link)

to access the neutral point of the Wye.

confirm the conversion of parameters.

: Configuration ‘ Advanced

Units gjpu

This block implements a three-phase transformer by using three
phase transformers. Set the winding connection to 'Yn' when yo

Click the Apply or the OK button after a change to the Units popu

ingle-
want

N
C

This option provides the flexibility to enter the parameters
value in per unit or SI units, per unit option is selected.

A 4

It represents the nominal power rating of transformer and
frequency of the power system. Transformer is set to
operate at 50 Hz frequency.The nominal power of the
transformer 1s 250 MVA.

Nominal power and frequency [ Pn(VA), fn(Hz) ]

[ 250e6,50]

Winding 1 parameters [ V1 Ph-Ph(Vrms) , R1(pu) , L1(pu) ]
[ 100e3,0.002,0.08 ]

Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(pu) , L2(pu) ]
[ 33e3, 0.002, 0.08 ]

Magnetization resistance Rm (pu)

500

Magnetization inductance Lm (pu)

500

Saturation characteristic [ i1, phil ; iz, phi2 ; ... ] (pu)
[0,0; 0.0024,1.2;1.0,1.52]

Initial fluxes [ phiOA , phi0B , phi0C ] (pu):

[0.8,-0.8,0.7]

[ OK H Cancel H Help

pply

4

The phase to phase voltage for primary side of the
transformer is 100KV and the winding resistances and
inductances are 0.002 and 0.08 pu respectively. Here the
values of resistance and inductances are chosen by default.

All the settings are same as primary except the secondary
winding parameter which is 33KV because it is set to be as
step down transformer.

P L
W

These parameters corresponds to the magnetizing
impedance of the transformer.These values are generally
very high. Default values are used here.

-
W

The saturable transformer option is not selected so these
parameters are neglected.

Figure 3.18 Three Phase Two Winding Transformer Parameters Detail 2

3.15 Three Phase Fault

To design a system to study the transient stability, voltage stability and Merging
Unit performance during different system condition, the electric fault helps to
understand system behaviour and also the behaviour of peripheral devices
attached to the system. Three phase fault block is placed between buses 2 and
3 to mimic transmission line fault in the system in order to test the functionality

of the newly developed Merging Unit. Figure 3.19 shows the three phase fault

block provided in the elements category of SimPowerSystems library.
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File Edit View Simulation Format Tools Help
O = EH& 2 b = [1I00  |Nomal
i
a[ ol a[A Al
o EMQJ o o B%B o
alc clo a|C Z|e
Three-Phase
et E e aacatise Uhkeesehaseitault Parallel RLC Branch
L]
|
N
Ready 100% odeds

Figure 3.19 Three Phase Fault Block

“A B C” terminals represents the three breakers inside the block, A B C are
connected to the ground. Figure 3.20 shows the parameter detail of three phase

fault block.
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3.16

Three phase VI measurement block is used to monitor and measure voltage
and current in the system. Three phase VI measurement block often used as
bus in the system and gives same output as the input to bus; it is available in

the measurement category of SimPowerSystems library. Figure 3.21 show three

This option allows to apply three phase to ground, two
phase to ground and single phase to ground faults. In our
case we applied both three phase symmetical and single
phase to ground unsymmetrical faults to check the MU
behaviour in the context of measured values.

It specifies the internal fault resistance. It cannot be set to
0. Default value is set here for this parameter.

This option allows applying ground faults. If this option
is not connected then the ground resistance is kept to 1
Mega ohm. We are using three phase to ground fault so
we have enabled it.

The ground resistance is set to default value of 0.001
ohm.

This option provides user with the external control of
applying the fault whenever he wants to check the system
bahaviour.

0 represents that the fault is not connected and 1
represents that fault is connected.

It is the time interval which can be selected to apply fault
during that duration. Here it is selected between 2 sec to 4
sec. Three phase to ground fault is applied for 2 seconds.

Snubbers are required in case of serial connection of three
phase fault with an inductive component or a current
source. Here resistive snubbers with default value are
used. It can be eliminated by putting the inf (infinity)
value.

-
W Block Parameters: Three-Phase Fault =)
Three-Phase Fault (mask) (link) -
Use this block to program a fault (short-circuit) b >
any phase and the ground. You can define the faul} timing
directly from the dialog box or apply an external logical signal. I
If you check the 'External control' box , the external control il
input will appear.
Parameters >
[¥] Phase A Fault
V| Phase B Fault
- =
¥| Phase C Fault i
Fault resistances Ron (ohms) :
0.001
=
B -
| Ground Fault =
Ground resistance Rg (ohms) :
=
0.001 -
["] External control of fault timing :
Transition status [1,0,1 ...): I >
[10]
Transition times (s): -
>
[24]
Snubbers resistance Rp (ohms) :
le6
- ~
Snubbers Capacitance Cp (Farad) >
inf
Measurements lNone -I
=
[ ok ][ cancel ][ melp_ T Apely |~

It provides option for a Rs-Cs snubber circuit.It has been
set to inf i.e it is ignored here.

Figure 3.20 Parameters Detail of Three Phase Fault block

Three phase VI Measurement Blocks

phase VI measurement block.
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File Edit Wiew Simulation Format Teools Help
Ol S i = 4 |1D.I} | Normal |
o|a Vabc
Iabc
Mag olg alo
abc bla
Phase alC B
3-Phase Three-Phase
Sequence Analyzer -1 Measurement
Ready 100% oded5

Figure 3.21 Three Phase VI Measurement Block

Three phase VI measurement block measures the three phase instantaneous
voltage and current in system. Measurement can be either phase to phase or
phase to ground.

1. Terminals “A B C” are the input terminals of three phase

2. Terminals “a b c” are the output terminals of three phase

3. Varce and Iy output contain three phase voltage and current

measurements in a single vector form

Both Vane and lae Will be fed into the NCITs model to get the measurements

values. Figure 3.22 gives the parameter detail for three phase VI measurement.
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W Block Parsmeters: Three-Phase V-1 Measurement3 ﬁ
Three-Phase VI Measurement (mask) (link) . | Either phase to phase or phase to ground voltages
Ideal three-phase voltage and current measurements. “| measurement option is provided.

The block can output the voltages and currents in per unit values or in yolts z = =
and amperes. e : g This option sends the measured values to the variable

name given. This measured value contains three phase

Parameters { voltages measurements and can be used to -either
Voltage measurement [phase-[uvg[mmd —_— -} calculate voltage sequences (positive,negative or zero) or
ower.

[v] Use a label p

Signal label (use a From block to collect this signal)

Vabe_3

enabled.

3 It provides the option to measure the values in per unit if

[¥] Voltages in pu, based on peak value of nominal phase-to-ground voltage
Current measurement Iyes _—{——)l It enables the three phase current measurements.

[¥] Use a label

This option sends the measured values to the variable
name given. This measured value contains three phase
current measurements and can be used to either calculate
[¥] Currents in pu current sequences (positive,negative or zero) or power.

Signal label (use a From block to collect this signal)
Tabc_3 =

Base power ( VA 3 phase)

100e6

If the measurements are required in p.u then the base
Nominal voltage used for pu measurement (Vrms phase-phase) : values of power and voltage are need to be entered. As in
our case we need both so this option is adjusted according
to the requirement.

4

33e3

A 4

Output signals in: | Complex

[T][Cancel ” Help ” Apply I‘

Figure 3.22 Parameters Detail of Three Phase VI Measurement

3.17 Power GUI Block

The most important environmental block is the Power GUI block for the Simulink
models. Power GUI block provides multiple functions and is almost required in
each and every model for starting the system. Details of power GUI block are

explained in Figure 3.23.
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File

Edit View Simulation

Format Tools

Help

DSEHES| 2B 4|2 » =0 [Nom

Ready

Extras Continucus W
|
3
Lliztﬁt;sy powergui Measurements
100% | [ loded5

Figure 3.23 Power GUI Block

Parameters Detail of Power GUI Block is shown in Figures 3.24 — 3.26.

B volsgesbitmodelpo. (= < %

~— Stmuigtion and congurstion opions

18 Block Parameters: poserui

H

Configure paramefers

-~ Analvss looks-

Steady-State Vokages and Currents

il States Settng

]

Load Flow Maching ntsizston

UseLT Viewer

Impedance vs Frequency Measurement

i

Y

PSB option menu black (mask)
Set simulation type, simulation parameters, and preferences

ISuhrc-r I Load Flow | Preferences

Simulation type: | Discrete v

Sample time (5):

Sle-b

E E Help Apply

e

B Block Parameters: powergui

PSB option menu block (mask)
Set simulation type, simulation parameters, and preferences

Solver I Load Flow I Freferences
Load flov T

50 1

Base power Fbase (VA):

10086 2
PQ tolerance (pu):
1e-4 3
Max iterations:
50 4
Voltage units | KV 5
Povwer units MW 6
oK Cancel | [ Help Apply

T Antyss
Geterate Repor
Hysleress Desin To

Compte RLC Line Parameters

sy

[l

It allows us to use either continuous,
discrete or phasor mode for solving the
model. As in our case the model is to be
simulated in the discrete mode. So
discrete mode is selected with a sample
time of 50 Micro seconds.

1.Specify the frequency at which load
flow analysis will be performed.

2.The value of base power for load flow
analysis.

3.1t defines the tolerence between P and
Q before the iterations stops.

4. It defines the maximum number
iterations the Load flow tool will perform
until the P and Q powers mismatch at
each bus is lower than the PQ tolerance
parameter value (in pu/Pbase).

5-6.The voltage and power units are
defined in these two options to display
output.

Figure 3.24 Power GUI Configuration Settings 1
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r . V¢ o)
voltagestabilitymodel/po.. M‘ ﬂ Block Parameters: powergui &[
— Simulation and configuration options ——— PSB option menu block (mask) -

Configure parameters Set simulation type, simulation parameters, and preferences
Pisntes Solver | Load Flow | Preferences
Steady-State Vottages and Currents Display SimPowerSystems warnings and messages 1
2
Use TLC file when in Accelerator Simulation Mode and for code generation
Initial States Setting
Start simulation with nitil electrical states from:
Load Flow IMachine Initiaization
Restore disabled links of SimPowerSystems blocks: [warning 4 v]
Use LTI Viewer
[ 0K I [ Cancel } [ Help ] l Apply ]

Impedance vs Frequency Measurement _—m

FFT Analysis 1.The first message enables the warnings and
messages during the analysis and simulation of the
Generate Report model.

2.Second option is used to accelerate the simulation.
3.Third option allows to start simulation with either
steady state, zero or block parameters. In our case we
are starting simulation with steady state values
calculated by the power GUI block.

4. This option allows to show any disabled link for the

blocks in the model.

Hysteresis Design Tool

Compute RLC Line Parameters

Figure 3.25 Power GUI Configuration Settings 2
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[ voltagestabilitymodel/po... M This option gives steady state voltages and
currents values of the simulated model.

— Simulation and configuration options

| . | This option gives the option of putting either

[
l Sondoure porsmeters “| zero or steady state for initial state condition.
— Analysis tools This option gives steady state voltages and
currents values of the simulated model.
Steady-State Voltages and Currents — —
The load flow option is used to initialize the
ksl Sinies: Seii | network to the steady state and it performs the
e J | load flow analysis by using the
— H — "Newton’Rapsion  methods.The  machine
initialization control is not used in this model.
Use LTI Viewer 1 3 This option is used to find the state space

[ |

JI model. It is not used here.
[ podeace ve Froouency Messuroreet | l 5 It is used in case of impedance measuring
| |

]
| |

block. Not used here.

FFT Analysis
This option gives the facility to perform the
Generate Report | fourier analysis of the signals. Not used in this
model.
Hysteresis Design Tool _l' This option is used to generate report of initial
2| states, load flow and steady state values of the
Compute RLC Line Parameters l model.

This tab is wused in case of saturable

| transformers which are not considered in this
\ I' y model.

It can be used to find R,L C components of the transmission line if the type,number of bundle
conductors and the spacing between them is known.

Figure 3.26 Power GUI Analysis Tools

3.18 Fully Modelled Power System

Power system model comprises of 100 kV programmable voltage source, 4-
buses, 1-100/33 kV step down transformer, 10 km transmission line, three
phase fault is applied between buses 2 and 3 and at bus 4 load is 10MW. Figure

3.27 shows the complete power system model.
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Three-Phase Three-Phase
-1 Measurementl Series RLC Load
— —a|a a|w—n L ——
. — Nl
— —|C Yq C[—=
1 LI
= Three-Phase Three-Phase Three-Phase Three-Phase Three-Phase
Programmable V-1 Measurement  Transformer ) PI Section Line V-T Measurement2
Voltage Source (Two Windings) q\ Three-Phase Fault

Figure 3.27 Three Phase Power System Model in Simulink

The reasons of modelling power system in this research are to test the NCITs
and Merging Unit for different scenarios by simulating the power system
described in Figure 3.27 under different parameter settings. The NCITs can be
connected to any bus or at all buses to obtain the appropriate measurements,
also it must be connected to the Merging Unit by optical fibres, transporting
proprietary protocol signals. However the power system will be simulated under
different parameter conditions to test the actual NCITs and Merging Unit

performance.
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Chapter 4: Experimental Analysis, Results and

Discussion

4.1 Introduction

The experimental analysis and results are presented in this Chapter. The
purpose of the experimental work is to prove the IEC 61850-9-2 Process Bus
interface developed in Chapter 3 and the goal of the project defined in Section
1.3 (Figure 1.2) can be achieved. In this Chapter, NCITs and Merging Units are
placed in developed power system at the different nodes to get the three phase
voltage and current measurements. After the measurements have been
collected then these measurements are sent on to the Ethernet port in the form
of Sampled Value stream. Sampled Value stream from Merging Unit will be
captured through Wireshark software as it demonstrates the evaluation
procedure and results. Wireshark is an open source network packet analyser,
which tries to capture network packets and display that packet data. This is a
measuring and capturing tool used to examine what is going on inside the

network traffic.

42 Experimental analysis

The aim of the experimental analysis work is to prove that the Process Bus

interface behaves like real Process Bus and the Merging Unit also behaves like
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the real Process Bus communication equipment so it can be used to test or
illustrate the Process Bus concept with the help of NCITs. IED should operate
normally with the measurement from the Process Bus interface. The criteria of
normal operation is the measurement of NCITs will be sent from the Merging
Unit in the form of Sample Measured Values and it will be received by the
protection equipment on the Bay level normally according to the configuration.
Wireshark software has been used in this research to capture the Sampled
Value from Merging Unit to confirm and validate that the Process Bus interface
works. If the test is successful then it can be concluded that, on simulating the
Process Bus Sampled Value service through Process Bus Interface (Merging

Unit) as the real Process Bus communication device.

The purpose of experimental work is to prove the protection function can
behave normally with the real time Process Bus testing environment and the
performance of the protection function with Process Bus testing environment.
However the performance of the protection function with Process Bus network is
out of scope in this research since the lab equipment is limited. In this research,
unavailability of Process Bus IEDs, mapping of Sampled Value signal to IED
and also further test for GOOSE are not accomplish, stop bit for both the
Merging Units will not be obtained and also Circuit Breaker (CB) trip signals will
not be studied, since the lab has no professional tool for measuring response
time of all devices. Therefore, calculation and result of the response time is not

recorded in this research. Rather, the focus of this research was to pass the
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Merging Unit information into Sampled Value stream on Process Bus network

under both normal and abnormal condition.

43 Experimental Setup

The first step is to setup the simulation model so that the measurement can feed
into NCITs also check the scope result of NCITs measurements with normal and
in fault conditions. While the second step, is to arrange four current and four
voltage signals from NCITs and feed them into the Merging Unit.
Finally, the last step is capturing Sampled Value message from the Merging Unit
through Wireshark software under both normal and abnormal conditions to

confirm the operation of real Process Bus interface.

4.3.1 Managing Signals to NCITs

As described in Section 3.18, and where the full Simulink model of power
system is given in Figure 3.27, depicting the model simulation of a four-bus
three phase power system. The three phase power with phase to ground fault is
applied at bus 2. The measurements of buses 2 and 3 are coming from three
phase VI measurement blocks 2 and 3 respectively. The measurements from
both blocks contain vectors of three current and voltage values in lapc_1, lapc_2,
Vanc_1 and Vape_2. To place the NCIT in the system, three NCIT models are
required for single measurement or in general six NCIT models for one bus.

Figure 4.1 shows the arrangement for single signal transformation for NCIT.
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> + >

Out1
Gain Saturation Gain1
>—> F >«
In2 Out2
Gain2 Saturation1 Gain3
CO—f>— F|—<
In3 ) - ) Qut3
Gaind Saturation2 Gainb

Figure 4.1 Arrangement of ECT/EVTSs for NCITs

As shown in Figure 4.1, the arrangement is for a single signal either lapc OF Vape.
To simplify the circuit, convert the three NCIT model in subsystem model as

shown in Figure 4.2.

In1 Out1 p In1 Out1 p

In2 Qut2 pr In2 Qut2 pr

In3 Out3 p In3 Out3 p
ECT EVT

Figure 4.2 Subsystem of ECT and EVT

Each signal of current and voltage is given in a vector form e.g. lanc contains all

three phase current information and V. contain all three phase voltage

61



Chapter 4: Experimental Analysis, Results and Discussion

information but into one vector signal. To separate each signal, DEMUX block is
used to split vector signals into scalars or smaller vectors. DEMUX is included in
the commonly used blocks section of the Simulink library. Figure 4.3 is the

complete arrangement of Bus 2 measurement signals to NCITs.

Bus 2 NCITs
ECT and EVT

EVTZ

Figure 4.3 Bus 2 Signals Arrangement to NCIT

ECTZ

The same procedure (MUX and DEMUX) are repeated for Bus 3 signals

arrangement, which is shown in Figure 4.4.
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Bus 3 NCITs
ECT and EVT

Vabc_1] %

i

h 4

VT —><___ 1]
In1 Outt - 4
- h o h
In3 Qut3 a

ECTH

Figure 4.4 Bus 3 Signals Arrangement to NCIT

Figure 4.5 is the NCIT based power system model. Both buses are feeding

signals into ECTs and EVTs.
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Figure 4.5 The NCIT Power System Simulink model

To check the power system and ECTs and EVTs, the simulation is run for 30

seconds and the waveform of the current with fault is applied at Bus 2 is shown

in Figure 4.6.

64



Chapter 4: Experimental Analysis, Results and Discussion
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Figure 4.6 Bus 2 Three Phase Current Waveform

Simulation runs for 30 seconds with fault initiating at 15 seconds and finishing at
25 seconds. The fault is applied to the system for a total period of 10 seconds.
From the waveform, it can be observed that the normal operating current is
170A (RMS) and during the fault, the current reaches up to 2000A (Peak value).
The next step is to check if the Merging Unit sends the fault current information

into Sampled Value Stream to Process Bus network.
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4.3.2 Arrangement of Signals to Merging Unit

A detailed study is done in Section 2.8 and the Simulink model description is
given in section 3.7. Merging Unit combines the currents and voltages from
three phases and additionally also the currents and voltages neutral in one
dataset that include the Logical Nodes (LN) TVTR (voltage transformer) and
TCTR (current transformer) for transmission with the Sampled Value Service to
all subscribing IEDs [35]. To configure the Merging Unit into the power system,

following two steps are done, as shown in subsequent section.

4.3.3 Managing NCITs Signals According to Merging Unit

As explained earlier, Merging Unit combines the currents and voltages from
three phases and additionally also the currents and voltages neutral in one
dataset. The Simulink Merging Unit model described in earlier section requires
single vector input for three phase current and voltage signals. NCITs signals
are la, Ib, Ic and Va, Vb, Vc. To combine three phase current or voltage signals
into single vector form, the MUX block is used, which is readily available in
Simulink library. In Figure 4.7, three voltage signals Val, Vbl and Vcl and three
current signals lal, Ibl and Icl are coming from NCITs from Bus 2, but the
fourth input of both the MUX are constant which are labelled as Vnl and Inl.
Vnl and Inl represent neutral CT/ VT signal. This arrangement is the

recommendations of the UCA International Users Group and is published in the
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user convention (Implementation_Guideline_for_Digital_Interface IEC_61850)
IEC 61850-9-2LE. Sampled Value dataset is composed of four ECTS/EVTs
transmitted using 80 or 256 sample per cycle. Value of neutral is placed zero to
get ideal condition of power system. Figure 4.7 explains the steps needed

before feeding the measurements into the Merging Unit 1.

Vn1

CurrentValueMUO01]

In1

Figure 4.7 Managing NCITs Signals for Merging Unit 1

Output of MUX is the single vector forms of ECT and EVTs, which includes four
currents values and four voltage values. Same step is repeated for the Merging

Unit 2 current and voltage input signals, which can be seen in Figure 4.8.
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voltageValueMU02)

Vn2

In2

Figure 4.8 Managing NCITs Signals for Merging Unit 2

4.3.4 Connecting Merging Unit to System

Once the NCITs signals are converted into a single vector form, then the next
step would be feeding signals into one of the Merging Units. Thus, a comparison
study will conduct the following steps in order verify the correct functionality of

the Merging Unit:
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First, both the voltage and current measurement signals are connected to
Merging Unit. The QA (quality attributes) is an eight element vector (each
element represents a 16 bit value) used as the input quality attributes of the
current/voltage dataset. In this case, Constant block is used to control the
attributes. The input “Stop” is a flag enabler which starts the transmission of
Sampled Values per the nominal line cycle. The “Stop” input is the output from
“Err” output for other Merging Units. In this case Merging Unit 1’ Stop input is
the Merging Unit 2’ Err output and Merging Unit 2’ Stop input is the Merging Unit
1' Err output. Normally, “Stop” should operate with GOOSE message the
Merging Unit has subscribed to in order to stop the operation. Figure 4.9 gives

detailed configuration of Merging Unit 1.

Merging Unit 1
-|—.V

[ourenvaluetuOT >
Opal IEC61850 Merging Unit Err SV _Stop MU2

[120003000] ———Tr™ QA

Op61850MergingUnit

LDName = xoxMUnn0001

Figure 4.9 Merging Unit 1 Configuration

To check the Merging Unit 1 configuration and its working sample test run to
see if Sample Value can be captured from Wireshark software. Simulation is run
for 10 second and Wireshark also runs simultaneously in Microsoft windows

environment without any specific target, it means Wireshark will capture all the
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data packets on Process Bus network. Sampled Value received and captured

with the “sviD: OPAL_MUOO1” by Wireshark can be seen in Figure 4.10.

i 3Com EtherLink PCI (Microsoft’s Packet Scheduler), - Wireshark

Fle Edt View Go Capture Analyze Statistics Telephony Tools Help

Sudes PEXEE A+ TL BE QQA0 @#EMx| O

Fiter: | | = Expression... Clear Apply
Mo, Time: Source Destination Protocol smpCnt "~
34604 3. aUsEED uuTuu Tec—Tcar_Uarouul TECHLESU Sampied values
34605 3, 603883 00:00: Iec-TcS7_04:00:01 IECH1850 sampled values
34606 3. 603801 00:00: Tec-Tci7_04:00:01 IECELB50 sampled wvalues
TCH7_04: values

G03854 00:00:
31

00:01 IEC61B350
<

0l IEC

34 e 3 00:00:00_| _04: values
34610 5. 604838 00:00:00_| Iec-TcS7_04:00:01 IECH1850 sampled values 1
34611 3. 604838 00:00:00_| Iec-TcSi7_04:00:01 IECH1850 sampled wvalues
34612 3,604841 00:00:00_| Iec-TCS7_04:00:01 IECH1850 sampled walues
34613 3.604844 00:00:00_00:00: Iec-TCS7_04:00:01 IECH1850 sampled wvalues
34614 3.604846 00:00:00_00:00:00 Tec-Tc57_04:00:01 IECH1850 sampled values
34615 5. 604840 00:00:00_00:00:00 Tec-Tci7_04:00:00 IECH1850 sampled values
34616 3. 604852 00:00:00_00:00:00 Iec-TcSi7_04:00:01 IECH1850 sampled wvalues
34617 3, 604854 00:00:00 00:00:00 Iec-TcS7 04:00:01 IECH1850 sampled walues -
| *
# Frame 34608: 122 bytes on wire (976 bits), 122 bytes captured (976 hits)
® Ethernet II, src: 00:00:00_00:00:00 (00:00:00:00:00:00), DST: Iec-TCS57_04:00:01 (01:0c:cd:04:00:01)
= IECE1B50 Sampled values
APPID: Ox4000
Length: 108
Reserved 1: 0x0000 (00
Reserved 2: 0x0000 (0
B2 savPdu
NoOASDU: 1
= segasbU: 1 tem
= AzZDU =
syID: ORAL_MUODL
smpCnt: 1206
confref: 1
smpsynch: none (0)
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3

vendine dmnng

0000 01 Oc cd 04 00 01 00 00 00 00 00 00 88 ba 40 00  ........ ...... @,
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0030 04 00 00 00 0L 85 01 00 87 40 00 05 98 03 00 00 ........ . B

0060 00 00 00 51 a3 la 00 00 00 00 fe 82 19 2e 00 00

O File: "C:\DOCUME~11\CRISTI~ 1YL OCALS~ 1} TemplwiresharkiiX<a05a 16" 10348 KE 00:00:07 Packets: 76787 Displayed: 76787 M Profile: Defaul:

Figure 4.10 Window Environment Wireshark Sampled Values Capture.

Purpose of this test in Microsoft Windows environment is to confirm that similar
task can also be performed in Window environment, as other researchers prefer
to use the Linux. Linux is an open source operating system. Linux is a Personal
Computer (PC) version of UNIX operating system. UNIX was designed to fulfill
the various demands of researchers and students. Linux inherits many features

of UNIX, such as the speed, efficiency, scalability and flexibility [35].
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The same test was also run in Linux flavoured version OS (Operating system)
called Ubuntu with the same setting of simulation, except this time Wireshark is
configured by filtering “SV” packets on Process Bus network. Wireshark only
captures Sampled Value on Process Bus network. The captured Sampled Value

by Wireshark can be seen in Figure 4.11.

[Fle_Ecit_view Co_Capture Andlyze Statistcs Teleprony Tools iaternals help |
B GBxcE Q¢ 2374 ER vl &

Filter: [" | & | Expression.. Clear Apply Save
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Iec-TeS7 84:01:7f IECGLBSE 123
Iec-Tc57_84:01:ff IECE1858 123
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Iec-Tc57 84:81:ff IECG1E5A 123
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* Frame 39872: 123 bytes on wire (984 bits), 123 bytes captured (584 bits) on interface 8
* Ethernet II, 5Src: D-LinkIn 61:35:bd (fc:75:16:61:35:bd), Dst: Iec-Tc57 @4:01:ff (81:8c:cd:84:81:Tf)
* IEC61856 Sampled Values
APPID: Bxa008
Length: 169
Reserved 1: @908 (@)
Reserved 2: Gubbod (8)
¥ savPdu
noASDU: 1
¥ SeqASDU: 1 item
¥ ASDU
swIb: vo_svi._ ..
smpCnt: 3999
confRef: 1
s AL
0006 61 Bc cd 64 B1 ff fc 75 16 48 3
9016 80 &d 60 60 B0 B0 6O 63 80 580 A....'C ..LJtB0.
8020 8b 4b 54 48 5T 49 43 53 5 af

af o0 S B R P
@036 83 64 60 60 80 01 85 81 60 fe2ad ......0. . Q...7

@ File: “/tmp/wireshark_2_interface... Packets: 41546 Displayed: 41253 Marked: 0 Dropped: 0

Figure 4.11 Linux Environment Wireshark Sampled Value Capture
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Wireshark captured packets of Sampled Value as shown in Figure 4.11 have
time difference or time delays, but these delays are not always 250us. Also by
sending 4000 samples the total time should be within 1 second, which explains
why the errors are increasing. After 10 seconds, the packet with “smpCnt=3999”
on the time when it was captured is about 9.997866s. “smpCnt” starts from “0 to
3999” and loops back to initial 0, it means that more than 2 milliseconds errors
already accumulated. These inaccuracies indicate jitters because the code is
not running in high priority. According to the IEC 61850-9-2 LE this algorithm is
still accurate enough to make the bay level protection devices recognise the

Sampled Value Stream and read the data correctly.

Same steps are taken to configure Merging Unit 2. Figure 4.12 shows both the

Merging Units and its configuration.

Merging Unit 1
-l—.v

- Opal IEC61850 Merging Unit Err «{5V_Stop_MUZ]

[120003000] f——™QA

stop

0OpB1850MergingUnit
LDName = xoxMUnn0001

Merging Unit 2

frotagevatemuoz>————»v

|
-—I_> QOpal [IEC61850 Merging Unit Err LSV _Stop_MU1
o QA

(30000000) stop
Op61850MergingUnit2
LDName = xoaMUnn0002

Figure 4.12 Configuration of Merging Units 1 and 2
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4.4 Complete System Integration

This Section provides a detailed procedure for testing the different protection

functions, using the developed models with the following steps:

1. The NCIT model is connected to the developed power system. ECT and
EVT models are connected to different nodes of power system in order
to convert high voltages and currents analogue to the low level voltages
and currents

2. ECTs and EVTs are connected to the Merging Unit to convert analogue
signals to digital signals form and also transmit the digitize data to
Ethernet port

3. The Sampled Value stream is fed to the Process Bus network

4. The results are demonstrated

The complete developed power system is shown in Figure 4.13.
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Figure 4.13 Complete Power System Model
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45 Experimental results and Analysis

Subsequent section presents the results and analysis conducted for the
simulations after following the experimental procedures in previous simulation

case:

1. Run the first test simulation to check if NCITs are getting the measured
values and converting high voltages and currents values to low level, also
detecting the fault applied in the power system

2. Run second simulation test to check the Merging Unit sending sampled

vales stream on to Process Bus network

Both simulation tests were successful, the results and analysis have also been
provided in subsequent sections. The final simulation test is carried out with
complete power system model, where both Merging Units send the Sampled
Value Stream to Process Bus network. The initial task is to verify if both Merging
Units are on the Process Bus network and sending Sampled Value messages to
the network. The “tcpdump” command is used to confirm the connectivity of the

Ethernet interface of both Merging Units.

The tcpdump command, is used to capture the header of Ethernet packets of
Sampled Value messages received by a specific interface to verify they have

been sent onto the Process Bus network. The Figure 4.14 shows a screen shot
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of successfully detected Sampled Value packets received from both Merging

Units.

#@localhost: tcpdump —i eth1

3 00:00:00:00:00:00 (oui Ethernet) > O

00:00:00: :00:00 (oui Etherne
: 4000 0Q0Qé&c QODOO QOO0 082
4dss
100
0000 00
0000 000

Figure 4.14 tcpdump output

4.6 Sending Sampled Value Stream from Two Merging Units

One of the major advantages of the logical Merging Unit environment is that, it is
easy to set up the scenario with multiple Merging Units in a single system. It will
be very expansive and inflexible if physical Merging Units were set up such as in
Figure 3.2 (physical Merging Unit experimental setup). In order to assess the
performance of sending out multiple Merging Units, Wireshark software is used
to capture Sampled Value messages and evaluation related to the Process Bus

network communication interface is reported.
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The principle of process level protection is introduced in Chapter 2 according to
UCA International Users Group and it published in the user convention IEC
61850-9-2LE (Implementation_Guideline_for_Digital_Interface IEC_61850). In
particular, Sampled Value dataset comprises of four CTs/VTs transmitted using
80 or 256 sample per cycle. The Merging Unit block input data is computed by
the sample rate and also the nominal frequency of the block. The line differential
protection scheme needs measurement form both side of the transmission line
so two Merging Units are required to measure both sides. The final simulation is

run and Wireshark capture of Sampled Value stream is shown in Figure 4.15.
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Figure 4.15 The Wireshark Capture of Send Sampled Values of Both Merging

Units

Successfully captured Sampled Value Stream from both Merging Units, shows

the time difference between two Sampled Value packets of both Merging Units

is about 4pus. According to the line differential protection under normal operation,

these several microseconds do not affect functionality. Due to limited access to

measurement tools, communication and protection scheme with the bay level

IEDs are not performed, which may be very interesting, and this is mentioned in

the future work section (Section 5.3).
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Chapter 5: Conclusion and Future Work

5.1 Introduction

During the course of this research, new ideas cropped up. However, due to the
time limitation and lack of access to measurement tools, only some of the new
ideas have been studied but those unimplemented interesting ideas have been

proposed for future work in this Chapter (Section 5.3).

5.2 Conclusion

Simulink module of NCITs are developed and tested. Simulink model of logical
Merging Units are also tested, the Process Bus network communication
interface for logical Merging Unit testing environment has been developed. To
finish the research in a manageable way, iterative research pattern has been
applied. Simulation power system has been developed to evaluate the capability
of this Process Bus interface. The evaluation results shows that the Merging
Units process the NCITs measurements and the Process Bus network capture
the Sampled Value messages from communication interface and protection
function operate correctly. Instead of purchasing the expensive physical
Merging Units testing equipment, electrical engineering students, researchers

and electric utility integration engineers can just use this soft Merging Unit
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testing environment for basic testing and demonstrating the Process Bus
technology concept and also interface the Process Bus with bay level which is in
high demand by the industry. The beauty of the whole environment is that it can
be easily run on any PC with normal processing power which is ideal for
electrical students and researchers. The only software required is MATLAB
which is a commonly used and accessible software tool. The OS (operation
system) should be Linux which is free open source for anyone and also a
commonly used OS among researches. But the best part is that, it also be run
on Windows platform which is also considered an achievement in this research.
Some interesting ideas have been implemented to make the Process Bus
testing environment able to simulate the Process Bus more accurately and

provide more functions.

5.3 Future Work

The Process Bus technology has been around for a couple of years but still is
not largely adopted by the electrical protection industry. Only few countries have
implemented Process Bus for few selected stations. Therefore, there is a large
space for the developing testing tool. Even big branded companies in the
protection testing tools industry, especially in Australia do not offer Process Bus
interface testing environment and only few of them are offering Sampled Value
strictly capturing tools to monitor the Process Bus interface. The Process Bus

simulation interface has been developed in this research and is a part of the
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Process Bus testing environment. This Process Bus soft Merging Unit testing
environment is simple and cannot reach industry level testing accuracy and it
cannot act as a professional testing tool but it does have a potential to improve
in order to become a professional mature testing tool. Also further study and
improvement on this environment will make it a valuable testing tool in an
educational setup. Some suggestions for the continuous work are given in

subsequent sections.

5.4 Time Synchronization

The Sample Value traffic is time critical communication so, the time
synchronization between Process Bus devices is important. It is observed in this
research that, there are different data sets from several Merging Units that need
to be sent out, this result in time difference between each data set about several
microseconds (around 4pus). The standard IEC 61850-9-2 and results presented
in Chapter 4 shows that the protection function can operate normally and 4us is
acceptable. Hence, in two Merging Unit case, time synchronization between
both Merging Units is not necessary. However, synchronization between
Merging Unit and switch is not required. The IEDs support IEEE 1588
synchronization protocol. The IEEE 1588 synchronization implementation is

highly suggested for future work to improve the testing environment.
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5.5 Interoperability

The interoperability is one very big advantage of IEC 61850 standard which
ensures that IEDs from different vendors can work together in a single
environment. Since the ABB, Siemens and Areva IEDs which are present in our
lab are not up to date IEDs, and they do not support Process Bus function, the
interoperability of Process Bus with bay level IEDs devices has not been

evaluated in this research.

It is suggested to test a few IEDs from different vendors to be connected to
Process Bus and configured with Process Bus protocol enabled. Each IED
should be configured with different protection function and subscribes different
measurement from the Merging Unit testing environment. Some interlocking
function could be setup by GOOSE. The operation status of single or mixed

IEDs protection system can be investigated and documented.

5.6 Stand Alone Merging Unit.

The evolution of Electronics and Microcontroller in electrical engineering in the
near future will get more complex but will perform standalone function. In
process level, Merging Unit only sends Sample Value and only takes trip

information from bay level devices to stop its function. A Merging Unit with the
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capability of not only sending Sample Values but also receiving Sample Values
and also capability of sending and receiving GOOSE messages to communicate
with bay level and self-protect with capability of CB trip functionality could be
investigated. These are only possible with the help of microcontrollers. Initially
Merging Unit itself is not compatible with all these functions and there may be
need of other small microcontroller based circuits which works with the Merging
Unit and perform standalone function and if there are proper measurement tools
and IEC 61850 open source technology to develop the system, single

standalone Merging Unit can be developed.
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