p—, |

gt
‘ Cape chninsula
University of Technology
INVESTIGATION INTO ALTERNATIVE PROTECTION SOLUTIONS FOR
DISTRIBUTION NETWORKS
by
FESSOR MBANGO

Thesis submitted in fulfilment of the requirements for the degree
Master of Technology: Electrical Engineering

in the Faculty of Engineering

at the Cape Peninsula University of Technology

Supervisor: Prof. Rayniichka Tzoneva

Beliville

November 2008



DECLARATION

I, Fessor Mbango, declare that the contents of this dissertation/thesis represent my own
unaided work, and that the dissertation/thesis has not previously been submitted for academic
examination towards any qualification. Furthermore, it represents my own opinions and not
necessarily those of the Cape Peninsula University of Technology.

Signed Date



ABSTRACT

Recently, due o concemns about the liberalization of electricity supply, deregulation and glcbal
impact on the environment, securing a reliable power supply has become an important social
need worldwide. To ensure this nead is fulfifled, detalied investigations and developments are in
pProgress on power c!istributéon systems protection and the monitoring of apparatus which is pant

of the thesis.

The main chjective of a proteciion schemes is mainly tc keep the powsr system stable by
isolating only the affected components or the section of the electricity network in which the fault
has developed while allowing the rest of the network o continue operating. it is imporiant to
note that the protection equipment does not prevent fauits from occurring, but it limifs the
damaging effect of the fault and protecis other healthy equipment. This is only achieved if the
protection system of the electrical network inveolved complies with the requirements and purpose
of the electrical pretection standards. These requiremenis include the Operational speed,
Reliability, Security and Sensitivity. In cenventional substations that are still existing within the
ufilities networks, a number of long cables are then used to complete the links between
substation equipment in order for them tc communicate (hardwired). This method is
uneconomical and is baing phased out completely in the near future. Over the last few years a
new standard for substation aulomsation communication has been developed within the

International Elecirotechnical Commission {IEC), the [EC 61850,

This standard defines the integration requirements of muiti-vendor compliant relays and cther
IED's for multiple protection schemes as well as control and automation technigues. In this
particular thesis, Distributicn protection is the area of interest, particularly the application of
Time and Overcurrent protection schemes. A 100K into different proiection alternatives and the
application of new technologies for Electrical Power Distribution Systems that unify protection
and control units so that they can be incorporated into Inteliigent Substation as opposed to the
most existing {conventional substation) is analyzed. The proposed algorithm has been verified
through simulations of the CPUT and Eureka thres phase power distribution systems. A testing
Lab is also part of this thesis and is meant for experiments as well as simulation performance in
order to gain knowledge and skills for designing and engineer substations with tEC 61850
standards equipments. The results indicate that the reduction of ccpper wiring cable has

increased and the communication spead has improved and simpiified.
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AC Alternating current
ADC ' Anzlogue to Digital Converter
ALF Accuracy Bmif factor
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ARP Address Resolution Protocol, A Transmission

Contfrol Protocoliinternet Protocol (TCP/AP) process
that maps an IP address to Ethernet address,
requirad by TCP/IP for use with Ethernat.
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DASC Distribution Automation System Computer

DC Direct current

DO ~ Data Object

DOC Directional Over-current Protection
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phase diagram
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Protaction
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Protection System Automation

Power System Design

Plug Setiing Muitiplier

Per uni{
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Rated accuracy limit factor
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Remedial Action Schemes

 Winding resistance in a current transformer

Request for comments

Neutral-point earthing resistance

Read only memory

Remote Terminal Unit, the intermediate device
used to communicate all the information required
by the NCC

Substaticn Automation

Supervisory Control and Data Acquisition
Substation Configuration Description

Substation Configuration Languagse

xviii
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SSD
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TMS

Toc

Ucaz

UtpP .
VD

VLAN

MATHEMATICAL NOTATION

Symbols/Letters

Specific Communication Services Mappings
Static Read Only Memory

System Specification Description

Tripping time delay

Transmission Contrel Protocolinternet Protocol
Time multiplier seiting

Time Overcurrent

Utility Communications Architecture 2.0
Unshisided twisted pair

Vector Diagram

" Virtug] Local Area Network

Voltage Transformer, Used to convert voliage from
one magnitude to ancther. Used in substations to
reduce tﬁe primary voltage to an accepiable
magnitude for measurement and protection

purposes

Definition/Explanation

The base MVA

Maximum short-circuit power

Maximum short circuit power

Rated short circuit power

Brezking time of the downstream circuit breaker,
which includes the breaksr response time and the
arcing time,

The base impedance in ochms

The per unitimpedance given base

The per unit impedance new bass

Maximum voliage correction factor

The instantaneous value of the secondary current
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Es
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Ie
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Vs
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dr

kv

Peak short-circuit current |

The instantaneous value or the primary current
Primary side currents

Secondary side currenis

Secondary burden

Secondary induced e.m.f

Applied current _

CT, and relay, secondary rating (5 A assumed)
Value of applied current

Multipie of setting current

Exciting current

Secondary current

Setting voltage

CT knee point voitage

Secondary cutput voilage

internal Reactance of Transformer in %

Reactance to resistance ratio of the power system
Rated % transformer impedance

The burden impedance

The self-impedance

Rotates a vector anti-clockwise through 1207,
extensively used in symmestrical component
analysis

Time delay tolerances,

Rotates a vector anti-clockwise through 90°
Transformer secondary voitage in kV

Safety margin

Auxiliary factor depend con the minimum breaker
tripping time and the rated power per pole pair of
the machine

Theoretical operating time

Upstream protection unit overshoot time,

Constants
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Auxiliary factor to consider the maximum
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Permeabiiity of the medium

Auxitiary factor to consider the breaking current for
asynchronous machines

Permeability of free space = 47107

Relative permeability of the spacific medium
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CHAPTER
| 1

GENERAL INTRODUTION

This chapter prc;.rfdes the general information that lays the basis of the thesis. It further gives a
brief presentation on the distribution network protection, the concept for the substation
autornation system and the relays basic functional characteristics that are required in terms of

-

protection.

1.1 INTRODUCTION

As the elecirical national grid expands, the number of distribution networks has increased
tremendously in the past few years. Fér an electrical distribution nefwork to function in a stable
and reliabie way, it shouid be protected. This is only achieved if the protection system of the
elactrical network invelved complies with the requirements and purpose of the electrical
protection standards. These requirements include the Operational speed, Reliability, Security
and Sensitivity {Pathirana, 2004). The main objective of a protection scheme is mainly to keep
the power system stable by isclating only the affected components or the section of the
elactricity network in which the fault has developed while allowing the rest of the network to
continue operating. It is important fo note that the protection equipment does not prevent fauits
from occurring, but it limits the demaging effect of the fault and protects other healthy equipment
{Soudi & Tomsovic, 1998). A large amount of the distribution network data must be logged and
interpreted accurately. This will assist the protection eégineers to select and ensure that the
correct protection equipment is used for the correct application. Distribution network protection
involves interaction with human operators in the conirol centres and in the field, thus the effecis
on the distribution network must be understood 1o ensure that the safe and effective protection
of the network is not compromised. Additionally system checks and safety checks must be
performead to ensure equipment ratings are not exceeded and personal safety is not

compromisad in order to increase reliability in 2 complex distribution network.

Protection enginasers therefore spend more time on studying the power system networks and
use different protection equipments to find the most cost effective as well as technically viable
ways to protect the power system networks. These engineers frequently make decisicns that

involve tradecffs among alternatives. The best sciution is often not clear due to the fact that no



single aiternative will satisfy all objectives. Most questions that rise during this process are
whether the protection scheme should leamn toward greater dependability or greater security, as
to whether the fast dearing times are necessary or whether cheap protection schemes are
acceptable? It is therefore impossible to apply 2 single protective relaying scheme that is
suitable for each attribute, making tradecfis necessary. The number of alternatives available,
the complexity of the altributes that each alternative is to be rated against and any uncerainties
in mesting these atiribuies, ali contribute to the degree of difficully in making decision. Here the
engineering decision analysis technique is being implamentad, therefore serving as-a guiding
and helping tool {Larson, 2607:1).

Reéeni;y, due to concerns about the liberalization of electricity supply, deregulation and globai
impact on the envirenmeant, securing a reliable power supply has become an important social
need worldwide, To ensure this nead is fulfilled, detailed investigations and developments are in
pregfeés on power distribution systems and the monitoring of apparatus, {Hiroshi et al, 2002).
Part of these are the demands for future intelligent control of substations, protection, monitering,
and communication systems that have advantages in terms of high performance, functional
distribution and integrated power distribution management. By promoting and exercising these
developments, an intelligent substation can be built and a reduction in costs involved and
profitable saving for the reliable power system can be expected.

The electrical power network is made up of three key sections. These seclicns include the
generation, transmission and distribution section. Distribution section is responsible for the
transfer of high voitage electricity through a localized distribution network, which reduces the
voltage and provides a connection to the premises of the end customer including most
Municipalities. This distribution network consists of overhead lines in rural areas, underground
cables in urban areas, and a number of substations operating at successively lower voltages.
Since electrical utiliies invest millions of rand in electrical network in order to disiribuie
electricity, it is therefore essential for any company to effectively protect its investment against
damage. This is achieved by the instaliation of protection relays on the network.

In this particular research project, distribution network protection is the area of interest. An
investigation of different protection alternative and the impismentaticn of new technelogies for
Electrical Power Distribution Systems (EPDS) that combine protection and control units so that
they can bhe incorporated into an intelligent substation as opposed to the most sxisting

{conventional substation) is the main objective and is exercisad in the thesis.



1.2 SUBSTATION AUTOMATION SYSTEM

Substation Automation (SA) system can be defined as a system for monitoring, managing,
controliing and protecting @ powsr system. This is accomplished by obtaining real-time
information from the power system, having powerful remote and local control applications as
well as advanced electrical protection. The core ingredisnts of a Substation Automation system
are data communication, local intelligence, and supervisory control and monitoring. The term
Substation Automation is too restrictive and may be misisading at times. This is in the sense
that # refers specifically to substations only. The concepts encompassed in the deﬁﬂiti-on have g
broad appfication mar; being limited to substations conly since i is applicable to slectrical power
networks at large, from High Voltage fransmission networks, via Medium Voltage distribution
networks, to Low Voltage reficulation networks. The Subsiation Automation is gradually
developing and most of the equipment that forms the core of such a system is located in an
electrical substation or switch room. The modern, intelligent devices ensure that the nesd for
human intervention or presence in substation is minimal {IDC Engineers pocket guide, 2003:
30-31}. '

Note: The term Tsubstation® is used throughout the research to describe mainly buiidings
housing electrical switchgear, but it may also include switchgear housed in some sort of
enclosure, for example a stand-gione Ring Main Unit, efe.

1.2.1 Functional Structure of Substation Automation system

Substation Automation system, by definition, consists of the following main functional
componenis:

Measurement
Monitoring

Data Communication
Electrical Protection
Control

® ¢ 85 ¢ b

1.2.2 Measyrement ‘
A weazlth of real-time information about a substation or switchgear panel is collected. The data
are typically displayed in a ceniral control room and/or stored in a central database.
Measurement consists of:
s FElactrical measurements {including metering) - voltages. currents, power, power factor,
harmonics, etc. :

s Anzlocgue measurements, e.g. ransformar and motor temperatures
s Disturbance recordings for fault analysis

3



This makes it unnscassary for personnel io go to a subsiation io collest information, again
creating a safer work environment and cutling down on personnel workloads. The amount of
reaktime information coliected can assist in doing network studies such as load flow analysis,
planning and the prevention of major disturbances in the power network that cause production
losses.

Note: The term ‘measurement refers to current, voltage and frequency. while ‘metering’ refers
to power, reacltive power, and energy (kWh). These different terms originated due fo the fact
that different instruments were historically used for metering and meas.urement. Nowadays the
two mentioned functions are integrated in modern devices, with no reai distinction between

them, hence the terms ‘measurement’ and 'metering’ are used interchangeably in this research.

1.2.3 Monitoring
The monitoring functions include:

~» Sequence-of-Event Recordings
« Status and condition monitoring, including maintenance information, relay settings, etc.

This information is handy since they can assist in fault analysis, to determine what happsned
wherg, when and in what sequence. The above mentioned can effectively improve the efficiency

of the power system and the protection therecf,

1.2.4 Data Communication

Data communication forms the core of any Substation Actomation system, and is virtually the
glue that holds the system together. Without communications, the functions of the local control
and elsctrical protection will continue, but there is no complete Substation Automation system
functioning. The form of communications will depend on the used architecture, while the

architectura may in turn depand on the form of protocol chosen.

1.2.5 Electrical Proteciion

Electrical Protection is still oﬁe of the most important components of any electrical switchgear
panei, in order to protect the equipment and personnel and to limit damage in case of an
electrical fault. Electrical protection is a local function and must be able to function
independently of the Substation Automation system if required, aithough it is an integral part of
this systé?n under normal conditions. The functions of eisctrical protection should never be

compromised or restricted in any Substation Automation system [Strauss, 2003].



1.2.6 Control

Conire! function includes local and remote control. The avtomatic control functions aliow the risk
of human error to be greatly reducad. Lecal conirel should continue to function with or without
the support of the rest of the Substation Automation system. Relay setlings can be altered via
the system, and requests for certain information can be initiated from the remote SCADA
siation. This has eliminated the need for personnsl (o go on site lo perform switching
operations, as switchéng aclions can be performed much faster remotely, which is 2 maijor
advantage in emergency situations. in addition, the operator at the SCADA terminal has a clear
overview of what is hgppening in the power network throughout the plant, and this improves the

quality of decision-making.

1.3 MODERN SUBSTATION COMMUNICATION ARCHITECTURE

Different communication architectures exist today by implementing components of Substation
Automation system in different practice. The most advanced sysiems nowadays are developing
more and more towards a commaon basic architecture and this is illustrated in Figure 1.1, The
modern systems consist of three main divisions: {{DC Engineers pocket guide, 2003: 34-37}).

1.3.1 Object Division

The object division of the Substation Automation system consists of Intelligent Electronic
Devices {iEDs), modem, and 3rd generation microprocessor based relays including Remote

Terminal Units {RTUs). The component division consists of the process and the bay level.

1.3.2 The Communications Network

The Communications Network is virtually the nervous system of the Substation Automation
system. The communication network ensures thatl raw data. processed information and
commands are relayed quickly, effectively and error-free among the various field instruments,
IEDs and the SCADA system. The physical medium is fiber-optic cables in modern networks,
although some copper wiring still exists between the varicus devices inside a substation. The
communication network needs to be an ‘intsiligent’ éubsystem in ifs own right to perform the
functions required of it, and is not merely a network of fiber-optic and copper wiring. The
communication nefworks serve as the interface between the bay level and the SCADA station,
which might be a SCADA master station in the substation itself, or placed remotely in g central

control room.
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Figure 1.1: Typical Substation Automation system’s sfructure

1.3.3 SCADA Master

The SCADA (Supervisory Controf and Data Acquisition) master station forms the virtual brain of
the Substation Automation system. It receives data and information from the field, and then
decides what to do with i {Lohmann, 2000). Nowadays, it simply consists of an advanced,
refiable PC or workstation with its peripheral and support hardware and 5 SCADA software

package.

The system structure can be implemented using histori.cal!y developed generations of relays,
types of communications, protocols and so on. The considerations in the thesis are based on
the use of the new IES 81850 standards for substation automation and their implementation
through the new types of relays ~ the Intelligent Electronic Devices (IEDs) capable to

communicate using Ethernet networks.

1.4 POWER SYSTEM PROTECTION

As noted above, the protective system encompasses more than just the protective relays
themselves. The type of protective scheme and the type of communication channel will also

affect the performance and security of the overall protective system. For this reason, the



technology and philosophies utilized in protection schemes should be up to date and well-
established because they must be very reliable Protection systems usually comprise of five
components:

« Cumrent and voltage fransformers to siep down the high voltages and currents of the
electrical power system to convenient levels for the relays to deal with.

« Relays to sense the fault and initjate a trip, or disconnection, order.

» Circuit breakers to openiclose the system based on relay and auio-recloser commands.

s« Batteries to provide power in ¢ase of power disconnection in the system.

« Communication channels o allow analysis of current and voltage at remoie terminals of
a line and to allow remote tripping of equipment.

Failures that may occur could be, such as faillen or broken transmission lines, insutation failure,
incorrect operation of circuit breakers, short circuits and open circuits, Protection devices are
installed with the aims of assets protection as well to ensure continuity of supply {(Moore, 2008).
The three classes of the used protective devices are:

. » Protective relays that control the tripping of the circuit breakers surrounding the fauited
part of the network
« Devices with automatic operation, such as suto-reciosing or system resiart devices
« Maonitoring equipment which collects data on the system for post event analysis

While the operating quality of these devices, and especially of the protective relays, is always
critical, different strategies are considered for protecting the different parts of the system.
Completely redundant and independent protective systems can be applied to the important

gear.

1.4.1 Functionality and operational sequence

Imagine crossing a busy street. As you walk you become aware of an approaching vehicle by
meaés of your senses (hearing). You look (sight) in the direction of the car and based on your
experience (memaory) your brain makes a decision on what your body should do to protsct
yourself. The brain takes action and commands the body o run out of the way. During the
above scanario three distinet phases can be distinguished. The first one is called the awareness
phase. The second is making decision and the third is taking action (Jacobs, 20086).

The protection system cperates in exactly the same way. Electrical quantities (voliage, current,
frequency, etc.) are fed into (awareness) the protection refay and based on its program / intemnal
configuration, the protection relay makes a decision on what to do and causes g circuit breaker

to trip (action), see Figure 1.2 for the flow sequence.
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Figure 1.2: Biock diagram of protection operation

1.4.2

Types of Protection

Medium voltage distribution nebwork - Proiection on the distribution network serves two

important functions such as: Protection of the plant and that of the public (including employees).

At a basic level, protection looks to discennecting equipment which experiences an overioad or

a connection to earth. Some of the items found in substations such as transformers may require

additional protection based on temperature or gassing among others.

Overload - Overload protection raguires current transformer which only measures the
current in a circult. if the current exceeds a pre-determined level, the circuit breaker or
fuse should operste. :

Earth fault - Earth fault protection again requires current transformers that sense an
imbalance in a three phase circuit. In general a three phase circuit is in balance,
therefore if a single (or mulliple) phases are connected to earth, a current imbalance is
detected. The circuit breaker will therefore operagtes should the imbalance exceeds the
predatermined vaiue.

Distance - Distance protection detects both the current and voltage. A fault on the circuit
will normally creates a sag in the voltage level I this voltage falls below the pre-
determined level while the current is above a certain level the circuit breaker will operate.
This is useful on long lines where if a fault was experienced at the end of the line the
impedance of the line may inhibit the rise in current. Since voitage sag is required ©
trigger the protection.



« . Back-up - At ali imes the objeclive of protection is 16 remove only the affected portion of
piant and nothing eise. Sometlimes this does not eccur for varicus reasons which can
include:

» Mechanical failure of a circuit breaker to operate
s Incorrect protection setting

c Relay failures
A failure of primary protaction will usually result in the operation of back-up protection
which will generally remove both the affected and unaffected items of plant to remove
the faull.
Low voltage distribution networks - The jow voliage network generally relies on fuses or low

voitage circuit breakears for the removal of both the overload as well as earth faulis.

1.4.3 Protective Relays

A protective relay is a device, which operates to disconnect a faulty part of the system, thereby
protecting the remainder of the system from further damags. The relay detects the abnormal
cénd'zﬁcﬁs in the electrical circuits by constantly measuring the electrical quantities which are
different under normal and fault condition. The electrical quantities that may change under fauit
conditions are voitage, current, frequency and phase angle. Through the changes in one of
these quantities, the fauits signal their presence, type and location o the protective relays.
Having detected the fault, the relay will then operate to close the trip circuit of the breaker,
resufting in the breaker opening and disconnecting the fauity circuit. in effect, power protection
has the following five most important aims as its levels of contral and functionality, as shown in
order of pricrity below (IDC Engineers pocket Guide, 2003: 14).

« Tominimize damage

+ To safeguard the entire system
« To ensure safety of personnel

+ To reduce resultant repair costs
« Toensure continuity of supgply

All of these requirements make it necessary 10 ensure early detection, localization, and rapid
isolation of electrical faults and a{_id%tionaily prompt & safe removal of faulty equipment from
service. Very important specifications of the relays are their time of operation and the principles

of their operaticn determined by the function needed to be implemented, as follows:

1.4.3.1 Relay Timing
Time of operation is one of the characteristics that are important in terms of protection relays.
Operating time means the time taken from the instant when the actusting element is energized



to the time when the relay contact is closed. This time is controllable by applying different
setlings that are ideal or applicable to a2 certain application and in general the relays are
provided with controls to cater for operation time adjustment.

1.4.3.2 Functional refay types
Relays are generally classified according to the funclions they are called upon to perform in the
protection of electric power system. An example is given in terms of a relay that recognizes over
current in a circuit and initiates corrective measures; this relay is termed an overcurrent relay. in

order to understand the above the following examples are shown below as follows:

~»  Overcurrent relay {non directional}: This type of relay initiates corrective measures
when the circuit current exceeds the predetermined value. In this regard the actuating
source is the current in the circult supplied to the relay by the current transformer, These
types of relays are applied in alternating current (A.C.) circuits only and can operate for
fault current flowing in either direction and for a directional relay; the operation will only
take piace for a specific direction.

+ Distance or impedance relay: So far the operation of the relays mentioned above
depends upon the magnitude of current in the protected circuit. However thare is ancther
group of relays in which the operation is governed by the ratic of the applied voltage to
current in the protected circuil. These relays are called distance or impedance relays
and they operate when the detected impedance is less than the predstermined value.

« Differential relay: This is a relay that operates when the phasor difference of two or
more identical electrical quantifies exceeds 2 pre-determined value. Therefore in terms
of current, the differential refay perform on a basis of Kirchhoff's law that states that the
sum of current entering a node is equal to the sum of current leaving that same node.
This condition changes as soon as the fault oscurs in the system.

- 1.4.4 Instrument Transformer

Current and voltage transformers are required to transform high currents and voltages into more
manageable quantities for measurement, protection and conirol. Most of the relays used in
power systems operate by virtue of the current and/or voltage supplied by current and voltage

transformers connected in various combinations {o the system element that is to be protected.
The three main tasks of instrument transformers are :( Hewitson et al, 2004: 44),

« Toiransform currents or voltages from a usually high value to a value easy to handie for
relays and instruments.
To insulate the relays, metering and instruments from the primary high voitage system.
» To provide possibilities to standardize relays and instruments to few rated currents and
voltages.

10



1.4.4.1 Current Transformer

A current transformer is used to fransform a primary current quantity in terms of its magnitude
and phase fo 2 secondary value such that in noermal conditions the secondary value is
substantiaily proportional to the primary value. In terms of protective purposes the knee point
can be used to dsfine current fransformer specifications. This is the voltage applied fo the
secondary side of the CT with all other windings open circuited, which, when increased by ten
percent, causeas the increase in exciting of 50% (Bayliss & Hardy, 2008).

1.4.4.2 Voltage Transformers

There are two types of voltage transformers used for protection equipment, the purely electro-
magnetic type {(commenly referred {o as a VT) and the Capacitor type {referred to as a CVT).
Electromagnetic VT's are aisc refemred to as inductive vollage transformers and are
fundamentally similar in principle to power transformers but with rated cutputs in VA rather than
kVA or MVA. I{ is however normal to use this type of voltage transformer up to the system rated
voltages of 36kV. Above this voliage level, the capacitor VTs become more cost effective ang

are freguently implemented.

1.4.5 Electrical Faults

Flectrical faults usually occur due to breakdown of the insulating media between live conductors
or between a live conductor and earth. This breakdown may be caused by any of these factors,
e.g. overheating, mechanical damage, ionization of air, voltage surges {(caused by lighining or
switching), ingress of a conducting medium, and deterioration of the insulating media due to an
unfriendly environment or old age. and misuse of eguipment. Fault currents release a vast
amount of thermal enargy, and, may cause fire hazardé: major destruction to equipment and

risk to human life if not cleared quickly.

Switchgear should be rated correctly to withstand and break the worst possible fault current,
which is a solid three-phase short-circuit close to the switchgear. The different faults that mainly
cccur on the power system are indicated in Figure 1.3 below. From Figure 1.3 it is evident that
there are balanced and unhalanced faults. A balanced fault is where the current magnitudes in
all three phases are equal. High currents (magnitudes higher than the load current) flow during
fault conditions and the magnitude of the fault is dependent on the fault location and the

equivalent impedance between the fauit and the generation sources,

il
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Figure 1.3: Different power system faulls

Transient faults are faulls that do not damage the insuiation permanently and as such allow the
circuit to be safely re-energized after a shori period of time. A typical exampie in this case could
be an insulator flashover foliowing a fightning sirike, which could be successfully cleared by
opening of a circuit breaker, which could then be automatically reclosed. Transient faulls cceur
mostly on outdoor equipments where the main insulating medium is air. Permanent faults, as
the name implies, are the consequence of permanent damage {o the insulation of either the
transmission medium or any associated equipment that is attached to it (Hewitson et al, 2005).

1.4.6 Calculation of short circuit currents

Accurate fault current calculations are normally carried out using an analysis method called
"Symmestrical Components.” This method involves the use of higher mathematics and is based
on the principal that any unbalanced set of vectors can be represented by a set of 3 balanced
systems, namely; positive, negative and zerc sequence vectors. However, for practical
purposes, it is possible to attain a good approximation of three phase short circuit currents using

some very simplified methods {De Kock, 2004).

1.4.7 Fuses

This is probably the oldest, simplest, cheapest used type of protection device. The operation of
a fuse is very straightforward in that: The thermal energy of the excessive current causes the

fuse-element to malt and the current path is interrupted. Throush technological developments
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fuses are more predictable, safer and faster (not to explode).A common misconcepiion about
fuses, is that they will blow as soon as the current exceeds the rated value. This is contentious.
A typical fuse has an inverse fime-current characteristic, much similar to an {DMT relay. The
pick-up value starls approximately at twice the rated value and the higher the currend, the faster
the fuse blowing action. By nature, fuses can only detect faults thatl are associated with excess
current. Therefore, a fuse does not offer the required adequate earth fault protection {(Strauss,
2003} and they are hot considered in the thesis,

1.5. PROTECTION FUNCTIONAL CHARACTERISTICS

Before any further discussion, it is very important to view and understand the purpose of the
protection system and the required basic functional characteristics that pretective relays shoulcﬁ
satisfy in order to perform their function properly. These basic functional characteristics include:
sensitivity, selectivity, speed dependability, security and reliability.

1.5.1 Sensitivity

Sensitivity applies to the ability of the relay to cperate reliably under the actual condition that
produces the least operating tendency, e.g. the time-overcurrent relay is expected to operate
under the minimum sef fault current condition. In the normal operation of a power system,
generation is switched in and out to give the most economical power generation for different
loads which can change at varicus times of the day and varicus seasons of the year. The relay
on a distribution feeder must be sensitive enough to operate under the condition of minimum
generation when a short circuit at a given point to be protected draws a minimum current
through the relay. NOTE: On many distribution systems, the fauli-current magnitude does not
differ very much for minimum and maximum gensration conditions because most of the system

impedance is in the transformer and lines rather than the sources themselves (Burke, 1994).

1.5.2 Selectivity

Selectivity is the ability of the relay to differentizte between those conditions for which
immediate action is required and those for which no action or a time-delayed operation is
required. The relays must be able to recognize faulls on their own protected equipment and
ignore, in certain cases. all faults cutside their protective area [James, 1994] It is the
responsibility of the relay to be selective in the sense that, for a given faull condition, the
minimum number of devices should opergte to isolate the fault and interrupt service to the

fewsst customers possible. An example of an inherently selective scheme is differential
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refaying: other types, which operate with time delay for faults oulsida the protected zones, are
said to be relatively selective. If protective devices are of different operating characteristics, it is
especially important that selectivily be established over the full range of short-circuit current
magnitudes,

1.5.3 Speed

Speed is the ability of the relay o operate in the reguired {ime period. Speed is important in
clearing a fault since it has a direct bearing on the damage done by the shori-circuit current;
thus, the ultimate goal:-of the protective eQuipment is to disconnect the faully equipment as
quickly as possible. Critical clearing times for a transmission line are often used to determine
the required coperating speed for the fransmission line protection. These critical ¢learing times
are usually based on close in three phase faults. it is obvious that a three phase fault at one of
the line terminals of the system would prevent the transfer of any power and thus must be
cleared in high speed {Alexander & Andrichak, 2004).

For lower sgurce to fine impedance rations (Zs/Z1), as the fault Is moved towards the cenire of

the line, more power can be transferred during the fault, thus permitling longer cperating times,
Similarly, = phase to ground fault, even at one of the line terminals, has much less effect on the
power transfer capability of the system. In fact, the system may be able to transfer more power
during a single line to ground fault than after the breakers have been opened to clear the fault.
In terms of system stabilify it is critical to trip the breaker near the fault in high speed for close-in
faults to minimize the effect of the fault on the power transfer capability. Once the near end
clears, the fault appears as a high impedance fault to the remote terminal and power transfer
capability is increased thus helping to maintain stability. Consequently, it is not so critical to trip
as fast &t the end of the line remote from the fault {Andrichak, 2005).

1.5.4 Reliability

A basic requirement of protective relaying equipment is that it be reilable, Reliability refers to the
ability of the relay system to perform correctly. It denctes the certainty of correct operation
together with the assurance against incorrect operation from all extraneous causes. The proper
application of protective relaying squipment involves the correct choice not only of refaying
equipment but also of the associated apparatus. For example, lack of suitable sources of

current and voltage for energizing the refay may compromise, if not jecpardize, the protection.

1.5.5 Dependability
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‘Dependability is considered o be one of the most important requirements for any protective
relay system since the non-operation of the protective relaying equipment can result in the
destruction of a power system component and the collapse of the power system. In this

document, the term “protective relay system” refers to more than a set of relays.

The profective relay system consists of the compiete complement of prolective elements
covering a zone of prolection ({including backup relaying), any associated communications
equipment and power system components such as current and polential transformers. There
~are a number of factors that affect dependability directly. Perhaps the most important factor is
the design of the re!a‘y}é and schemes used for protection. The relay measuring elements and
schemes should have the characteristics and sensitivity to detect all faults up to the limitaticns
imposed by system and fault conditions {Andrichak & Wilkinson, 2003).

Every relay system has limitations; for example, each relay has a current level (sensitivity)
below which it cannct respond. Thus, for some low level faults on the fine, the protection cannot
be éxpected to operate. Another contributing feature is the availability of the protective gear, if
the equipment is not available to perform its function at the time it is needed, then the
dependability of the protective system s reduced. Maintenance and hardware reliability are
factors which affect availability. Equipmeant which requires periodic adjustments, cleaning of
contacts, etc. will not be available for protection during the maintenance period, thus reducing
dependability (Madhava, 1880}, The higher reliability of digital relays. along with their self tast
features, improves their availability, and therefore the dependability of the protective system.

1.5.6 Security

The security of the relay system is at least as imporiant as its dependability because an
incorrect operation of a protective system reduces the overall reliability of the power system. In
fact a review of maijor system disturbances, such as blackouts, will show that the disturbance is
more likely to be caused by the malfunction of a protective system rather than the non-operation
of a system. The maifunctions may be of the sympathetic trip nature, where a2 protective system
on a non fault line operaies for an external fault; or it may be caused by a miss-set refay that
operates due to & short term increase in load caused by the opening of ancther line in the
'system. In addition, the securty of a protective relay system can be adverssly affected by
system transients, current and voitage transformer transients, and series capacitor transients,
surges produced by switching on the high voltage system or in the dc controf circuit, and by

radio frequency interference. The overall security of a protective system can be greatly

15



improved through the use of relay equipments that are preperly designed o perform correctly in
the harsh substaticn environment {Andrichak & Witkinson, 2003).

The considered performance characteristics depend on the technology of relay producing, the
structure of the substation automation system, the type of communication channels and
profocols used between the levels of the system and between the protection devices. The thesis
is investigating the possibilities for improvement of the relays functional characteristics as a
result of deve%cpmént of IEC 61850 standard based substation automation systems by
development of. '

»  lab-scale systems for testing of the protection functions, and

+ protection systems for two types of distribution networks: CPUT reticulation and
EUREKA networks.

1.6 SUMMARY OF CHAPTERS

The_ thesis contains seven chapters that explain the perceptions, developments and the resulls
of the research.

Chapter 1 gives the general information that lays the basis of the thesis. it further gives a brief
presertation on the distribution network protection, the concept for the substation automation
system and the relays basic functional characteristics that are required in terms of protection.
Chapter 2 presents the background, main research guestion, problem statement, aim and
'ob;’ecﬁves of the thesis. It further identifies the types of software's; the research methods used
and lay the groundwork of the thesis.

Chapter 3 briefly presents the thesis literature review. A brief look at the IEC61850 standard, its
benefits and challenges associated with it is covered. Anaiysis of the papers presenting different
topics in protection in the enviranment of the standard based substation automnation system is
done in the table form. Some remarks and recommendations are given at the end of the
chapter.

Chapter 4 presents the main types of faults that occur in electrical power systems. The
generation and development stages of protective relays are presented. The chapter further
deséribes in some details the concepts of relay input sources. The protection functions and
applications of protective relays and multifunctional devices (IED's) in & distribution environment
are carried out. |

Chapter 5 ccvérs the modeliing and protection design, simulaticn studies and analysis of the

CPUT and Eureka distribution network using DIgSILENT.
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Chapter & analyzed the effect of using Ethernet networks and 1EC 61850 protocols for
protection, integration and automaticn. it describes the use of IEC 61850 GOOSE messages ©
communicate high speed infcrmaticn betweean IED's on a local area network,

Chapter 7 summarizes the main results obtained in the thesis. It provides general conclusions

and discussions on the findings, suggestions and recommendations.

1.7 CONCLUSION

in conclusion this chapler gives a brief preseniation on the distribution netwerk protection and
the basic functional characieristics that are required in terms of profection. The six basic
functional characteristics are well explained to address instability which is the greatest danger to
a healthy power systern that results from faulis that are not cleared on time. The chapter further
provides the general information that lays the basis of the thesis. The background, main
research @esﬁon, problem statement, aim and objectives of the thesis will be coverad in

chapier 2.
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CHAPTER
2

BACKGROUND, PROBLEM STATEMENT, AIM, AND OBJECTIVES

This chapter presents the background, main research question, probiem statement, aim and
objectives of the thesis. }t further identifies the fypes of software’s; the research methods used
and lay the groundwork of the thesis.

2.1 BACKGROUND

Due to the growing demand of power and a higher efficiency of power distribution, protection of
power systems has become a backbone of any power network. The complexities of the power
networks and the low stability margin at which they are currently operating have a dramatic
increase in the occurrence of catastrophic fallures in electric power systems {Pathirana, 2004).
In conventiona! substations that still exist within the power network, substation equipment such
as switchgear and transformer, control, protection, and monitoring apparatus are independent of
every other device. A number of long cables are then used to complete the links between these
devices in order for them to communicate (hardwired). This method is uneconomical and it is
therefore very important to refrain from these old protection systems and embark on the
application of new technology {the 1ECE61850 compliant equipments) that will reduce the wiring
within substations, improve communication among protection equipments using Generic Object
Criented Substation Event (GOQOSE) messages over Ethernet, and simplify the complexity of
substation within power systems. The applications of the IEC81850 standard will also contribute
to the stability of the power systems. A successful protection, control and substation automation
require a protection engineer o identify and implement the most appropriate technical and
financial solution for the newsr substations as well as for the upgrading of existing substations.
Over the last few years the new standard for substation autemation communication, 1EC 61850
has been developed by the International Electrotechnical Commission (IEC). Tﬁis is basically
one of the factors that brought about the term substation protection, control and automation
hence the IEC 81850 is more than just a new standard for communication within substation
{McDonald, 2004). Beside introducing data modeis for all maior substation components and
defining services to allow for mapping on the mainstream communication stacks, this new

standard is also designed to fulfil the following requiremants:
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s . Interoperability
Inteiligent Electronic Devices (IEDs) from various manufacturers are able 0 exchangs
and use the information for their own functions
+ Future proof
' Here the basis for the standard is the data models that relate to the basic functionality of
the substation, which changes less rapidly than communication or auiomation
technology.
¢« Flexible design
The new standard users have the fexibility to freely allocate the varicus functionaiities to
the devices that form the substation automation system {SAS).
When a complete set of the iEC 81850 products is available, the new standard applications will
result in an integrated system of al ithe substation eguipment (non-conventional). This
integrated system includes instrument transformers, protective relays, control systems as well
as high veltage (HV) switchgear that is controfled and supervised using the IEC 61850 process
and station bus. Based on this siandard infegration, specification. implementation, testing and
maintenance of an IEC 61850 based system can no longer be handled by communication
speciglisis only but will require coordination between various disciplines and knowledge areas

.such as:

+ Protection and protection systems
s Protaction relays funciional testing
+ Substalion control and automation
s SCADA and distribution autemation
+ Communication technology

» Protocol testing efc

This standard defines the integration reguirements of multi-vendor compliant relays and other
IEDs for multiple protection schemes as well as control and automation techniques. All these
are managad under a hierarchical supervisery control and data acquisition system (SCADA).
Since Protection System Design (PSD) and Power System Automation (PSA) require the art of
professional workmanship, engagement in technical discussions with distribution network
engineers and operaters as well as with national and intemational experts is reguired to ensure
that the actual implementation follows the standards and its regulation. Application of the
standard wordwide is siill imited and implemented very often according to the vendors

interpretation of the standard requirements.
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2.2 STATEMENT OF THE PROBLEM

The capital investment invoived in the distribution of electrical power is so high that proger
pracautions have to be taken 1o ensure that the equipment nct only cperate at high efiiciency
but are also protected from possible faulls. The existence percentage of conventional
substations in which the substation equipment such as switch gear and fransformer, controi,
protection and monitoring equipment is independent from one anocther while the connection is
being provided by the interconnacted signal cables is still high. If protection equipment fails to
cperate or discriminate correctly under fault conditions, this can have serious implications for
the power system t'ﬁr{;ngh systemn 'damage and risks fo personnel {(Mc Dowell & Uddin,
2005).0n the other hand the economic penalties associated with such events is now important
since the end users relies heavily on the availability of stgble and quality power supply. Although
2 complete resistance from such disastrous failures is not easily achievable, new development
in the distribution protection environment is promising and power outages can be minimized and
alleviated. At the same time the application of substation automation standards-based solutions
is still limited. There are not consistent studies of the benefits from the new technology solutions
for different protection casss in cﬁstéébuticg network. Therefore investigation of the application of
the IECA1850 standard will be of benafi as opposed {o the existing conventional systems.

The research work of the thesis is in the field of investigation of the capabilities of the new
compliant with the requirements of IEC61850 standard IEDs of different vendors to operate in
integration, providing innovative solutions of the protection problems in distribution network and
in this way to improve the functional characteristics of the conventional relay and the stability
 and cost effectiveness of the power system. Based on the above mentioned, the main research

quastion of the project can be formulated as follows:

How to apply the new compliant IEC §1850 standard multi-vendors IEDs® data models,
functions, capabilities for communication by GOOSE messages, software and hardware
in order to achleve innovative and better than conventional {according to the functional
characteristics) solutions of the protection problems in distribution networks. Can the
application of the IEC61850 compliant IED’s contribute to the integration of substation
equipment in order to address the conversiorn of conventional substations into non-

conventional substations and minimize instability in power systems?
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To answer cf the above research guestion the following problem is stated to be solved in the
thesis:

Problem statement: To analyze the application of the IEC 61850 standard, to develop and
investigate alternative standards-based protection solutions for CPUT and Eureka distribution
networks and to investigate their funclional charactenstics by simulation and real-time

;mp!emenfa?ésn in a lab-scale test systam.

2.2.1 Sub-Problems

2211 Szte suwey and data ccllection
A site survey of the CPUT and Eureka networks to be ccnd&cted in order to coliect the
profection data using a weil established methodology tailcred to the site layout This survey
includes a visit to a2l meajor swiich rcoms. Protection forms are used for collecting the

information either directly from site equipments or from existing site records.

2.2 1.2 Existing Network analysis
In the case of existing network, the resesarch starts with comprehensive protection audit. A
protection audit provides an effective assessment of a power distribution system without a
commitment to a full scale power system study. This minimizes the impact that failures could

have on the nehwork by reviewing the protection co-ordination of the power system.

2.2.1.3 New Network analysis
A protection philosophy is developed based on the system requirements. This philosophy is
used to derive the specifications and design of protection schemes. Relay settings are
calculated in order to provide optimum protection for the network and that of the maintenance
personnel. if the protective devices are aiready specified, then verification of their application

sfficiency and setting issued should be verified.

2.2.1.4 |dentify the components/equipments for reliable protection
A reliable protection scheme is essential for the safe and economical protection of any power
system. Protection equipment that fails to operate or discriminate correctlry under fault
conditions can have serious implication for the power system through increased disruption,

system damage and pose fisK to human.

2.2.1.5 Calculation of reiay setting
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Relay settings are calculated in erder to provide oplimum protection for the network and that of
the maintenance personnel. Time and setting of relays are made by selacting the proper current
tap and adjusting the time dial to the number which correspond to the characleristics required.

2.2.1.6 Fault analysis using simuiation
Different types of fault are applied in different sections within the nstwork using DigSitent
software in order o assist in the analysis of the suiiasble protection methods and equipmenis
selaction.

2.2.1.7 Real tima implementation on different software and hardware piatforms
For real fime implementation the project uses different software and hardware piatforms as

foliows:

« DIGSI4ISIGRA4 for modeliing and system simulzgtion, the software consists of the
test system hardware, the basic software (including the device databass) and the VD
menitor {Vector Diagram Monitor). This equipment enables operation of all the test
sysiem’s functions. In addition to the VD monitor, other test monitors are available
which serve to simplify, automate and thus to speed up tests for various types of relay
{inverse time overcurrent and earth fault relays, distance protection relays, elc)

« Dig Silent for power systems modeiling and protection co-ordination
« DIGSH4 for simulation, set up and programming of the 1ED’s
» OMICRON for fault injection, testing of relays and GOOSE configuration

+ [ED’s for tripping and fault clearance

2.2.1.8 Operating and control results comparison
The operating and control result are compared and validated. The analyses are based on the

slements response rasults, accuracy, moderm control theories and compatibility.

2.2.1.9 Analysis of the ;}rdtection report
Protection coordination studies are conducted using DIgSILENT software. Here the calculation
for the main and unit protection devices applied on busbar, transformer and feeders of
distribution network, are carried out. These calculations are carried out in accordance with the
international electrc technical commission (IEC} standards in order to validate the existing
settings as well as providing settings for new networks. The protection studies for the new

network or existing network is fully documented in the report with the following:

« Protection philosophy



» Site survey record

s Network diagram for each section studied

s Existing and proposed proteciion grading curves

« Methodology and setting calculations for unit protections

+ Methodology and setlings for sysiem control {e.g. Auto reciosing on distribution
system)

s Existing and proposed relay setting schedules

- 2.3 RESEARCH AIM AND OBJECTIVES

The aim of this project gs to develop and investigate corract and improved distribution networks
protection technigue using the [EC81850 standard in order to protect, integrate and automate
the substation operations in a profitable, safe, responsible and environmentally friendly way and
to apply the developed methods to the CPUT distribution network. Cape Peninsula University of
Technology (CPUT) always consider and take responsibility for the long term academic,
economic, social and environmental implications. Therefore the decision to approve this
research was not only made to benefit the institution but also to address the education and
training deprivation that affect many of the students and communities al large.

2.3.1 Main objectives of the research

Theoretically and technically the research aim is o acquire a highty sophisticated protecticn and
integrated substation control system through acceptable IEC 61850 instruments as well as to
provide smart solutions in distribution operations. The objectives are:

« Toanalyze the IEC 61850 technology available on the market

o To determine the need for the 1IEC 61850 equipments in substations

e Toidentify the protection system of existing network

e To identify and study various protection schemes usad in distribution systems

+« To use simulation package to study the efficiency, speed, sensitivity and reliability of
recommended protection instruments and verify their operation

« To develop a test LAB for experimental purposes in crder to gain extensive knowledge to
design and engineer substation with IEC 61850 teols and equipment

« To test multi-vendor iED’s for interoperabiiity

o To estimate the benefits of the standards-based protection solutions on the basis of their
applications to CPUT and Eureka networks '

2.4 HYPOTHESIS

The research waork on the thesis wilt prove that:
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- By implementing a new pretection algorithm that is based on the IEC61850 protocol, | is
possible to improve distribution substation protections schemes and provide smart soiutions in
distribution operations.

2.5 ASSUMPTIONS

in order to ai!eviate_-the complexity of system modeliing and the simulation burden, the following
assumptions are considered in the thesis protection studies: '

. The site survey and data collection implementation give s clear understanding of the

existing network.
] A protection audit provides an effective assessment of a power distribution system
. without a commitment to a full scale power system study.
. A p?oteciéon philosophy is developed based on the system requirements.
* The used |EDs are compsatible with the IEC81850 standard requirements and had a

canformance test to prove it

2.6 DELIMITATION OF THE RESEARCH

The proposed ressarch focuses only into alternative protection solutions aimed for distribution
networks using protection relays that are IEC81850 ¢ompatible. The main protection types that
are part of this ressarch are as follows: Feeder proteciion, Zone prefection, Transformer
protection, and Bus protection. The protection schemes under the above mentioned types are
analyzed in details. The proposed schemes are modelled, set up and simulated using DIGSH,
DigSILENT and OMICRON Test Universe V2.3 software in a protection testing Lab environment
and thereafter should be implemented on the Cape Peninsula University of Technology (CPUT)
and Eureka distribution networks. The study solutions are universal to cater for any existing or

naw distribution network.

2.7 MOTIVATION FOR THE RESEARCH PROJECT

As distribution systems become more complex, the opportunities 1o increase reliability muitiply.
| Eilsctric consumers are more often affected by distribution systems disturbances. than by
transmission line disturbances. This is due to the closer proximity of the distribution system to
trees, human activity, and plus the load itself. A utitity can take advantage of muitiple aliernate
sources 1o increase reliability. However i_’s is not practical to require human dispatchers io

perform all the necessary checks and operations. Most distribution protection, monitoring and
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control had remained relatively unchanged for years. Utilities are now starting to upgrade the
protection. monitering and control capabifities for their distribution sysiems with the new
distribution automation technoicgiss and SCADA {Allen, 2008:; 1-2).

- Moreover the project poses a chai%snge in that, refiable protection, control and autemation of
power system is highly required as the electrical networks expand on daily basis. This is
necessary for the safe and sconomical operation of power systems. Such chalienging aspects
are the author’s mbﬁvaﬂoz‘: and inspiration for the project in question {i.e. Investigation into
alternative protection seolutions for a distribution netwark) using the IEC81850 siandard,-

2.8 RESEARCH DESIGN AND METHODOLOGY

The action plan implemented in this regard includes a thorough gathering of information on both
the existing and developing networks. Since the research aim is to explore different protection
shenomena and understand them fully, the following are the methods used to meet the

obfectives of the research.

2.8.1 Analysis of the selected method/scheme

Remedial Action Schemes (RAS) are designed to monitor and protect eleclrical systems by
as%oma%%caliy performing switching operations in response to adverse network conditions to
ensure the integrity of the electrical system and avoid network coliapse. Therefore the methods
and scheme chosen are analyzed by modeliling all protection component of the network ina one
line diagram using the simulation software. The system utilizes a number of different Intefligent
Electronic Devices {IEDs) interconnected using a common networking and communication
protocol to form an integrated scheme capable of performing automated protection of loads and
communications to avoid collapse of the distributed electrical network. The analysis has outlined
the design of the system, started with comprehensive system studies to examine and determing
the requiremeants of the RAS. The analysis of the system is discussed including the architecture
of the system as well as the selection of IEDs used and the role each plays in the overall

scheme. Finally, the metheds employed in the commissioning of the schemes are provided.

2.8.2 Simulation and test lab-scale system building

| Substaticn protection relay has many uses and offers considerable value to utility operation,
maintenance, planning, enginesring, and protection of the system. New technclogy cffers
severa! slternatives to protect, collect, store, and distribute this information in an efficient and
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economical manner, These IEDs perform instrumentation and anzslysis of power sysiem
equipment based on specific vendor algorithms. Therefore the effects of all equipment in the
system are studiad, and the mathematical model of each is implemenied. After the selsclion of
I[EDs to be used and the role each sheould play in the overzll scheme, the complete network is
therefore simulated using DIgSILENT soﬁwere. The test LAB in conjunction with DIGS! 4,
SIGRA4 and Test Universe V2.3 software is bulll for simulation and hands on practical
operation. A testing Lab is also part of this research and is meant for experimenis as well as
simulation performance in order to gain knowledge and skills for designing and enginser
substations with [EC 61850 equipments.

2.8.3 Site survey and Data collection

A sife survey'is conducted in order to coliect the protection data using a well esiablished
methodology tailored to the site layout. This survey includes a visit to all major switch rooms.
Protection forms are used for collecling the information either directly from site equipments or
from existing site records. The collected data provided an effective assessment of the
distribution system that leads to a reliable proisction system that is essential for the safe and

economical operation of the power system in question.

2.8.4 Documentation method

The documentation is theoretically split into three sections. of which the first have outlined the
theory of the existing protection and proposed protection. It has further view and analyzes the
application of multi-vendor I[ED's in terms of interoperability and outline the application,
advantage and disadvantage of similar and that of different vendor combination. The protection
system analysis and the mathematical modelling of all instruments are documented. The
efficiency comparison of the protection systems before and after being upgraded is outiined.
The second and third section has compiled a case study of the CPUT and Eureka distribution

systems, where simulation, testing and emulation are performed.

2.9 CONCLUSION

In conclusion this chapter presents the thesis aim and objectives and the terms and concepts
used throughout the thesis. The problem statement of the research and the analysis of steps
taken in order to accomplish the research objectives are given. Different software’s that are

required for simulation and real-time implementation are identified. The thesis is aimed at
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investigating the alternative protection solutions for distribution networks that are in line with the
integrated substation neiwork architectures (the IEC81850 standard), taking the cost/bensfit

analysis info account.

Literatisre review of the existing standards-based substation automation and protection sclutions

is given in Chapter 3.
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CHAPTER
3

LITERATURE REVIEW

This chapter presents the thesis iiferature review. A brief look at the IEC61850 standard, its
benefits and challenges associated with if is covered. Analysis of the papers presenting different
topics in protection in'f{?e environment of the standard based substation autornation system is
done in the table form. Some remarks and recommendations are given at the end of the
chapler. '

3.1 INTRODUCTION

As-highlighted in chapter cne and two, the study emerge from the concerns regarding the
implementation of the |ED's that are |ECG1850 compatible and the level of compeatence of
engineers and technician in South Africa. In order to understand the study (substation
automation) a need to examine various aspects that are related to the study is required. The
analysis of this chapter includes general views considering different aspects of protection in the

area of distribution networks substation automation systems.

" The general theory is expiored pertaining to the changes in substation auiomation through the
application of IEC61850 and with reference to the work of Apostolov, et al, (2006} as this
writers have placed the issue on the theoretical platform, the theory underpinning the substation
automation reform. The literature review incorporates the main problems of the existing
conventional protection systems, needs for changes towards the new standard approach,
benefits from application of the new standard based approach, type and methods of protection
applied to be used with the new equipment, applications in power systems of the new standard
based approach, what equipment is used from vendors point of view, problems existing in

apolication of the new standard based approach, stability, faults and other characteristics

achieved, using the new equipment €tc.

28



3.2 GENARAL VIEW OF SUBSTATION AUTOMATION AND THE IEC61850
STANDARD '

Traditionally pretective relays have been electromeachanical devices whose purpose was only o
protect electrical power systems against system fallures. Application of microprocessors fo
power system relaying has increased the functionality of protective relays and brought new
concepts, which considers control, protection and monitoring functions integrated togsther.
Since there are numerous methods and schemes for protection, 2 detalled research is done to
access all the ava%lab_ie methods and select the one that is more appropriate for this project
since a modem powef !system needs precise and high guality control with protection functions
as primary due to the top priority éafety reasons. All the required information is gathered by
reading related books, journals that are recently published, intemnet and research done in this
field.

3.2.1 Definition of substation automation and the IEC 61850

in order fo understand and implement the IECE1850 standard, it is important to first lock at the
definition of the concept of IECE1850 and substation automation. According to Dolezilek and
Udren, (2008), Vicente, et al., (2009} the IEC 61830 can be described as the one solution for
substation communications. The IEC 61850 standard, communications networks and systems in
substations, provides an internationally recognized method of local and wide area data
communications for substation and system protective refaying, integration, control, monitoring,
metering, and testing. It has builtin capabilities for high-speed control and data sharing over

communications network, eliminating most dedicated control wiring.

The reason why IEC 81850 is seen as the cne solution is because it fulfils all the needs for
communications within substations. The standard also provides the necessary tcols for
enginaering the one solution. The standard defines all the required file formats to configure the
substation and eventually configure the individual Intelligent Electronic Devices (IEDs).

Another definition as cited in {Brand, et al., 2004}, the standard 1EC 81850 Communication
Networks and Systems in Substations provides interoperability betwesn the electronic devices
(IEDs} for pretection, moniforing, metering, conirol and automation in  substations.
interoperability and free aliocation of functions opens up a vast range of possible solutions. It is

important for both utilities and Substation Automation system providers fo understand this

process.
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According 1o Apostolov (2008}, IEC 61850 is a new approved international standard for
substation communications that already has a significant impact on the development of different
devices or systems used in the substation. He further describes that all major substation
protection and control equipment manufacturers have products that implement different forms of
I[EC 61850 communications to simplify integration in substation automation systems and
improve the functionality of the system, while at the same time reduce the overall system cost.
New protection solutions are being developed in order to tzke full advantage of the functionality
supporied in the standard.

in addition Brand and .Janssen {2008), describe the new communication standard IEC 81850
as the Substation Automation communication replacing almost all traditional wires by sstial
communication. They further siated that based on mainstream communication means like
Ethernet, it provides a high flexibility regarding communication architectures. Due to its flexibility
utiliies are concerned about the process of specifying an IEC 81850 based Substation

Automation systems.

Brunner {2005), Lohmann {2001}, Mackiewicz (2005) recognize the IEC61850 as an
international standard for substation automation that was introduced in 2003/2004. It is the first
global standard for the utility industry and in the future the IEC 61850 will replace the mainly
vendor specific protocols that have been used in the past with a standardized protocol. They
also acknowledge that the standard is more than just another communication protocol. Besides
introducing commercial communication technology in the sub-station automation system, IEC

61850 incorporates more features not available so far in substation automation.

For Andersson, et al., (2001}, the IEC61830 is the new substalion automation standard that
allows by its flexible approach to separate functionality from physical architecture and by so
doing allows choosing architecture optimized according to needed reliability and functionality.
The standard supports all communication tasks like contrel, protection and monitoring. It covers

communication between afl IED's from the process level over the bay level up io the station

level.
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3.3 THEORETICAL FRAMEWORKS AND TECHNOLOGY BEHIND THE
STANDARD

In order to understand the IEC61850 and substation automation principtes better # is important
to assess the theory from different points of view. it is also important 1o know that the way to
approach substation automation today has changed considerably dus to the rapid change of
technology. Therefore, w.hen utilizing the IEC 81850 standard, there are many questions that
need to be answerad and this includes tha foliowing. Can acceptable results be achieved when
using this standard compared o conventional, proven methods? This is of special interest fo
timing of high speead pe)er-io—peef commands compared o hard wired techniques currently used
as well as the ability of muiltiple vendors 1o exchange information on a common medium without

any protoceol converters.

3.3.1 Communication Medium

EtHernet is the physical communication medium specified by [EC 81850, The data throughput of
modern Ethernet is much higher than that of token ring or master-slave systems. 100Mbit/s is
now the commonly adopted base data rate. Ethernet components suitable for substation
applications are readily available (Herrmann, et al., 2006), (Van Zyl , 2008), (Skendzik et al.,
2007).

Brand, et 2., (2004) stress the same idea indicating that: IEC61850 is based on Ethernet, and
Ethernet aﬂbws different physical variants. Since the standard and Ethernet is supporting both
client-server relations and peerfo-peer communication, any communication topology
connecting ail related IEDs fulfils the functional requirements. Therefore, the final determination

of the communication topology is strongly influenced by constraints, ie. by non-functional

requirements like performance.

Furthermors Tibﬁals and Silgardo (2008}, Hou and Dolezilek (2008}, and Madren (2004}
suggested that Ethernet with fiber cabling has many benefits for power utility substations. Fiber
is highly noise-resistant and easier to work with in high-voliage environments. it is alsc better
adaptable to the industy's requirement for transmission over relatively iong distances, and
offers the most cost-effective upgrade path o higher bandwidths as they become necessary.
Given the changing cost structures of fiber connectivity as well as increasing demands for
bandwidth as utilities adopt more sophisticated and bandwidth-hungry applications, fiber and
Ethamnet is the best solution and will therefore dominate the substation communications mix.
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Hahnloser (2007) stated that IEC 61850 Specifies the use of Ethemnet technology in the areas
of power generation and distribution, therefore all vendor specific buses within substation will be

replaced.

3.3.2 The peer-to-peer communications methods

The peer-to-peer communications mechanisms ailow protection engineers to revolutionize
traditional protection and control schemes, reducing the costs of system design, installation,
commissioning, operating. and maintenance, and at the same time, increase the reliability of the
system. The IEC €1850 standard includes two real-time, peer-to-peer communication methods
that are particularly useful to protection engineers: Generic Substation Event (GSE) messaging
and Sampled Values (SV) messaging. The fwo types of GSE messages, Generic Object-
Oriented Substation Event (GO0SE) and Generic Substation State Event (GSSE), can coexist
but are not compatible. GSSE is an clder, binary-only message type, and all new systems use
the more flexible GOOSE, which conveys both binary and analogue data (Hou and Dolezilek,
2008).

In terms of spead, the testing of GOOSE message between two is fairly simple, the mechanism
for doing this type of verification on many communicating devices is fairly complicated. From a
user's point of view, the mechanism must be at least as reliable with minimal latencies under
real-world conditions. The {EC 61850 specification helps in this area by defining “test” modes
within the protocel, but good testing tools that take advantage of this capability are still missing.
(Muschlitz, 2008}, (Zhang, et al,, 2005), (Horak and Hrabliuk, 2002).

3.3.4 Systems configuration

To configure an autemation system, a unique {P-address is firstly assigned to each network

. device. These devices are typically the protection devices, bay devices, station controller and

the time server. By means of the system configurator of the engineering tool, the logical

communications between deﬁces are established asccording to the IED Configuration

Description {ICD) files. The sys'tem configurator of the engineering too! links the data objects of

the devices and creates a System Configuration Description (5CDj) file. The information of this
file is written into the devices to complete the configuration (Herrmann, et al., 2008).

As stated by Caetano and Pemnes (2007), the configuraticn language. substation configuration
language (SCL), is defined in the standard. The use of this language permits that different tools,
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from different vendors, can understand the information contained inside any {ED. Enabling data
exchange, it also avoids misunderstandings, and facilitates the integration between vendors. All
the engineering is storéd in these SCL files, which facilitates its reuse in the next projects. Also
the project documentation is preduced from these files, which makes it to use the standard

betwesn project developers and vendors.

3.3.5 Interoperability

interoperability is one of the most important aspects of the standard. The ability to maintain a
certain level of freedom aliowing the use of specific vandor functions is aizo one ¢f the major
advaniages, as it allows different phitosophies from each supplier and still leaves a certain
space for creativity. it is also considered as a future-proof standard, because it takes in
consideration the evolution of the technclogy in the future. it is based on the mainstream
Ethernet communication and contains definitions for the communication o the process-bus,
expecting that in the future the products will start supporting communication in the lowest level
of tha process, {Caetano and Pernes, 2007}, (Andersson, et al., 2063}.

3.3.6 IEC 61850 application in protection and control

Some protection and controf schemes require information exchange between [EDs within a
substation. Thase are typical applications where the GOCOSE protection and conirol messages
replace hardwires and provide the same communication through an Ethernet LAN. The fast bus
tripping scheme typically applies {o radial distribution systems to achieve a clearance time for
bus fauits that is close to a bus differential scheme. This scheme is also referred to as reverse
interlocking. Reclosing control-modem 1EDs typically incorporate both protection and control
functions like breaker reclosing. For breaker failure protection, local breaker failure backup

protection is common for high-voltage applications {(Hou and Dolezilek, 2008), (Kruger, 2008},
{Apostoloy, 2008}

According to the view from BRENT, et al,, {2007} protection function characleristics are nothing
new. They were defined by IEEE Standards based on the characteristics of induction disk
relays. The microprocessor based davice only emulates the physical behaviour of the historical
relay. The development of “universal” distribution system protection relays has brought
challenges. Multiple protective functions must be specified into one package to meet various

users’ applications within the power distribution system.
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3.4 1EC61850 BENEFITS

The first benefit from applying the |[EC81850 to SA systems is clearly the instaliation of
interoperability between 1EDs of different brands. A global market needs global standards,
where each device must have the ability to be integrated in any system wiih its own global
principle of operation. Thinking global means cost reduction by equalizing competitors and their
specific functions and by standardizing maintenance and operation procedures {Caetano and
Pemes, 2007), (Kulkarni and Mannazhi, 2603).

As cited in Andersson, et al.,, {2003}, the new process close technology and the new standard
tECG 1850 offer several benefits for the design of a substation. The number of copper wires will
be significantly reduced. This will also reduce the amount of menual work involved in
assembling énd testing these wires. The number of non-supervised functions will be reduced i0
aimost zero. This reduces the time until an error will be detected and increases the availability of
the system. With the introduction of the new technology, a true redundancy is possible at

reasonable cost for alf functions of the substation.

Another study by Hahnloser (2007) reveals that the benefit of the IEC61850 standard includes
the following:

Cbject-oriented architecture

Lowers communication infrastructure costs
Reduces effort in engineering and commissioning
{ owers installation and mainienance costs
Lowers wiring costs

Provides a complete set of services
Interoperability without gateways / routers

. % * & w8 »

3.5 CHALLENGES AND PROBLEMS ASSOCIATED WITH IEC61850

According to the literature consutited, the following factors were regarded as chéiienges and
problem associated with the 1ECE1850 standard for substation automation. One study by
{Apostolov, 2008) emphasizes that it is important to focus on the problems of IEC81850
standard that could be associated with the utilities because they are the main implementers of

the standards.

Caetano and Pernes {2007) discovered that in a first approach, the feeling among the utilities
engineering teams about a tetally new system brings a certain pan of fear and a ceriain par of

reluctance for ai}aﬁdaniﬂg a totally proved system, where the workflow was clearly controlied.
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The most urgent issue regarding engineering teams when a project is gained and has to be
delivered consists in fraining. All the programmers that will be involved have fo be trained
immediaie and eﬁ“;cie-ntiy, otherwise a norma! delivery ime will not be encugh for system
deveiocpment and error corrections. For Apostolov {2008} the problem of the IEC81850
standard that could be associated with utiities involves their skills in selting up the IED’s as well
as their atfifude toward the standard. To date it is still evident that there is a wide gap bstween
utilities and suppliers in terms of knowledge and understanding of the standard which is slowing
down the implementation of the IECG1850 standard.

The present scope of IEC 81850 is limitad to communications within a substation. Work is
underway to extend the EC 81850 standard to cover inter-substation communications
requirements {Apostolov, 2008), {Zaherdoust, 2088), (Hsu and Gauci, 2008).

Another challenge of IEC 81850 is the fime synchronization mechanism. The creators of the
standard wisely chose an existing standard, the Simple Network Time Protocol (SNTP), rather
than inveniing a new protocol for the purpose. However, SNTP does not define any accuracy
requirements. It merely states that the client should use the *best” time source available. In
contrast, IEC 681850 Part 5 defines the time synchronization accuracy required for various 1EDs
according to differing “classes” of time requirements. Some of these accuracy requirements
stretch the limits of being able to determine the time itself in a device, much less being able o
compare it against the time on another device. IEC 61850 conformance testing millisecond-level
accuracy is relatively easy to verify, for instance, but sub-microsecond accuracies are very hard
to confirm. The best means of comparing time synchronization is to have two devices measure
and timestamp the same electrical pulse after having their clocks synchronized, and then

compare the timestamps as shown in (Muschiitz, 2008), (Hoibach et al.,, 2008). (Vararaksit
and Spuntupong, 2008} .

According to Caetano and Pernes (2007), time synchronization is totally independent from the
other services inside the system. [t is therefore possible to use different services for different
synchronization accuracy classes, but currently what defined is the SNTP (Simple Network
Time Protocol) that assures a 1ms accwacy class. Each IED connected will stay as a time
client, fetchéng the time from a time server that can be a GPS clock or any other SNTP server
running in a computer connected to the network. The 1ms accuracy is implemented via a

mechanism of caiculation and correction of the transmission delays betwsen clients and server.
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Herrmann, et al., {2008), pcint cuf that the certification of devices compliant with |EC 61850 is
an important milestone towards the creation of an environment in which equipment from
different manufac’iurefs work smoothly together. The conformity tests specified in IEC 81850
were carried out on one representative device of the manufacturer. KEMA, an independent test
institute approved by the UCA Infemational Users Group, was responsible for the first set of
tests in March 2005, The certification process involves checking the documents of
manufacturers and confirming that actual implementation matches what is wriffen in the
standard-document. This is what most vendors do not have although claiming that their
products are 1ECS1850 compiiant. The utilities are therefore experiencing problem with the
manufacturers due 16 the cerlification issue since untested preduct represents too high risk to
the rest of their system. For this project the IED's used are compliant and a ceriificate is
received from SIEMENS.

Finally is the sa;&p_ort services because if support service 1o end user, in this case the utilities
and academic institution, are lacking then it may be one of the contributing factors that hamper
with proper implementation of the IEC61850 for substation automation. Therefore it is very
important for vendors and suppliers to understand the role of suppert services and its
importance in the enginesring industry.

3.6 COMPARISON OF THE EXISTING PAPERS ON THE ANALYSIS OF
POWER SYSTEM PROTECTION

The survey and comparison of the papers was carried out using the following criteria.

Statement of the problem

Project objective

Approach of solution {model)

Consiraints and drawbacks experienced, and
Findings

Table3.1 Comparison of methods used for power system protection

PAPER _ PROBLEM OBJECTIVE MODEL CONSTRAINTS FINDINGS
STATEMENT
Brand, Brunner, | Communication is | To analyze the A model of the | Some boundary | With
Wimmer (2004) | the backbone of | effect of | real environment | conditions like the | IEC61850,
“Design of IEC61850 | substation IECE61850 is used in order | topology of the | different
based substation | automation and, } features in | to implement the | substation, the | solutions are
autormation  systems | therefore, IEC | designing designing interfaces to | possible.
according to customer | 61850 is the most | aplimized parameters as | awdliary power | Optimized
requirement” important key for | systems. issued by the | supply system, to | Substation
designing systems the switchgear and | Automation




since
interoperability

and free allocation |

of functions opens

customer

to network controi
centers ete.

systems can
he designed,
which are not
expensive and

up a vast range of with un-
possible solutions maintainable
solutions.
Schwarz (2007) | To analyze the | To understand | Lab tests, pilot | Vendors, users, and | The
“Impact of IEC61850 | basics of |EC | and to define the | projects, and | system integrators | knowledge of
on system | 61850 through the | role  of the | other projects | have fo go through 2 | IEC61850 is
engineering, tools, | engineering of | system are used to frain | leaming curve sfill  minimal
people-ware and the | substations and | integrator for | users, fo gain within  utility
rnole of system | |EDs application IEC 61850 | the needed companies
intagrator® based systems. expertise
Baxevanos, Labridis | Power Distribution | Te A model of the | Experimenting with | The need for
(2007) ‘A mulf-agent | network is  a { autonomously real environment { fault management | protection and

system for power | physically perform effective | is used in order | systems has proven | control
distibution  nefwark | distributed system | fault to define the | to be a complicated | systems which
protection and | that depends on a | management on | designing procedure exhibit self
resforation: Designing | proper medium voitage | parameters of a organizing,
concepts and an | functionality and | (MV) power | multi agent coordinating
application prototype” | interoperability of | distribution system (MAS). and
several network. collaborative
heterogensous behaviour is
components. imperative
Taisne (2006) | The application of | To minimise the | An intelligent | Formalism from | Dspite
“Inteiligent alarm | intefligent alarm | alarm  ovedoad | alarm processor | symtom to diagnosis | numerous
processor based on | processor based | in Energy or { based (1AP) is | knowledge is | researchers
chronicle for | on an innovative | distribution implemented lacking. The | no reliable and
transmision and } method which | management methods remain too | industrial
distribution system” provide a fast and | system compiex regarding | solution
deterministic dispatcher the need to | seemed to
analysis of events configure and to | safisfy the
maintain the | requirement of
knowledge base. 1AP for energy
management
systems and
distribution
management
system
Abyaneh, Karegar, | The optimal | To analyze an | A performnance | Approaches ta | Using
Zahedi, Ahmadi [ coordination effective method | of the proposed | coordinate geometry  of
{2004) “Constraints | constraint to reduce the | method was | protective devices in | the optimal
Reducton of the | between the | number of | evaluated by its | power systemsarea | OC
optimal coordination of | primary relay and | constrain that | application 1o an | tedious and time | coordination
overcurrent Relays™ the backup relays | limit the benefit | 8-Bus of an |} consuming job and | probiem can
of the optimal | industrial power § the graphical and | reduce the
programming network analytical methods | number of
cannat obtain ! constraints
optimal settings and increase
the speed of
processing
fime
Candy, Talsne (2007) | To find a solution | To address the [ The To identify what | The energy
“Advanced alam | to information | data  cognitive | implemented network state must | management
processing  faciliies | overload on | and  overload | functionality be exist for the | system used
installed : on | SCADA system by | problems uses a model | chronicle to be | by Eskom can
Eskom'sEnergy applying a new | experienced by | based  parlen | recognised and | improve  the
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management system” | energy control staff at | recognition friggered. alarms and
management Eskam’s - algarithm Justification of | historical
system known as provided by | mandatory, trends of
TEMSE. AREVA's forbidden and group | scada systems
intelligent Alarm | events and the what
processing happen analysis
application
Chartes, McBDaniel, | Development of { To upgrade the { A  one line | Product selection [ The use of
Dood (2007} | the protection, | protection diagram method | due to the flexibilily | IEC 61850
“Protection,  Controf | control and | scheme and { was and analogue logic | IED's and
and Autornation | autornation design a | implemented availability that is | SCADA is a
system for a muiti | systems for { supervisory required solution to a
station looped | distributing system | control and data reliable  and
distribution system” acquisition cost effective
system protection
systemn
Skendzic, Ender, | Analysis of the | To analyze the | A simutation Process Bus
2Zweigls (2007) “EC | IEC 61850-9-2 | Sampled Value | model is used to technology
61850-6-2  Process | Process Bus and | (8Y) Process | illustrate the described  in
Bus and lts Impacton | its Impact on | Bus concept that | application and IEC 61850-9-2
Power System | Power System | is infroduced by | difference offers a variety
Pratection and Confrol | Protection and | the IEC 61850- | between of new and
Refiability” Controf Reliability | 9-2 standand. conventionat exciting
and non possibiliies in
conventional designing  the
VT's and CT's, Ethernet-
merging  units based
etc. protection and
contral
systems.
Larson {2007} | Decision analysis | To analyze and | Decision The complexity of | Individual
“Decision Analysis | methods use | present a | analysis the attributes that | decision
Applied to Prolective | rigarous cuslomized technique has | each alternative is to | makers can be
Relaying” technigues ta | methodology for | been applied be rated against and | risk adverse,
determine the best | relays  system any uncertainties in | risk seekers or
alternative that | selection meeting these | risk neutral
solve a problem attributes all
with multiple contribute  to  the
competing degree of difficulty in
objectives making a decision
Kashiwazaki, The construction | To unify { The method | Slower development | Stability of
Wakida, Sato (2002) | of intefigent | protectionfcontro | used was the | and release of | power supply
“New technologies for | substation in the | 1 units so they | implementation products that have | and improved
electric power | power distribution | can be | of digital | compatibility and are | maintenance
distribution systems” systems as well as | incorporated into | technology and | tow in cost in terms | at a reduced
protection/control intelligent iT related | of demand from | cost by
unified equipment | substation  for technology clients promoting
as examples ofthe | the benefit of | aimed at these
new technology high reducing costs i developments
performance and -enhance
and integrated | refiability
power
distribution
managemert
Schweitzer, Scheer, | Most digital | To analyze, | A typical | Changing traditional | Advanced
Feltis {1992) "A fresh | distribution refays | discuss and | distribution protection schemes | digital
look at distibution | provide traditional | implement the | system requires purchasing | distribution
phasé and ground | additional arangement and installation of | refays improve

protection”
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overcurrent features of more | equipped  with | additional equipment | distribution
protection, advanced digital ] digital protection and
reclosing functions | disfribution distribution reduce utility
and limited | relays relays was used capital,
metering and operational
event recording and
maintenance
costs
Soudi, Tomsovic | The fundamental | To evaluate the | A typical | Limitaftons imposed | Preventive
{2000) “Qptirmal | goal of an electric | practicality  of | distribution by coordination, | measures and
distribution protection | ufility is to use | such design | circutt from a | design, application | appropriate
design: Quality of | various refiability | optimization major utility is | and costs concemns remedial
solution and | indices o evaluate | fechnigues selected o actions
computational the service | through illustrate the improves
analysis” reliability and | comparison of | proposed distribution
prioritize  capital | the acquired | approached in reliabilty  of
and mainienance | solutions to | terms of any utility
expenditures existing  utility | customer based
practices  and | indices such as
analysis of the | SAIFl, SAIDI,
computational and CAIDI
complexity of the
algorithms
Lohmann {2005) | The advantages of | To provide a five | The substation | This method provide | The

“New stalegies for | a substation | level functional | information more data than can | integration of
substation control | oriented structure for | management be processed and | protection and
protection and access | deceniralized power system [ unit that act as | assimilated in the | control is a
to information” automated management via | the data base | time available way to

concept with | decentralized convertor is minimize

regards o the | substation used in installation

acceleration and | oriented canjunction with and

substantiation of | automated the wide area maintenance

the decision | concept network complexity by

making  process reducing the

are obvious number of

EiD's in a
substation

Mui, Nwankapa, | The restructuring | To address the | The Efforts towards | The power
Yang, Madonna | of the electic | topic of power | development of | integrating the | distribution
(2003) “The | ufilites and the | distribution power laborataries into | curriculum can
development of a | rapid instaflation of | systemsinterms | distribution existing power | be wused in
comprehensive Fower | new ~ - automated | of classes and | systems distribution courses | graduate
distribution  systems | component  has | sofiware curticulum curiculum  as
curricutum created the need | laboratories at | centred around well

for engineers with | several a reconfigurable

formal knowledge | universities distribution

ahout power automation and

distribution conirol

automation  and laboratories

cantrol
Hill, Behrendt (2008) | The migration of  To install | A 5kV power | The method to | Significant
“Upgrading power | conventional microprocessor- | plant one line | improve  selective | benefits to
system protection fo | substation into | based bus | diagram was coordination is | improve
improve safety, | intelligent differential used with | crucial manitoring and
monitoring, protection | substations protecion  on | simulation control  were
and control - through the use of | medium voltage | software also  realized

MICroprocessar switch gear and because of the

relays selectively installation of
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replacing microprocesso
etectromechanic r devices
al  overcurrent
relays with
Microprocessor
relays
Alten (2008} “Effects | Wide area control | To examine the | A one  line | There is hitte doubt | HML can play
of wide area control on | systems may | use of wide area | diagram was | that  sophisticated | a critical role
the protection and | degrade the | automatic used and | automatic  control | in determining
operation of | effectiveness  of | control systems | different systems are and will | how the
distribution networks traditional in electric power | schemes were | continue to  be | control system
pratection distribution applied to a two | important factors in | is performing
practices networks  and | feedernetwork | the  mission 1o ’
understand  its deliver high quality,
effects on the reliable power
distribution
network to
ensure that the
safe and
effective
operation of the
network is not
compromised
Baxevanos, Labridis | Power Distribution | To A model of the | Experimenting with | The need for
(2007} "A nuit-agent | network is  a | autonomously real environment | fault management | protection and
system for power | physically perform effective | is used in order | systems has proven | centrot
distribution  network | distributed system | fault to define the | to be a complicated | systems which
protection and | that depends on a | management on | designing procedure exhibit self
resloration: Designing | proper medium voltage | parameters of a organizing,
concepts and  an | functionality and | (MV) power { muli agent coordinating
application prototype™ | interoperability of | distribution system (MAS). and
several network. collaborative
heterogenecus behavior is
components. imperative
Abyaneh, Karegar, | The optmal | To analyze an | A performance | Approaches to | Using
Zahedi, Ahmadi | coordination effective methed | of the proposed | coordinate geometry  of
{2004)  “Constraints | constraint to reduce the | method was | protective devices in  the optimal
Reduction of the | between the | number of | evaluated by its | power systems area j QC
optimaf coordination of | primary relay and | constrain  that | application to an | tedious and time | coordination
overcurrent Relays” the backup relays | limit the benefit | 8-Bus of an | consuming job and | problem can
S of the optima! | industrial power | the graphical and | reduce the
programming network analytical methods | number of
cannot obtain | constraints
optimal settings and increase
the speed of
processing
time
Charles, McDaniel, | Development of | To upgrade the { A one line | Product selection | The use of
Dood {2007) | the protection, | protection diagram method | due to the flexihility | IEC 651850
“*Protection, = Control | control and | scheme and | was ' and analogue logic | IED's and
and Autorrration | automation design a | implemented availability that is | SCADA is a
systern for & mufi | systems for | supervisary required solution to &
station looped | distributing system | control and data reliaple  and
distribution system” acquisition cost  effective
system protection
system
Larson (2007) | Decision analysis | To analyze and ! Dedision The complexity of | Individual
“Decision Analysis | methods use | present a { analysis the atiributes that | decision
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Applied to Protecfive | rigorous customized technigue has | each alternative is to | makers can be
Relaying” techniques to | methodology for | been applied be rated against and | risk adverse,
determine the best | relays  system any uncertainties in | risk seekers or
alternative that | selection meeting these | risk neutral
solve a problem attributes all
with multiple contribute  to  the
competing degree of difficulty in
objectives making a decision
Kashiwazaki, The construction | To unify |{ The method | Slower development | Stability of
Wakida, Sato {2002) | of intelligent | protection/contro | used was the | and release of | power supply
“New technologies for | substation in the | | units so they | implementation products that have | and improved
electric power | power distribution | can be | of digital | compatibility and are | maintenance
distribution systems” systemns as well as | incorporated into | technology and | low in cost in terms | at a reduced
protection/control intelligent IT related | of demand from | cost by
uniied equipment | substaton  for | technology clients promaoting
as examples ofthe | the benefit of | aimed at these
new technology high reducing cosis developments
performance and  enhance :
and integrated | reliability
power
distribution
management
Schweitzer, Scheer, | Most digital | To analyze, | A . typical | Changing traditional | Advanced
Feltis (1992) “4 fresh | distribution relays | discuss and | distribution protection schemes | digital
lcok at distihution | provide traditional | implement the | system requires purchasing | distribution
protection”™ phase and ground | additional arrangement and installation of | relays improve
overcurrent features of more | equipped  with | additional equipment | distribution
protection, advanced digital | digital protection and
reclosing functions | distribution distribution reduce utility
angd limited | relays relays was used capital,
metering and operational
event recording and
maintenance
costs
Soudi, Tomsovic | The fundamental | To evaluate the { A typical | Limitations imposed | Preventive
(2000) “Optimaf | goal of an electric | practicalty  of | distribution by coordination, | measures and
distribution profection { utllity is to use | such design | circuit from a | design, application | appropriate
design: Quality of | various reliability | optimization major utllily Is | and costs concerns | remedial
solufion and | indices to evaluate | techniques selected - fo actions
computational the service | through illustrate the improves
analysis” reliability and | comparison  of | proposed distribution
prioritize  capitat | the acquired | approached in reliability  of
and mairenance | solutions to | terms of any utility
expenditures existing  utilty | customer based
practices  and | indices such as
analysis of the | SAIF} SAIDI,
computational and CAIDI
complexity of the
algorithms
Lehmann (2095) | The advantages of | To provide a five | The substation | This method provide | The
“‘New sirategies for | a substation | level functional | information more data than can | ktegration of
substation controf | oriented structure for | management be processed and | protecton and
protection and access | decentrafized power  system | unit that act as | assimilated in the | control is 2
to information” automated management via | the data base | time available way to
’ concept with | decentralized convertor is minimize
regards 1o the | substation used in installation
acceleraion and | oriented conjunction with and
substantiation of | automated the wide area mairtenance
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the decision | concept network complexity by
making  process reducing the
are obvious number of
EiD’'s in a
substation
Mui, Nwankapa, | The restructuring | To address the | The Efforts towards | The power
Yang, Madonna | of the eleclric | topic of power | development of | integrating the | distribution
{2003) “The | wuiilifies and the | diskribution power faboratories into | cuwrmiculum can
development of a | rapid installation of | systerns in terms | distribution existing power | be used in
comprehensive Power | new  automated | of classes and | systems distribution courses | graduate
distribution  systems'| component  has | software curiculum curriculum  as
curiculum created the need | Iaboratories at | centred around well
for engineérs with | several a reconfigurable
formal knowledge | universities distribution
about power automation and
distribution - control
automation  and laboratories
control
Hill, Behrendt {2008) | The migration of | To install | A 5kV power | The method to | Significant
“Upgrading power | conventional microprocessor- | plant one line | improve  selective | benefits to
system protection to | substation inta | based bus | diagram  was | coordination is | improve
improve safety, | intelligent differentiat used with | crucial monitoring and
monitoring, protection | substations protection on | simulation control  were
and control through the use of | medium voltage | software also realized
MiCraprocessar switch gear and because of the
refays selectively installation of
replacing microprocesso
electromechanic r devices
al  overcurrent
relays with
microprocessor
relays
Allen (2008} “Effects | Wide area control { To examine the | A one line | There is litle doubt | HMI can play
of wide area control on | systems may | use of wide area | diagram was | that sophisticated | a critical role
the protecton and | degrade the | automatic used and | automatic  control | in determining
operafion of | effectiveness  of | control systems | different systems are and will | how the
distribution nefworks traditional in electric power | schemes were { continue to  be | control sysiem
protection distribution applied to a twa | important factors in | is performing
practices networks  and | feeder network the mission to
understand it deliver high quality,
effects on the reliable power
distribution
network to
ensure that the
safe and
effective
operation of the
network is not
compromised

3.4.1 Findings from the literatures comparison

In view of the researched papers, there are a number of approaches in terms of distribution
network protécticn that are in line with the IEC 81850 substation protection, automation and
control system aithough the goal is common, Tabie 3.1. The evaluation of protection schemes in
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terms of speed, security and dependability has place a huge burden and responsibility among
the IED's vendor since a reliable protection system required the products that complies with the
standard and confor?hance certificates are required at all times. The IEC 81850 standard has
been defined in cooperation with manufacturers and users to create a uniform, future-procf
basis for the protection, communication and control of substations.

According to Lundqvist {2061} the technological history in Protection and Station Automation
can be shown by comparing space requirements between modemn and coid eguipment. One
numerical terminal can replace up two five panels with electromechanical relays or two panels
with stalic relays. This is a major advantage since space is so difficult to own nowadays. Sslf-
supervision and communication are additional features of numerical terminals.

Labuschagne and van der Merwe, (2008) indicate that numerical relays have revolutionized
protection, controf, metering, and communication in power systems. Functional integration, new
methods of communication, reduced physical size, and an enormous amount of available
Enzfcrmaééorz are benefits of this revolution. Having made the initial conceptual adjustment of
‘relating objects from electromechanical technology such as rotating discs and moving
amaiures to such elecironic ischnology as analog-to digital converiers and comparators.
protection practitioners must then deal with programming the relays. Initially, programming was
no more than selecting values for relay settings. Further advancement in digital technology,

however, has made possible advanced and sophisticated programming of logical funciions and

analog guantities.

In terms of protection Hadjicostis and Verghese {2007) suggested that it is possible to detect
and identify failures in power systems lines by analyzing binary status information from relays
and circuit breakers. The approach, which is based on Petri net models, requires very simple
calculations (linear checks) during execution time and aliows for concurrent/incremental

processing of the informaticn as it arrives at the control center.

Mozina Murty and Yalla (1996} indicated that self diagnostics is one of the most important
features of digital relays. It was not available in either electromechanical or static relays design.
One of the major benefils of relays self diagnostics is its impact on periodic maintenance. With
conventional electromechanical relays and sclid state electronic relays the user has to verify

that the relay is oparating by pericdically injecting current and voltages.
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Dolezilek et al, {2007} reveals that the muliifunction protective relays and other intelligent
glectronic devices (JEDs) create two unigue and independent remedial action scheme (RAS)
systems with reéundém functionality thus referred to as dual-primary, while also supporting
SCADA meonitoring requirements. These dual-primary RAS systems work simultaneously or
individually as operational and testing situations require. Further discussion includes design and
implementation of integrated digital communications of data to add RAS and SCADA
functionality to mission-critical IEDs. Innovative, real-time communication quality measurements

demonstrate that the performance and reliability meet or exceed the requirements.

-

Skendzic, ot al,, {2007} anaéyze the Sampled Value (8Y) Process Bus concept that was
recently introduced by the IEC81850-8-2 standard. This standard proposes that the Current and
Voltage Transformer (CT, PT) outputs that are presently hardwired to various devices (relays,
meters, {ED, and SCADA) be digitized at the source and then communicated to those devices
usi_ng an Ethernat-Based Local Area Network (LAN). The approach ié especially interesting for
modern optical CT/PT devices thal possess high quality information about the primary
voltage/current waveforms, but are often forced to degrads output signal accuracy in order to
mest traditional analog interface requirements (5 A/120 V). While very promising, the SV-based
process bus brings along a distinct set of issues regarding the overall reliability of the new

Ethernet communications-based protection and control system,

Focusing on the EID's sources Tholomier and Chatrefou (2008) emphasize that non-
conventional instrument transformers with digital interface based on IEC 51850-9-2 process bus
eliminate some of the issues related to differences in protection and metering requirements. The
data can be processed by any device to perform different protection, automation and control

functions as opposed to conventional CT's and VT's.

Tholomier and Chatrefou {(2008) noted that successful implementation of non-conventional
instrument transformers (NCIT} in various applications automatic identification system and
geographical identification system (AIS and GIS}) requirés the availability of a full range of
products. Laboratory type tests and field experiments have been running for mcré than 15 years
and succeésfuiiy show the iechnical feasibility of sensors and their implementation in high
voltage networks within the ruling specifications. All configurations require one unique
secondary electronic rack, the so-called Merging-Unit (MU). This is a device that includes
sensor electronics and different kinds of interface, compatible with protection and metering

devices.



According 1o Charles, et al, {2007} opinion a condensed set of criteria for a new [EC81850
protection and SCADA system are based on the following statements:

e Simplify the protection and control schemes by eliminating a muitiplicity of discrete
relays and componenis with one device that can be used to safisfy all required
applications

« Improve the manual operations of the system.

« Improve the coordination of the system fo eliminate ongoing over-tripping that was being
experienced with conventional relays.

« Provide the capability {o obtain fault event recorder information and sequential event
recorder data from anywhere on the SCADA communication natwork without requiring
travel to the relay location.

According to Alien {2007) applying the IEC81850 |IED’s and autemating the distribution network
is that more data become available to the control center. Information that was previcusly
islanded in standalone recloser controls becomes accessible via the SCADA interface. Thisis a
great benefit because it adds ic the dispaicher's situational awarsness. Mowever, it can also
have a negative effect if the data are not organized. Some systems forward large amounts of
unorganized data to the control center. In the end. this approach is not sustainable because
operators become frustrated. The negative impact of large amounts of unorganized data

becomes more pronounced as more feeders bacoms automated.

According to Candy and Taisne (2007), Taisne {2006,2007} such problems are sclved and
improved by applying an energy management system that implements the functionality that
uses a model based pattern recognition algorithm provided by AREVA's  intelligent alarm
processing application {IAP) scftware. In s¢ doing, the data overloading will be reduced and this
will address the data and cognitive overload probiems that can be experienced by controf

centres.

According to the literature survey the IEC 61850 has gain an excellent track record as the
esiablished eommunication standard on the worldwide market for the auiomation of substations,
l1s main advantages are:

« Simpie substation structure: No more interface problems. With IEC £1850, protoco!
diversity and integration problems are a thing of the past.

+« Everything is simpler: From engineering to implementation, from operation to service.
Save time and cosis on configuration, commissioning and maintenance.

¢ Reduction of costs: |IEC 81850 replaces wiring between feeders, control swiiches, and
signaling devices.
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s lore reliability: Only one communication channel is used for all data —in real time,
synchronized via Ethemnet.

3.5 REMARKS

Different researchers have looked at the theory of {(Upgrading Power System Protection to
Improve Safety, Monitoring, Protection, and Cantrol) from different angles but the main objective
is to reach a common goal. In general protection is a wide subject, different protection schemes
have been handled separaiely in differeni categories, thal i puf together, will make up a
compiete protection system for any distribution power system. As indicated by different authors,
through the analysis of their research, the goals of the protection system is still to strive and
chiain a power system protection service that ensures an optimum performance of power
system protection schemes. The application of Intelligent Electronics Devices {(IED's) that
complies with the {EC 61850 standard has proven io be the solution to a reliable protection of
any power system. The I£EC 61850 is a new communications standard that aliows the
development of new range of protection and control applications that resuit in significant
benefits compared to conventional hard wired solutions. It reliably supports interoperability
between proteclive relays and conirol devices from different manufacturers in the substation
which is a necessity in order to achieve substation level interlocking, protection and control

functions and improve the efficiency of microprocessor based relays applications.

Most researchers have outlined that this standard has gained fast attention and wide
application; therefore it is certainly here to stay for the foreseeable future in power substation
integration, autormnation, and control. Applied to substation protection and control, the new
standard brings the benefiis of cost savings in engineering design, installation, commissioning
tests, opsration, and maintenance. Power protection engineers should leamn the new
technology. since the modelling of IEC 81850 based multifunctional distance protective relays
reguires good understanding of their functional hierarchy, as well as the meodelling principles
defined in the standard. These engineers should work even closer with engineers from
communications and/or inforrﬁation technoiogy departments, to be able to provide protection
and control specifications under the new communications environment, and be able to strike the
best compromise between protection/control periormance and communications network

complexity.

In this research project a complete IEC61850 protection Lab is implemented. The main goal will

be io achieve communication between the IED's using the Ethernet communication protocol as
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recommended by the standard. In addition intercperability will be proven by exercising the
application of System Configuration Language. Some protection automation and interiocking

functions, and the application of overcurrent protection will be implemented.

3.6 CONCLUSION

in conclusion this chapter presents a brief summary of the lierature survey related to the topic
of investigation. The role of the IECG1850 standard and the theory that underpin the standard
were also discussed. .The challenges that the utilities are facing were aiso highlighted. The

theoretical aspect of protection will be coverad in chapter 4.
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CHAPTER
4

THEORETICAL ASPECTS OF PROTECTION

This chapter briefly presents the main fypes of faulls that occur in electrical power systems. if
further outfines thé steps used in calculating the muost common faults that leads to protection
analysis study. The gensration and development stages of protective relays are presented. The
chapter further dsscﬁées in some detaiis the concepis of refay input sources analysis. The
types of instruments and different methods used to measure voliages and cuirents that are fed
into protection refays and IED’s in order for them fo detect abnormal condifion and fo make
rasponsible decision in power systems are presented. The protection functions and applications
of protective relays and mutfifunctional devices {IzDr's) in a distribution environment are carried
cuf.

4,1 THEORY OF POWER SYSTEMS FAULT

4.1.1 Intreéuctien

In order to apply protection relays, it is usually necessary to know the limiting values of current
and voliage, and their relative phase displacement at the relay location, for various types of
short circuits and their pesition in the system. These, normally require some system analysis for
faults occurring at various points in the system. In general, power systems are subjected to
different kinds of fauits. The most common types are three phase ones with and without earth
connaction, phase to phase, single phase o earth and double phase fo eanth. These
disturbances, if allowed to persist, may damage plant and interrupt the supply of electric energy.
Therefore, the analysis of load and fault conditions provides useful information that includes the
follewing:

The choice of power sysiem arrangement ]

The reguirad braking capacity of switch gear and fuse gear
The application of protection and control equipmeant

The required load and short circuit rating of the system
System cperation, security of supply and economics and

The investigation of unsatisfactory power system performance
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4.1.2 Types of faults on a three-phase system

Mostly, the power distribution is globally a three-phase distribution especially from power
sources. The types of faults that can occur on a three-phase AC system are shown in Figure
4.1,

®

L]
01”%.
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M ‘”

Figure 4.1 Types of faulis on a ihree-phase system
Where:

(A) =Phase-to-earth fault

(B) =Phase-to-phase fault

(C) =Phase-to phase-tc-earth fault

(D) =Three-phase fault

(E) =Three-phase-to-earth fault

It should be noted that for a phase-to-phase fault, the currents will be high, for the reason that
the fauit current is only limited by the inherent (nalural) series impedance of the power sysiem

up to the point of fault (Ohm's law).

4.1.3 Transient and permanent faults

Transient faults are classified as faults, which do not damage the insulation permanently and
allow the circuit to be safely re-energized after a short period. A typical example weould be an
insulator flashover, following a lightning strike, which would be successfully cleared by opening
the circuit breaker, which coaié then be closed automatically. Transient fauits occur mostly on
outdoor equipment where air is tha main insulating medium. Permanent fauits are the resuit of
permanent damage fo the insulation, as the name implies. In such cases, the equipment has to

be repaired and recharging must not be entertained befere repairfrestoration.
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4.1.4 Symmetrical and asymmetrical faults

A symmetrical fault is a balanced fauit with the sinusoidal waves being sgual about their axes,
and represents z sieady-state condition. An asymmetrical fault displays a DC offset, transient in
nature and decaying to the steady state of the symmetrical fault after a period of time, as shown
in Figure 4.2, In a balanced three phase system, each of the three phases should have currents
and voltages which are equal and 120" phase shifted with respect to one ancther. In addition
the impedance in éach line should be identical. These faults can be analyzed by using a single
phase representation. However these types of faulis are very seldom.

-
A

a
s
-

Steady state

7 ”
Offset !

Figure 4.2 An asymmelrical fault

During unbalanced faulis, the system symmelry disappears completely and the single phase
representation used for three phase balanced faults no longer applies. The majority of these
faults cccurs batween one singie phase and earth or between two phases and earth and are
termed asymmetrical or unbalanced fault. These faults arise from lightning discharges,
mechanical causes and other over voltages that initiate flashovers and power arcs. Anather type
of asymmetrical faults which are of interest is the open circuit faults which result from broken

conductor, mal-operation of fuses and single phase switchgears.

4.1.5 Per-unit system

Power plant like transformers and generator impedance data is normally expressed as a
percentage (%) or in per unit (pu) on the nameplate. Any pu value is expressed as a ratio
between the actual and the base value (Alstom APPS, 2008). Therefore the pu vaiug is unit

less or dimensioniess.
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Xﬂ.c Q.
Xy = o8 @.1)
Xy = X, X 100 4.2)

The actual value could be the voltage, current, powsr or impedance. The reference valus is
regarded as 1 pu or 100%. All the network theorems like Chm's law still apply. For a single
phase system the formulas are as follows:

_ 5 .

=3 (4.3)
_

Zy = T (4.4)
_Y%

ZI? = (4.5

Wheare:

I,- the base current in kA

Zy = the base impedance in chms
V, = the base voltage in kV

5, = the base MVA

The rated values of voltage and power can be used {o calculate the actual impedance of the

eguipment by using the following formula:

Zpy XV§
Zactual =5~ (4.6)
Converting to a new base:
s 2
= _NBV5p
Zpu(NB) ~ Lpu(GB) VGBXVJ_%B (4-7)
Where:
Zyune) = the per unit impedance new base
Zyyeey = the per unit impedance given base
For the three phase sysiem, the base current and impedance formula are as foliows:
s
I, = =% 4.8)

V3 Vp
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Zy =7 o | (4.9)

4.,1.6 Methods for calculating short circuit currents

A symmetrical fauit, which is three-phase fault and three phase fo earth fault with symmetrical
impedances to the faull, leaves the electrical system balanced and therefore can be caiculated
from the single-phase impedance diagram. This symmetry is lost during asymmetrical fauils
such as: line to earth, line to line and line {¢ line fo earth.

4.186.1 Catcuiatiﬁn of short circuit currenis
Accurate fault current calculations are normally carried out using an analysis method called
"Symmetrical Compenenis.” This method involves the use of higher mathematics and is based
on the principal that any unbalanced set of veciors can be represented by a set of 3 balanced
sé;szems, namely; positive, negative and zero sequence vectors {Preve, 2006:81-84). However,
for practical purposes, it is possible to attain a good approximation of three phase short circuit
currenis using some very simplified methods, which are discussed below. The short circuit
current close to the transformer and at the secondary side of the transformer can be quickly

calculated, using the following formuia:

100P

Short-circuit MVA = %

and (4.10)

MVA

Short - circuit current, I, = o

(4.11)

Where:

P = Transformer rating in MVA

X% = Internal Reactance of Transformer in %
IkA = Short-circuit current in KA

kV = Transformer secondary voltage in kV

Normally, the percentage (%) reactance value of the transformer can be obtained from the
nameplate, or if not, from the transformer data sheefs. if a length of cable (mere than 100m)
exists between the transformer and the fault, the impedance of the cable has to be taken inio
~account to arrive at a realistic value for the worst-case fault current. This is done by calculating

‘the source impedance and then adding the cable impsedance, as follows:

kv

PN (4.12)

Source Impedance, £ =
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kV
(4.13)

ZsgurcetZcable

Fault Current, kA =

Z.apte Can be obtained from the manufacturer's cable data sheets. However the above
calculation is ancother approximation, as Z e and Zope are not necessarily in phase and
complex algebra should be used. This is accurate encugh in most practical applications. When
considering a three phase system, each vector quantity of current or voltage is replaced by
three components, therefore a total of nine vectors will uniquely represent the value of the three
phases. The balanced phasors of a three phase system are designated as follows:

«  Posiiive seqitence components which consist of three phasors that are equal in
magnitude but 120° apart and are rotating in the same direction as the phasors in the
power system {e.¢. in the positive direction).

» Negative sequance componenis, which consist of three phasors of equal magnitude but
spaced at 120" apart and are rotating in the same direction as the positive sequence
phasors, but in a reverse sequence.

s Zero sequence components, which consist of three phasors that are equal in magnitude
and in phase with each other, rotating in the same direction as the positive sequence

phasors {Saha, et al., 2008). With this kind of arrangement, voltage values of any three
phase system ¥, Vp and V. can be represented. Thase will be covered in the next topic.

4,18.2 Symrﬁeirical component analysis of the three phase network

. Any Protection Engineer will always be interested in a wider variety of faults than just a three-
phase fault. The most common fault is a singie-phase to earth fault, which, in Low Voltage (LV)
systems, can preoduce a higher fault current than a three phase fault. Similarly, because
protection is expected to function correctly for all types of faults, it may be essential to consider
the faulf currents due to many different types of fault. Since the three-phase fault is unique in
being a balanced fault, @ method of analysis that is applicable to unbalanced faults is required
(Driesen and Van Craenhroeck, 2002:1-3}. It can be shown that, by applying the 'Principle of
Superpesition’, any general three-phase system of vectors may be replaced by three sets of
balanced {symmetrical) vectors; (two sets of three-phase but having opposite phase rotation
and one set is co-phasal). As mentioned earlier these vector sets are described as the positive,
negative and .zero sequence sets respectively {Labuschagne and Fischer, 2005:8). These
vactors are applied in conjunction with the following operators:

j=1290 rotates a vector anti-clockwise through 90°

a=1s120" rotates a vector anti-clockwise through 120° extensively used in symmetrical
compenent analysis

a?=14240", a’*+a+1=0
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Fortescue (1998) has discovered the unbalanced phasors property and then introduced the
method of symmetrical components (three unbalanced phasors of a three phase system can be
resolved into three balanced systems of phasors). The n phasors may be resoived into (n-1)
sets of balanced n-phase systems of different phase sequence and one set of zero phase
sequence (uni-directional phasor system). The equations between phase and seguence
voitages are given below (Acevedo, 2000:1-18).

Vo = Voo + Vo1 + Vo2

Vo = Vo + V1 + Va2

Vc = VCU + Vcl + ch (4-14)
Where:
Va1 . Vp1 etc. = the phasors of the first set of balanced n-phase systems. It should be noted that
phasors are single spaced (positive sequence components).
Va2, Vi etc. = the phasors of the second set of balanced n-phase systems. In this case the
phasors are double spaced (negative sequence components).
Vaa, Vo, etc. = the zero sequence phasors

V, Vp and ¥, = original phasors and they are a sum of their components

The graphical represenfation of symmetrical sequence components relations is shown,
Figure4.3

V Vﬂ’ 2
al
V al V
b3
/ V c3
V. Vi Ves Vs
Pasitive sequence Negative Sequence Zerc Sequence

Figure 4.3: Symmeirical componen!s relations
4.1.7 Discussion and conchisions

A good understanding and working knowledge of system fault analysis is very important for the

" protection.-personnel as they are required to know how the systems operate and behave under
load and fault conditions. In addition this is imporiant as it assists engineers in the selection of
relays that are suitable or match the parameters for the protected system {Alstom, 2008}
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In conclusion the content of this sec%ion will contribute towards the faulls and protection
simulation of etectricéi networks. System analysis is covered in details because in order to apply
protection relays or to perform any protection study, it is usually necessary 1o know the limiting
values of current and voltage, and their relative phase displacement at the relay location, for
various types of short circuits and their position in the system. This is due to the fact that a clear
understanding of nelwork faults and network behavior under fault or icad condition is a
requirement for any protection engineer. '

4.2 THEORY OF RELAY INPUT SOURCES
4.2.1 Introduction

Protective relays and measuring devices are triggered by data {(current and voltage) supplied
from current {CT's) and voltage (VT's) transformers. Due to technical, economic and safety
reasons, this data cannot be obtained directly from the high-voltage power supply of the
equipment, and this is where the CT's and VT's came into play. The standards of application for
most of these items are available and most of them are cbvious and will be further explained at
a later stage in this section, as these directly affect the accuracy and performance of protective
refays (WU, 1985:783).

' 4.2.2 Main principles of CT’s and VT’s

The voltage transformers and current transformers continucusly measure the voltages and
currents of electrical systems and are responsible to give feedback signals {o protective relays
to enable them to detect abnormal conditions. Instrument transformers are unigue versions of
transformers with respect to measurement of current and voltages. The theories behind
instrument transformers are the same as those for normal transformers in general (Hewifson et
al., 2004:45). The main tasks that are required from instrument transformers are:

+ To transform currents and voltages from usually -2 high value to a value easy to handle
for refays and instruments.
To isclate the relays, metering and instruments from the primary high-voltage system.
To provide possible methads of standardizing the relays and instruments, etc. to a few
rated currents and veltages.

4.2.3 Non conventional instruments transformers {(NCIT)

The earlier types of instrument transformers have all been based on electromagnetic principles

using magnetic cores. There are now several new methods of transforming the measured
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quantity using optical and mass state methods availeble {(Rahmatian, et al,, 2001:1-2). In
conjunction with the development of compiste substation automation systems, future trends
include opticat data Communicaﬁon to ‘optical’ CTs and VTs. The IEC standard 51858 covars
the optical communication from the process side (NPAG, 2002:92). As previously pointed out,
classical magnetic CTs are subject to various probiems for certain conditions. These problems
require unique attention when such CTs are applied. According to {Rahmatian, et al., 2001}, an
alternative that has beean receiving increased attention within Europe in recent years is the use
of optical CTs. Thase devices reduce most of the serious problems that are associated with
iron-core magnetic CTs (Kezunovic et al, 2008:1).

The bulk sensors make use of a block of glass machined {o direct light arcund the conducior,
Such sensors are lmited in ability to adapt o various sizes and shapes {Rahmatian and
Ortega, 2006:1-2). Besides, the advantages asscciated with accuracy and freedom from
seturation, the basic characteristics of such measuring systems can be changed by simple
p_rogramming in the associated software (Horak and Hrabliuk, 2003). Therefore, the availability
of the measured quantities in digital form can serve o simplify any tasks related to design,
testing, and diagnostics. Oplically based measuring devices have the potential to revolutionize
the manner in which measurements are curently made in power systems.

4.2.4 IEC 61850 merging unit (MU)

The |EC 61850 has also defined the application of ancther type of devices that are related to
protection or non-protection functions. This inciudes the Merging Unit (MU). The merging unit is
an interface unit that aliows muiliple analogues CT/ANT's, binary inputs and is capable of
producing multiple time-synchronized serial unidirectional muiti-drop digital peint to point cutputs
in order to provide data communication via the logical interfaces. In addition, it aliows the
replacement of copper controf cables with fibre which feads to functionality improvements and
reduction of commissioning, engineering and maintenance costs {Apostciov and Van Diver,
2007:2). The existing Merging Units encompass the following functionality:

Signal processing of all the sensors — (conventional or non-conventicnal)
Synchronization of all the measurements — (3 currents and 3 volitages)
Analogue interface — {high and low level signals)

Digital interface — (IEC 60044-8 or IEC 61850-8-2)

» & & @

in 2007 Apostolov, et al., recommended that it is essential to be able to interface with both the

conventional and non-conventional sensors in order to permit the implementation of the system
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within different substation environments, A simplified diagram with the communications
architecture of an |1EC 61850 based substation automation system is shown in Figure 4.4.
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Figure 4.4: Block diagram of the simplified Merging Unit

The IEC 81850-7-2 standard classifies a set of thecretical information exchange modeis called
the abstract communication service interface {ACSH). The model for the transmission of sampled
values is of significance due to the interface bstween the protection and instrument
transformers. The IEC 61850-9-2 therefore supponris the complete flexibility of the abstract
model defined by the {EC 61850-7-2 standard. The IEC 60044-8 is the product standard for the
electronic current fransformers. The standard specifies, among others, the digital outputs for
both the electronic curent and voltage transformers. The |IEC 61850-8-2 does not necessarily
require the merging unit but with the digital inferface according to the IEC 80044-8, the merging
unit is mandatory. According to the IEC 61850-8-2 standard, the secondary converter can
directly have an output. However, systems consideration like the necessity of synchronized
sampling and the existence of the synchronization neiwork makes the use ¢f the merging units
to be suitable in a first step. The concept of the merging unit is also instrumental in tarms of
integrating conventional instrument transformers with digital interface systems of the IEDs. For
that matier, the link between the instrument transformers and the merging units would be a

high-energy analogue signal (Bruner et al, 2005:1-5}.

4.2 4.1 The process close Architecture Details
As stated earlisr, at the process level there is a merging unit (MU) that is connecting the voliage
and current transformers with the protection and conirol davices. The most imporiant task of the

merging unit is to merge the current and veltage data of the three phasss. The interface
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between the MU and instrument transformers is technology specific. The output is standardized
according to the IEC61850-9. Part of the MUs that are currently available on the market allows
the connection of both the conventional CTs/VT's and nonconventional CTs/VT's or a mix of

both instrument transformers.

4.2 4.2 Non-conventiona! instrument transformers and CB monitoring

in order to maintain reliability and correct operation, it is recommended that the sampled
analogue values from {he MU must be time coherent at all time. This could be achieved sither
by having each sample tima tagged or by synchronous sampling of all the analcgue values
throughout the entire substation. In addition z reference local or glebal commeon time is
compulsory in the system. Different process close architectures do exist and they are
depending on which signals of the switchgear are connected using conventional wires and
which one are connacted by means of an IECS1850 network. As illustrated in Figure 4.5, non-
conventional instrument transformers are connected fo the protection and control equipment
through the MU. The connection from the sensor to the MU is a proprietary serial tink, while the
fink from the MU fo the protection and control equipnﬁent is standardized according to the
IEC81850-8, The IECE850-9 connection can be of several poini-to-point links or a network using

a swiich.

SEC£1350-9

Figure 4.5: Non-conventional instrument iransfermers and CB monitoring

in éddition to the non-conventional sensor, a monitoring unit (SCBR) that is used to monitor the
ciréui’i breaker drive is implemented (Andersson, et al,, 2002:3-5). There are conventionat
connections from the manitoring unit to the existing protection and control equipment for alarms
and cperational signalling as well as an {EC81850-8 connection to the station level for detailed
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monitoring data. In this configuration, ail trip commands and positioning signals betwesn circuit
breaker and protection and control equipment are still conventionally connected with wires.

4.2.4.3 Non-conventional instrument transformers and intelligent CB drive
Figure 4.6 shows the fully intelligent switchgear with the nonconventional instrument
transformers including a breaker and the breaker monitor (SCBR).

Srogher [ED

i

O | Mergmgtnt

{ECHIBS0E & -9

Figure 4.6: Non-conventional instrument transformers and intelligent CB drive

in this arrangement, the merging unit and the menitoring device are connected to the protection
and control equipment by means of a process bus using both the IEC61850-8 and 1IEC61850-9.
tn addition the process bus is used for the complete exchange of information between the
process level and the bay level As a resuit, there are no conventional wire connections
between the switchgear and equipment on bay level, to any further extent.

4.2.4.4 Function Integration

At bay level protection, control and at times monitering functions are applied in separate
physical devices. As the name implies, function integration is the method used to reduce the
number of physical devices that are required in a system. This reduction of devices contributes
to the increase in system stability and reliability. Curfenﬂy, the traditional function allocation is
that all protection, control and monitoring functionalities are allocated to the bay andior the

station levels, Figure 4.7.
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Figure 4.7: The function integration at procass and bay level

To date, some of the functichality that has been infegrated and have proven a reduction in the
number of physical devices required on the bay leve! includes:

» the disturbance recorder integraled in the protection device and,

+ the protection and control integrated in one physical device
Recently Andersson, et al., 2002 noted that, with the introduction of non-convantional sensors
and actustcrs, elecironic devices are introduced further below the bay level. This increases the
total number of slectronic devices within the system. Howsver, the good news is that it offers
additicnal opportunities for function integration. An exampie of the function integration is given in
Figure 4.7. The functional setup is the same as in Figure 4.6 but now the protection functions

are integrated in the merging unit and in the bay controller respectively.

4.2.5 Conclusions

The concepts of relay input sources are clearly defined in this section. The section has
explained the CT’s and VT's generation from the conventional type to the “All cptical sensing
type” and the challenges involved. The development of fibre-optic CT's and VT's and their
practical applications in high and medium voliage substations have made significant progress in
recent years. it is therefore noticeable that the new technology has brought important
contribution and advantages over conventional instruments, hence as parts of this project the
non-conventional instrument transformers are proposed to be applied in conjunction with the
iED’s.
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4.3 THE THEORY OF RELAYS TECHNOLOGY
4.3113&'0{13&503

Protection relays are devices that sense or monitor any change in the signal recsived, normally
from a current or voltage source. Should the magnitude of the incoming signal be outside the
preset range, then the relay wili operate. This operation is generally to open or close the
glectrical contacts fo initiate further operation such as tripping of the circuit breaker.The
fundamental parameters of the three-phase electrical system include voltage. current, frequency
and power. The above mentioned have pre-determined values and sequence under healthy
conditions. Any change from this normal behavior could be the result of a faulf condition either
at the load end or at the source end {(Hewitson et al, 2004:96). The huge number of
electromechanical and stalic relays are still giving dependable sarvice within most power
systems today, therefore a brief descriptions on these technologies is necessary although the
purpose of the project is to focus on modern protection relay practice.

4.3.2 Electromechanical {1IDMTL} reiays

As the name implies, this reiay moniiors the current, and have an inverse characteristics with
respect to the currents being moniiored. The electromechanical relay has been one of the most
popular relays used on medium- and low-voitage systems for many years, and modern digital
relays’ characteristics are still mainly based on the torque characteristic of this type of relay
{Hewitson et al, 2004:58-88). For this reason, it is worthwhile studying the operation of this
relay in detail to understand the characleristics adopted in the digital relays.

4.3.3 Staticrelays

Static relays are relays in which the designed response is develeped by electronic or magnetic
means without any mechanical motion (NPAG, 2002:101). This means, that the name 'static
relay’ covers the electronic relays of both the digital and analog designs. The analog relays refer
to electronic circuits with discrets devices like dicdes, fransistors, etc., which were adopied in

the initial stages.

4.3.4 Numerical relays

The difference between digital and numerical relay rests cn points of fine technical detalls, and
is seldom found in areas other than Protection. They can be viewed as ncrmal developments of

digital relays as a result of progress in technology. Normally, they use a speciatized digital
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signal processor (DSP) as the computational hardware, together with the related software tools.
{(NPAG, 2002:102-1 05).

4.3.5 Protection relaying philesophy

The main Function of Protective Relaying is {0 cause a prompt removal from service of any
element of the power system when it suffers from short circuit or when it staris {o operate in any
abnormal manner that might cause damage or interference with the effective operation of the
rest of the system. The relaying equipment is assisted in this task by circuit breakers that are
capable of disconnecting the faulty element when instructed to do so by the relaying equipment
{Aptransco fechnical reference book, 2004:5-7). The theoretical characteristic as defined in
{EC 60255-3 standard is based on the formula {Bayliss and Hardy, 2007:278).

g
t=— 4.16
(an) = (4.16)
W?;ere:

t = theoretical operating time
I =value of applied current
I, = basic value of current setting
B and «, are constants
The characteristic curve of the relay({s) can be chosen from general standard shapes:

o Definite time.

« Standard inverse time.
¢ Veryinverse tims

s Extremely inverse time.

4.3.6 Relays burden on current transformer

The burden is the normal continucus load imposed on the current transformers by the relay,
normally expressed in VA as well as in ohms sometimes. With static relays, almost any primary
setting is made possible. This means that on a distribution netwerk that is equipped with static
relays, the relay coordination is still possible at high fault levels even for a very low relay current
setting and low CT ratios. Modem static relays have a very low burden of less than 0.02 Qfor &
A inputs and 0.10 Q for 1 A input, which is independent of the setting {Hewitson, et al.,
2004:118). For electrcmechanical relays. this is usually stated as 3 ¥4 nominal. The modern

electronic relays present a very lower figure, which is one of their major advantages. However,
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for the electromechanical relays, the selection of the plug sefling does have an effect on the
burden. Therefore the lower setting resuits in the higher burden on the CTs. Hence,

VA = I°R , therefore
VA

R = = ' 4.17)
Where:

R = resistance or impedance

VA = burden

1? = current function

As indicated above, the lower tap therefore, places a higher burden on the CTs and they should

have sufficient performance {o mest such demands.

4.3.7 Conclusions

This section focuses on the evolution of relays as well as their operating phiiosophy since they
are being classified in accordance with the functions that they carry out The factors that
influences the relays setlings.. the impact that the relays impose on the instrument transformers
as well as the operating environmental factors, to ensure all relays comply with the EMC

requirement are gl covered in this section.

4.4 THEORY QF IED'S APPLICATION AND PROTECTION FUNCTION
4.4.1 Introduction

The protection relays operate only after an abnormal condition has occurred, with adequate
indication to allow their operation. As a result, protection does not imply prevention, but rather,
minimizing the fault pericd and limiting the damaging effect, outage pericd, as well as
associated probiems that might result otherwise {Blackburn and Domin, 2008; 48-54).

- 4.4.2 Review of literature on relays application

Many power syétems of different sizes are protected by thousands of relays. Different relays
exist for different application and each relay is assignéd to protect a piece of equipment from
being damaged. The basic philosophy within protection system design is that, any equipment
that is threatened by a sustained fault should be automatically taken out of service before being
damaged. Amongst the phenomenon that create disturbances in power systems are various

types of system instability, overloads, and power system cascading {(Horowitz and Phadke,
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1892); {Eimcre, 1984); (Blackburn, 1987); (Phadke and Thorp, 1988); (Anderson, 1999). in
ganeral faulls ocour as random events, and faults are usually an act of nature. In power systems
a fault usually means a short circuit, although more generally refers to some abnormal condition
within a system {Begovic, 2001). The basic system equipments that require protection includes

generators, transformers, transmission lines and systems nodes {(buses).

4.4.2.1 Relay application
The basic application of relays in power systems is protection. For any power system, the power
network is divided into a number of zones. Therefore a zone of protection refers fo a sectionin a
- power system with 2 defined set of equipments. A prolection sysiem consisting of one or 2
number of relays is therefore made responsibie for alf faults occurring within the zons of
protection.

4.4.2.2 Protection of transmission fines

In transmission lines overcurrent relays can be used as a mean of protection. The overcurrent
relay aclivation value is set between the maximum load current and the minimum fault current
that is expected on the line. When distance calculation is involved, the impedance is calculated
and used as the activating or “pickup” guantity. When high speed protection of the enttire line is
desirable, pilot relaying is therefore used to protect the line. Although tie lines are generally
protected by impedance relays, overfrequency means of protection can be an option, as relays
must deal with a number of possible faults. It is therefore expected of the protection system to
be able to compete and challenge all possible faults combinations. The advanced measurement
and communication technology in wide area monitoring and control are expected to provide

new, faster, and better ways to detect and control an emergency (Begovic, 2001).

4.4 2.3 Transformer protection

Transformers with the MVA ratings below 2.5MVA are regarded as small transformers and are
genéra[iy protected by means of fuses or overcurrent relays. Large transformers with the MVA
rating of 2.5 MVA and above are protected by circuit breakers. These beakers are operated by
percentage current differential relays, overcurrent relays. temperature and pressure sensing

devices.

4.4 2.4 Busbar protection
-Busbar protection is designed to protect substations during fault conditions. Differential retaying

is the most common primary tool.



4.4.2.5 Arc protection

An arc protection refay is a device used to maximize the safety of personnel, while at the same
time minimizing the damage effect on equipments and material in substations instaliation during
hazardous power system fault sifuations. For any instaliation, the arc protection system defects
an arc an{i measures the fault current. Should any fault detection occur the arc protection relay
will immediately trips the conceméd circuit breaker(s) to ensure the fault is isolated. Advanced
arc protection system operates much faster than conventional protection relavs thus keeping arc
short circuit damages fo a minimum level. Time is very crucial in terms of deéeéﬁng and
minimizing the effects of an .arc. Therefore an arc fault that last for about 500 ms may cause
severa damage to an installation. However, if the arc fault lasts for less than 100 ms then the
damage is often minor, but if an arc is eliminated in less than 35 ms then the damage is almost
unnoticed and this is one of the advantage inat the {ED's offers.

4.4.2.6 Other relay application

in power system, the 1ED's are part of the relays that offer conirel funclions as opposed to
prot_ection functions or a combination of both. An example of control functions could be,
controlled isianding schemes, load shedding on overfrequency, and so forth. In most power
systems, undervoliage relaying application is commonly used on critical busses fo protect
against voltage collapse. In general when the magnitude of the bus voltage drops below a

certain amount, the undervoltage relays signals a predetermined load shedding operation.

4.4.2.7 Coordination of Relay Protection

The coordination of relay protection is performed to ensure that only the equipment that is
threatened with damage is taken out of service. The setlings of the relay serve as a control
mechanism, when a relay issues a control signal to a circuil breaker. Therefore, the relay
cocrdination is the sequencing of the relays communication and operations across all relays in
the power system. For instance, with a fault on a transmission line, coordination imply that the
relay ciosest to the fault should operate before the upstream one does, thus reducing the
amount of outaged equipment to be small as possibie. The coordination of relay protection
functions is 5 gifficult art, thus determining sl relay sedings and whether or not each of them
operates correctly is a time consuming and difficult process {Thorp, 2003:4).

65



4.4.3 Development of IEC61850 intelligent electronic devices (1ED’s)

The mcda_em rhicrcprosessor relays are no longer just protéctioa devices in power systems but
have advanced to perform much other functionality that faciliiate effective operation of power
systems. In additicn, modern microprocessor relays include protection, metering, automation,
digital fault recording (DFR]}, control and reporting étc. The term ‘inteliigent electronic device’
(IED) is not a straightforward definition, as oppose to the term ‘protection relay’ on the other
hand. Generally speaking, any electronic device that possesses some kind of focal intelligence
can be called an IED. .However, concerning specifically the protection and electrical industry,
this term actually came into existence to explain a device that has versatile electrical protection
functions, advanced local contrel intelligence, monitoring abilities and the means of extensive
communications directly to a SCADA system. Because of these capabilities, it is now more
 accurate to refer to these microprocessor devices as intelligent electronic devices (IED's). As
the IED's prevail in today’s power substations, they are performing more system automation and
control functions and as a result the amount of data available from substations increases
exponentially. COnce the IED's are networked fogether, they will provide almost all the
information required by the system operators and more. These substation IED networks are
also able to provide data at a2 much faster speed and reduce or eliminate additional transducers,
input and output contacts and even RTUs within distribution power systems. {Hou and
Dolezilek, 2008:1).

4.4.3.1 The functions of an IED

The functions of a typical IED can be classified into five main categories namely, protection,
control, monitoring, metering and communications. Some |EDs may be more advanced than
others, and some may give emphasis to certain functional aspects over others, but these main
func&iona%%’zi&é should be incorporated to a greater or lesser degree (Flores, et al,
2007:2).Note: An IED could be either IECE1850 compiiant or nat depending on the Manufacture
and the certificate of cbmp!iance should always be made available to the client as proof

4.4.3.2 Protection function of an IED

The characteristics of the protection function are nothing new. They are defined by the IEEE
Standards that are based on the induction disk relays characteristics. The {ED's only emulates
the physicéf behaviour of the historical electromechanical refay. In addition, one of the
difference between the IED’s and the traditional relays is that, the multiple protection function
are specified and integrated into one package to meet various users’ applications within the
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power distribution system. {Duncan, et al,, 2002:3). Hewitson, et al,, (2004:127) stated that,
the protection funclions of the IED are developed from the basic overcurrent and earth fault
protection functions of the feeder prolection relay (thus certain manufaciurers named their IED's
‘feeder terminals’). This is due to the reason that the feeder protection relay is used on aimost
ali comparimenis of a typical distribution switchboard, and the fact that more demanding
protection functions are not reguired 10 enable the relay’'s microprocessor to be used for control
functions. The IED is also meant to be as adaptable as possible, and is not intended to be a
specialized protection relay, for exampie motor protection. This also makes it more affordable.
The protection function$ are normally provided in separate function blocks, which are activated
and programmead independently.

4.4.3.3 Control functions

Additionally to traditional protection theories and applications, new terms such as data rate,
mirrered bits communications, and protocols that are related to microprocessor devices became
regular in the proteciion environment. With the new components of {EC 81850 aimed at real-
time controls and protection, a good knowledge and understanding of computer and
communication networking is required in order to achieve the full benefit of the IEC81850
standard. In this section, the traditional protection schemes are grouped into iwo different
categories in terms of their communication requirements as well as the distances involved and
data volume {Hou and Dolezilek, 2008: 8-10). The distance referred fo, could be within a
;ﬁaz’ticular sabétaiéen or between a numbers of substations while the data volume is binary or

continucus analogue data.

4.4 3.4 Inter-IED Message exchange within a substation

The control and protection schemes that require information exchange between the {EDs within
a substation are described in the following subsections below. These are the typical applications
that iflustrate how the Generic Object-Oriented Substation Event GOCSE control and protection
messagés replace the hard wires in substations and provide the similar comznun%caﬁon via
Ethernet LAN. This is one of the contributing factors the standard has brought about.

4.4 3.5 Fast bus tripping contirol
The fast bus tripping scheme noermally applies to radial power distributicn systems in order to
achieve the minimum clearance time for bus faulls that are close to the bus differentia! schems,

This scheme can also be referred to as the reverse interlocking scheme. From Figure 4.8,
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shouid the fault occur, the IED for the bus high-side breaker communicates with the feeder
|ED's about the location of a fault.
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Figure 4.8: Fast bus trinping scheme for distribution substations with radial feeders

i the fault cccurs on a feeder, one of the feeder IED’s will sense the fault and immediately issue
a signal to block the fast tripping element of the bus IED. On the other hand, should the fault
occurs on the bus, then no feeder IED's detect the fault and block the bus IED, therefore the

bus IED should trip the bus using the fast overcurrent elements.

) 4.4.3.6Rec£osing control

The modem [ED's generally incorporate both control and protection functions like breaker
reclosing. Most sophisticated |ED's have control schemes for two breakers fo be used in the
bresker-and-a-half and ring bus arrangements. However, many utilities use dedicated 1ED to

carry out breaker failure protection, reclosing, and other functions for a specific breaker bay.

4.4 3.7 Breaker failure protection control

The local breaker fa%%uré backup protection control is popular for high-voltage applications. Like
.in the case of recicsing contmf, today's {IED's normally have in-built breaker failure protection,
additionally to complete protection functions. Cnce the IED issues a trip signal, it simultansously
staris a timer and monitors the breaker current. If the monitored current does not disappear in a
preset time, the IED will then issues a re-trip signal or trips the closest breakers in order to
isolate the faulted one. However, if the user is required to treat the breaker as a bay with the
purpose to perform the bay controls and protection functions, then a dedicated IED couid be
‘used for breaker failure protection. The same 1ED could be used o monitor additional breaker
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should the fault occur, the IED for the bus high-side breaker communicates with the feeder
i£D's about the location of a fauit.
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Figure 4.8: Fast bus tripping scheme for distribution substations with radial feedars

If the fault occurs on a feeder, one of the feeder 1ED's will sense the fault and immediately issus
& signal to block the fast tripping element of the bus IED. Cn the other hand, should the fault
occurs on the bus, then no feeder IED's detect the fauit and block the bus IED, therefore the
bus IED shoeuld frip the bus using the fast overcurrent elements.

4.4.3.6 Reclosing control

The modemn |ED’s generally incorporate both controt and protection functions like breaker
reclosing. Most sophisticated IED's have control schemes for two breakers to be used in the
breaker-and-a-half and ring bus arrangements. However, many utilities use dedicated IED to

carry cut breaker failure protection, reciesing. and other functions for & specific breaker bay.

4.4 .37 Breaker failure protection control

The local breaker faiture backup protection control is popuiar for high-vcitage applications. Like
in the case of reclosing cozwtmi, tcday's IED's normally have in-built breaker failure proteciion,
additionally to complete protection functions. Once the |ED issues a trip signal, it simultansously
starts a timer and monitors the breaker current. If the monitored current deoes not disappearin a
preset time, the IED will then issues a re-trip signal or trips the closest breakers in order t©
isolate the faulted one. However, if the user is required to treat the breaker as a bay with the
purpese to perform the bay controls and protection functions, then a dedicated |ED couid be
used for breaker failure profection. The same iED could be used {o monitor additional breaker
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conditicns including the gas pressure and the ambient temperature for a point-on-wave conirof
purpose.

4.4.3.8 Monitoring functions

Monitoring functions include Self-Monitoring and External Circuit Monitoring. During the early
days of microprocessor-based devices, most users had a very major concern about reliability.
They were concerned about losing all protected equipment, should an ali-in-one electronic box
(IED) malfunction. On the other hand, since IED's use numerical (digitel) technoiogy. that
reduces internal analogue componenis, while including added functions, and provides
advanced seif-monitoring technology, these concerns are overcome {Johnson, 2002: 1688).
The IED’s seli-monitoring programs can identify up o 98% of all [ED-internal hardware and
software problems, such as microprocessor failure, memory failure, and staie of the power
supply. Additionally. monitoring of external inputs, outputs, condition of dc power supply and
circuit breaker components, further extends the scope of monitoring and protection. External
circuit monitoring with circuit breaker coil monitoring can be used to detect an interrupt in both
the trip and ciose paths while the VTs and CTs connection failures can be indicated using
voltage and current symmelry analysis, something that most normal relay cannot do. Therefore,
one multifunction davice which reports all information about its condition couid be more relisble
and secure than a number of devices that have no way of warning “on line” that they are faulty {
Duncan, et al.,, 2002: 4},

4.4.3.8 Metering functions

The IED’'s, provide current and voltage metering, voltage based functions as well as calculated
energy metering at an accuracy that is appropriate for in-plant metering. Therefere, this
gliminates the necessity for separate meters, resulting in significant cost savings and
simplification of panel wiring. The metering function serves @ number of purposas:

Metered values that are mainly used for commissioning and testing purposes
Load profile information

Energy allocation through interconnected circuit/ process

Continuous metering

.« & & »

The rms valuss that can be mesasured include positive, negative, zere sequence currents and
voltages, and phase shift between measured valuss. These dafa {(power information) as
provided by the IED’s are very handy in terms of system planning, resource planning and cost

analysis. However. the energy metering might not be as accurate as revenus metering, that
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uses CTs and meters of high accuracy, but it is useful for intemnal cost aflocation purposes.
Hence, by combining the internal programmable logic conirolier (PLC) capability and metering
functions within the {ED, more unigus system regquirements can be achieved. One of the
examples is that, a maximum demand penaity can be avoided by setting the kVA and kW
demand alarm levels that will initiate shedding of selected loads or switching of capacitor banks
{Duncan et al, 2002:4}.

4.4.3.10 Communication functions

The ability of communication of an IED is one of the most significant aspecis of modemn
electrical and protection systems and is one of the aspects that clearly separate the different
manufacturers’ devices from one another regarding their level of functionality as shown in
Figure 4.9 below. in order {o accommodate new, increasingly popular [ED netwerk functions,
substations communication infrastructure has experience dramatic changes. Substation 1ED
network communications are graduslly migrating to Ethernet. In the past, substation integration
sysiems were mostly based on relay networks bullt using EIA-232 point-to-point and EIA-485
multi-drop communication ports within the relays. These poris communicate at a speed of +/-
38.4 kilobits per second (Kbps).

.5
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Figure 4.9: Typical IED internal configuration (courtesy of GE Muitilin)

With this scenario, the information exchange is carried out using address-basead protocols such
as Distributed Network Profocol (DNP3), Mod-bus and Profibus. With the new |EC 61880

standards, the entire picture of subsiation communications have changed due to the popularity
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of the Ethemet networks. Therefore, many cument substation integration and automation
projects built, are demons’iraééng the benefits of the standard (Hou and Dolezilek, 2008:1).

4.4.3.11 IEC 61850 GOOSE appiications within a substation

The IEC 81850 standard was initially designed for communications within a subsiation. Rather
than just replacing the hard wires within substations, the Generic Object-Criented Substation
Event (GOOSE) messages can also monitor the health status of the virtual wires. This is simiiar
to the seif-test functions that are performed by microprocessor {ED's, to avoid circumstances
where a failed or fauited device is nct identified until it is called upon to protect the power
equipment. The retransmission of GOOSE messages is one mechanism to ensure that the
status of a channel to the receiving end of the channel is periodically known. Witheut any
changes in the event, the prior GOOSE message is published every 1 second in the steady
state. When a state change occurs in 8 GOOSE message, the 12D wiill immediately publish this
state change. It will continue to publish this state change using a repetition strategy, until the
“i%m_e to live” period is reached. Once the “time o live” period has been reached, publishing of
the GOOSE message will return to a cyclic repetition method. The subscribing 1ED monitors this
message and publishes a GOUSE message alarm, notifying SCADA, modifies its internal logic,
activates an alarm LED and description on the front panel. This {ED can alsc send email
message to the protection technical team if the message is not received within a prescribed time
frame as appropriate. However, a channel can still fail between a new event and the time that
the last message was received. The possibility of the unchecked failure is proportional to the
period, which is typically one second {SKendzic and Guzman, 2005:2-4}. A dropped Ethernet
packet or frame can be another possible failure mode. Th@s could be due to a high volume of
Ethernet traffic or interferance from control and power cabling that could be sharing a cable tray
with the Ethernset cable. Therefore, for time-critical applications like breaker failure, the fiming
requirements need 1o be clearly specified so that the nefwork trafiic is sized cerrectly to ensure
the success rate of the first GOOSE meassage reception. The |[EC 61850 standard has classified
application types that are based on how fast the messages are required to be transmittad
between networked IED's. The standard has also specifies the performance of each type of

application, basad on time duration of message transmission.

4.4.4 Substation automation and advanced technology

Substation automation is not an easy goal to achieve in existing substations. Automation in &

substation is measured as provision of new generation intelligent electronic devices (IEDs), and
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computers to monitor and communicate. It is simple and convenient to incorporate these
components in new substations at a design stage as no crucial modification will be required. But
inn an existing substation, which is already implementing some old type’'s relays, auiomationis a
question of what can be done to trim down the operating expenses and improve customer

service, from practical and economical perspective.

4.4.5 Computer application in substation environment

At the end of the day a computer is the most usefui addition o record all the information about
the various systems and feeders. A substation computer is an important system element in that
it allows intelligence to be moved downward to the substation. This inteliigence reduces the
amount of data that must be communicated between substations as well as the master station
and plays a vital role in terms of fault'ﬁnding. An example is that, information can be retfrieved
when required from databases maintained at the substation computer This provides a way to
conguer the nesd for a standard protocol in ferms of communication. In the case where the
optional monitor is employed along with a keyboard, the computer can also serve as the
human-machine interface (HMI) for information and control in the substation. The following are
the additional capabilities added by including a computer in the substation:

Maintains databases at substation
Mathamatical operations on the daia
Flexibility

Human--machine interface in the substation

.« & & @

4.4.6 Existing substations

Substations contain amongst other systems, as well as subsystems specific to contrel and
orotection. These are: control panels, relay panels, communication, and RTU panels,
Conventionally all this equipment gets interconnected through miles of cabling, which results in
lengthy engineering and testing processes during the substation instaliation and commissioning

stage. This view is shown in Figure 4.10, below.
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Paralis] Wiring with Copper

Figure 4.10: Conventional substation {courfesy of Hirschmann automation and control

4.4.7 Substation upgrading and IED’s application

A typical scheme is shown in Figure 4.11, for providing just those functions required, reducing
expense and improving customer service. I halps to reduce capital expenditures and helps
operators to minimize trips to substations and reduce cut-age time. Existing relays, moduies are
replaced with more advance cnes, as a result paraliel copper wirings are replaced with serial
comrnunication and the feeder automation elements are added on each feeder pane! as shown
in the diagram below. This is referred to as a disiributed architecture, since the feeder

automation elements are instailed next {0 the input/output wiring scurces.

The feeder automation components are available as add-on components fo the existing feedars.
Feeder current and bus voltage are given as inputs for each feeder automation unit, additionally
{o the status inp-uts like the reclose status, breaker status and output from trip current relays.
Some outputs are required from the automation unit for tripping, closing, and enabling/disabling
of the recloser {Andersson, Bruner & Engler, 2002: 2). The feeder automation elements
generate the relay target information from the trip current relay inputs. Trip current relays that
could be mounted directly on the studs of relay cases are available. This allows them to be
mounted without rewiring the tripping circuit. In modern substations new technology (using the
I[EC 61850 standard) has been implementad to increase the reliability of the installation as well

as the reduction of its size and cost. To date, a large amount of integration has taken place in
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the abovementioned systems and products, shrinking the foolprint and reducing the overall
complexity of the systems.

Figure 4.11: Cverview of the station Bus (courfesy of Hirschmann automation and control}

The changes, improvements and development due {0 the advancement of new technology and
the application of numeric relays is shown below in Figure 4.12, where the station bus has heen
implemented.

4.4.8 The future of protection in distribution systems

As already mentioned earlier, protection relays has become more advanced, versatile and
flexible with the introduction of microprocessor—based relays. The very first communication
capabilities of relays were mainly intended to facilitate with commissioning. With technology
developments, PLC funclionality were incorporated into relays, and with the development of
small RTUs, it was soon realized that retays could be much meore than just protaction devices.

The questions and approaches of equipping protection relays with advanced control functions
and the addition of protection functions to a bay controller are raised. Beth of these approaches
have been foliowed, with different manufacturers adopting different approaches to the question
of protection, control and communications {Hahnloser, 2007:7). These resulted in 2 wide range
of devices on the market, some more onto control, some stronger on protection, and thersfore
the term protection relay was too restrictive to describe thesa devices. Therefore, integration

has resuited in the terms such as relays, interface panel, control panels, efc. being replaced
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with the term Intelligent Electronic Device (IED) as well s Substation Automation {SA) systems
as shown in Figure 4.12 balow.

IEC 61855 Commmunication

. IEC 61850
Communication [

Figure 4,12: Cverview of IEC 61350 —Siation and Process Bus {courtesy of Hirschmann atdomation and

reislicat)

A substation engineerad on this basis would have one or more of such 1EDs per Medium
Voltage (MV) bay, connecled fo the process (CT, VT, CB, and isoclator) on one side, and
communicating by means of an optic digital Ethemnet bus to a computerized control & monitoring
{SA) system on the other side. The conlrol system will also communicate upwards to the
SCADA system 2zt the control centre through fibre optic or other channels. In some installations,
the security and operational reasons order the isclation of control from protection. Taday an IED
is a compact cost effective product that could cover protection, local control, recording,
monitoring and communication afl in one box. Communication standards such as IEC 61850
guarantee that the communication protocol and set-up is standardized across various vendors
paving the way towards [ED inter-operability and, IED inter-changeability is to be heped, in ths
future. All of these reduce the number of panels as well as the wiring. In additien, the IED is
‘multi-function’ and it is not unusual to have a large number (20-30 or more} of protection
functions in one device due to iis high processing capabifity. Watchdog and self-supervision
functions ensure high availability for such devices. Scme of these |EDs, with unique functions
such as line differential, are even provided with built-in geographical positioning system (GFE)
cards to achieve extremely reliable microseceond accuracy time stamps of internal signals at
source. This is a requirement for accurate and reliable line differential protection and advanced

mcnitcriﬂg' applications. In the future such systems will incorporate optical data communication
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to ‘optical’ CT's and VT's, intelligent breskers, etc. with the fina! result of moving lowards a
substation with ‘copper less’ controls and protection. '

4.4.9 Time Synchronization as per IEC61850

Time synchronization is an important factor in distribution network protection because it is best
to have as much synchronized data as possible to assist in data analysis and event correlation
during catastrophic events. The IED’s that are time synchronized compatible, are synchronized
using the most accurate method that is supported by each IED {Preuss and Péiiegrini,
2007:5}. One of the aréas that the emerging IEC81850 standard is addressing is the movement
of data associated with sampling and digitization of both current and voltage measurements
inside a substation. In protection, the IED’s make their decisions based on current and voitage
sampies that are measured by other IED’s, Therefore, the sample data must be moved and
synchronized within few milliseconds in order to guarantee proper decisions making, and
therefore ensuring proper relay and power switching operations. Within any substation, a
number of IED’s will be ransmitting time-critical sample data at a high rate. This data can be
handied reliably within a single common network by a 100Mb fuli-duplex multi-cast Ethernet
over fibre medié, probebly with multiple VLAN segmenis in the case of larger substations
{(Madren, 2004:8).The IEC61850-5 Type-6 time Synchrenization messages maximum
permissible delay times are shown below, Table 4.1. In 2008 Hou, et al., stated that the IEC
61850 communications standard is continucusly evelving fo include new technologies and
practices to serve additional functions as they gain popularity.

Table 4.1: [EC61850-5 Type-6 time Synchronization messages maximum permissibie delay times

T1 | +/-1mS | Event time tagging on bay level

T2 | +- Control and protection: Time tagging of zero crossings and of data for the
0.1mS distributed synchronization check. Time tags to support point on wave
switching.

T3 | #/-25uS | Synchronized sampling and advanced function

Although the application of GPS-based time synchronization is more popular, the Simple
Network Time Protocol (SNTP) method will also be discussed as they are both part of the
IEC61850 standard. However, the existing SNTP rﬁeﬁ’lod can only provide t-millisecond
accufacy at best and this is only on Ethernet networks that are carefully designed. This is not
acceptable for protection purposes and many other applicaticns because the time stamp
assigned to data changes has microsecond resolution while the SNTP provide only 1-

millisecond accuracy. At present, protection class time-stamp accuracy is only available through
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GPS methods fike IRIG-B. A separate IRIG-B network is recommended since it has additional
advantage of maintaining time synchronization during Ethemet network faifure. The IEEE is
working on the IEEE 1588 time synchronization method's profile, which will provide high
accuracy by capturing the time each message is received, over Ethernet networks. Most vendor
proprietary medifications of SNTP methods could funclion n a similar way bul are not
recommended, since they are not standardized or widely available for that matter. Nowadays
the use of IRIG-B time-synchrenization methods is in demand while the Protection engineers
~ are watching the evolution of the IEEE 1588 {Hou, et al., 2008:2).The IED network data are
more helpful and impdrtant when all the [EDs in a system are synchronized. in addition, the
ulility of existing systems, such as SCADA and asset management, are improved when the
state of the incoming data is improved. Time synchronization is therefore vaiuable, because
measurements taken at the same Instant are presented to the user {Dolezilek and Schweitzer,
2009:8}.

4.4.10 Benefits of IEC 61850 application

The new generations of microprocessor multifunctional protective relays, the EID’s and the
I=C81850 standard are offering the integrated flow of rich information for operations and
managemeni, as well as improved performance of system protection and security. These
‘benefits are obiained through the following achievements {Hahnloser, 2007:8).

Obiect-oriented architecture

Lower communication infrastructure costs
Reduces effort in commissioning

| ower instaliation and mainienance cosis
Reduce wiring cosis

Provides a full set of services

Enable interoperability without gateways / routers

* & 8 & ® * @

A general comparison between different generation of protection relays is summarized and
shown as tabulated below in Table 4.3. As clearly shown by the graph, it is evident that there is
no way one can achieve benefits without any costs involved, Figure 4.13. A true reflection of a
complete view of cost justification of IEC81850 devices dees not just depend on the price of the
device {Mackiewicz, 2004: 8-10). It should be noted that benefit are received as systems are
used and not only when they are purchased. Therefore the initial cost of the IEDs are high but
does not rise excessively due to their benefits that includes, the reduction of operation and
mainzenanc;é costs as well as improved service quality and the overall gvailability of power

system {Lohmann, 2000:1).



Table 4.3: Overview of protection refays generation and their capabilities.

IED | NUMERICAL | SOLID | ELECTROMAGNETIC
STATE
Self checking & reliability v v v X
System  integraton &  digital | v v X X
environment
Functional flexibility & adaptive | ¥ v X X
Relaying '
Complete Substation Automation v X X X
Functional capability .. high | medium low Very low

COST

Pay back

1
i
H
i

-
TIME

Figure 4.13: Graphical representation of cost justification

4.4.11 Conclusions

In this section the importance of protection functions and applications of protective IED's in a
distribution environmerét are discussed. The ability, advantage and disadvantages between the
IED's and other relays plus 'the factors that affect the protection system, as well as the
importance of the protected equipments are analyzed. As a whole the chapter has covered the
theoretical aspects that require understanding in order to perform protection studies using the
IED's. The theory in this chapter will be used to perform the content of chapter S and 6.
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CHAPTER
S

PROTECTION SIMULATION STUDIES AND DISTRIBUTION NETWORK
ANALYSIS

it is widely accepteddi‘f?a.? power system profection is an important aspect in designing and
upgrading of electrical power systems. This chapfer covers the modeling and analysis of the
fault tevel and protection settings of the CPUT and Eureka Distribuiion Networks using
DigSILENT software packags. Different types of phase faulis are applied and simuiated at
different focéf;’cns, to analyze their effect and impact on the above mentioned systems as well
ag the critical clearing times while maintaining the stability of the networks. The IED's seftings,
grading and co-ordination is carefully analyzed and applied in order to profect the distribution
feeders, busbars, fransformers, conductors and insulators, as it is the objective that the faulted
part should be isolated rapidly from the rest of the system so as lo increase stability margin and
therefore dacrease damage to the equipments. This chapter therefore prasenis the details of
the power systems configurations that were chosen, the simwation studies carried out as well

as discussion of the simulation resulfs obtained.

5.1 INTRODUCTION

The protection of pcwef system has been and continues to be of major concemn in terms of
stability and reliability in system operation. The ideal approach to study the protection
phenbmena in a power system is by simuiating the power system using suitable protection
program such as DIGSILENT. The DIgSILENT program currently available cn the market
represents the powser system compenents with genuine realistic models. These models
genéra%iy maich ahd represent the characteristics of the componenis while keeping the
complexity of the models tc a minimum .Beside presenting a convenlent way 1o generate the
reduired signals and parameters to analyse power systems feature (in this case the protection
schemes), DIgSILENT aiso allows the users to study the worst case scenarios that are uniikely
to oceur in real life, making it possible o cater for faults that are rare. In order o validate the
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concept of the |EDY's discussed in the previous‘chagtersc the simulations are carried out using
D%gSiLENT and the models are based on the real networks. A power network can be protected
using & variety of different relay configuraticns. In this thesis the main focus and cbjective was
to select the more practical system protection configurations and apply them on the real and
existing networks in order to identify the feasibility of the proposed protection IED's. In network
protection studies, the frequent considered faulis are the short circuits of different types such as:
single line-to-ground fault, line-to-line fault, double line-to ground fault, and three-phase fault
{Kimbark, 1948}, Although the efficiency of the IED's is being tesied, the objective -is still the
same, which is: isolalion of the problems with a minimum service disruption based on the
protective devices’ Time-Current characteristics. The information that is required in order o
accomplish the protection study in this project is shown below {Acevedo, 2000: 67).

= Protection device manufacturer and type
» Proteciion device ratings
« Power transformers data
e Voltage level at each bus in the system
= Fullload current of il loads within the system
s Short circuit current available at each bus
s Instrumert transformers ratios
+ Trip settings and ratings

- 5.2 NETWOQRKS CONFIGURATION

Since the study is based on medium voltage (MV) distribution network protection, two networks
were chosen (CPUT and EUREKA network) as mentioned earller in this chapter. The voltage
range that is applicable to the 3-phase power networks simulated model is 66KV that is scaled
down through 11kV o 400V. The full load current at these voltages within the system is also
presented in the simulaﬁen. Since very high currents in powe! systems generatly occur as 2
result of faults on the system, these currents are then used to determine the presence of fauiis
in the protected power systems. The overcurrent [ED's that form the basis of this chapter, are
the most common form of protection that has been implemented {o deal with excessive currents
on the simulated model of the two power networks, Although the overcurrent protection 1ED's
are mai.niy intended fo operate under fault condifions only, it is important to ensure that the
settings associated with the relays are of a compromise in order to cater for both overload and
overcurrenf conditions. The fuses, moduled-case circuit breakers (MCCBs) and themmo-
magnetic switches lender a simple operating arrangement and will be mainly applied in the

~ protection of the low voltage egquipments.
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5.2.1 Overcurrent IED’'s characteristics

The overcurrent IED’s can be classified into three main groups and this is based on their
operating characteristics. The three main groups {(definite current, definite time and inverse
time) are clearly llustrated in Figure 6.2 a, b and ¢ below {Gers & Holmes, 1998:68-70}, where

tis the time and A is the current.

A
t .
-
Al
Definite Current A
(a)
A
t
t P
—
Definite Time A
ts))
A
t
—
IDMT 4
{c)

Figure 5.2: Time-current operating characteristics of overcurrent relays
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5.2.1.1 Definite current characteristics

These types of characteristics allow the IED's o operate instantaneously when the measured
current reaches the predetermined valus. The setiings are chosen in such a way that at the
substation furthest away from the source, the IED will operate for a low current valug and the
operating currents will then gradually increase at each substation in the direction ¢f the scurce.
Therefore the IED with the setiings that are lower cperates first and disconnects the joads at the
point closest to the fault. This type of protection do poses some drawbacks and one of them is
in the sense that it has little selactivily at h?gh vaiues of shori-circuit current. '

5.2.1.2 Definite time-current characteristics
The types of IED's with these characteristics enable the settings o be varied in order to cope
with different levels of currents by making use of different operating times. The settings can be
adjusted in a'manner that the breaker closest to the fault is tripped in a shortest pericd, whils
the remaining breskers are tripped in succession, using longer time delays moving backwards in
the direction of the source. it should be noted that the difference between the tringing times for
‘the same current is called the discrimination time. The only main disadvantage with this type of
discrimination is the fact that faults that are close {o the source and are subjected to higher
| c&%rems may be cleared in a relatively long period. In order to set the setlings, the current tap is
used to define the value at which the IED will start to operate, while the dial is used to select the
exact #ming of the IED's operation. it should be taken into account that the time delay selting is

independent of the value of the over-current that is required to operate the relay.

5.2.1.3 inverse-time characteristics

The basic property of inverse-time characteristics is that it allows the IED’s to operate in a time
which is inversely proporticnal fo the fault current. The inverse-time characteristic's advaniage
over the definite time is that, for very high currents much shorter tripping times can be achieved

without risking the protection selectivity.

5.3 MODELING OF THE CPUT NETWORK ’

Cape Peninsufa University of Technology is currently being supplied by the City of Cape Town
{CoCT) at 11kV with a notified maximum demand (NMD) of 2000kVA. The CPUT intake feeder
is supplied from a B66/11kV, 40MVA, and 10% impedance transformer. The said reticulation
network is made up of the 11kV (MV) switchgear at the intake substation, power transformers

82



and Low Voltage (LV) switchgears as the network goes down sireams. There are a total number
of thiteen substations, each containing one or a combination of the abovementioned
equipments. The assessment of the existing 11kV CPUT reticulation network is carried out, in
order to identify and evaluate the shortcomings of this power system as well as to upgrade the
subsiations that are currently running on obsolete protection sguipments {for the application of
substaticn automation according o the IEC 61850 standard).

The main protection schemes used in this network is the overlead, overcurrent and earth
protection. This is applied at the intake substation only. The SIEMENS 78J80 is used in the
thesis to replace the CDG36 IDMT mechanical relays that were used to perform the protection
functions. Due to financial constrainis and, {echnical reason, fuse protection is slso
implemented to protect lines and distribution transformers in the downstream substations. The

campus power nefwork schematic is shown below in Figure 5.1.
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5.3.2 Protection device settings {over-current IED)

The 7SJ80 over-current IED's are normally supplied with the instantaneous and a time delay
element within the same unit. Uniike the old relays, the microprocessor based protection 1ED
has a thres phase over-current and an earth fault units housed in the same case. Seiting up of
this overcurrent 1ED involves selecting the paramsters which characterize the required time-
current characteristics of both the time delay unit and instantanecus units. However this process
has to be carried out twice, firstly for the phase relays and sacondiy repeated for the earih-fault
relays. Even though these two processes are identical, the three phase short dircuit currents are
used for setling up the phase relays, while the phase o earth fault current is used for seiting up
the earth-fault refays.

MM NTK SUB
N m 120C3P-0.385
=E]|
=
© @—;
E 405 hiny = 120C3P-0.270
2.44 Myar ,
5.28 __ I=%] E
e . L ABCAT
11OﬁQDQ & & qu
p.a1 ;.E_E}E E <] = 7049
- ] 1.00
-0.01
ELEC ENG

Figure 5.2: CPUT main-inlake substation

The 75480 protection IED's are applied on the medium voitage at the intake substation to
protect the incoming and the outgoing feeders, Figure 5.2, The [ED's settings are cf the inverse
tima characteristics. These settings are chosen in order to allow discrimination with the rest of

the circuit protection since fuse protection is used on the low voltage network down streams.

5.3.3 Calculation of fault level

If not given, the maximum aﬁd minimum fault leve! on both sides of the transformer shouid be
calculated based on the available information of the transformer. The maximum and minimum
impedance ratio should also be determined. This information is very important in order to
achieve high accuracy of the mode! béing simulated. The maximum and minimum parameters
at the intake are indicated in Figure 5.3 and the formula for calculating the max fault levat is

shown as follows:
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s, :
Smax = %:d (3.1)

Where;
Sinar = Maximum short circuit power

Sratea = rated short circuit power
Z% = rated % transformer impedance

Figure 5.3: Intake grid paramelers

Table 5.1 indicates the maximum short-circuit power that was obtained at different substations
within the network at a rated voitage of 11 KV upon which the profile in Figure 5.4 is drawn.

Table 5.1: Substations maximum Short-circult power

SUBSTATION Rated Voltage | Correction Max. Short-circuit power
rtd V_(kV) Factor Sk”(MVA)
MAININTK SUB | 11.00 1.10 400.00
NEW TECH 11.00 1.10 287.76
CHEM ENG 11.00 1.10 270.85
SUB No. 3 11.00 1.10 285.04
ABCAT 11.00 1.10 366.71
MSH 11.00 1.10 346.11
SUB No. 2 11.00 1.10 318.34
ELEC ENG 11.00 1.10 353.13
STD CNTR 11.00 1.10 331.56
SUB No. 1 11.00 1.10 293.75
SUB No. 4 11.00 1.10 328.43
MINI SUBRES | 11.00 1.10 275.60
RES 2 11.00 1.10 284.12
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Figure 5.4: Maximum Fault fevel profile at different substations

5.3.2 Calculation of three-phase short-circuit current levels

Apart from load flow calculation, short circuit analysis is the most calculation function frequently
used when dealing with electrical nefworks. 1t is commonly used in system planning (e.g. co-
ordination of protection equipment) as well as in system operations (e.g. determining protection

relay settings as well as fuse sizing).

The use of DIgSILENT simulation scoftware to determine the short circuit currents in planning
and cperation appiications when the conditions are not yet known can be based on the nominal
andfor the calculated dimensions of the operating nefwork and uses correction factors for
voltages and impedances in order to push the results toward the safe side (DIgSILENT BUYISA
course manual, 2007). On the other hand, for short-circuit calculaticns in a system operation
environment, the accurate network operating conditions are all well known. It should be noted
that all the models are simulated using the IECB0909 standard. The three-phase short-circuit
levels are iilustrated in Figure 5.5 and Table 5.2.
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Figure 8.5; CPUT network 3-phase maximum short circuit currents (fault location with feeders)

A maximum shori-circuit power of 400MVA, together with the Initial symmetrical (sub-transient)

short-circuit current of 20.985kA and a peak short-circuit current of 51.133kA is recorded at the

source, The above parameters are applicable 1o the rest of the substations and can be viewed

in Figure 5.5 and Table 5.2 respectively. In order to determine the parameters of the network,

the system information needs to be entered into the DIgSILENT program. DigSILENT scftware

is eguipped with the data base that coniains most if not all the necessary components to build

and model any efectrical network,{in this case a distribution network ). The formula for the

maximum short circuit current is as follows:

! — Smax

Fmax = (Exvy)

Where:

frmax = muwdmum short-circuit current
Smax = -maximum short-circuit power
V= base voltage
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Table 5.2: Short circuit calcuiations results according to JEC

SUBSTATION | IkK” ip 4] Ik | th
[ KA/KA] | [ KA/KA] [kA] [kA] [kA]
Main Intake 20.99 51.13 20.99 20.99 21.31
ABCHIT 19.25 41.54 19.25 19.25 19.40
ELEC. ENG 18.53 38.43 18.53 18.53 18.66
NEW -TECH 15.10 25.81 15.10 15.10 15.15
CHEM-ENG 14.21 23.56 14.21 14.21 14.25
SUB No. 3 14.96 26.09 14.96 14.96 15.01
MSH 18.17 36.95 18.17 18.17 18.28
SUB No. 2 16.71 31.80 16.71 16.71 16.79
STD CNTR 17.40 34.13 17.40 17.40 17.49
SUB No. 1 15.42 27.94 15.42 15.42 15.48
SUB No. 4 17.24 33.56 17.24 17.24 17.33
Mini-SUB RES 14.47 24.61 14.47 14.47 14.51
RES No. 2 14.91 25.76 14.91 14.91 14.96
Where:

I, = Initial symmetrical (sub-transient) short-circuit current
i, = peak short-circuit current

I, = symmetrical short circuit breaking current

I, = steady state short-circuit current

I, = thermal equivalent short-circuit current

The formuiae for the above parameters according to the IEC 80808 are shown as follows:

cmaxUn 1

Dimax = It (6.3)
i, =KkV2I 7 (6.4)
I=pq.l, (6.5)
=1, (6.6)
I, = (6.7)
Where:

Crmax = Maximum voltage correction factor

U, = nominal voltage

x = auxiliary factor to consider the maximum asymmetric short circuit current

u = auxiliary factor to consider the breaking current for asynchronous machines
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q = auxiliary factor depending on the minimum breaker tripping time and the rated power per
pole pair of the machine '
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Peak Short-Circuit Current in kKA
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Bar-Diagram(3)  Date: 10/22/2008
Amnex: 3

Figure 5.6: Shoit circuit currants profile at each subsiation

Figure 5.6 and 5.7 illustrate the short-circuit currents that are recorded within the entire CPUT
power network. These parameters serve a very important role in terms cof setling up the
protection system. If the accuracy of the calculated resulis according to the L[EC 60808 is not
sufficient enough, the other way of verifying these rasuits is by making use of the superposition

method.

This method calculates the expected short circuit currents in the network based on the network
operating condition {by using the results from the preceding load flow). If the system models are
correct, the resulis of these two methods are always more or less the same (DIgSILENT basic
training notes V13.2, 2007:1-2).
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Figure 8.7: Thermal, steady-state, and breaking shorf circuit currents profile,

5.3.3 The selection of CT transformer ratio

The nominal and short circuit current (Ig.) of the power network plays a vital role in terms of CT
transformer ratio choice. The CT's ransformation ratio is determined by the magnitude of the
nominal and short circuit current, provided no saturation is recorded. it is therefore that
I.(5/X) < 100(4) so that X > (5/100).1,., where X is the current constant {(Gers & Holmes,
1998: §1).This is illustrated in Table 5.3.

Table 5.3: CT rafioc Selection

I (A) (51100)I,, (A) CT Ratio

8640 332.0 400/5
14714.0 735.7 800/5
16714.0 8357 1200/5
16714.0 835.7 1600/5

The CT ratio can also be determined by locking at the rated currents of the type of cable and
transformer that has been used for a certain application. Note: For the CPUT network the ratio
of 2000/1 is chosen cn the transformer secondary side.
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« Long time inverse — This characteristic is used for protection of neutral earthing

resistors.
120
t=-17"7 (5.11)
(g'l)

5.3.4!2 Analysis of the IED’s setting parameter

The operating time of an overcurrent IED can be delayed in order to ensure that the IED does
not trip before any other protection devices ciosest {o the fault operate, when subjecied to fault
conditions. Definite iime and inverse time characteristics of the relays can be adjusted by the
selection of two parameters.

These inciude the TAP and DIAL settings. The DIAL setling represents the time delay pricr fo
the IED operation, each time the fault current reaches a value equal o or above the [ED setting.
if the setting of the DIAL is smaller than this means that the operating fime will be shorter. On
the other hand. the TAP is the value which defines the pick-up current of the [ED's {Gers &
Holmes, 1998:73-74). The TAP value is determined by allowing the overload margin above the
nominal current as expressed by the formula below. Note: TAP setting, Plug setting, Current
settings is the same thing and they all determine the pick-up current of the relay, where as DIAL
and TMS are also referring fo the same thing and they all determine the operating time of the

relay.

5.3.4.3 Current setling

In generai the current setting of the relay is normally described as either a percentage or
multiple of the CT's primary or secondary rating. if the currant transformer’s primary rating is the
same zs the normal full load current of the circuit, then the percentage settings will refer directly
to the primary system. The choice of current setting therefore depends on the CT ratic and the
load current and is normaily above the maximum load current, typically by 10%, assuming the
cifcuit is capable of carrying the maximum projected load (Hindle et al, 2006). Therefore, the
relay pick-up current (I;) can be calcuiated by first obtéining the transformer full load current and
by allowing the 10% overload and taking into account the fact that the relay resets at 85% of

setting. _

= I 12
I 1.1x0'95 (5.12)
Where:
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« Long time inverse — This characteristic is used for protection of neutral earthing

resistors.
120
t=v71—= (5.11)
(g'l)

5.3.4.2 Analysis of the IED’s setting parameter

The operaling time of an overcurrent IED can be delayed in order fo ensure that the |ED does
not trip befors any other protection devices closest {o the fault operate, when subjected io fault
conditions. Definite time and inverse time characteristics of the relays can be adjusted by the
selection of two parameters.

These include the TAP and DIAL settings. The DIAL selting represents the time delay prior to
the IED operation, each time the fault current reaches a value equal to or above the {ED setlting.
If the setting of the DIAL is smaller than this means that the operating time will be shorter On
the other hand, the TAP is the value which defines the pick-up current of the IED's (Gers &
Holmes, 1998:73-74). The TAP value is datermined by allowing the overload margin above the
nominal current as expressed by the formula below, Note: TAP setting, Plug setting, Current
settings is the same thing and they all determine the pick-up current of the relay, where as DIAL
and TMS are also referring to the same thing and they all determine the operating fime of the

relay.

5.3.4.3 Current sefting

In general the current setting of the relay is normaliyr described zs either a percentage or
multiple of the CT's primary or secondary rating. If the current transformer’s primary rating is the
same as the norma! fulf load current of the circuit, then the percentage settings will refer directly
to the primary system. The choice of current setting therefore depends on the CT ratio and the
toad current and is normally above the maximum load current, typically by 10%. assuming the
circuit is capable of carrying the maximum projected lcad {Hindle et al, 2008). Therefore, the
relay pick-up current (I) can be calculated by first obtéining the transformer full load current and
by allowing the 10% overload and faking into account the fact that the relay resels at 85% of

setling. -

= Ir
IL=11x 0,95 _ (5.12)
Where:
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I;= cumreni setting
Irp = fullload current

in terms of CT ratio, the I, for CPUT network can be chosen using either 4004 or 20004

Hence:

e [;=5.0=>400A can be selected or
s [, =10=>20004

5.3.4.4 Grading Margin

In order fo achisve a correct discrimination in protection, it is important to have a time interval
between the operations of two adjacent IED's. The grading margin depends upon the following
factors:

s Fault interrupting time of the circuit breaker
= Relay overshoot

+« Errors, and

+ The safety margin

it is commeon practice to use a value of 50 — 100ms for a circuit breaker overall in‘termpting time
but should the switch gear be siower than this time, then it must be taken into account. it should
be noted that the CT errors does not affect the definite time overcurrent relays. in the past a

fixed margin of 0.4 sec was considered enough for correct discrimination.

eg..

Breaker operating time 0.1

Relay overshoot 0.05
‘Allowing of errors 0.15
Safety margin 0.1
Total 0.4 sec

With modern faster swilchgear and lower overshoot times the figure of 0.3sec may be feasible
and can be used under best possible conditions. In this project a grading of 0.3 and 0O.4sec has

heen used.

5.3.4.5 Time Multipier Settings
The time mutliplier setling is taken as the means of adiusting the operating time of the inverse
type characteristics. it should be noied that it is not a time saiiing but a multiplier (Wright,
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2006:7)3{1 order to calculate the required time multiplier settings (TMS), the operating time of
the closest downstream protection device at maximum fauit level shouid be known. This
operaiing time should be calculated with a TMS equals to 1, using a formuia for the standard

inverse characterisiics.

Required TMS =

Required operating time
Operating time for TMS=1

(5.13)

5.3.5 Earth fault gmtectien

The most frequent type of faulls that cccur in power sysiems are the earth faulls. The phase
overcurrent protection units are used to detect this fault. However, it is possible to obtain more
sensitive protection by using IED's that respond to residual current that can appear in the
system. The residual current could be dstected by either connecting the CT in an available
neutral to earth connection or by connecting ine CT's in parallel it should be noted that on a
iéw voltage 4-wire distribution system, 4 CT's are required to ensure stability under all load
conditions. The inclusion of the fourth CT (being placed in a neutral connection) is

recommended at all ime because the degrae of the system unbalance is not normally known.

5.3.6 Plotting of relays characteristics

The non-directional time overcurrent [ED's are used st the CPUT intake subsiation for
protection. These IED's alfows the selection of one of the current-time (I-t) curves characteristics
as earlier discussed. The [- curves are further specified by the time dial and the pick-up current.
The time dial settings scale the -t curve in the Time vs. PSM plot as per curve definition. The
pick-up current defines the nominal I, value which is used when calcuating the tipping time.
The lower currents will not trip the IED (infinite tripping time) and the higher currents will on the
other hand not decrease the tripping time further beyond the minimum tripping time. if the IED
dees not see the fault, it will not trip and a iripping time of 9999.99 sec will be indicated
{DigSILENT GmbH, 2009:31). Therefore, varying the pick-up current will not change the
curve, but will scale the measured current to different per unit values. This is illustrated as
foliows:

« Assume the minimum current defined by the |-t curve is Imin = 1.1 I /Ip.
e Assume the measurement unit defines Inom = 4.0 rel A.
+ Assume pickup current Ipset=1.5 p.u.

refay will not trip for I < 1.1x1.5x4.0 reLA = 6.6 rel.A
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+  Assume pickup current Ipset = 8.0 relA
refay will not trip for I < 1.1x8.0 relA = 8.8 rel A

5.3.6.1 Main intzke - Eleclrical Engineering feeder and busbar protection seftings and
characteristics. _

On the basis of the above calculation, the main protection 1ED seitings are defined as given in
Table 5.4,

where:

T,. = time over-current element

1, =instantaneous over-current element

Tyee = time over-current earth-element

I,ce = instantaneous over-current earth-element

Table 5.4: Main protection IED ssltings

Toc> | loc> | Toce> | loce>
Current Setting | 1.0 0.5 -
Time Dial 0.15 0.15
Pick-up Current 8.0 0.1
Time Setting 0.2 0.0

The IED’s with fime overcurrent characteristics aliows the following setting to be applied:

o The time cvercurrent characteristic
s The pickup current

« The time dial
As indicated in Table 5.4, these settings (time and instantansous phase and earth-fault settings)
are limited by the relay mode! and only the characteristics available for specific type of relay can
be seieded and on the other hand not all possible values for the pickup current and time dial
may be entered. In this case the calculated sefting values that are suitable for this project
application are shown in Table 5.4
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Figure 5.8: Protection devices of Main Infake and Electrical Engineering cubicle

As a standard, protection devices are generally stored in the object which they act upon, but
they can be stored elsewhere, if need be. This is illustrated in Figure 5.8, where the IED, the
CT's and the swilch reside in cubicle 4. As recommended in DIgSILENT, and by defauit, the
jollowing applies {DIgSILENT basic training notes, 2007:115): .

+ The protection devices which act upon 2 single switch are stored within the
cubicle which contains that switch and this is highly recommended.

+ The protection davices which act upon a number of switches connected to the
same busbar are stored in that specific busbar.

« On the cther hand, protection devices which act upon 2 number of switchas
cennected to the same busbar system are sitored in the same station containing
that busbar system.

« Therefore, protection devices which act upon swiiches finked to more than one
busbar system are stored in the same siation containing those busbar systems,
or they can be stored in the power system grid folder should more than one
station be involved.

As a rule, the IED's or relay is best stored in the same folder as the voltage and/or current
transformers which it uses and this will be observed as the chapter continuous. The protection
devices of cubicle 4 protect the feeder between the Main intake and the Electrical Engineering
substations. With the three p‘hase faull as indicated in Figure 5.9, the maximum fauit lavel of
376.10MVA, a short-circuit current of 19.740kA and the peak current of 43.928KA is recorded.
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Figure 5.1G: Main protection response with a clearing time of 0.448 and 0.235sec.

From the relay mode!, the time-overcurmrent and instantaneous overcurrent characteristics are
chosen. The relay with the tims-overcurrent facliiities allows for the selection of cne of the i+t
curves (“characteristic”) which are available for the selected relay type. In this case the IEC 255-
3 inverse characteristic is chosan. The - curve is further specified by the pickup current and the
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time dial as demonstrated in Table 5.4. Both these values should be in the range specified by

the it curve deﬁniiﬁan.

According to the curve definition, the time dial settings scales the It curve in the Time vs. Vip
plot. Hence, the picku'p current defines the nominal value (Ip) which is used to calculate the
tripping time. These settings can be viewed in Figure 5.10. The protection response {o the fault
in Figure 5.9 is shown in Figure 5.10.This fault is on the feeder between the Main-intake and
Electrical Engineering substation and the response is from the relay that is closer to the fault.
For the initial short circuit of 18.740kA and a maximum fault level of 376.10 MVA, the relay has
responded with the instaniansous tripping of 0.235 sec and the inverse definite minimum tims

{IDMT) response of 0.448 sec.
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Figure 5.11: Main profection response for the oulgoing feeders

The main ‘irrziake busbar has two outgoing feeders that feed the electrical enginsering and
ABC/IT substations. Just like the electrical engineering feeder is protected, the ABC/IT feeder is
also protected. Figure 5.11 illustrates the tripping characteristics of the two feeders. The relay
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on the line that feeds the ABC/IT substation does not see the fault that is on the Main Intake-

Electrical Engineering fesder, therefore a tripping time of 9992.698 sac for both the Toc and the
~loc is recorded. This ensures correct setlings of devices and no false tripping or unwanted
'trépping will be experienced. -

100 1 | 18740467 pris E
H
s © ! CoGT-MAIN INT
" : . {1 IEC 2553 inverse
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Figure 5.12: Main and back-up protsction lime-Gvercusrent response

The fault indicated by Figure 5.9 is picked-up by two protection devices. In terms of IDMT, a
sequence tripping respense of 0.448 and 0.748 sec is recorded as indicated by Figure 5.12.The
{ED close to the fault has responded in 0.448 sec while the immediate up-siream |ED foliowed
with a delayed response at 0.748sec.This indicates that should the main IED fail to operate then
the next up-stream will operate in 0.748 sec. The instantanecus characteristic of the two
protection devices have responded in 0.235 and 0.435 sec respectively.
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Figure 5.13: Time overcumrent for the incoming and twe oulgoing feeder

The time-overcurrent plot in Figure 5.13 shows the resulis of the short-circuit fault (18740.167A;
as g vertical 'x-value’ line across the graph. This allows the intersection of the calculated current
with the time-overcurrent characteristic to be labelled with the tripping time. Since the currents
for each particular relay could be different, a current line for each relay can be drawn. This
option has been demonstrated in Figure 5.13. The relay on the Main intake ABC/T feeder did
not respond to the fault recorded on the adjacent fesder. It is very important to make sure that

the settings are done accordingly to prevent the tripping of wrong equipment.

5.3.6.2 Main intake-ABC/IT feeder protection settings and characteristics

Table 5.5: Main protection I1ED seltings

Toc> | loc> | Toce> | loce>
Current Setiin 1.0 0.5
Time Dial 0.10 .10
Pick-up Current ' 7.2 0.1
0.1 0.0

Time Setting
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The settings for the relay that protect the feeder between the Main intake and the ABCAT
substation are shown in Table 5.5. Since the seftings are made up of a combination of
instantaneous overcurrent (direct overcument) and an optional time delay, the pickup time (Ts)
which is the minimum time needed for the relay to react is set at 0.1 and 0.0. Additionally, a time
dial (Tset).cf 0.10 is specified. The pick-up current for the instantanecus current is set fo 7.2
and 0.1 while the current settings for the time over-current is set at 1.0 and 0.5 respectivaly.
Tﬁerefore, the reléy will not trip unless the current exceeds the pickup current (Tsetr) for at least

Ts + Tset.
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Figure 5.14: Three phase fault between Main Intake and ABCAT
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Figure 5.15: Protaction devices of Main Intake and ABCAT cubicle

The three phase fault between the Main Intake and ABC/IT substation is shown in Figure 5.14.
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The short circuit current of 20.111kA at a maximum fault level of 383.17MVA is recorded.

Figure 5.15 indicates that cubicle 5 which is on line 3 have three objects and one of the objects
is setected. This is therefore a clear indication that the devices responsibla for the protection of
jine 3, which are the feeder between the Main Intake and ABCAT substation, as earlier stated,
are grouped in cubicle 5 and not scattered a2l over.

10 I =201 02 :3:5)‘..

lnqulzm'

[sl |

MAIN IN-ABCITT
IEC 2553 inverse

Tpset: 0.10
Tripping Tire: 0.208 5

| T MAIN IN-ABCAT :

Ipsei: 7.20 sac A it
set: 0.10s :

Tripping Time: 0.135 8

G13Ss / i

0t H : . N . P ; ; PR R R
11.00 kv 1600 14000 100630 [pri.A} 1000000
Cub_SIMAIN IN-ABCAT

Main Intk-ABCAT | Date: 102252006
Annex;

Figure 5.16; Cubicle 5 proteciion devices response characleristics

The respense characteﬁstics of the protection device at cubicle 5 are shown in Figure 5.16.
Here a combination of two characteristics (Toc and Ioc) is shown. With a short circuit current of
20.111kA as indicated by the vertical line, the protection device has responded with an
instantzneous tripping time of 0.138sec¢. For the inverse definite minimum time the normal
characteristic {the |[EC 255-3 inverse) is used and has responded with a tripping time of 0.258
Sec. |

Figure 5.17 shows the tripping characteristics of the protection devices at both out going feeders
that feeds the Electrical Engineering and the ABC/IT substation. Again the fault is on the ABCAT

feeder as indicated by Figure 5.14. The relay responsible for the protection of the line feeding
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the Electrical Engineering substation did not 'pick-up the fauit, hence no tipping signal was
issued. A tripping time of 8999.989 sec is therefore recorded as shown in Figure 5.17. The relay
in cubicle 5, which is responsible for the faully line has pick-up the fault and the tripping time

can be viewed below in Figure 5.17.
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Figure 5.17: Quigoing feeders’ protection response with a faulf on ABC/T feedar.

Any fault that is not cleared on time will stress the source which will result in black-out if it is not
attenided to. Beside the black-out, the equipment involved will also be damaged due to high
current that could be experienced as a result of high s?wrt circuit faudt. In pro%éction the relays
are always placed in such a way that they protect from the source downstream towards the
loads. The fault indicated by Figure 5.14 is picked-up by two protection devices and a sequence
tripping response of G.135 and 0.2968 sec for the refay closer to the fault and 0.435 and
0.741sec for the next upstream relay is recorded as indicated by Figure 5.18.The IED close to
the fault has responded with an instantanecus tripping of 0.135 sec while the immeadiate up-
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stream IED followed with a delayed response at 0.435sec. This indicates that should the main
- |ED fail to operate then the next up-stream will operate in 0.435 sec to clear the fault.
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Figure 5.18: Main and upstream protection response for the short-circuit fault of 20. T11kA.

Three tripping characteristics are shown in Figure 5.19. These characteristics represent the
tripping response for the three relays that protect the incoming and two cutgoing feeders. The
name of the feeders in which the relays cubicle resides is shown in the single line graphic and
the tripping times are made visible. For the relays that did not trip g tripping time of 9568.593
sec is shown. The fault on which the relays have acted upon is shown in Figure 5.14. The
seftings of all the relays and their tripping characteristics can be viewed in Figui‘e 5.19. The uss
of the Intelligent Electronic Devices enables the busbar protection and the back-up protection to
be combined in the same unit. With reference to Figure 5.14, a typical overcurrent IED would pe
time coordinated in a normal manner providing overcurrent and earth fault protection for the
system. The instantanecus element in the incomer IED can be prevented from operating by the

overcurrent IED's on the outgoing feeders. Thersfore. upon detection of a feeder fault the
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associated feeder IED would operafe a start contact. This contact information is carried to the
incomer IED via GOOSE massages, which upon energized would block the instantaneous

element of the incomer IED.
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Figure 5.19: Main and upstream protection response for a fault on the ABC/T feeder with a short circuit

current of 20. 111kA.

8.3.58.3 CoCT-Main intake bushar and feeder protection settings and characteristics

The bushars form a very important part of the power system. In order to maintain system
stability and minimize damage to equipment due to high fault levels, huge time delayed tripping
is not acceptable for bushar faults. it is therefore recommended to dstect busbar faults
selectively with a unit form of system protection. The’b'asic requirements that should be known

when setting up ihe busbar protection schemes are as follows:

. -Siqcé the protection could only be called to operate once or twice in the life time of the
switch gear's instaliation, it must be fully reliable and fallure to opsrate under fault

conditions is unaccepiable.
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+ [t must be totally stable under all ihrcugh fault conditions since this will help to prevent
unnecessary widespread interruption of supply.

« [t must possess the capability of complete discrimination between sections of the bushar
to guarantee that 2 minimum number of breakers are tripped to isolate the fault.

« [t must have a reliable cperation speed to minimize damage and maintain system
stability.

Tabie 5.8: Bushar protection IED seitings

Toc> | loc> | Toce> | loce>
Current Setting | 1.0 0.5
Time Dial 0.25 0.25
Pick-up Current 9.0 0.1
Time Setting 0.4 0.0

The setlings for the busbar protection |ED at the Main Intake substation is shown in Table 5.6.
For the phase faulls, the time overcurrent characteristic is set with a current settingof 1.0 and a
time dial of 0.25 while the instantansous characteristics is set at 9.0 for the pick-;}p current and
a time setting of 0.4. For the earth faulls, the time overcurrent characteristic is set with a current
setting of 0.5 and a time dial of 0.25 while the instantaneous elements are set at 0.1 for the pick-

up current and a time setting of 0.0

7515311 BBAD A0 IT-

1. {CaCT-MAIM INT

F i &= -{CT2000/ Current Transformer T
P> i {Switch

T n3 " Bobeaeyof3 | Lobpcis)sekectd. [ oy

Figure 5.20: Prolection devices of CoCT-Main intake cubicle

The protection devices for the busbar at the Main Intake substation are grouped in cubicle 6 as

iflustrated in Figure 5.20. Three items that are respensible for the protection of the busbar

106



include the reiay, a current transformer and a breaker. A current transformer with a CT ratio of
2000/1 is used.

MAIN INTK SUB
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Figure 5.21; Three phase fauit on the Main Intake busbar

in Figure 521 the three phase fault has been infreduced on the busbar. This fault is sitting
between three relays, the one on the incoming feeder and the ones on the two outgoing
feeders. A maximum fault level of 400.00 MVA, a maximum short circuit current of 20.885 kA
and a peak current of 51,133 KA is receorded. These value correspond with the calculated values

that have been shown earlier in Figure 5.3

At the end of tha incoming feeder there is z protection device that locks at the busbar status and
montitor if the rated parameters are not being excesded. With a faull as indicated in Figure 5.21,
the bus protection device has responded'wifh an instantaneous tripping of 0.435 sec and a
normal inverse tripping of 0.727 sec. The response characteristic of the bus protection device is
illustrated in Figure 5.22. As the name implies, the busbar serve as a ncde where the electrical
nodes are connected to. Although the cutgeing feeder that feed the ABC/IT substation is baing
fed by the Main intake busbar, its protection did not see the fault that is on the bushar hence, a
tripping time of 98998.999 sec was recorded. This respense is correct in a sense that the fault
recorded is upstream with reference to the feeder protection and only the protections behind it
are expected to trip. The tripping times, primary current and relays seitings can be viewed as
shown in Figure 5.23.
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Figure 5.22: Bus protection response characleristics.
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Figure 5.23: Bus and ABCAT feeder proteciion response.
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Figure 5.24: Bus and Electrical Engineering fesder protection response.

For economy reason, basic medium-voltage swifchgear with one incoming feeder does not
really require special busbar protection. In such a case, busbar protection is provided by the
fime overcurrent relay of the incoming feeder as shown in Figure 5.22 & 5.24. As can be seenin
Figure 5.24, the tripping time of the time-overcurrent protection for the incoming feeder oceurs
with a tripping time greater than that of the outgoing feeders. Therefore the busbar protection
serves as a backup protection for the two outgoing feeder protections.

~Interms of single busbars with one defined incoming feeder and defined outgoing feeders, high-
speed busbar protection can be provided with less additional effort by means of reverse
interlocking. Such busbar configurations are cam%noniy used in medium-voltage sysiems
networks. The time-overcurrent relays available for feeder protection are used, as shown in
Figure 5.21. An additional benefit is that all the relays used are equipped with at least two
definite-time current stages(/ > &/ >>), which can be blocked individually. Therefore, the
expiry of time (t = 0.435s) as recorded on the bus prolection response can be blocked via the

binary input (Bl1) of the protection device.
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Figure 5.25: Bus and feeder protection with reverse inferiocking.

With a fault on the busbar as indicated in Figure 5.21, no infead is recorded from the outgeing
feeder onto the fault, hence, no response has been recorded on the protection devices that are
lccated at the two oulgoing feeders and consequently there is no blocking signal. The protection
device at the incoming feeder that feeds the busbar has responded with a tripping time of
0.435sec in order to isolate the affected busbar. This is illustrated in Figure 5.25. The busbar

fault is then disconnectad within a short period and the extent of the fault is [mited.
With the fault further downsiream on the feeder between ABC/AT and NEW TECH substations,

the parameters are shown in Figure 5.26. The stress that it imposes on different busbars is also

highlighted. Please note that any white square biock on the feeder indicates an open breaker.
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Figure 5.26: Three phase faulf on the ABCAT-NEW TECH feeder.

The tripping characteristics of the three phase fault as shown in Figure 5.26 are iliustrated in
Figure 5.27. As can be seen the very same ralays at the Main Intake are used to issue the

tripping signals.
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Figure 5.27: Protection response to the faulf on the ABCAT-NEW TECH feeder.
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Figure 5.28: Three phase fauli on the NEW TECH- CHEM ENG feader.

With the fault as indicated in Figure 5.28, the corresponding tripping characteristics as shawn in
Figure 5.29 indicate that the definite tripping time of the back-up relay did not respond to the
fault, as a result a tripping time of 9959.993 sec is shown.
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Figure 5.29; Main and back-up proteciion rasponse for the fault between NEW TECH & CHEM ENG.
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Figure 5.30; Three phase fauli on the feeder between SUB No.2 & 3.

Figure 5.31 shows a single stage definite time overcurrent characteristics. In terms of selectivity
the relay ciosest fo the fault has issued a tripping signa! 0.138 sec. The fault parameters are
shown in Figure 5.30.
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Figure 5.31: Profection response of the fault on the feeder between SUBNo.2 & 3.
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Figure 5.32: Threg phase fault on the feedsr between MSH &3U8 No.2.

A short-circuit current of 17.419KA is recorded on the CT's primary when the fault is between
the MSH and SUB No. Z as shown in Figure 5.32. The overcurrent settings are defined by the
grading coordination of the network. From Figure 5.33 it can be seen that the definite tripping for

the back-up relay did not respond fo the fault.
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Figure 5.33: Protection response of the fault on the feeder between MSH &SUB No.2.

114



T {ABCAT laacf MSH ooaf] SUB No. 2

[ 33= =SS5 228
P | o caa| ™
e 12003P-0.176] 120C3P-0.258
Distarce: = 50.00 %

“Skss =356.27 MVA - o
I S | ss=18:699KA = i
2 Gl lip=3%.118%ka o
E sl 5 ; &
= (&) =
z R R

F NEW TECH CHEM ENG SUB Mo. 3

=T i b o

Jues J|BEE =28

Ext Grid ==%" *Mi==% [[==a| [
. FOC3P-0.135 JOC3P.C.0ED

Figure 5.34: Throe phase fault on the feeder between ABCAT & MSH.

The phase cvercurrent protection is used to clear the fault as shown in Figure 5.34. The definite
time and time delayed overcurrent protection is set to provide discrimination and to clear the
fault with a high degree of accuracy. Two relays have picked-up the fault and responded
éccc:rding%y while the relay on the adjacent feeder did not pick-up the fault and therefore, not
responding. This operation is correct and the tripping response is shown in Figuré 5.35.
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Figure 5.35: Protaction response of the fauit on the feeder between ABC/IT & MSH
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Figure 5.35: Three phase faull on the feeder behwveen STD CNTR &SUB No. 1.

The criteria for setting the inverse time element and the instantansous element varies
depending on the location and on the type of sysiem element that is being protected, in this
case the feeders and busbars. For the fault as shown in Figure 5.36, the settings and responses

{tripping times) can be viewed in Figure 5.37
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Figure 5.37: Protaction response of the fault on the feeder between STD CNTR &SUB No. 1.

116



ol 1 a

= i Y

MAIN MNTK S8 o = ==
o = S3g| | roceroser | [S3g 70C3P0.195 | |eoa
-l (v
EE_:; o SUB No. & MINI 8198 RES RES 2
b= [/ ¥ S
5 § ‘Distance: = 50.00 %
5 5] Skss=342.15 MVA
Ikss = 17,959 kA 7063P-0.340
. SUB Na. 4
§ ELEC ENG STD CHTR
Lo T e |
— | [§g8 g8 222
B3t o=y = *1 |32 ™ ul |
J12083P-0. 102 12003P-0.377 L—=

-

Figure 5.38: Three phase fault on the feeder between ELEC ENG & STD CNTR.

A short-circuit current of 17.858kA is recorded when the fault is between the ELEC ENG and STD

CNTR substation as shown in Figure 5.38. The overcument settings are defined by the grading

cocrdination ¢f the network. From Figure 5.38, it can be seen that the definite fripping for the

back-up relay did not respond to the fault
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Figure 5.39: Protection response of the fault on the feeder bebween ELEC ENG & STD ONTR.
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Figure 5.40: Three phase fault on the feeder between RESZ & STD CNTR.

With the fauit as indicated in Figure 5.40, the comresponding tripping characteristics as shown in
Figure 5.41 indicate that the definite tripping time of the back-up relay did not respond o the
fault and as a result a tripping time of 9999.599 sec is shown. The fault is cieared in 0.235 sac

by the relay closer {o the fauit,
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Figure 5.41: Protection responss of the fault on the feeder between RES2 & STD CNTR.
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Figure 5.42: Three phase fault on the feeder between SUB No.4 & MINI SUB RES,

A maximum fault level of 300.88MVA and a short circuit of 15.798kA are fogged as the fault was
intreduced as shown in Figure 5.42. The relay on the ABC/IT (adjacent) feeder did not response
to the faulf as it is not directly involved. The definite time characteristics for the main and back-

up relays did not pick up the fault as it is not within their setting ranges {predetermined valuss).
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Figure 5.43: Protection response of the fault on the feeder between SUB No. 4 & MIN/ SUB RES.
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Figure 5.44: Three phaée fault on the feeder botween SUUB No.4 & ELEC ENG.

For the fault as shown in Figure 5.44, the main and back-up protection has responded as shown

in Figure 5.45. An instantaneous fipping of 0.235 se¢ has cleared the fault. With the inverse

characteristic, the fault current is inversely proportional to the operating time of the relay hence,

the lower the fault current the longer the tripping time.
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Figure 5.45: Protection response of the fauit on the feeder between ABCAT & MSH

120



Note: A brief discussion of the results, findings and recommendation for the CPUT network can
be viewed at the end of this chapter.

5.4 MODELING OF THE EUREKA NETWORK

Eureka distribution netwerk belongs to Eskom and it is supplisd via two paralle! transformers
rated at 66/11kV, 40MVA and a percentage impedance of 10%. The 88KV is stepped down to
11KV through to Lower Voltages (LV) via a number of substations. The load flow resulis as

obtained frem historical trends are shown below in Table 5.7 and Figure 5.48.

Table 5.7; Eureka network load flow resuiis

SUBSTATION P (MW) Q (MVAR) CABLE LOADING (%)
Eureka - Matrcosfontein 3.62 0.54 56.18
Matroosfontein - Bishop Lavisi 1.99 0.28 31.08
Eureka - Belvanie 4.02 0.58 62.23
Eureka - 18” Ave 5.25 091 81.72 .
18" Ave - 87 Ave 2.56 0.52 32
Eureka - Avonwood 334 0.68 52.25
Eureka - cojac 5.42 ' 1.12 84.4
Cojac - Bishop Lavis3 3.96 0.8 62.33
Bishop Lavis3 - Heilbot 1.84 0.49 31
Eureka - Hofloway 482 072 74.39
Eureka - Indian 1.2 0.3 18
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Figure 5.46: Eureka network power profile
The Eureka nstwork with loadings and faulf on busbars are shown in Figure 5.47 and 5.48.
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In this network, only the protected substations are considered for this project. The principie of
co-ordination is applied and exercisad on this network. This principle refers io the procedure of
" sefting overcurrent |IED’s to ensure that the |ED nearest to the fault operates first and all the
other IED’s have enough additional time to prevent them from operating. Therefore, if the co-
ordination is done correctly and the {ED closest to the fault fails to function, then the next up-
stream 1ED should operate and so forth towards the source.

The maximum short-circuif power, correction factor and rated voltage obtained from the Eureka
power system using DIgSILENT are shown in Table 5.8. The corresponding graph that indicates
the profile of the above mentioned parameters as recorded using DIgSILENT is shown in Figure
5.48. | |

Table 5.8: Substations max. Shori-cirocuit power, correction factor and rated voltage

SUBSTATICN Rated Voltage | Correction Max. Short-circuit power
rid V.(kV) Factor Sk”(MVA) .
Busbar A 11.00 1.10 400
Busbar B 11.00 1.10 400
18" Ave 11.00 1.10 324.34
8" Ave 11.00 1.10 208.65
Avonwood 11.00 1.10 339.07
Belvanie I11.00 110 335.07
Bishop Lavis1 11.00 1.10 166.18
Bishop Lavis 3 11.00 1.10 1765
Chad 11.00 1.10 135.67
Cojac 11.00 1.10 251.87
Heilbot 11.00 1.10 121.39
Holloway 11.00 1.10 241.08
Indian 11.00 . 1110 255.72
Matroosfontein 11.00 1.10 225.05
Target 11.00 1.10 193.98

124



500.00

ArugaLEn

300,00

206,00

106.00

0.0

EYEIEPR Inital Shor-Circuit Fower in MVA
HRSEAS Shont-Cirsult Breaking Power in MVA
R | ine-Line Prefautt Voltage, Magnitude in kv

Bar-Diagram(3) | Date: 10/22/2009
Annex' 14

Figure 5.49: Maximum Fault lsvel prcﬁ!é at different subsiations

Table 5.9 indicates varicus short circuit caloulation results as obtained at different substations
within the network according to the |EC80909 standard, upon which Figures 550 & 51 are
plotted.

Table 5.9: Short circuit caloutations results according to IECS0909 standard

SUBSTATION | Ik” [ kAJKA] | Ip [ KA/KA] | Ib [kA] Ik [KA] 1 th [kA]
Busbar A 20.99 51.13 20.99 20.99 21.31
Busbar B 20.99 51.13 20.99 20.99 21.31
18" Ave 17.02 34.48 17.02 17.02 17.12
8" Ave 10.85 . | 1864 10.85 10.95 10.89
Avonwood 17.8 37.15 17.8 17.8 17.92
Belvanie 17.59 36.4 17.59 17.59 17.7
Bishop Lavis1 8.72 1422 8.72 8.72 8.75
Bishop Lavis 3 9.25 15.25 826 9.26 9.29
Chad 7.12 11.32 7.12 712 7.14
Coiac 13.22 23.74 13.22 13.22 13.27
Heilbat 6.37 10.02 6.37 6.37 8.39
Holloway 12.65 224 12.65 12.65 12.7
Indian 13.42 2424 13.42 13.42 13.47
Matroosfontein 11.81 20.48 11.81 11.81 11.85
Target 10.18 17.05 10.18 10.18 10.21
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5.4.1 Heilbot-Bishop Lavis3 busbar and feeder protection settings and
characteristics

Figure 5.52 indicates a three phase fault on the feeder between Bishop Lavis 3 (BL3) substation
-and Heilbot substation. The settings for the IED at BL3 are shown in Table 5.10

Table §.10: Protection IED seitings (Heilbot-Bishop lavis3

Toc> | loc> | Toce> | loce>
Current Setting | 1.0 0.1
Time Dial 0.40 0.07
Pick-up Current 15.8 .01
Time Setting 0.40 0.0
@
z
‘E — gég 4 Cojac-BL3
@ g o p—{ F32e
g — o NO A
= ] W a9 g
3 - = [2R20 i
L g ﬂ i=J=Nad ™1 L %
= E ‘
2 .

854
siop |+

Distance: =0.01 %
Skss = 166,16 MVA

Tomaahil...

Heilbot BL3

Tkss = 8,721 kA
p=14.217 k4

Figure 5.52: Fauit on the Bishog Lavis3 line

= Type 0 —
t~ w{ Current Transform 4001 C AL Fiter
Switch T =
=
. lntl . Bobjec(s)of 37 . - I object(s) selected e

Figure 5.53: Protection devices on the Bishop Lavis 3 (BL3) cubicle
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Figure 5.55: Co-ordinated protaction response for ihe fault on the BL3 feeder
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The main protection devices are grouped in cubicle 3 as shown in Figure 5.53. The main
protection for the fault on BL3 has issued a definite tripping time of 0.435 sec and an inverse
tripping time of 0.807 sec. The upstream relay has seen the fault but will not trip unless the main

protection fails, then the tripping will occur as graded in sequence. This is illustrated in Figure
5.54 and 5.55 respectively. |
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Figure 5.56: Co-ordinated protection response for the fault on the BL3 feedar

With a fault current of 8.721kA as recorded in Figure 5.52 above and a fault current 14 217kA,
Figure 5.58 indicates the respense characteristics of the co-ordinated protection devices. For
the Instantaneous over-current (Joc) response the seguence tripping time of 0.435, 0.835 and
1.235 sec from the nearest to the furthest up-stream protection devices is recorded. In the case
of time overcurrent response (Toc) the sequence tripping time recorded is 0.807, 1.247, 1.474
sec. Correct cq-ordinatier; is achieved as no upstream IED's will trip before the down-stream

devices,
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54.2 Cajac?Bishcp Lavis3 Busbar and feeder protection settings and
characteristics

Figure 5.57 indicates that the fault has been shifted one step behind and it is now situated
between Cojac and BL3 substiation. The setling of the nearest protection device is indicated in
Table 5.11 below. The list of cubicle 3 components that are responsible for the main protection
of Cojac-BL3 feader is shown in Figure 558,

Distance: =0.01 %
Skss = 166,19 MvA
Tkss=8.723ka .

Cojac-BL3 in=14.220kA
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et P

4.408
0.401
16.92..

Figure 5.57: Faulf between Cojac and BL3

Table §.11; Main protection IED settings fcojac-BL3)

Toc> { loc> | Toce> | loce>
Current Sefting 1 1.0 0.1
Time Dial 0.55 0.1
Pick-up Current 17.0 0.1
Time Setting 0.8 0.0

TEcms 75J5311.5BA0-3A0 (T
£ | ¢~ w{Curent Transtormer 4001 r
; ’"”*" Switch -

Figure 5.58: Protection devices on the Cojac cubicle
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Figure 5.60: Co-crdinated protection responsse for the fault on the BL3 feeder
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The protection response to the fault in Figure 5.57 is shown in Figure 5.59.This fault is on the
feeder between the Cojac and Bishop Lavis 3 substation and the response is from the relay that
is cioser fo the faulf. For the initial short circuit of 8.723kA and a maximum fauit level of 166.19
MVA, the relay has responded with the instantaneous tripping of 0.835 sec and the inverse
~definite minimum time (IDMT) response of 0.247 sec. Figure 5.80 illustrate a co-ordinated
protection response and a response characteristic with a tripping time of 8999.999 sec is
observed. For this characteristic, the relay is downstream with reference to the fault

. . =5702 55 A i E
b i _ e sl sl - : E_.
L EU_Cojac ¥
;EEUC—gE?gg inverse : : /‘E]?seé: 11 gém sec.A
; |_Apset 1.00sec.A YT set1.20s8
% g lp pset 0.6__5 g : / Tripping ‘ﬁm;e. 1.235 s
.| L Tripping Time: 1.474 s : i !
1 _ : i ; Cojac_BL3
4 Cojac_ BL3 ) Ipset 17.00 sec.A
i IEC 255-3 inverse : set: 0.80 s
5 . . _~lpset: 1.00 sec.A . Tripping Time: 0.835s
\ P Tpset 0.55 - P
0 S Tripping Time: 1.247 s / / :
AN ) "
+ T [ i I.' / ;
N ! / o
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-—Heilbat Bla = \ = " PO SR %E::é_gioag sec.A
LBl 40 s
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: : i : . E T c1.238 s,
t T 7 ;
2.835¢ :
H :
0. -
wow 1o - 000 et 33 1900 LpriA] 1moa
o e -
cync-beuibot piot Uty 10Z23006
Arnec

Figure 5.81: Co-ordinated protection response for the faulf between Cojac and BL3

In Figure 5.61 above, it can be seen that the protection devices downstream with reference o
the fault !bcaﬁon did not see the fault and an indication of 9899.999 sec is recorded from the
first response characteristic. The definite time characteristic responses are at 0.835 and 1.235
sec, foliowed by the inverse definite ime characteristics with a tripping time of 1.247 and 1.474
sec. Thisqis an indication that there is adequate additional time in between the 1ED's that is

preventing the false or unwanted tripping.
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5.4.3 Eureka-Cojac busbar and feeder ?ratection settings and characteristics

Figure 5.62 indicates that the fauit has been shifted cone step behind again and it is now situated
between Eureka and Cojac substation. The selting of the main protection deavice is indicated in
Table 5.12 below. The cémponents that are respensible for the main protection of Eureka-Cojac
feeder are grouped in cubicle 0.2 as shown in Figure 5.63.

Table 5.12: Protection IED seflings (Eurska-Cojac)

Toe> | loc> | Toce> | loce>

Current Sefting | 1.0 0.1

Time Dial 0.65 0.05

Pick-up Current 18.0 0.1

| Time Setting 1.2 0.0

<
% =3=3= == CojacBL3
= ooQ
& SOl ks

EUREKAB

Distance: =0.01 %

Fad Fedtta .
3 )

4
Target
Bizhop Lavis 3

Q.000

0.000

0.004
Tt stk W

0D
Skss = 399,93 MVA 888...[ I_,;,z
Tkss =20.993ka 2S00 3
E_ip =51.128 kA

Figure 5.862: Fault between Eureka and Cojac
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Figure 5.83: Prolection devices on the Eureka cubicle
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Figure 5.64: Co-ordinated protection response for the fauit on the | & & & feeder
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Figure 5.65: Co-ordinated protection response for the fauit on the Eureka - Cojac feeder
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Figure 5.66: Co-ordinated response for the fault befween Eureka and Caojac

Figure 5.64 illustrates that if two feeders are supplied by the same busbar and one feeder
experiences a fault, then that does not necessarily mean that the protection of the adjacent
faeder must pick-up the fault. Therefore the response of the 18" avenus feeder's protection
devices indicated a tripping time of §999.599 sec for the fault on the Eureka- Cejac feeder. With
the fault between Eureka and Cojac as indicated in Figure 5.62. the downstream protection did

not respond to the fault except for the immediate upstream relay that has cleared the fault in

1.235 sec as shown in Figure 5.65 and 5.66 above.
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Figure 5.67: Fauff between Chad and Heiibo!
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Figure 5.68: Co-ordinated protection response for the fault on the Chad - Heilbol feeder

The fault between Chad and Heilbot is shown in Figure 567. A maximum fault [evel of
135.67MVA, a short circuit current of 7.121kA and a peak current of 11.318kA are recorded
during the faull. The co-ordinated protection response for this particular fault is shown in Figure
5.68. The déﬁnite .trippéng time is shown and a grading margin of 4sec is used. Two relays have
picked-up the fault at different intervals. Atthough this two r’giays have seen ihe fault, only one

relay will trip. A tripping time of 0.435 sac is issuad by the first refay.
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Figure 5.65: The fault on the BL3 fesder
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Figure 5.70: Co-ordinated protection response far the fault on the BL1- Chad feeder

The fault between BL1 and Chad is shown in Figure 5.69. A maximum fault level of 176.49MVA,
a short circuit current of 8.264kA and a peak current of 15.247kA are recorded at the time of the
fault. The co-ordinated protection response for this particular fault is shown in Figure 5.70. The
definite tripping time is shown and a grading margin of 4sec is used. Three relays have picked-
up the fault at different intervals (0.435, 0.835 and 1.235 sec). Although this three relays have
seen the fault, only one relay will trip. A trip;ﬁing time of 0.435 secis issued by the first relay.
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Figure 5.71:; The fault on the Malroasfontein - BL1 feeder
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Figure 5.72: The fault on the Matroosfontein - BL1 feeder

When the fauit is betwesn Matroosfontein and BL1 feeder a8 shown in Figure 5.71, 2 maximum
fault level of 225.04MVA, a short circuit current of 11.812KA and a peak current of 20.490kA are
recafded during the faull. The co-ordinated protection response for this particular fault is shown
in Figure 5.72. As the fault has shifted backward, the relay downstream the fault did not see the
fauit. Hence, two relays have picked-up the fault at different intervals (8895.969, 0.835 and

1,235 sec). Although this two relays have seen the fault, only one relay should trip.

:ﬂfm vsfontein - BL

ey
PEYD i

YR ARAAT

:

a0c'a
0aon
200'0

LE1nen doysig

1oqileH -pEYD

— W
= I i"ﬂ‘ =
=3 i =
s g
e |83
HegEIpR -
AR T =3 =
E{ i i }E = I
I3 o
DDD! = L
23% >
: o T P )
1=1=1=] =5t oo P21
<'|—D—l— 3 FHu g o [
===
2

B
¥ v-34n3

Distance: =0.01 % g
Skss=393.97MVa . &
Tkss = 20.993 kA

- ip="51.126 k&

Figure 5.73: The fault on the Eureka - Matroosfonlein feedsr

138




10 =Z0543_ 174 pA E
H
; i Eur_matr
ol : : vl : Ipset: 18.00 sec A
L ; ; set: 1.20 5
: : : : Tripping Time: 1.235 s

: : Lo Matr | Lavist
10 - H ' IpseL 17.00 sec A
H - : : Tset: 0.80s

/ Tripping Time: 8599.999 s [ T
—Lavist Cnad: [

R : : . / inppmg Time; 8998.989s 7

/ !.23555

&t : : : : H HE
TL@RY 1000 100560 [priA] 100600
Cub_0. NEur_mas —— e Cun_RMEr_LsueT
——————— Cub ALt G

‘ ook chad | Cam 10TRE0S

Figure 5.74: Co-ordinated protection reéponse for the fault on the Eurgka - Matroosfontsin feeder

A maximum fault level of 389.97MVA, a short circuit current of 20.993KA and a peak current of
51.128kA are recorded when the fault is between Eureka and Matreosfontein {eeder as shown
in Figure 5.73. The co-ordinated protection respense for this particular fauit is shown in Figure
5.74. The definite time characteristic is shown and a grading margin of 4sec is used. Two relays
did not pick-up the fault as they are ahead of it. A tripping time of 1.235 sec is issued by the

relay that is looking into the fault.
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Figure 5.75: The faulf on the Eureka bushar
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Figurs 5.76: Co-ordinated protection response for the fault on the Eureka busbar

if the faulf is on the Eureka busbar and the protection responsible for the busbar is taken out of
service, there will be no protection and all the protection ahead of the fault will give a tripping
time of §559.989sec. This is jHustrated in Figure 5.75 and 5.76 respectivaly.

5.5 MODELING OF THE PARALLEL TRANSFORMER FEEDER

A common design criterion for paraliel transformer feeders is that, the system maximum icad
must be able to be carried by one feeder while the other feeder is out of service. If both feeders
are in seivice and the above condition holds with no allowance for short-time overload
capability, then the maximum pre-fault load current for individua! feeder will be 50% of rated
current. This indicates that the directional protection settings should be above 44% of rated
 current in order to offer a reliable security for the two parallef feaders. Directional overcurrent
IED's are commonly used at the receiving ends of the paralle! fesders or transformer feeders.

The main purpose of the directional over-current protection {DOC) is fo ensure full
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discrimination of the main or back-up over-current profection of a power system for faults near
the receiving end of a feeder. Lower current settings can aiso be adopted with the application of
modern IED’s in relation to reverse load current at the receiving ends of the parsliel fseders
{Hindle, Wright & Lloyd, 2001:1-2).

5.5.1 Overcurrent grading of the transformer feeder

The following calculations are done as per ALSTOM protection and control 2006 training
manual {ALSTOM Mini AFPS course Manual, 2008). '

Bushar D

Eursks B/8 B 66/11kV(B)

|§§ Lline 2 Line

PO BBEATKY {A)
A ey A A =
Eureka BB A

v
Load (B)

Breaker 2

Bxternal ..

-3

Breaker

'

"
L]

{pad(A)

Bxtemal Grid

Bushar C

Figure 5.77: Paraliel transformer feeder

Transformer information:
86/11kV,
A0MVA,
10% impedance,
YnYn configuration

Task1: Fault ievel eaiculation

S 40MVA
Smaxiy = ”2"‘* =—51 = 400MVA

HY fault current

AL B68kV iﬁé maximum fault current can be calculated as folicws:

400 x 108
I - = 3.5kA
FaultV ™ (73 x 66 % 10)
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LV fault current

The low-voltage side line current is:

. 400 x10°
Tttty ™ (V3 x 11 % 109)

= 20.995kA

2

66
Zsaurce = m = 10.890

Applying a base MVA of 4{}MVA

66° .
Zpase = 0" 108.90
Hence on a per unit basis

10.89
| Zsource = 1089
Calculation of maximum fauii on the LV side is carried out as foliows:

” 1
fraute v = Zoource + Zerr) O1+01)
At 68 kV the base current can be calculated:
lpase 6iv = somya
(V3 x 66 x 103)
Therefore, the actual fault current;

]fault = 5x 350 == 1750A at BﬁkV

= 0.1pu

S5pu

= 3504

At 11 kV the base current can be obtained as follows:
Ipase 1107 = omva

(V3 x 11 x 103)
Hence the actual fault current;
Vraute v = 5 X 2099 = 104974

= 20994

Task 2: LV relay setting
Relay pick-up current seftings (1.}

The transformer full lozd current is caiculated as follows:

40MVA

lrun 10ad = {ramoiaesy — 20994

Allowing a 10% overload and taking into account the fact that the relays reset at 95% of setting.

2099 x 1.10

Iy =g = 24304
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Interms of CT rafio this is 2430/2000 = 1.215
Therefore select I, = 1.0 => 20004 primary

Tripping characieristic selection

Select g standard inverse characteristic

Time mulliptier settings

Assume an operating time of 0.5sec at maximum fault current and calculate the cpérating fime
at the maximum fault level with a time multiplier setting (TMS =1} equals to one, using a formula
for the standard inverse characteristic.

_ 014 X TMS

=
fault current]®%?
set current

0.14
[10497J°-°2 B

-1

2000
= 4,1525ec
However, the operating time required is 0.5sec, and therefore;

Required operatt:ng time

ired T =
Required TMS Operating time forTMS =1
_ 05 0.12
T 4152 7

Hence the operating time at 10487A will therefore be:
t=4.152x0.12 = 0.5sec

Task 3: HV relay settings
Relay pick-up current settings (1.}

To ensure proper co-ordination, the pick —up current of the HV side relays must be set above
that of the LV side relays. 7

The LV relay is set at 20004 => 4054 at 66kV

Now set the HV relay 10% above the LY relay and this yieid the following:

I, = 405 x 1.1 = 4464

Interms of CT ratio: 446/600 = 0.74

Therefore;

I = 0.7 X 600 => 40primary
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Tripping characteristic selection

Select the standard inverse characteristic to grade with relation to LV relay.

Time multiplier setfings

Calculate the relay operating time at a maximum LV fault current of 1750A with reference to HV

side and a time multiplier of 1

0.14 xTMS
0.02

(Ifau!t) -1
Iset -
0.14

RO

= 5.05sec
Remember o fake a grading margin of 0.4 sec into account and then calculate the operating

time of the LV fault level, thus;
0.866 X 10497 = 90904
Therefore

0.14 % 0.12

(o) 1

= 0.546sec
Therefore for the HV relays subjected to a fault current of 1750A, an operating time of at least

0,848 secis reguired.
Required operating time = 0.546 + 0.4 = 0.946sec
Hence for the required TMS;

™S = 09%6 _ 0.187
~ T 505

Therefore select TMS = 0.19
With TMS = 0.19, the operating time can be achieved as foliows:
Operating time = 0.19 X 5.05 = 0.959sec

Hi sat instantanecus element setiings

For fast ciearing times of faults on the transformer HY bushings and part of the way into the
transformer, the Hi sat can be st at 120% up to 130% of the maximum LV faull level in

muitiples of the IDMT setting current.
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120% x 1750

- Hi set = —————— = 4.Ttimes

446
Therefore select a Hi set ofx 5 => 22304, (446x5)

Note:. The Toc {current setling and time dial}, and the Joc (pick-up current and time setting) can
be manipulated at ény point in time using the tripping characteristic. This is more useful, when
performing relays co-ordination. The co-ordination of directional and non-directional time-
- overcuirent protection is illustrated from Figure 5.78 up to Figure 5.86. When the fault is located
on line 5 as illustrated in Figure 5.78, a maximum short circuit power of 183.46MVA with a short
circuit current of 10.154kA and a peak current of 23.253kA is recorded. The main protection
{relay 5(51)) responded with a tripping time of 0.212 sec to clear the fault as iliustrated in Figure
5.79. The rest of the relays upstream with reference to the fault have picked-up the fault but did
not trip. The relays at the receiving end of the transiormer feeder (relay3 (51) & 3(67)) have
different characteristics in the sense that, relay 3 (61) is non directional and relay 3 (87) is
directional. Thelr seltings and co-ordinated tripping characteristics are shown in Figure 5.80.

Figure 5.81 shows the combination of co-ordinated response characteristics for the fault as
indicated in Figure 5.78 sbove. Relay 5 (51) respondad with a tripping time of 0.212 sec to
discriminate the fault, Relay 3 and 4 (81) recorded a tripping time of 0.968 sec while 1 and 2
{51) are trailing at 1,886 sec. A fripping time of 5895.999 sec is recorded on the relays that did
not 'pickwup the fault. Should relay 3 {51) be used to open breaker 2, then the settings for relay 4
{51} should be changed.
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Figure 5.78: Parallel feeder over-current protection wilh the fault atline 5
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Figure 5.78: Main protection response for the faulf on line 5
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Figure 5.81: Co-ordination of the time-cvercurrent protection for fault on line 5

Directional phase overcurren{ relays are applied at the receiving end of the fransformers’ feeder
{end of line 3 & 4). The purpose is to ensure full discrimination of main and back-up power
system overcurrent protection for a fault close to the receiving end of cne feeder. When the fauit
is located on line 3 as illustrated in Figure 5.82, the constraint imposed on the system includes a
maximum short circuit power of 207.86MVA with a short circuit current of 10.900kA and a peak

current of 27 .0895kA as recorded.

it is noticed that when the fault was on line 5, some of the refays at the receiving end of
transformer A did not pick~up the fault. This is due to the fact that the relays at the receiving end
of the transformer feeder (relay3 (51) & 3{€7)) have different characteristics in the sense that,
reiéy 3 (51) is non directional and relay 3 (67) is directional (fooking in the direction of the
‘transformer secondary). To ensure preper co-ordination of the time over-current protection for
the fault condition as illustrated in Figure 5.83 and 5.84, the directional Toc relay 3 (67} has
tripped in 0.3581 sec. Relay 3 (67) is set to trip before any other non directional relays opsrate,

that are cn a heaithy feeder.
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Figure 5.83: Co-ordinated protection response for the faulf on line 3
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Figure 5.84: Co-ordination of the fime-overcurrent protection for fault o line 3

As the fault shifts, the faull parameters change too. Therefore, each fault has ils own unique
parameters of which the relays handle differently. When the fault is located on line 1 as
illustrated in Figure 5.85, a maximum short circuit power of 3889.01 MVA with a short circuit

current of 3.480 kA and a peak current of 8.498 kA is recorded.

Figure 5.86 illustrates the IEC 255-3 inverse characteristics for relay 1 (51) response. For the
short circuit current of 3.480 kA as indicated in Figure 5.85, relay 1{81) responded with a
tripping time of 0.615 sec. All other protection devices did not pick-up the fault; hence a tripping

~ time of 9999.989 sec is recorded on all these relays as shown in the Figure 5.87.
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Figure 5.87: Co-ordination of the fime-gvercurrent protection for fauit on fine 1

Figure 5.88 shows a faull at line 2; relay 2 isolates the sffected section from the rest of the
network in order to prevent black-out. With this scenario the loads will be fed via one
transformer, hence this type of this set up is more recommended. A tripping time of 0615 secis
recorded as shown in Figure 5.89 and 5.80.
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Figure 5.88: Paraliel fecder overcurrent protection with the fault on fine 2
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Figure 5.8%: Co-ardinated protection response for the fault on line 2
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Figure 5.90: Co-crdination of the time-cvercurrent protection for fault on line 2
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Figure 5.81 indicates a short circuit current of 10.900kA. Although there are two relays at the
receiving end [the directional 4(67) and non-directional relay 4(51)], the directional relay 4 (67)
picks-up the fault first and issues a tripping tme of 0.361 sec. It is 2 must that this relay
responds first before any unwanted tripping arose from non-dirgctional relays [1(561) or 3
(51)].This is ilustrated in Figure 5.92 and 5.33.
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Figure 5.94: Paraliel feeder cvercurrent protection with the fault on line 4
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Figure 5.82: Co-ordinated protection responge for the fault on line 4
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Figure 5.83: Co-ordination of the ime-overcurrent prolection for fault on fine 4

When the faull is located on line 6 as ijustrated in Figure 5.94, a maximum short circuit power of
193.48 MVA with a short circuit current of 16.154 kA and a peak current of 23.253 kA are
recarded. The main protection (relay 6(51)) respondead with a tripping time of 0.212 sec to clear
the faull as illustrated in Figure 5.95.
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Figure 5.94: Parallel feeder over-current protection with the fault on fine 6
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Figure 5.98; Co-ordination of the time-overcurrent protection for feulf on fine 6
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The non directional relays upstream with reference 1o the fault have pick up the fault but will not
trip. The relays at the receiving end of the transformer feeder [relay4 (51) & 4(67)] have different
characleristics since, relay 4 (51) is non directicnat and relay 4 (67) is directional. Their settings
and co-ordinated tripping characteristics are shown in Figure 5.96.

Figure 5.96 shows the combination of co-ordinated response characteristics for the fault as
indicated in Figure 5.94 above. Relay 6 (51) responded with a tripping time of 0.212 sac to
discriminate the fault. Relay 3 and 4 (51) recorded a tripping time of 0.868 sec while 1 and 2
(51) are traifing at 1.885 sec. A tripping time of 9899.960 sec is recorded on the relays that did
not pick-up the fault. Should relay 4 (51) be used to open breaker 2. then the settings for relay 3
{51) shouid be changed.

5.6 DISCUSSION OF RESULT

The results for the two modelied network (CPUT and Eureka) is briefly summarized as follows.

5.6.1 CPUT network

A site survey has been conductad and the network data has been collected Based on this data,
the load flow analysis for the campus reficulation network was successiully performed. included
in the survey was the network protection audit. The system was modelled using DIgSILENT and
all the parameters required for protection study were obtained. Among the obtained parameters
is the maximum short circuit power, rated short circuit power and the percentage impedance of
the transformers. The fauilt currents and tripping time at various point on the netwerk has been
established and simulated. Discrimination has been schieved by overcurrent, time and by a
combination of both overcurrent and time. Since discrimination by current relies upon the fact
that the fault current varies with the position of the fault, this variation is due to the impedance of
various impedances of the network such as cables and transformers between the socurce and
the fault. Therefore accurate calculation was carried out in terms of transformer capacity.
cable’s current and impendence capacity. As a result accurate parameters where achieved in
terms of real, reactive and apparent power as weall as the maximum fault current and short
circuit currents. Accurate resulis from the load flow analysis model were due o the calcuiatad
parameters. Therefore it is very important that the minimum and maximum parameters as
shown in Figure 5.3 are calculated accurately and not thumb sucked values because they have
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a major impact on the accuracy of the nefwork. The salection of current transformers and
protection calcuiation are performed based on the load flow resulis. The ideal CT ratio that was
chosen, based on the load flow result has made it possible for the comrect current seitings to be
achieved. In order to obiain correct discrimination it is necessary {0 have a correct time interval
between two adjacent relays. This time interval {grading margin) was obtained as the factors
that influences it where correctly calculated. These facters include the circuit breaker
interrupting time, relay overshoot time, errors and safety margin. Any fault on the system
irrespective of the location can be cleared with a minimum period as correct discrimination and
grading margin is used, refer to Appendix A. In this way unnecessary tripping of protective
relays has been avoided. The calculated and simulated results correspond and no error was
recorded, Slight differences occurs only in terms of decimal places Qvercurrent protection,
breaker failure protection and the grading of downsiream versus upstream protection was part
of the modelling process. These data is used in chapter 7 for the testing of the IED's.

3.6.2 Eurela network

FPower flow analysis and profection analysis was conducted on this network. Protection
catculations were carried out based on the cbtained data. On this network discrimination is also
carried out using both time and current and the Tollowing duties were carried out This includes
relays settings and configuration coordination, relay application cocrdination, coordination and
control, refer {o Appendix B. Both calculations have been carried out in a similar fashion as in
subsection 5.6.1. Although the fault level does not tend to vary much in interconnected systems
and sometimes it may be found impossible to obtain correct discrimination for all the faults, the
system was looked at in details under maximum and minimum fault conditions and the best
compromise was reached. Directional overcurrent protection was applied to help overcoming
this problem. The calculated results were applied in DIgSILENT for simulaticn purposes and the
principle of coordination was successfully obtained as calculated. The principle of coordination
refers to the procedure of setting overcurrent relays to ensure that the relay nearest to the fauit
operates first and all other relays have enough additional time to prevent them from operating.
An example is that if a relay that is closer to the fault fails to clear the fault within its zone of
operation, the next upstream relay should operate provided the coordination is correct The
parailel transfon'her feeder scenaric was modelled and a combination of directional and non
directional relays has given good results in terms of operating time and coordination. The

simulation results where compared with the calculated results and the deviztion is minimal.
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5.7 CONCLUSIONS

This chapter has covered the protection of distribution network based on the protection devices
that posses the time current characteristics. Part of this chapter's content is the mathematical
derivation of the sysiems maximum fault level, short circuit currents for both the MV and LV pand
of the network and the network impedances. The relays trip seftings and calculation have been
carried out, and this is the basic mathematical relation describing how the protection devices will
behave when there is an imbalance between the preset calculated parameters and the system
measured parameters. The results obtained in this chapter were achieved using the sight most
important factors that should be known before attempting any protection study. The analysis
and modeliing of the two networks was carried out using DIgSILENT software package and the
resulis obtainad are presenied accordingly.

The means of communication of an IED is cne of the most significant aspects of modemn
glectrical and protection systems and it is one of the aspects that clearly separate their
" differences with the normal relays, regarding their level of functionzlity. The I|ED's
communication part is covered in chapter 8.
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CHAPTER
6

PROTECTION SOLUTIONS BASED ON ETHERNET AND IEC61850
SUBSTATION COMMUNICATION

The purpose of this ;:hapfer is fo analyze the effect of using Ethernet nefworks and IEC 61850
profocols for protection, inlegration, automnation and the use of IEC £1850 GOOSE messages
fo communicate high-speed information beltwesen [ED’s or other devices on the focal arsa
network (LAN). The chapter alsoc analyses the behaviour of GOOSE msassaging when the fault
occurs in the systemn. The CPUT network and topology is used to demonstrate the protection,
control and interfocking using GOOSE messages. Siemens IED and software are used to carry
out the analysis and for interoperabifity additional SEL421 IED is included. The study is
performed using DIGSI4 software. The oblained resuits are evaluated and the optimal location
of the IED's in the network is suggested. Various network architectures that can be implemented
with Ethernet switches in subsfations and their performance that they can offer are also
included.

6.1 INTRODUCTION

As earlier mentioned, the communications Network is virtuzlly the nervous system of Substation
Automation. The communication network ensures that raw data, processed information and
commands are shared quickly, effectively and error-free among the various field instruments,
and IED's. The physical medium will be fiber-optic cables in modemn networks, aithough some
copper wiring still exists between the varlous devices inside a substation. IEC 81850 is a global
international standard for substation automation. The IEC 81850 approach has infroduced a
high-speed Ethernet communication for substations, providing a user-independent and
expandable IT infrastructure for substation automation. In addition [EC §1850 models substation
equipment, protection and control functions {Etherden, 2007}. When building a nstwork, the
tasks aﬂ{i-compcnents'can be overwheiming at imes. The solution on how fo build a computer
network lies in the understanding of the network communications foundation. Again the key to

building a compiex network requires an understanding of the physical and legical components of
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a simple pointto-point network. To become proficient in networking, the knowledge of why
netwarks are built and the protocol used in modern network design is required (McQuerry,
2008). Since this is what expecied of any protecticn Engineer nowadays, this chapter briefly
explores the basics of networking and provides a solid foundation on which fo build a
comprehensive knowiedge of networking technelogy.

6.2 WHAT ISANETWORK

A netwerk is a connected collection of devices and end systems, such as computers and
servers that can communicate with each other. Nefworks carry data in many types of
envirgnments, éncfuéing subsiations, small businesses, and large enterprises. In a substation, a
number of components in different tevels are required to communicate with each c¢ther, and

such teveals can be described as follows: Figure 7.1

g
NETWORK LEVEL @

WIRELESS
ACCESS

STATION LEVEL
TIME
SYNCHRONIZATION
RELAY/ BAY
BAY LEVEL IED CONTROLLER
PROCESS LEVEL

CT. VT, TRIP COIL etc.

Figure 8.1; Cverview of the IECE1850 cross-level communication

IEC 61850 is the first and only standard that covers &gl levels of 3 swiichgear system. These
lavels include the process, bay and station level. Individual devices communicate within a level
or between levels using the same protocol. The bus siructure used for communication is flexible

and can also be designed in different ways using different network topologies. By using
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Tranamission Conirol Protocoliinternet Protocol {TCP/AP), services such as web services for
remote maintenance can aiso be fransmitted through the same communication nstwork
simultaneously. At this point in time Ethernet is used as the communication path and has gain
popularity of more than 0% in most commonly used connection type between computers and
their peripherals in local networks. In this way, 2 10-MBit network can easily be integrated into
the usual 100-MBit network of today and in the 1 GBit network of tomorrow, on the other hand
{Ethernet & IEC81850 start-up, 2005).

6.3 ETHERNET AND NETWORKING BASICS

Ethernsat is not the Em?y means to nelwork embedded devices, bul it is a very popular cheice.
This is because it is easy to put together and apply an Ethernet network without much
knowledge about #s inner workings. Hardware and software elements with the in-built Ethernet
support {e.g. IED’s) can shigld the user from the details. But 2 little knowledge of Ethernet can
help in selecting network components, writing of software that exchanges data over the network,
and troubleshoating of network related probiems.

6.3.1 Transmission Contreol Protocol/Internet Protocol (TCP /1P)

Transmission Control Proiocol/iniernet Protocel is a set of protocels that aliow communication
between Devices. Nowadays, network adminisirators can choose from numercus profocols, but
the TCP/IP protocol is the most widely used protocol. Part of the coniributing reason is that
TCP/IP is the protocol of choice in terms of the Internet (the world's largest network). TCR/AP
offers many advaniages over other network protocols and protocol suites {Blank, 2004:6-10).
Below is a summary of some of the benefits on using the TCP/IP protoco! suite:

6.3.1.1 A widely published, open standard
TCPAP protocol is not 2 secret. it is neither proprietary nor owned by any corporation. Since it is
a published protocol with no secrets, any computer enginger is able to improve or enhance the

protocol by publishing a reguest for comments (RFC).

§.3.1.2 Compatibility with different computer systems

TCP/IP enzbles any device to communicate with any other davices. TCPR/IP is like a universal
language that would enable people from different countries to communicate effectively with one
another.

8.2.1.3 Cperates on different hardware and network configurations
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Transmission Contro!l Protocol/internet Protocol is accepted and can be configured for almost
every network created.

6.3.1.4 A Routabie protocol

TCP/IP can figure out the path of alf the data as it moves through the network, The size of any
TCP/IP network is almost undimited since itis a routable protocol,

6.3.1.5 Reliable, efficient data delivery protocol

TCP/IP can guarantee the transfer of data from one host o ancther

6.3.2 International Organization for Standardization (ISO}

The International Standards Organization {(ISC) has set up a framework for standardizing
communication systems called the Open Systems Interconnection (O8!) reference model. The
OS1 architecture defines the communication process azs a set of seven layers, with specific
functions that are isolated and associated with each layer.

Table 6.1: The seven layers of the OS! medsl

Application | Layer?7 Supports applications for communicating over the network

Presentation | Layer6 Formats data so that it is recognizable by the receiver

Session Layer5 Establishes connections, then terminates them after all the
data has been sent

Transport Layerd Provides flow control, acknowledgments, and retransmission of
data when necessary

Network Layer3 Adds the appropriate network addresses to packets

Data-Link Layer2 Adds the MAC addresses to packets

Physical Layer1 Transmits data on the wire

The OSI model has break down many tasks that are required in moving data from one host {o
ancther in steps and this is its main goal. These steps are known as layers, and the OS! model
is made up of seven distinctive layers. Each of the seven layers has unique responsibilities. The
tayers and their respective responsibilities are shown in Table 81 The OS) model serves as a
method of compartmentalizing data-communication topics in such a way that it is helpful to
network adminisirators when troubleshooting {Held; 2003:41-42).
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6.3.4 Internef Protoco! {IP) addresses.

An internet protocol address uniquely identifies every host that is part of the network. Just as the
rmailing address uniquely identifies a house, an IP address uniguely identifies a host. Consider a
mailing address 1o be made up of two parts. Part of it shows the postal carrier in what street the
house is and part of it tells which house it is on that street. All addresses on that strest include
the same sireet name but have unigue numbers for each house. The IP addresses share a
similar fashion: They can be broken down into two portions. One part of the IP address
represents the network that the host is on, while the other part represents that unique host on
that particutar network (Blank, 2004:68). The conventiona! way to express an IP address is the
dotted-quad format, such as 192.168.111 1

6.3.5 Local Addresses

For a local network that does not connect to the intemet, the IP addresses are only required to
be unique within the local network, An address range in each class s reserved for local
networks that do not communicate with outside networks:

Ciass A: 10.0.0.0 10 10.255.255.255

Class B: 172.16.0.0 to 172.31.255.255

Class C: 192.168.0.0 to 192.168.255.255

These ranges are preserved with classless addressing as well. Networks that use addresses in
these ranges should not directly connect to the Internet or 1o another local network that might be
using the same addresses (Axelson, 2003) However, it is possible 10 connect devices with
local addressas to the internet by using a router that performs Network Address Transiation
(NAT). Class A, B, and C are the only available address classes for TCP/IP host IP addresses.
In contrast, no host can have a Class D address. These addresses are invalid for use by any

workstation or host and they are calied multicast addresses.

6.3.6 The Subnet Mask

The term subnetting refars to the process of dividing a network info groups known as sub
networks, or subnets. For a small, isolated local network subnetting should not be a concemn.
Determining which bits in the host address 1s the subnet 1D, requires the use of a 32-bit value
called the subnet mask. In the subnst mask the bits that match with the bits in the netwerk
address and the subnet iD are equal to ones. while the bits that correspond to the bits in the

host ID are zeros. Class B network can be used as an example, whereby two bytes reflect the
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network address and the other two bytes are the host address. The subnet mask for Class B
network with eight bits of subnet 1D should appesar as: 255.255.255.0. With eight bits of subnet
iD, the network can encompass up to 254 subnets, and every subnst can accommadate up to
254 hosts. Similarly, the subnet mask for Class C network with four bits of subnet (D is:
255.255.255.240 {Axelson, 2003}

6.3.7 Broadcast Addresses

A destination address containing all ones is purely a broadcast to all hosts in a network or
subnet. For example, a network with a network address and an P prefix of182.168.100.0/28
can accoemmoedate up to 14 hosts {192.168.100.241 through to 192.188.100.254} and a
broadcast of. 192.168.100.255 is directed to all hssts-\wéthin the network. In addition an Ethernst
frame with a destination address of all ones is another way {6 do breadcasting {Clark, 2003).
Note: In this project the setfings are done using Class B, aithough most of the equipment used
had a default address in the range of Class C. In order to determine whether the destination iP
addraess is within the same subnst as the source 1P addrasses a logical AND of each IP address
with the source’s subnet mask is performed. Sheuld the two values be the same, then the
destination is in the same subnet and the source can use direct rouling. This is iliustrated in
example 1 and 2 and Figure 8.2 respectively. '

Example 1
Scource address = 192.168.0.229

Source subnet mask = 255.255.255.224

Destination address = 192 .168.0.253

Subnet mask AND Destination address = 192.168.0.224
Subnet mask AND Source address = 192.168.0.224

192.68.0.224 XOR 192.68.0 224 = 0.0.0.0

in this example the values match therefore, the destination and the host address are in the
same subnet.

Example 2

Source address = 10.2.1.3

Source subnet mask = 255.255.0.0

Destination address = 10.1.2.1

Subnet mask AND Destination address = 10.1.0.0

Subnet mask AND Source address = 10.2.0.0

1¢.1.0.0 XOR 10.2.0.0 = 0.3.0.0
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Here the values do not maich as a result, the source and destinalion address are not within the
same subnet (Axelson 2003).

Station Bus-10/100/1000 MB Ethernet
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Figure 6.2: IEC61850 Station Devices of a sub network

6.4 IEC61850 AS A SOLUTION TO COMMUNICATION NEED

IEC 61850 standard was developed ifo be the solution for all substation communications
irrespective of vendors and communication mediums. The 1EC 61850 standard together with
communications networks provides an internationally recognized method of local and wide ares
datz communication for substation. The standard has in-built capabilities for high-speed control
and data sharing over communications natwork, thus efiminating most dedicated control wiring
{Dclezilek and Udren, 2008). The standard alsc provides the necessary tools for engineering
solution and defines all the required file formats for substation configuration and uliimately.

individual intelligent Electronic Devices (IEDs) can be configured.
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6.4.1. Substation Configuration Language

The IECB1850-86-1 standard specifies the Substation Configuration Language {SCL) that is
based on the exiensible Markup Language (XML) to expiain the configuration of IEC51850
based systems. Tha SCL specifies a hierarchy of configuration files that allow muitiple levels of
the system to be described in definite and standardized XML files. Various SCL files include the
system specification description (S8D), the IED capshility description {ICD), the substation
configuration description (SCD), and the configured IED deascription (CID) files. All these files
are construcied using the same methods and format but have different scopes depending on
the needs (Baigent, Adamiak & Mackiewicz, 2004:10). SCL defines standard data formats
that are used by the system configuration tool. The system configuration tool is an engineering
tool used to configure the IEC 61850 logic.

6.4.2. IEC 61850 system Architecture

Communication architecture began with the development of the Utility Communication
Architecture {UCA). The basic architecture of IEC 61850 is the addition of an Abstract Layer of
Gengralized Communication and Specific Communication Services Mappings (SCSM). Thess
layers are added con top of the International Standards Organization {(ISO) Open Systems
Interconnection {OS1) 7th-layer of the communications system model. These layers with the

protocols that are supported af each level are illustrated in Table 6.3.

Table 8.2: IS0 laver-T with the 2 additional layers on top

Application Independent
Abstract Communications

Specific Communications
Services Mappings

Application layer

6.5 REQUIREMENTS OF NETWORK ARCHITECTURE

There are three main network architectures (e.g. Cascading, Ring, and Star) that are normally
implemented with Ethernet Switches within substations with several variations and hybrids of
the three. Each of the three basic architectures coffers different performances vs. cost tradesifs
(Pozzuéii, 2003:8). IEC 81850 is based on Ethernet; therefore the network that is developed
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within the substation will define the reliability and speed of the communications. The Local Area
Network {LAN} can be configured in many different ways to create a system that can be either

quite simple providing minimal redundancy or very complex creating a fully redundant network.

6.5.1 Star Architecture

The star architecture is ihe simplest and cheapest. The switch that creaies a common
connection is referred to s the ‘backboneg’ switch because all the other switches uplink fo it in
order to form a star configuration. This type of configuration cffers the slightest amount of
latency {(2.g. delay), but the disadvantage is if the backbene switch fails then a2l switches are
isotated or if one of the uplink connections falls than aill IED's connected to that switch are lost,
On the other hand if an individual communications link fails, then all forms of communication to
that particular IED is interrupted. A typical Star architecture is shown in Figure 6.3

Remote Area

[r
-

COMMUNICATIONS

PROCESSOR/GATEWAY o IMe synchronization  GPS

Figure €.3: Star Architecture

6.5.2 Ring Architecture

Typically, ring architectures are very similar to the Cascading architectures except that the loop
is ciosed through the network switches. This provides some leve! of redundancy (an alternative
communications path exists) if any of communication channels batween network swiiches fails,
The disadvantage of the topology is that it does not cater for individual network switch faiiure.

This architecture is illustrated in Figure 6.4,
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Figure 6.4: Ring Architecture

6.5.-3 Cascading Architecture

A cascading architecture is shown in Figure 6.5, Each swilch is connected {o the previous or
next switch in the cascaded format via one of its poris. These ports are referred to as uplink
ports and are coften operating at a higher speed than the ports that is connected to the IED’s.

The maximum number of switches, which can be cascaded, depends on the folerated worst

case delay of the system.
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Figure 6.5: Cascading Architecture
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6.5.4 Recommended CPUT Architecture

The IEC 81850 based technology is used to determine the location of the fault and take the
necessary actions to isolate the faulted section and restcre power using predeterminad control
seguences. All Merging Units (MU) and inputfoutput Units ((OU) will communicate with the
central Distribution Automation System Cemputer (DASCY), Figure 6.6. The DASC will:

+ Detect the coourrence of a fault

s Determine the location of the fault

» Determine which switches need to be opened

+ Determine which switches need 1o be closed

s Record the fauit currents

« Perform cther functions as necessary (power quality, icad prof es, etc.)

The individual IEDs, merging units and input/output units will be connected with the DASC over
an available communications interface {Apostolov, 2008).

. {m;raicpsTCempas . MU |
"‘"“" _ Co’stml Co’nputer -c | 10{}
/! \ N
/ N
- hS o b
\\’\EI % ’ H MU I
= B
— ECE18505-2 Sampled Values <«—> JEC 51850 GOOSE

Figure 6.6: CPUT recommended Distribution Automation System architecture

When a faull occurs, a mulfifunctional IEC 61350 based protection 1ED will trip the feeder
breaker in the main campus station and send 2 GOOSE message to the Distribution Automation
System Computer (DASC). At the same time the system will detect (based on fault detection
algorithms) which is the faulted section using information from the Merging Units (MU) and
Input/Output Units (10U) in the substations. GOOSE messages will be sent {o the required |OUs
to open and close the motor operated switches. Once the status of the switches has changed,
the 10Us will send GOOSE messages indicating it. Then the {ED in the main substation will
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close the breaker 1o restore the power. A GOOSE message will be sent aiso to the 10U fo close
the motor operated swiiches of the Normally Open point in the loop. However, if this is 2 no-load
switch, it may be necessary o open the main substalion breaker before this switching can be

exscutad,

6.6 ALGORITHMS FOR DESIGN AND IMPLEMENTATION OF PROTECTION
AND COMMUNICATION STRUCTURES

6.6.1 CPUT substation automation simulation system

The power network chosen for the simulation studies is based on the CPUT network. CPUT
clecirical network consists of ihirteen substations that should be protected, monitored,
automated and controlied. VWhen a fault occurs, a multifunctional IEC 61850 based protection
[ED will trip the feeder breaker and send a GOOSE message te the Distribution Automation
System Computer {DASC) In this system, the feader, busbar and bay control relays
communicate using IEC 81850 GOOSE messages for the protection and control schemes,

including breaker failure and bus protection, bay interlocking and event report triggers.
MAIN INTAKE B/B

—~— { > ELEGC- ENG
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CoCT  —p» i""‘, B— : 7805
| A Trip
| !
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i) ;
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i Protecbon
o : o
78D5

RS 8000T

Figure 6.7: CPUT Main Inlake substation

The implementation of IEC 81850 has made it possible fo build a decentralized automation
system, distributed over several intelligent electronic devices (JEDs). For this application, the
SIEMENS IED's and software are used io solve some problems for protection, control,
automation and interfocking, Figure 8.7, In terms of time synchronization, the SEL sateliite-
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synchronized clock is used. The main aim of the simulation is fo test the communication
between {ED’s using IEC81850 principles and to apply all possible faults that could occur in the
sald network and moeniter the reaction of the protective devices towards the faulis,

6.6.2 Implemented Networking Hardware and Software

This section primary objective is to focus on the products or hardware's that are used to
construct Ethernet-type networks within a single location in this case, the Main Intake substation
simulation system, Figure 8.7, in addition, the use of switches 1o exiend Ethernet connectivity
among the communicators, and the role of network software and how they relales o the
personal computer's operating systam is included in the discussion. The main focus is on two
areas. First, the focus is based on the basic operation of several hardware compenents that are
the building blocks of the network and are important in extending the connectivily capabiiity of
an Ethemnet local area network: merging units, switches, IED's, Ethernet connections {copper
and fiber optics), servers and personal computers (FC). The next focus is on the rele and
operation of three major types of software required for local area network operations: computer
operating systems, LAN operating systems, and appiication programs.

B.6.2.1 Personal computer with software on board

The personal computer accommodates the cperating system and other related software

required for local area network operations.

£.6.2.2 RS 8000T Ruggedcom swilch

The Ruggedeom Switch (RS8000T) is a substation hardened, fiber optical Ethernet switch that
is specifically designed to operate in harsh environments such as in electric utility substations
and harsh industrial environments. The RS8000T Zero-Packet-Loss technology provides
multiple fiber optical port, speed selections and 10/1 08-8345 twisted-pair connectivity.

Table 6.3: RS 80007 Ruggedcom swifch characteristics

RS8000 T Ruggered Switch
Model Quantity Ports Type Options and Media Connector
Type
RS8000T | 2 100BaseFX Multi-mode Fiber MTR.
100BaseFX Single-mode Fiber LC
6 Auto-negotiating 10BaseT / 100BaseTx Twisted RJ45
Pair
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Since it is specifically tested to the same stendards as the mission critical protective relaying
equipment {ie. ANSHIEEE C37.90 and IEC 60255}, the RS8000T is ideally suitable to form the
Ethernet network in a UCAZ (Ulility Communications Architecture 2.0} based substation
automation network {Ruggedcom Installation Guide rev103, 2008).

6.6.2.3 Category 5 (Cat 5) Ethernet cable with RJ 45 conneclor

The networks of all three spesds can make use of cables that meels the Category 5Se
specification defined in the EIA/TIA-568-B standard. Cat Se cable is made up of four unshielded
twisted pairs (UTPs) of wires. Varying the number of twists per inch from pair to pair helps with
the reduction of noise in the wires. Twisted-pair cables are popular because they are
inexpensive, and yat they can carry signals over long distances. There are two most common
pin outs for the RJ-45 conngactors that are used with twisted-pair cable. The difference betwean
the two pin ouls is the swapping of the wires in pairs 2 and 3. Within a cable (except for
crossover cab!eé}, hoth ends must use the same pin out (straight cables). To avoid mix-ups,
crossover cables should be prominently labelled. Crossover cables application can be included
'by using switches that have aufo-crossover capability. These swilches detect the need for a

cressover application and automatically perform the crossover internally {Axelson, 2003},

6. 6.2.4 Siemens Siprotec 4 gevices

The Siemens Siprotec 4 devices are used for protection, contrel and monitoring purposes and
their operation is based on |EC 61850 standard. For interoperability the SEL 421 |ED is used to
communicate with the SIEMENS SIPROTEC4 devices.

6. 6.2.5 Fiber optic cables and connectors

Fiber-optic cable, enable signals to be lransmilted as pulses of fight. In fiber-optic
communications visible or infrared light can be used. Using light instead of electrical signals to
transmit data has several advaniages that include the ability to carry data over long distances.
For fiber-optic media arrangements, the maximum iength of a segment ranges from a few
hundred meters to 2000 meters for half duplex and 5000 meters for full duplex compares to 100
meters for twisted-pair media arrangements. The two popular connectors for fiber-optic cables

are the Low Cost Fibre Optical Interface, the SC, connector and the ST connector

6. 6.2.6 CMC 256 Omicron test device
The CMC 256 is a PC-conirolied test device intenticnal for testing of protection relays,

transducers and energy meters. Additionally to the testing functions, the opticnal high-
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performance measurement functions of (0 Hz (DC) 1010 kHz) for ten analogue inpuis are
available. The CMC 258 device is part of the OMICRON Test Universe which, in addition to the
test device, consists of a PO, the test scﬁwaré, and, when required, external amplifiers. The
configuration and control of the CMC 256 is performed through the test software of the
OMICRON Test Universe and the following options are available:

* Analyzer: software module for measurements and analysis of AC and DC voltagss.

+ EP (Exisnded Precision): the CMC 256 with extended output power accuracy e.g. {used

for energy meter test applicatiens).,

« NET-1: the CMC 256 with two Ethernst interfaces replacing the paraliel port interface.

. ln addition, the NE%'-‘& oplicn provides the basis for the processing of substation protocols
acoorgding fo the UCA 2.0 specification and the |EC 81850 standard. The two Ethernet poris
2liow flexible configurations, e.g. separation of data traffic from different network segmenis or
segregation of substation protoco! data and test sst control commands (CMC 256 Manual,
2004:82-83).

8. 6.2.7 SEL-2407 Sateliite-Synchronized Clock

The SEL-2407 Satellite-Synchronized Clock provides time display, reliability, durability and high-
accuracy timing to +/ 100 nanoseconds. The SEL-2407 is used to synchrenize the time of all
IEDs, as a resull enhancing the IEDs capsahiliies. This is especially true in fault anzlysis
envirenment, where alignment of disturbance records is critical. These devices are vendor
specific since the 1EC 61850 does not include them in the standard. The majerity of the vendors
suppoert Inter-Range Instrumentation Group (IRIG-B). The IRIG-B is distributed to each IED
using dedicated copper wires. There are two forms of IRIG-B, the modulated (with an accuracy
of “between ona millisecond and ten microseconds™) and the un-modulated (with an accuracy of
between “one microsecond and ten nanoseconds”). Network Time Protocol (NTP) makes use of
the LAN fo distribute the time synchronization signal. This makes it very esasy to distribute
however, the accuracy is “between a few milliseconds and a few hundred milliseconds’
{Dickerson, 2008).

6.6.3 Development of the project software

Figure 6.8 shows a simplified compact sequence graphic that can be used as a guide when
configuring IEDs and when creating projects, using DIGSI4. DIGS!4 is the innovation toel for the
operation of all the SIPROTEC4 protection devices (IED's).With this scftware, the devices can

be paramsterized, process data can be viewed, fault recerd can be evaluated and interlocks
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between devices can be achieved. The steps shown in Figure 8.8 wili be followed o create a
Generic Object Crienied Substation Event (GOOSE) application. With this type of service,
information on events can be rapidly fransmitted between different intelligent electronic devices.

é _. Create a new project, insert the necessary
SIPROTEC 4 devices and an
IEC 61850 station.

Enter the devices participating in the
commupication in the station as
communicators,

o Device Editor. - Open the SIPROTEC 4 devices offline
: \ é for processing. With the configuration
matrix information is routed {0 sources

and destinations.

. “Route
.- Information

l

~o GFC Editor--: 1+ Based on information that was routed to
it e <SL_| CFC in the configuration matrix, a new
Create 2 : logic function is created.

- Togle Function .
: ) 4
-System Configurator
ke @ Link information between the
& Y mifdrmation communicators.
|
) S
MANAGER ~
R e e <—“§—- Initialize the devices participating in
o Initialize o the commurtication.

- .._.::.DBViGQ Lt

Figure 6.8: DIGS14 project logic Guide

6.6.4 Communication establishment between IED’s

Immediately after creating and structuring the project using DIGSI4, the communication
between |[ED’s is established by configuring and routing a test signal to indicate the presence
and communication between the IED's by pressing F1 and F2 function keys on devices (1) front
panel. This assists with troubleshooting during and after programming.Figure £.9 shows a block
diagram that represents the functionality of all the steps that are taken to program the testing
signals. The method for verifying communication requires the exchange of indications between
the participating devices (device 1, 2 & 3). As soon as the F1 key is pressed on Device 1, a
testing signal {indication) is sent via the system interface. This indication should continucusly
exist until it is explicitly canceled and the key only responds with a short signal wrespective of

how long the key is pressed down. As a resuil, a choice was made to activate the indication
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Test Signal by pressing the F1 key and to cancel the indication by pressing the F2 key as the
solution. For a function to decide something, it should first know which key was pressed.
Therefore, a iink between the keys and the function was created by means of two indications
{the LED ON and LED OFF indication). These two indications provide the CFC function with the
input signals and are sent as scon as the associated function key is (F1 or F2) pressed.

Device 2
i LED1 @
Device 1 ‘ _ A
—»{ “Testsignal }
o LED1 @ f S ,
Frb»(LEDON o
' eReTT Device 3
_ R - F”“"“"“
72 1> LEDOFF)» LED1 @ |

Figure 8.9: Overview of the broadcasting and subscribing devices

6.6.5 Configuring of the CPUT substation automation simulation system

The project is created and structured using the DIGSI4 manager. From the menu File, a project
can be created and at the same fime the project name is issued, in this case *CPUT Reticufation
Network”. After opening and naming the project, the list view already includes a folder with the
name Foider. Since any further folder insert by the user will be named accordingly, the folders
are then named individually. For the first folder the name is changed o Beliville Campus while
the second folder is named Main Intake Substation, Figure 6.10.

D@ L BB &L= E <N ST mEme

k = % CPUT RETIC NETWORK = .
L a Main Intake 525

Figure 6.10: Project Kerarchical structure
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SIPROTEC device can be added to the topology by right clicking the folder and foliow the
instruction shown in Figure 6.112 and bh. From the device catalog, the IED's can then be
inseried by dragging and dropping them in the project space.

Device catalog

i Existing ¥3fv2 device

Configure DOSDIGSI )
Configure DIGST 4 ... Modem Cr?mnf-,ctjan
Folder IRC combination

. Channel switch
Device - QIGH {Plug A Play)... Existing ¥3 system
Import Device .. IECE 1850 station
Update process bus data QOther [EC61850 communicator
Object Propetties.., Alb+Return §

{a)SIPROTEC 4 device insert context menu

- 75K mator protection
2 755 busbar protection
=293 75T contact line prot.
te-(5 75V breaker Fail. prot.
E 7uUM machine protection
=3 7UT transf. dFFf. prot.
. m-E37uTsi2
=53 7uTS13
-] FUTsLZ
&3 7UT613
-4 7UT633
P g 4.0

: - Parameter set version’ V451 :
DEferenhaI relay for three sides with graphn: cﬁsp{.ay -
& housing 141 13°: 2181, 2480, Tlve contact ~ ~ .t

(b) Device catalog

Figure 6.11: Inserting SIPROTEC deavice into a project
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Before the SIPROTEC 4 devices are placed in the desired location, there is one thing that
remains to be done. Although the DIGS! 4 Manager knows that the user wants fo insert a
SIPROTEC 4 device of any versien, it does not yet know the exact design of the device.
Therefore the device design that is reflectad in the order number (MLFB) must be entered in the
MLFB properties box. Note: always select the MLFE number that is stamped on the device
even if the criginal communications module for an EN100 module has been exchanged. In this
case, the identifying letter for the original port should be selected first. Then, the Properties
dialog box of the inserted SIPROTEC device should be opened. Selact the module EN100 as
the port in the Communication Modules tab, Figure 6.12.
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Figure 6:1 2: Device properties dialog box
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It is very important to select the comect system port ih the appropriate variant, as this will avoid

incofrect operation and unnecessary troubleshooting.

After all the required IED’s for the project has been identified and entered, the |EC 61850
communication {3 then created. The IED’s can then be eniered as communicators in the
IECB1850 station, Figure 6.13a and b.

Device catalog
Cub Chritd,
Copy . ChlC
Fasts oy
Debers et
SIPROTEC device
] Existing ¥3/¥2 device
Ea;fﬁ.gure i;?GSSE;Ifﬂ Modem Connection
F;d;rgure o IRC combinaticn
) Channe! switch
Device -> [?IGSI (Plug & Play)... Existing V3 svstem
Impork Device ...
Update pracess bus data Other IEC61850 communicator

Ohijact Properties... Alb+Return i

(a3} IEC 51850 inseri context menu

J er
HEIRCE BRI

Ol Rt -8
- = &R CPUTRETICNETWORK | Obiectname “ - § Type : 1 Sizel Auther i Last modfied
=-£) Beville Campus §i7sD333vis SIPROTEC device . = 11/28/2009 103530 AM
(13 Mainintake 5/5 8§ X0535vas1 SIPROTEC device - 11/28/2009 13:40:11 AM
B ATEIIVLE SIPROTEC device - 11/26/2003 10:47:26 AM
# IEC61850 station  IECE1850 station - 11/28/2003 10: 35,05 AM

RIE

(b} implementation of IEC 61850 Station
Figure 6.13: Inserting the 1EC 81850 Stalion inlo the project

The IEC 61850 Station as shown in Figure 8.13 houses and unites the selected devices and

allows them to communicate with one another via the Ethernet according to I1EC 61850, Figure
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6.14. As to which devices these are, in particular, is a cheice of the programmer and this can be
easily defined in the station's Properties diglog. The names of the selected davices are
dispiayed as potenﬁa? communicators, and they are assigned to the station with just a few
mouse clicks. The stetion element also serves as the gateway to information such as
communication connections and data links between the communicators and these can be edited
using the DIGSI System Configurator.

' General] Information  Cammuricaior

1D Name - i ol S pstem BSrarchy i o e e e e

| System hstarchy & - o g
Test / IECStation / 7SD533 V4.6 Device 1
Test / IECStation / 7ZUTE33 V4.6 Device 2
Test 7 [ECStation / 750533 V4.6 Device 3

3 communicatoss

. Gancel 4 Help i

Figure 8.14: IEC51850 station with cormnmunicator

With DIGSI, Version 4.8, it is possible to integrate IEC 61850-conforming devices with different
functionalities or even from other vendors (in this case SIEMENS and SEL device) into a project
{interoperability), Figure 6.15. For this, the device’s description are imported and then placed as
communicators of the station. This is simply easy since a different IEC61850 communicator can
be inserted into the project structure just iike any other SIPROTECA object. Simply select Insert
new object — Other IECG1850 communicator from the shoricut menu. This opens a new File
dialog. With this, the device description in the ICD format can be selected. An icon for the
communicator is then insertad in the project. However, this is unlike normal devices icon, even if

it is to scme extent pale faced, Figure 5.16.
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7F§gure 8.15: Inserting the IEC 61850 SEL device info the project

"4 Gystemn hisrarchy

Flammve "l

IECB‘!BS’J ‘station ccmnmr..atur N e P o D :
BIED T icpur NETWBRK # Belvills Campus / ?513533\;4 6 Device 1 '
B2 " CPUT NETWORK £ Bebville Campus / 7UTE33 V45 Device 2~
18 ED 2 ; CPUT NETWORK / Belville Campus 7 75D533 V4.5 Device 3 -

3 SEL 421 HZ - CF'UT NETWORK / Rebvile Campus / SEL_421_M2 -

T4 ccnm'w::atcrs

Figure 6.16: JEC81850 station with communicator from different vendor
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It should be noted that third party IEC 81850 communicators cannct be edited with DIGSI. The
devices must first be configured with the manufacture configuration software before the updated
device description is being imported into DIGS! As part of the IEC 61850 subnet, each
communicator is required to have a unique name. It is recommended that such nams should be
made up of only eight digits (a maximum of eight letters or numbers). Modified vowels or spaces
are not allowed and the first character should be a lstter. Beside the device unique name, there
had to be an additional name, which is the IED name, The {ED name is entirely part of the
communication parameters of SIPROTEC 4 devices and is used in |IEC 61850 as a device

name, Figure 8.17.

~mei. S0y be undone by impoit of an'SCD Fle..

e | e |

Figure 6.17: Device properties dialog

6.6.6 Routing of Information in Communicators

The method for checking communication between devices requires the exchange of indications
hetween the sslected devices. The definition of indications, how they are iriggered and where
they go is done separately for each device in the Cbnﬁguraiion Matrix, Figure 6.18. In this case
three devices have been chosen for demonétraticn. Device 1 is chosen as the publisher while
device 2 and 3 serves as subscribers. Here a single bit is used, and this is what is describad in

the standard as an Op (Operate) data object (DO). A big advantage of using GOOSE messages
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is that, there is almost no limitation of terminals anymore. Unlike the hard wired version where
the amount of input and ouiputs is fixed and differs from model to model, in the IEC81850 world
the user can add as much “virtual oulputs” and “virtual inputs” as preferred. As soon as the
matrix is cpened, a new information group is created, (in this case "Comm. Test) in which ali the
indications needed for the communication test can be stored (LED ON and LED OFF}. From the
information catalog, a selection of the required information can be done and placed in the
information group. After all the necessary indications are generated and named, they have to be
routed {0 the correct sources and destinations. This process is done as indicated by Figure
6.18.

Figure 8.18: Configuration matrix for device 1

The two indications LED ON and LED OFF are sent by pressing the F1 or F2 keys on the
device front panel. Therefore, the first of these indications is routed to F1 as source, and the
second to F2 as source. Both indications share a common destination, the CFC function in
which they have to compete against each other. Therefore these indications should be routed to
the CFC as destination after the CFC has been configured,

Figure 6.18: IEC81850 confarming data cbject dialog
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Then again, and this is the main purpose of the whole exercise, the indication must be
transferred to Devices 2 and 3 via the system interface. A checkmark must be placed in the
Destination System Interface column as indicated in Figure 6.18. However only when routing
these indications to the system interface do the user have to assign the respective information
to an IEC 61850-conforming data object, Figure 6.19. As soon as self-defined information is
routed to one of the system interface columns, a dialog box appears and in it, the basic
“compoenenis of the path are already specified for the rsépective information. According o the
|[EC61850, the information is presented based on a complete path with the following syntax:
¢ Logical Device (LD)
» Logical Node {LN)
+« Data Cbiact (BO)
Since the information is presented based on a complete path the user should only define an
individual prefix for the logical node and select, the instance numbers, for the logical node and
the data object respectively if need be.

‘For the matrix of the receiving devices, one indication of the same fype is inserted into both
devices 2 and 3 and then routed to the same sources and destinations, Figure 6.20, For that
reason only the procedure for Device 2 is shown since the same procedure applies to device 3.
The inputs for the indications comes from outside through the system interface. Therefore, the
check mark (') is placed in the Source System Interface cofumn.

Figure 6.20: Configuration matrix for device 2

After routing the information i¢ the system interface, simply complete the prefix and the same
prefix as the one used for device 1 can be used (CTEST), Figure 6.21.
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Figure 8.21: [ECE1850 conforming data object dialog

6.6.7 Creation of a CFC Function

The fundamental procedure for cresting the legic functions is very systematic and straight
- 7fcrw'ard. After all the required information are routed as input value or as resulis for the logic
function within the device malrix to CFC as destination or as source, as dene in 6.6.6, the next
step should be, to insert a new CFC chart inside the DIGS! Device Editor and open i with the
CFC Editor.

Figure 6.22: CFC edifor logic function

Thea individual information is linked with functional blocks that are summarized in various types
in a catalog. By using the drag & drop method, the information is placed in the CFC plan,
parameterize and then gat interconnected with the input and output information. The correct run
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sequence for the chart should be selected. Finally, the chart is compiled into a language that is
understandable for the SIPROTEC 4 devices and stored together with the parameter setl.

The requirement given in a point 6.8.56 is implemented with the RS-Flip- Flop block. The SET
input of the Flip-Flop is interconnected with the information LED ON; wh.iie on the other hand,
the RESET input is interconnected with the information LED QFF. The connection batween tﬁe
Flip-Flop output and the indication Test Signal makes this function perfect. The completed CFC
function is shown in Figure 6.22.

6.6.8 Routing of information between Communicators

Section 6.6.6 has clearly defined the necessary indications and routings for beth the
participating devices. With that alone, a functioning communication, cannot be achieved as, the
individual information is more or less sianding around helplessly. For that reason, the DIGSI
System Configurator is used {o link the information between the communicators and set
GOOSE appiication. The System Configurator obtains its information abeut the individual
communicators from the relevant device descriptions {ICD files). Therefore, it is important that
an ICD file exists for every communicator within an 1EC 61850 station and must be kept up to
date, at all time. With SIPROTEC 4 devices the ICD files are generated as soon as the device
editor is openad. In a case where the |[EC 81850 communicators are not SIPROTEC 4 devices,

the corresponding ICD files should be imported into the project.

172.16.16.2
: MA533¥4.6 Devicn 2 172.16.10.3
~BgEn e 750533 4.6 Cevice 3 172.16.10.4

Figure 8.23: Network area with a single subnet basic information
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On the left side of Figure 6.23 is the Network area that iflustrates the current network structure.
In this case, the structure consists of only one subnet. This dialog consists of all important, basic

 information about the communicators that are used in the project. The "Name” column, illustrate
the IED names of the three devices that the user or the DIGSI Manager assigned in the DIGSI
project. To the right of this is the "Name in DIGS! column” that iflustrates the names of the
devices as they are dispiayed within the project window of the DIGS! Manager.

By selecting a communicator from the Subnets window {e.g. IED_1), the Properties window will
then indicate, among other things, the device type, IP address or even the manufacturer in the
Identification section. The manufacturer identification could be interesting to see (as proof)

since, accerding to 1EC 81850, devices from different vendors can take part in the

communication. This is illustrated in Figure 6.24 below.

172.16.10.4

Figure 6.24: The Network area with Subnets, devices and IP addresses information

Cne other impor’cént thing is the IP address, it establishes good-housekeeping within the
nehwork, Hence, invalid or double-assigned 1P addresses are the root cause of information
congestion that leads to the end of a functioning communication in the Ethernet network. For
this reason. the DIGSI System Configurator suggests a correct and unique P address for each
communicator when a station is opened for the first time. In most applications, such address
can bedraccepted without being changed. Ancther method of issuing IP addresses is the
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automatic addréssing where the user is only required to assign an initial IP address for the
subnet. The DIGS] System Configurator then does the rest and assigns éach communicator in
the selected subnet with a correct 1P address. it should be noted that only the IEC 61850
communicators of 2 DIGS!| project are displayed and taken into account when addresses are
being assigned. Other communicators of the network, such as, switches and PCs are not
managed in the System Configurator,

In Figure 6.25, the Link area defines which information should be exchanged between individual
communicators. As already seen in the previous sections, the data cbjects of different
communicators should ke linked with one ancther. In a traditional sense, a centact is wired as
source with a biné;y input as destination. However, in this case, the project is dealing with a

logical wiring that is done via the Ethernet bus,

Caonty i |

TUTE33 V6 Denice 2
Ny b k] TED533 4.6 Device 3 = gien 3 TEI3 4.6 Devica 3

Figure 6.25: System Configurafor Link area

In erder fo create a link, data object from Communicator A should be selected as source and the
matching data object of Communicater B as destination. The result of this interconnection is
displayed inside the Interconnections Table. The source and destination objects are clearly

arranged in two separate windows in the form of a hierarchical tree structures as shown in
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Figure 6.25. The sequence on how to interconnect sources and destinations with one ancther is

cpen and is completely up to the user.

The interconnections are compiled as application-related at all times. Two categories of
applications exist and these include the 'Repcrt Applications and GOOSE Applications.
Currently, the main interest is in the GOOSE application. With this application, the information
on evenis can be broadcast quickly between different communicators and this is one of the
main requirements. A GOOSE application is always taken as a subordinate of a cerfain subnet,
This is bacause according to the standard, GOOSE communications, must technically be limited
to one subnet at gl imes which makes them inactive beyond ths #imit of a subnet. 'A number of
GOCSE a;zp!icat%o%is can be generated within 2 subnet and an examples of this could be certain
intericcks, measured value tasks or as in this case, a communications test. The GOCSE
message is basically identified by its unigue name as shown by the System Configurator in the
source and destination windows in Figure 6.26 (e.g.*IED_1/CTRL/ICTESTGGIC1.SPCO1Y).

Figure 6.26: S}fsz‘emr Configuration with GOOSE messages

Finally after the system configuration is completed and the “wiring list" is filled out, the system
gets stored in the SCD file. The IED's need to get updated with this system information, so that
they know as to which GOOSE message they signed up for and which GOOSE message needs
to get send out. As a result, all proprietary tools must be capable of importing the SCD file and
extract ;khe information required to configure the IED's in the correct way.
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6.6.9 Timing the GOOSE messages

Timing the GOOSE messages is a very controversial debate. This is mostly caused by the fact
that at times the comparison is not made out of the correct facts. Ancther contributing reason
could be the fact that different manufacturers use different solutions for publishing and
subscription of GOOSE messages, which result in different timing. A good example is that, a
GOOSE message which is published by means of an external communication processor is
usually slower than a GOOSE message which utilizes an integrated processor with a
sophisticated algorithm. Figure 8.9 shows an example, in which the two [ED's where
simultanecusly triggered via the Ethernet communication. The first relay used the F1 and F2
keys as friggers to publish GOOSE messages as well a8s o reset an cutput which is an input of
the two secondary |[ED's. Figure 6.27 revealed test results that are valid for Siemens 78D5 and
7UT6 IED's. According to Holbach, Dufaure and Duncan 2008, the IED's from other

- manufactures gave similar results but solutions with bigger deviations than the resuits shown

here do exist. Modern test sets that give the user the ability to test the timing of GOOSE
- messages are available and it is recommended to test the GOOSE speed for any particular [ED,

indication from Device 1 ON 13.16.2009 0S:14:52.5920
Indication from Device 1 OFF 1310.2009 051453320 .
indication from Device 1 oN 13.10.2009 0214:63.720
Indication from Device 1 aFfF 13102003 0%14.54.820
Indication rom Device 1 ON 13.10.2005 09:14.55.140 -
Incieation from Device 1 OFF 137102009 03:14556.328
089.0101.41 Fafu= EN100 Link Channel 1 {Ch1) ON 13.10.2009 09:54:47.851
009.0101.801 Faiiure EN100 Link Channel T {Ch1) OFfF 13.10.2003 0354:43.491
g OTgt.ot Fatiure EN100 Link Channel 1 {Ch1} ON 1310.2009 0%59:26.530
Dps.0t0t.4t Fafure EN100 Link Channel 1 [Cht) OFF 13.10.2003 03:55:28.230
00S.010T.81  Fahwe EN100 Link Channel 1 {Ch1) oN 1310.200% 0355:23.430
009.0101.81 Fagure EN100 Link Channel T {Ch1] OFF 13.10.2003 63:55:31.690
{C9.0t01.4t Fadure EN100 Link Channal 1 {Ch1) ON 13102003 035532330
009010101 Fadwe EN100 Link Charnel 1 [Ch) aFF 1310.2008 0355:34.190
Indication from D evice 1 o - 1310.2008 13:45:29.887
Indication from Device 1 OFF 13102008 134532187
Indication kom Device 1 ON 13.10.2008 134532857
Indication iom Device 1 OFF 1310.20058 13:45:33.587
Indicaticn rom Device 1 ON 13.10.2003 13:45:34.1587
Indication ham Device 1 OFF 13102009 1345:34.787
Indication fram Device 1 ON 13.10.2009 134535287
Indicaiion from Device 1 OFF 13102009 124535787
Indication from Device 1 ON 13.10.2009 1355:91.860
Indication fram Device 1 aFF 13102009 1353858170
Indication from Device 1 oy 13102009 1359.67.060 =
indication from Davice 1 OFF 13102008 13:59.09.060
Incication fram Device 1 ON 1310.2008 1353.11.960
inchcation kom Device 1 OFF 131220038 1353 14.2680
Indication fiom Device 1 oN 13182009 135915560
Indication from Device 1 OFF 13.10.2009 135918.038
Incdication fiom Device 1 oM 13102003 140429772 o
Indication from Device 1 aFF 13102008 140435782
Insication from Deviee 1 CUON 13102008 140440552 &
2 = i
— I

Figure 6.27: Test record of GOOSE Messages
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6.6.10 Priority Tagging

Standard Ethermnet serves as a path over which GOOSE messages are being transmitted. In
order to enhance the fiming of the GOOSE messages, a Virtual LAN tagging is used, and it
includes priority tagging. The standard network components such as network switches support
the priority tagging of telegrams. The benefit of the priority tagging resides in the ability of the
telegram scurce to inform the network infrastructure that the telegram has a higher priority or
.*not‘ According to Duncan 2009, the switches work with priority oriented FIFQOs that allow a
GOOSE telegram to get ahead of the other Ethernet traffic, and this is displayed in Figure 6.28.

- Passing lane for IEC GOOSE

‘Fast GOOSE

— —

—~ -

‘Normal telegrams

Normal telegrams Buffer

Figure 8.28: Intelligent Swilch - Prionty tagging in Ethermnet

6.6.11 In-build supervision

‘As the GOOSE communication purely relies on the muilticast principle, (e.g. one telegram is
published to muitiple subscribers), there is no acknowledgement. Therefore, the publisher has
to sequentially send out the telegram several times for every different state of data that have to
be fransmitted. Each GOOSE telegram includes a field; (Time Allowed to Live) set by the
publisher o notify each subscriber about the lifetime of each telegram. In case no new repetition
is received by a subscriber within the (Time Allowed 10 Live) timeout since the latest received
telegram, the subscriber will then declare the connection as down and forward the information
as guestionable to the application. The GOCSE telegram offers the built-in supervision for all
the information that it conveys {Holbach & Dufaure, 2008).

6.6.12 Network quality

The GOOSE message includes qualily information that enables the network quality to be
diagnosed. Every GOGSE message includes a state and a sequence number. A sequence
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number characterizes a repetition of any given state. Every GOOSE subscriber tracks the state
and sequence numbers and can therefore, deliver important network diagnosis in case the
expectéd increment is not achieved. This could be dus to network congestion (overload), or loss
of telegram. The diagnosis of the network quality occurs during the commissioning phase to
ensure that the system contain the necessary bandwidth to cater for the worst overload that can
be experienced. '

6.7 PROTECTION, AUTOMATION AND INTERLOCKING FUNCTION OF THE CPUT
MAIN INTAKE SUBSTATION

Based on the CPUT network operational conditions, the thesis has established the substation
logic and automation schemes at the Main Intake substation, and has implemented the
exchange of information between IEDs using the IEC 61850 GCGOSE protocol. The reverse
busbar blocking scheme is implemented. The design approach implemented in developing the
logic schemes is basad on the following factors:

* The bay logic schemes are preferably developed at the 1ED level, in a decentralized
manner for information sharing purposes. The application of GOOSE messages is
prioritized.

* The logic schemes processing time is shortened enough to ensure correct operation

between IEDs. This is achieved by applying a common processing time, to all the user
logic schemes associated, directly or indirectly, with the IED preotection functions.

* At substation level, the information exchange among 1EDs is achieved using IEC 61850
GOOSE messages.

The application of IEC 81850 devices has reduced the IED’s physical i/Os, increased the
communicaticns speed, and has reduced the required cables inside the panels. The topology
used ensures that a single failure of the Ethernet communications network should not
compromise any execution of the iogid schemes. The exercise of automation fo perform
equipment switching that was previously executed by operators resulted in an increase in
system safety, reliability, and availability. A large reduction in the interruption time that CPUT
could experience is reduced since automatic reclosure (AR) functionality is included. it should
be noted that all of the schemes discussed in this section are implemented using GOOSE

messages.

6.7.1 Reverse Busbar Blocking Scheme

In distribution systems, the reverse busbar protection is known to be a cost-effective soiution for

speedy clearance of busbar faults. Reverse busbar blocking scheme can only be applied on
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single busbars with a fixed direction of power-flow and fault current flow (SIEMENS PTD PA 13,
2008). Figure 6.2 and 6.30, show typical applications as used at the CPUT Main Intake
substation to replace the existing traditional co-ordination. The types of IED's used are the
7SD5 on the two culgoing feeders and the 7UTS on the incoming feeder. Note: Fault in
feeder: the protection device next o the fault releases a trip signal. and issues a block signal to
the incoming bay. For this application as illustrated in Figure 6.29. the protection device on the
incofning bay will be provided with blocking signals from the outgoing bays (the fesder bays). if
one of the oulgoing bays delects a fault, {pick-up signal), a blocking signal is automatically
routed to the protaction of the incoming bay (GOOSE Message to Block the Fast Overcurrent
Element of the incoming Feeder). This blocking signal prevents the fast tripping of the incoming

bay (I>> stage) from oparatling. The blocking signal may only last for one second. A CFC-chart
in the incoming bay is required for this application.

Main Intake B/B
Ty - -
Close In Fauit —& > ELEC-ENG
Pratection |
| Bus Fault I :
CoCT L
78D5
Protection i 4 laun
IED nq
7UT6 s » ABCAT
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| Protaction
_”E" e L
_Blocksi.gnalé/;"qi o
=1 [ z 2 S —
FRO—. g ; © L IGOOSE:
: > ~ iBlock Signat
: w
; £
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Figure 6.28: Fault on the feeder

Notef Fault on busbar: the profection device in the incoming bay issues a fast trip with 1>>
stage after the set delay, e.g. 40ms. Neone of the feeder bays reiays pick up hence, they do not
issue a block signal, Figure 8.30. Although it is possible 1o allocate a signal from a binary input
so that it provides the blocking of a protection stage it is not possibie to allocate more than one

binary input to directly block one protection stage (the reason being that if two binary inputs that
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provide the same blocking signal have a different state, the device logic would not know which
of the two binary inpuis should be used).
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Figure €.30; Fault on busbar
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ngureﬁ..’:’f: {ncoming Bay relay input/output malrix

The instantaneous (I>>) stage of the in-comer relay is blocked with the 023.2502.07 >Block 50-
2 signal and the 781.2514.07 >Block 50N-2 signal. These signals are allocated with the source
CFC, refer to Figure 8.31. Here the outgoing feeder relays with their blocking signal connected
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in parallel and designated as LHBB-block and RHBB-block, provides a blocking input signal to
the incoming bay relay via the binary'inpué. The blocking signal is routed to the user defined
single-point annunciation {(binary input 20 and 21) in the matrix. The new user defined single
point annunciations, which should be connected to the binary inputs is therefore generated. This
signal is routed with destination CFC, so that it is available inside the CFC charts, Figure 6.32.

‘Figure 8.32: Blocking CFC chart in the incoming bay

The GOOSE event for the oulgeing feeder relays with their blocking signal designated as LHBB-

block and RHBB-block, which provides a blocking input signal to the incoming bay relay via the
binary input, is shown in Figure £.33 and 6.34 respecﬁveiy. The 023.2502.01 »Block 50-2 signal
and the 191.2514.01 >Block 50N-2Z signal that block the instantaneous (I>>) stage of the in-
comer relay is shown in Figure 6.35.

Indication . - .-
Hardware Test Mode

ON 2917.2009 14:13:21.081

ELEC ENG FDR BLOCK SIGNAL ON 23.11.200S 1419:21.208
ELEC ENG FDR BLOCK SIGNAL OFF 29.11.2008 14:1%22.530
ELEC ENG FCR BLOCK SIGNAL oM 29.11.2009 14.13:23.342
ELEC ENG FDR BLOCK SIGNAL QFF 23.11.2003 141323990
ELEC ENG FDR BLOCK SIGNAL ON 23.11.2003 14:15.24.543
ELEC ENG FDR BLOCK SIGHAL QFF 29.11.2009 14:19.25.527
ELEC ENG FOR BLOCK SIGNAL ON 28.11.2009 141926.230
ELEC ENG FOR BLOCK SIGNAL OFF 2911.2009 141328.310
ELEC ENG FDR BLOCK SIGNAL ON 29.11.2008 14:193:30.022
ELEC ENG FDR BLOCK SIGNAL OFF 29.171.2008 147%30.738
ELEC ENG FDR BLOCK SIGNAL ON 23.11.2003 14158.31.482
ELEC ENG FDR BLOCK SIGNAL OFF 29.11.2008 141332278
ELEC ENG FDR BLOCK SIGNAL ON 29.11.2008 141932733
ELET ENG FDR BLOCK SIGNAL 23.11.2009 141335.083

Figure 6.33: Blocking signal from Electrical Engineering feeder protection device
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'

ABCAT FOR BLOCK SIGNAL

ABCAT FDR BLOCK SIGNAL
ABCAT FDR BLOCK SIGMAL
ABCAT FDR BLOCK SIGMAL
ABCAT FDR BLOEK SIGMAL
ABCAT FDR BLOCK SIGMAL
ABCAT FDR BLOCK SIGNAL
ABCAT FDR BLOCK SIGNAL
ABCAT FDR BLOCK SIGHAL
ABCAT FDR BLOZK SIGNAL
ABCAT FDR BLOCK SIGNAL
ABCAT FDR BLOLCK SIGNAL
ABCAT FDR BLOCK SIGNAL
ABCAT FDR BLOCK SIGNAL

ABCAT FDR BLOCK SIGMAL

29.11.2009 14:34:50.636
29.11.2009 14:3457.978
29.11.2009 14:35:00.058
2311.2008 14:35:01.258
23.11.2003 14:35:02153
29.11.2003 14:35:03.090
23.11.2009 14:35:04.745
29.11.2009 14:35:06.030
259.11.2009 14:35:07.193
29.11.2009 14:35.08.330
29.11.2009 14:35.09.497
29.11.2009 14:35:10.321
29.11.2009 14:35:11.083
29.11.2009 14:35:14.290

29.11.2009 14:35:15.417

T

- Nufibes

- § Indication

| Date and tima s

191.2502.0
191.2514.01
151.250201
151.2514.01
191.2502.01
1591.2514.01
191. 250201
191.2514.0
023.2502.0t

»BLOCK 50N-2
50N-2 BLOCKED
>BLOCK 50N-2
SCH-2BLOCKED
>BLOCK 50N-2
50N-2 BLOCKED
»BLOCK BON-2
50M-2 BLOCKED
»BLOCK 50-2
50-2 BLOCKED
50-2 BLLOCKED
>BLOCK 562
50-2 BLOCKED
>BLOCK 50-2
50-2 BLOCKED

23.11.2009 14:45:36.634
23.11.2009 14:46:37.043
23.11.2009 14:46:37.529
29.11.2009 14:46:37.954
23.11.2009 14:46:33.594
29.11.2009 14:45:38.937
29.11.2009 14:46:35.425
23.11.2003 14:46:39.812
23.11.2009 14:47.43.665
29.11.2009 14:47:43.685
23112003 14:47:45.398
29.11.2008 1450:23.7%8
29.11.2009 14:50:31.045
23.11.2009 14:50:31.948
29.11.2002 1450:32.315

Figure 6.35: Blocking signaft on the incomer protection device

A logic selectivity scheme adopled (using DIGSI4), provides high-speed protection against
internal substation faults. With this scheme, a definite-time overcurrent element is enabled in the
incoming bay relay to detect fauits in the 11 kV busbar. Whenever the fault is detected in one of
the feeder relay operation boundaries, a signal is sent to block the definite-time overcurrent
element of the incoming bay relay to prevent the uncoordinated operation. GOOSE messages
serve the purpose. With the existing traditional co-crdination, faults that occur in the 11 kV
busbar are cleared in a fairly long period of time. in the region of +/-800 milliseconds, Figure
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6.36a. Cn the other hand with IEC61850, a close-in fault in any of the feeders is rapidly cleared

by the instantaneous cvercurrent etement of the feeder relays, Figure 8.36b.

? A
INCOMING BAY INCOMING BAY
ELAY ) RELAY
Q o]
;g OUTGOING FEEDER |-§- OQUTGOING FEEDER
RELAY
t=+/- 800ms \l—
! e Omsbe ' v
— > t=+/-0Oms ] Xy
_ CURRENT Ibus Fault CURRENT Ielose in Fault
a) Traditionat Coordination b) Time to Clear a Close-in Fault in the
' Feeder

Figure 6.38: Logic and Time based characteristic

6.8 1EC61850 BASED TEST LAB

A laboratory repilica of a typical substation automation system is created at the CPUT's controt
and auiomation laboratory to perform the platform tests of the CPUT reticulation network
protection project. All the simulations in this chapter were provided using this system. The
DIgSILENT resuits obtained in chapter 6 were also validated using this system; Figure 6.32.The
main objectives of the Test Lab are to conduct all the approval tests of the CPUT Power system,
to validate the system as a whele, and to verify the consistency of the logic schemes in details
for the Mazin Intake substation. Additional fo this is the training of students that are in the
protection field and employees from dtility companies. Using this Test Lab, CPUT can observe
and validate all information, including communications speed between the protection devices
and system data traffic. It should be noted that it is not necessary to change the wiring of the
Test Lab when performing different schemes, since the exchange of information between the
IEDs is accomplished through GOOSE messages; therefore, only the |ED’s seftings are
changed. Currently the application of different schemes is limited using the Test Lab due to
some equipment that is neot yet available (the OMICRON Test Sets). These sets include the
CMC 256 with NET-1 option, @ CMC 256 plus and a CMC 358. They enable the testing of
muttifunctional relays (IED’s) with binary status signaling vie GOOSE messages and they

provide the following features:
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« Captwring GOOSE messages from the network and reactmg on specific status
information in the messages, :

+ Simulating IEDs {o send out GOOSE messages, :

« Configuration software module, which is used to set up the subscriptions for receiving
GOOSE messages and to set up the simulation of IEDs for sending GOOSE messages
efc.

- 6.9 TESTING AND APPLICATION (OVERCURRENT)

The aim of the test is to determine the pick-up values, drop-off values and testing of the ¥ripping
time of the particular protection functions. For the testing of protective equipment to be
accomplished, the t'esé set and the protection device to be tested must be linked together
physically and by means of scfiware. In this application, a CMC 256 with NET-1 option
OMICRON test setf is used in conjunction with the persenal computer, the 7SD5 and 7UT6
SIEMENS IED's. The software involved in this application is the, OMICRON test universe V2.3,
DIGSI4 and SIGRA4S from SIEMENS. After all the equipment has been connected and powered.
“the test set need to be configured. This is achieved by associating the test set with the computer
{by ensuring that their IP addresses are of the same range).Now that the test set is associated
with the rest of the eq&ipments, system set-up is then performed. This includes entering of the
test parameters and settings in both the IED's and the CMC 256 test set, It is imporiant to make
sure that the seltings in the relays correspond with the one in the setling sheet that is generated
using DIgSILENT. The instantaneous (INST) and overcurrent (OC) characteristics ére used for
~ faults between fine one to line three (L1, L2 and L3). In this case a stand-alone testing is

performed.
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6.9.1 Test object overcurrent INST L1-L2
With the fault between Lland L2, the manua! and automatic testing using the OMICRON

overcurrent testing moedule is used on a non-direction overcurrent IED with definile time and
inverse time curve characteristics. The phase faults are simuiated using the positive sequance
model. Table 6.4 indicates the ssttings for the phase 1o phase faull. The pick-up current (I>) and
the instantaneous cutrent (I>>) settings are shown. The time multiplier of 0.3, 0.1, and 0.05 sec
are chosen. For the IDMT, the IEC Nomal Inverse characteristic is used. The test currents are
defined in multiple of pick-up currents and the first shot is executed at a current of 1.24 times
pick-up, Table 6.5. The test results for the fault in question are shown in Table 6.6. Here the
nominal time, actualtime and the deviations are shown. The overcurrent characteristics diagram
is shown in Figure 6.38. Next to the characteristic diagram is the block that indicates the fault
type and the status of the test. Six test points were allocated and has passed.

Tabfe 6.4: Test object overcurrent parameters INST L1-1.2

Apply Auto Reset: Mo

1.000 In (1.000 &)
3.000In (3,000 A
10.0001n (10.000 A} |0050s

IEC Morma! Inverse

Overcurmrent protection
Ahs. Time Tolsrance: 0100 s Rel. Time Tolerance: 1000%
Abis. Current Tolerance: 0101n Rel. Currert Tolerance: S00%
PT connection: Online
CT Starpoint Connaction: Towards Line
Directionsk {lh}
Reset Ratio; 095

Table 6.5: Pick-up fest seltings for fault type L1-L2

124 {24 nis 974t s 5433 s 17618 3521s
226k 226 na 2549 s 2164 s 2833s 5887 s
443 413 n'a 100.0 ms 8000 s 2000 ms 400.0 ms
5421 542 nia 1000 ms 0ooos 2000 ms 4000 ms
7950 795 n'a 1000 ms 0000 s 2000 ms 4000 ms
891k 891 nla 100.0ms 0000 s 2000 ms 4000 ms

Table 6.6: Test resuits for faujt type L 1-L.2
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Test Module )
Maime: - OMICRON Owercwrrert Wersion: 230

Test Start: - 28-0ct-2009 13:51:25 Test Enck 25-0ct-2008 13:51:49
. User Name: Fessor Manager:
Company: CPUT ’

Test Results for Fault Type L1-L2

BH
124 124 . rva 9741= 9819s 0.30 ’ Tested Passed
236 1= 226 nia 2549 ¢ 25438 -0.24 Tested Paszed
4131 413 nfa 1000 ms 1326ms 3260 Tested Passed
5421 542 _infa 1000ms 11302ms (3020 Tested Passed
7951 785 nia 1000 ms 1282 ms 2820 Tested Passed
8811 391 néa 1000 ms 1281 ms 2810 Tested Pas=sed

S T LTy
3 A

3
aermwrgym——

- =f el F-Abt. i tnom f tm
1240 1:1.240 A9.741 : 54352 17.61 2 8813
22641>2 64 AZ5435 2164 5 29538 25433
417413241000, L000 20001326 ms
S4555415A 10000000 2000 w1302 ms
785817954 A1000 w0000 s 2000 w1282 me
B4 8 914 ATIOCr SN s 2000128 ms

I ' +
ko ' 1
: 1 '

T

T T T T T

“i7a0 3000 80 70 100, e 3o

Figure 6.38: Test view INST L1-12

200



6.9.2 Test object overcurrent INST L2-L3

The overcurrent parameters for the fault between Lin‘e 2 and Line3 are illustrated in Table 6.7,
Again time discrimination .and discrimination by both time and current (IDMT) is applied. An
appropriate time delay of G.1 sec is set on the relay for time discrimination characteristic,
Although the current threshold must be exceeded to initiate the definite time, the quantity of the
fault current does not have any influence on the time delay. The pick-up {est settings are shown
in Table 6.8 while the testing resulls are iBustrated in Figure 6.38 and Table 6.9 respectively.
The pick-up and tripping characteristics are further analyzed using SIGRA4, Figure 6.40. The
SIGRA4 application program plays & major rdfe in support of the fault eveats_anaiysis. it
presents a graphic display of the recorded data during the fault event and uses the measured
values to calculaie further variables, such as impedances, oulputs or R.ALS. values, which
make it easier to analyze the fault record. Cursor 1 and curscr 2 are assigned to the time axis. if
a cursor is moved along the time axis the related instants can be read in the comesponding

tables in all views. The pick-up and inipping characteristics are shown in Figure 8.41.

Table 6.7; Test ohject overcurrent parameters INST12-13

Overcurrent pratection
Abs. Time Tolerance: 0100 s Rzl. Time Tolerance: 10.00 %
Abs. Current Tolerance: 04GIn Rel. Currert Tolerance: 500%
PT connectiort - On Line
CT Starpoini Connection: Towsards Line
Directional No
Reset Ratio: 0.85
Apply Auta Reset: Mo

Pickup

b |Yes [000;M(1000A) |[0300  |ECNormsilnverse
> Yes [3000m¢30004) |o01d0s
- No  [10000mioo00a) [ooses

124k 124 nia 9¥{t s 5.438s 176ts 3BAs
276 226 nia 2549 s 2164 s 2893s 55967 s
4131 443 n/s 1000 ms 000G = 2000 ms 4000 ms
542k 542 nja 1000 ms 3.00G s 2000 ms 400.0 ms
795k - {795 n'a 1000 ms 0000= 2000 ms 4000 ms
881k 851 nifs 1000 ms Q000 s 2000 ms 4000 ms
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Febto L abs | o

1201 240A 9741 5 64395

T7E1 e SM0s

226412264 A2545s 21h4s 29533 253 s

41331:4133 41000 0.000 s 20007133 0ms
SA4IELENEAIM00r 0000 200.8, 1300 ms
75407954 AT 0 Q000 200001318 ms
891418914 ATE00r 0.000 s 200.8r 1230 ms

o Held, press FE -+

Figure 6.39; Test view INST L2-1L3

Table 6.8: Test results for fault type L2-1 3

Mame:

Test Start:
LU=zer Name;
Compary:

Test Module

CRICRON Overcurrert
28-0ct-2008 135947
Fessar

CRUT

Test Results for Fault Type L2-L3

226
413k
5421
795k
851

228
413
542
795
83

nig
nia
nia
n/a
nia

2543 =

1008 ms
1000 ms
1000 ms
1000 ms

Yersion:
Test End:
Mansger:

230

28-0ct-2009 140012

: T

89610s
2553s
1330ms
1300 ms
1318 ms
129.0ms

071
0.14
3300
30.00
3180
2300

Tested
Tested

Testad
Tested
Tested

Passed
Passed
Passed
Passed
Passed
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Figure 6.41: Tripping and pick-tip indication L2-L3
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6.9.3 Test object overcurrent INST L3-L1

The test set presents two of the relay in the Main Intake substation. The relay on the incoming
side is 7UT6 while the one on the outgoing feeder is the 78D5. The pick-up signals from the
7SD5 relays which are the outgoing feeder refays route the blocking signal to the 7UT6 which is
oh the incoming bay. The blocking signal prevents the fast fripping (I>>) of the incoming bay
relay. Table 6.10 indicates the test object parameters for the fault between linel and linet. The
time and current tolerance settings are shown. The parameters such as the CT star point
connection and the directionality of the relay are selected. Six testing points are defined as
shown in Table 6.11. Here the direction, nominal time, minimum time, maximum time and
maximum fault time 7s defined. All the selected test points have passed the test. The test results
{the nominal and aclual tripping times)} are illustrated in Table 6.12 and the assessment of the
test is graphically presentad in Figure 6.42. In the Time Signal view as shown in Figure 6.43,
cursor 1 and cursor 2 sre displayed as vertical lines across all the diagrams of the view. The
table view on the ﬁght hand side of the time signhal view displays the behaviour of several
signals at the same instant. All the instants are specified via curser 1. The ¥ripping and pick-up
indication is presented by Figure 6.44.

Tabie 6.10: Test object overcurrent parematers INST L3-L1

Overcurrent protection

Abs. Time Tolerance: 0100 s Rel. Time Tolerance: 10.00 %
Abs. Current Tolerance: 0.10in Rel. Current Tolerance: 500 %
PT connection: On Line

CT Starpoint Connection: Towards Line

Directionst Mo

Reset Ratio: 0ges

Anply Auto Reseb Mo

“1000IN(1000A) |0300  |EC Normal iverse

== Yes 3.000 In (3.000 &) 0100s
2] : g 10000 N {10000 A) |0050=

124 124 nia 8741 s 5433s 1761 s FANs
226k 226 nia 2548 s 2164 s 2833= 5887 s
13k 413 na 1000 ms 0000 s 200.0ms 2000 ms
542 542 nia 1000ms G000s Z000ms 400.0ms
75 b 795 nia 1000 ms 000 s 2000 ms 4000 ms
B9l = agt na 1000 ms 0.000s 2000ms 4000 ms
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22432204 A254LT 3 21645 29335 25428

$1BH4133A1000 w0000 ¢ 2008 1287 me
S45EE415A100.0 0000 200Cr 1298 ms
7954 1:7.954 A100.0 w 0000 s 200G 1N 2 ms
85463441000 w0.0002 200G 1260 ms

Figure 6.42: Tost view INST L3-L1

Table 6.12: Test results for fault type L3L1

Test Module
Kame: CMICRON Owercurrent Version 230
Test Start 28-0ct.2009 14:01:05 Test Eng: 28-0ct-2008 14:01:30
Lizer Name: Fessor Manager:

Company: CrUT

Test Results for Fault Type L3-11

1241 124 nfa 9r#1 s 9843s 1.04 Tested Passed
2261 . [226 n/a 23549s 2542 s 28 Tested Passed
413k 413 nfa 1000 ms 1287 ms 28.70 Tested Passed
5421 542 ra 100.0 ms 1236ms 2980 Tested Passed
795 7os na 1000 ms 131 2ms 3120 Tested Passed
8gtk.. {89 na 1000ms 1280ms 28.00 Tested Passed
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Figure 6.43: Time Sighaf L3-L1

i

B B E R E AT 2 A g

Figure B.44: Tripping and pick-up indication L.3-1.1
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6.9.4 Test object overcurrent 0CL1-L2

in the;previons tests, more than one methods were combined into one operating characteristics
{the currenttime diagram). The aim is to further utiize the advantages of the different
discrimination technigues. For this test, only one method is used (the IDMT). With this
-characteristic, the operating time is inversely proportional to the fault current level and it is a
function of both current and time. This means that the higher the fault current, the faster the
operating time and vice-versa. Table 6.13 indicates the parameters and the IEC 80255 normal
inverse characteristic is chosen. Four test points are identified as s.hcwn oy Table 6.14. The
overcurrent characteristic diagram in rigure 6.45 indicates the tesling results that correspond
with the ones tabulated in Table 6.15. The plus sign *+” is an indication that the test has passed.
As shown in the results table the secondary fault current of 1.60A trips at 7.452 sec while a fault
current of 4.85 trips in 2.180 sec. As earlier said, it is evident that the high the fault current the
faster the tripping time and vice-versa. The deviations in percentage bstween the nominal and

actual operating times are shown.

Tabie 8.13: Test object cvarcurrent parameters QC L1-1.2

Overcurrent protection

Abs. Time Tolerance: 000 s Rel. Time Tolerance: 1000%
abs, Qurrert Tolerancs: 01000 Rel. Current Tolerance: 200 %
PT connection: on Line

CT Starpoint Connection:  Towards Lins

Directional: Mo

Reset Ratio: 095

Apply Auto Reset No

1.0001n (1.000 A)
4.000 In {4.000 &)
10,000 In (10.000 &)

IEC Mormal Inverse

150k 160 e 7452s 583 s 35208 19.04s
2281 2325 r/a 42N s Jo8 s 489288 §858s
351k 35 nia 2755= 2386= 31628 . |B323s
485 1485 nia 2182s 1804 s 24623 4964 =
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S 4 Rety frabe ] tnom: § min | fimak T tack e e
1.5564>1.536A7452 s D831 s G520 s 7,402
228502205 A4.201 s 45605 4929 420 5
35063506 ALTY s 2366 s 1625 2750 s
4504 ME0A2THZ £ 1.904 s 2482 218 &

S S—— Y
3

{ A

For g, resser

Figure 6.45: Test view QC L1-1.2

Table 6.15: Test rasults for fault type L1-12

Yersion,
Test End:
Managsr:

230
28-0ct-2008 124244

Test Module
Name: QWICRONM Overcurrert
Test Start: 28-0ct-2009 124222
User Name: Fessor
Company: CPUT

Test Results for Fault Type L1-12

£ i1
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6.9.5 Test object overcurrent OCL2-L3

For the fault between line 2 and line 3, the pafame’sers and test settings are shown in Table 68.16
and 8.17 respectively. The OMICRON test resulls are shown in Figure 6.46 and Table 6.18
while the S!GRA4 results followed as shown in Figure 6.47 and 8.48 respectively. In order to
sbcw that the results from all two software’s correspond, a fauit current of 3.84A with a tripping
time of 1.538 sec is used as it can be seen from Figure 6.46 and Table 6.18 of the OMICRON
test resulis. These values are recorded oh the SIGRA4 results which are reflected in Figure
| 6.47 and 6.48. The fault current can be read from the fime signal graph or the {able on the right.
hand corner of both ngurés while the iripping fime of 1.538 sec is shown in the table that is
situated in the left hand top corner of the same Figures.

Table 8.18: Test object overcurrent parameters QC L2-L3

| Overcurrent protection

Abs. Time Tolerance: 0100s Rel. Time Tolerance: 10.00 %
Abs. Currert Tolerance: 010N Ret. Current Tolerance: 500%
PT connection: OnLline '

CT Starpoint Connectionr  Towards Line

Directionst: Mo

Reset Ratio: 1 £

Apply Auto Ressk Mo

b Yes |1000IN(1.000A) |0300  |EC Normellnverse
- No 4000In(3.000A) |0100s
I No 10,0001 (10000 &) |0.050s
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4 Beto } Abs | nom

133011350 AE356 s £721 s G049 638 s

1897 21807 A3528s 23095 4 237+ 3519
2606 ;2606 42172518595 25255 2171 =
I/ EIAFAILA 51335 1.764 s 1588
458314583 A1.357 5 1,103 1.5465 1.352

Overcurrent Cfi’araaf‘e}fsﬁcﬂiam :

pEmTTEL LMLy p s,

Figure 6.46: Test view CC L2-L3

Table 6.18; Test results for fauit fype L 2-L3

Test Module
MNarme:
Test Start:
User Hame:
Carnpany:

OWICRON Overcurrent
28-0Oct-2009 1335:27
Fessor

CPUT

Test Results for Fault Type L2-L3

“ersion:
Test End:
Manager:

230
28-0ct-2008 13:35:51
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Fé’gare 5.48: Tripping and pick-ug indicaltion GC 12-1 3
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6.9.6 Test object overcurrent OC L3-L1

The test object parameters and pick—up setftings for the fault between line 3 and line 1 are
tabulated in Table 6.19 and 6.20. Figure 6.49 and Table 6.21 present the results obfained from
- the OMICRON. The tripping results (1.357 sec) for the fault current of 4.59A as shown in Table
6.21 are shown in Figure 6.50 and 6.51 of the SIGRA application program. Using the Normal

Inverse characteristics equation the testing results ¢an be proved as foliows.

.. 0.14
Trip time = PSHO0T =1 xTM
0.14 -
2590021 x0.3
= 1.357sec

Table 6.18: Test object ovefzétzrrenf parameters OC L3-L1

Overcurrent protaction

Abs. Time Tolerance: Cil0s Rel. Time Tolerance:
Abs. Current Tolerance: 0100n Rel. Current Tolerance:
PT connectior: On Line

CT Starpoint Connection: Towards Line

Directionat: Mo

Resst Ratio: 055

Apply Auto Reset No

R

1.000 In (1.000 A}

4.00C in (4.000 &)
10.000 i (10.000 A}

10.00%
500%

Table 6.20: Pick-up test setiings for fault type L3-L1

1391 1.33 nés 6.356s 472 s 9048 s 18.10s
181 151 nia 3528 s 2809 s 4247 s 8594 s
2E1 1> 261 nfa 2172s 1859s 25258 5050 s
2841 384 nia 1541 = 1.338s 17B4s 3527s
4591 459 . nfa 1357 s 1183 s 1546 = 30928
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5§ Reto | Abe: Dinom Fimin s ] man Ttacti o0
139013304680 4721 s IMTs 6381 5
180711807 A3528 ¢ 29095 4.207 5 3522
26061 260542172+ 1.8835 25255 21725
3EXHIEHALH s LI 17541530
4R9914099A1.557 = 1.183s 1546 1 359

..........

F TP, S

rerel

fror b s

Figure_ 6.48: Test view OC [ 311

Table 6.21: Test results for fault type L3-L1

Test Module
MName: OMICRON Overcurrent
 Test Start: 26-Cct-2008 13:38:02
Uset Mames: Fessor :

Company: CPUT

Test Results for Fault Type L3-L1

Yersion
TestEnd
Manager:

230
28-0ct-2009 13:38:27
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Figure 8.51: Tripping and pick-up indication OC L3-L1
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6.9.7 Exchanging Data with Applications from the Power Distribution Area
using DIGSI XML

The XML (eXiensible Markup Language) is accepted as a standard for data exchange.
paﬁicalar{y_between' different platforms. The DIGS! XML Code is structured in different leveis
that are differently indented and thus can easily be distinguished from one another. A series of
other interesting applications is as follows:

= Line Calculation. _

in terms of fine calculations programs, users simulate different fault situations and based
on the resuits, the necessary setting data for the protective devices are determined.
Programs such as SINCAL and SIGRADE from Siemens, Power Factory from
DIgSILENT agutomatically supply setting recommendations. All programs mentioned
above offers interfaces compatible to DIGSI XML. Therefore, the settings data are
exported info an XML file and the data of this file can then be imported into DIGSI 4, This
process avoids the traditional way of printing these data out in grder to then refype them
in DIGSH 4. - '

s  Protection Test _

: © The OMICRON Ceompany has further established a RIO format file based on XML “the

- XRIO format”. OMICRON has infroduced the format {with the Test-universe 2.0), that
separaies the setllings parameters from the actual functional implementiation parameters.
DIGS! {Version 4.8 and above} actively supporis the new XRIO format. Therefore, the
protective settings of each SIPROTEC 4 device can be exported in the XRIO format.
The OMICRON provides XRIO converters free-of-charge for the Test unjverse, version
2.0, with which the setling values can be easily imported and thus making it easy and
efficient to create the test programs.

.+ Line and Protective Data Management
Protective devices contain large number of parameters with the associated seitings.
Program for line and protective data management are transferred, using XML. As an
additiona!l benefit, XML enables the users to oplimize and analyze data, refer to
Appendix C. An example of such programs is the Test Base from OMICRON and Station
Ware from DIgSILENT.

6.10 DISCUSSION OF THE OBTAINED RESULTS

With the above information, it can be seen how theory and simulation has been put into
practice. The calculated trpping time using five selected testing point is compared with the
results from the simulation, using three different software's and their deviation from the
calculated results are shown in Table 6.22. The normal inverse characteristics and a time
multiplier of 0.5 are used for the calculation of the actual tripping time. The nommal inverse

characteristics formula is used for calculation.
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Trip time = 0.14 ™
rip time = o1 X

CALCULATED

Deviation

-0.028 s
0.602s
0015s
0.009s
0013s

Deviation

-3.026s
0001 s
0.011s
0007 s
00058

Deviation

Table 6.22: Comparison of the calculated and simuiation tripping time

The results obtained using the software’s has proven the resulls from the calculations in chapter
8. The comparison of the calcuiated and simulation time indicates some deviation. i should be
noted that human errors have also contributed to the deviations. Communication between
different software is estabiished and desired resulis have been obtained. Different hardware
configuration has been carried out and this has made it possible to obtain the reguired results.
The extension of the protection Test Lab will enable a variety of schemes to be {ested and

accomplished.

6.11 CONCLUSIONS

The chapter has analyzed the effect of using Ethernet networks and IEC 61850 protocols for
protection, integration, and suiomation using the |EC 61850 GOOSE messages 1o communicate
high-speed informaticn between IED's or other devices on the local area network All the testing

216



and protection schemes applied in this chapter where facilitated by the protection Test Lab. it is

~ therefore recommended for power protection engineer to work hand in hand with

-mmmunicatio.ns engineers or information technology departments, to be able to provi'der
protection and control specifications under this new communications environment, and be able
to trade off between protection, control performance and communications network complexity.
Since the IEC 61850 GOOSE is zn event-driven broadcasting message that has a built-in
retransmission mechanism to increase i‘%s dependability, the priority tag has further reduced the

network fransmission delay time for critical messages.
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CHAPTER
7

CLOSURE AND RECOMBMENDATION

This chapter summarizes the main results obtained in the framework of this project by providing
broad conclusions and discussions on the key findings, which is foflowed by suggestions.
Further work is recommended as possible extensions of ihis thesis in the areas lo be
mentioned. '

7.1 CONCLUSICNS

}'he thesis analyzed the Performance requirements for protection applications and the factors
that need 10 be considered in order to meet the characteristics of the distribution network
protection standard. in this thesis, Distribution nelwork protection had been the area of interest
with an objective to isolate problems with & minimum service disruption. Therefore, the thesis
has looked at the main types of faults that occur in electrical power systems, by describing the
most common faults and the causes thergof and by outlining the steps used in calculating the
most common faults that occurs in power networks. A look into different protection alternatives
and new technologies for Electrical Power Distribution Systems that unify protection and controi
units so that they can be incorporated into intelligent Substation as opposed to the most existing
{(conventional substation} had been done and proven. A laboratory replica of a typical substation
automation system is created at the CPUT's control and automation laboratery to perform the
piatform tests based on the IEC 61850 standard for distribution nefwork protection. This
_standard defines the integration regquirements of IED’s for muliiple protection schemes as well
as control and automation techniques. All networks where modelled using the Power Factory
DIgSILENT software. The three main simulations accomplished include Load flow analysis.
Fault analysis, Protection analysis and the Protective relay co-ordination. The protection resuits
obtained from DIgSILENT were validated using the Test Lab. The CPUT network protection is
simulated using the Test Lab. The main software that has played a major role in setting and
testing activities of the Lab IED's includes DIGSI4; SIGRA4 and the Omicron Test Universe
V22 and 2.3 The Omic'ron test set is used to inject the testing signal {resuits from DIgSILENT)
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onto the IED's. For the simulation and testing to pass, all the resuits from the used software
should correspond and this has been achieved. The main deliverables obtained in this project
can be summarized as follows.

7.1.1 Analysis of the fault types and calculation theory for protection
application

In order to apply protection relays, i is usuafly necessary to know the limiling values of current
and vostage, and their relative phase displacement at the relay location, for various types of
short circuits and their position in the system. The following activities have been carried cut.

The nature and causes of faults in power systems is analyzed.

The types of faults and the sffect that they pose on the power systems is analyzed

Analysis of the difference between ‘active’ and.'passive’ is performed

Different types of faulis on a three-phase system are simulated.

The analysis of transient and permanent faults is carried out.

The comparison of symmetrical versus asymmetrical faulfs is analyzed

The analysis of the power system electrical behavior under faull conditions is

implementad.

» The thres basic network laws that govern the relationship between the voltages,

impedarnices and currents in a linear network is analyzed and implemented.

Network theorems and reduction of formulas are implemented

The relationship between the Thevenin's equivalent circuit and Norton equivalent circuit

is demonstrated.

The Per-unit system is implemented.

The method for calculating short circuit currents is implemented,

Symmetrical component analysis of the three phase network is carried out.

The relationship befween symmetrical components in a power system is analyzed

The imporiance and construction of sequence networks is analyzed

The equations and network connections for various types of faults is implemented and

analyzed.

¢ The distribution of current and voltage in power systems due to faull condition is
simulated and analyzed.

+ The effect of system earthing on zero seguence quantftzes is analyzed.

a & » & & & »
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A good understanding and working knowledge of system fault analysis is very important for the
protection personnel as they are required to know how the systems cperate and behave under

toad and fauit conditions.

7.1.2 Relays and technology develapment'anaiysis

The thesis has analyzed the evolution of relays as well as their operating philosophy since they
are being classified in accordance with the functions that they carry oul. The theoretical part of
ihe relays settings .and calculations is covered and the application of standard graphical
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representation of sétténgs that can be applied insicad of calculations has been logked into. The

following resulis are obtained.

[ 2
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The theoretical characteristic of the relays operation as defined in IEC 60255-3 standard
is implemented in simulation.

Plug setting {Current pick-up) calculation is derived and analyzed.

The factors that influence the choice of plug sefiing are analyzed.

The time muitiplier setling for protection relays are calcuiated and analyzed.

The relays impacts on CTs and VTs (Burden) are simulated and results are analyzed.
The difference between mechanical, digital and numerical relay rests on points of fine
technical details. This detail is shown and is analyzed.

The operating environment of relays in terms of electromagnetic compatibifity (EMC) is

discussed.

The relays ascuracy and settings is calculated, implemented and analyzed.

The IEC 61850 GOOSE Applications within a Substation is overviewed.

The upgrading of substations and the application of {ED's is proposed and analyzed.
Time Synchronization as per IEC61850 is implemenied.

The benefit of IEC 61850 application is acknowledged.

The huge number of electromechanical and static relays is still giving dependable service within

most power systems today; therefore the thesis has touch on these technologies aithcugh the

purpose of the project is to focus on medem protection relay practice (IED’s).

7.1.3 Relay input sources design and analysis

The concepts of refay input sources are clearly defined. The thesis has further explained the

CT's and VT's generation from the conventional type to the “All optical sensing type” and the

challenges invelved. The following has been carried out.

The difference betwesen the metering and protection instrumeni fransformers is
analyzed. _

The comparison between conventional type and the non conventional type instrument
transformer is done. ]

The standards, rating, accuracy classes and the errors characteristics of instruments
transformers are analyzed.

The sizing of primary and secondary current upon which the performance of the
transformer is based is analyzed.

The analysis of rated accuracy imit factor (RALF) of instrument transformers is done.
The magnetizing characteristic of CTs that determine the perfermance of CTs is
overviewed. :

Specifications and design requirements for current transformers for general protection
purposes as stated by the IEC 80044-1 standard are defined

The saturation of CTs when sublected to very high primary current is calculated and
analyzed. '

The connection of current transformers in power circuit is overviewed.

- The ratio and phase errors of the instrument transformers are calculated using the vector

diagram.
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e The CTs and Vs classes’ analysis and application is carried cut.
« The IEC standard 61858 that covers the optical communication from the process side
are discussed. :

» The analysis of the functionality and mechanism of fiber optical sensor (FOS) is carried
out. ‘ _

« The Merging Unit (MU) which is an interface unit that allows multiple analogues CT/VT's,
binary inputs and is capable of producing multiple time-synchronized data is described.

e The analysis of non-conventional instrument transformers and intelligent CB drive is
carried oul.

it is noticeable on the basis of abeve that the new technology has brought important contribution
and .advantages over conventional instruments, hence as parits of this project the non-
conventional instrument transformers are proposed {0 be appiied in conjunciion with the IED’s.
Their standards, rating, accuracy classes and the errors characteristics are explained in this
thesis. The process of how {o specify them for g particular IED’s or application is covered in
detail.

7.1.4 IED’s application and protection function design and simulation

The protection functions and applications of protective relays and muitifunctional devices (iED's)
in a distribution environment are presented using DigSILENT. Typical settings configuration and
IED’s coordination focusing on the main lypes of protection as well as the areas of application
are designed and simufated.

« The modaling {load flow and protection) of CPUT and EUREKA network is done using
DigSILENT softwars.

« Protection device settings (over-current iED) are calculated and applied in DIgSILENT
Calculation of maximum fault level is performed using DIgSILENT
Caleulation of three-phase shoricircuit cumrent levels for the CPUT and EUREKA
network is carried out according to the 1EC 80909 standard
The selection of CT transformer ratio is done based on the calculations.

Principle of protection co-ordination is calculated and simulated in DIgSILENT.

Grading Margin between 0.2 and 0.4 is used
Time Multiplier Settings that adiust the operating time of the inverse type characteristics
are calculated and applied in DIgSILENT.

Plotting of relays characteristics is done using DIgSILENT
« Overcurrent grading of the transformer feeder is performed and simulated.
« Performance of protection relays is simulated and assessed in DigSILENT software
. environment. _
« Relays correct and incorrect operation is simulated and observed in DIgSILENT.
Different network topologies and arrangements are designed and simulated using
DIgSILENT .

Selection criteria of power system topologies are analyzed.

Time-based discrimination principle is simulated and tested.

Radial power system with time-based discrimination is developed and simutated.
Time-based discrimination with definite time is developed, simulated and tested.

[ ] * & & 8 . B
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. Time-based discrimination with IDMT is developed, simulated and tested.

Discrimination using current magnitude is developed, simulated and tested.

A combination of current-based and time-based discrimination, is develeped, simulated
and tested.

A combination of logic and time-based diSC{lm nation, is éeveioped simulated and
testad.

A combination of time-based and d;rectzonat discrimination, is developed, simulated and
testad. :

Since the generai layout of the power network has a strong influence on protective relaying, the

network topologies have been covered in order to identify the most important characteristics of

each topology for comparison purposes.

7.1.5 Ethernet and IEC61850 substation communication design and
application _

The communication network ensures that raw data, processed information and commands are

shared quickly, effectively and error-free among the varicus field instruments, and IED’s.

' Therefore this thesis has analyzed the effect of using Ethernet networks and IEC 61850

protocols for protection, integration, and automation using the 1EC 81850 GOOSE messages to

communicate high-speed information between [ED's or other devices on the local area network.

A laboratory replica of a typical substation automation system is created at the CPUT's

control and automation laboratory to perform the platform {ests of the distribution

network protection applications.

Overview of the IECB1850 cross-level communication is carried out.

Tha Ethernet and network basics are developed and implemented in the Lab scale

system.

Transmission Control Protocol/intemet Protocol that allows communication between

Devices is implemented.

The international Organization for Standardization {150) Open Systems Interconnection

{OS!) reference model is analyzed.

The RS 80007 Ruggedcom switch characteristics are analyzed and the switch is applied

in the creation of the Lab scale system.

The CMC 256 Omicron test device is connected to the Lab scale system to inject the

testing signal.

The configuration and control of the CMC 258 is performed through the test software of

the OMICRON Test Universe.

All IEDs connected to communicate in the Lab scale system are issued with Internet

Protocol (IP) addresses.

Communication establishment between IED's is deveiopeci and imp lemented using the
DiGSI4 software.

As part of the 1EC 81850 subnet, each IED's communicator is given a unique name.

The information is routed between communicator using DIGS!4 software.

At substation level, the mformaﬁcn exchange among IEDs is achieved using IEC 61850

GOOSE messages



+ Reverse Busbar Blocking Scheme is developed and implemented using the CPUT Main
intake substation layout. :

« The test to determine the pick-up values, drop-off values and testing of the tripping time
of overcurrent protection is carried out using the OMICRON Test Universe V2.3, DIGSI4
and SIGRA4 software’s,

+ Comparison of the calculated and simulated tripping time is carried out and analyzed.

7.2 APPLICATION OF THE RESULTS

.. This project work provided the area which combines the aspacts of power systems protection,
data networking, software development and substation automstion. Based on the above the
applications can be ponsidered for industrial and educational instifutions.

7.2.1 CPUT Campus reticulation network refurbishment

in terms of CPUT reliculation network the resuils ¢an be considered in addressing the
foliowings: A

The rating of equipments for the network upgrade

Substation automation requirements

Reticulation network automation and protection grading requirements

Assist with the choice of network topology and protection equipments to be used.

s 8 & »

7.2.2 Testing Lab {Laboratory Scale Plant}

The developed laboratory replica of a typical substation automation system can be used to
address the following:

Integration of the |EC 61850 based substation intc CPUT curriculum.

+ Student research, experiments as well as simulation performance in order to gain
knowledge and skills for designing and engineer substations with IEC 61850 standard
equipments.

¢ Training for academic Institution and utility Industries.

Simulation of system conditions that are not capable on plant that is in service.

« Establish a center for substation automation and energy management systems that

offers educational, training and research opporiunities.

7.3 SUGGESTIONS ON FURTHER RESEARCH

Thé objective of protection in power systems remains the same and that is to 1solate the
problems with minimum service disruption. Further work is recommended as an extension of
this thesis in the following areas:

A furthér research in the application of MU and GOOSE‘messages for protection is one cf the
areas. Distance pratectién and differential protection in distribution system have to be carrisd
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out to study the behaviour of the schemeé in complex power systems. Differential protection will
be cém‘ed out on a protection of the combined cable and overhead line power system. The
application of protection signaling and inter-tripping, its relationship with other systems using
communication transmission media that provides the communication finks between distanced
protection equipment izvi%i be part of the scope. Associated with this will be different schemes
such és negative sequence protection, adaptive protection and selective tripping. A better
understanding of synchronization error (Sync-errors) is one of the requirements since
communication network will be required for differential protection application. The hardware
implementation (Laboratery Scale Plant) requires further improvements in order to address all
protection applications that are appficable to a typical distribution network, hence, further
extension is recommended. |

7.4 PUBLICATIONS
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: APPENDIX
SETTINGS FOR CPUT NETWORK TRLAYS A
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| i
| | i
. 1

DIgsiLENT } Project:
PowerFactory |
13.2.331

| Date:

| MAIN IN-ELEC ENG
| Location :
i

12/7/2009

Relay Type : 7515311-5BAQ-3A0

Cubicle : Cub_4 Branch : 120¢3P-0.385
Busbar : MAIN INTK SUB /
U ——— e e
| T 2000/1 _ Ratio + 2000A/1A
1 No. Phases 3 Phase 1 ta Phase 2 t h
I Connection. : Y
J
I Measurement
| Nominal current ( 1.0 A ) 1.00 A
l * .
H I0C > ( IEC: I>> ANSI: 50 ) out of Service :
|  Tripping Direction : None
| pickup current { 0.1 - 25.0 p.u. J = £.000 p.u.
! Time Setting (0.0 -860.0 s ) ot 0.200 s
|
| Toc »» ( IEC; I>> ANSI: 50 ) out of Service :
] Tripping Direction : None
| pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u.
| Time Setting (0.0 -860.0 [3 ) 0.000 s
i
i Ioc >>> ( IEC: I»>> ANSI: 50 ) out of Service :
| Tripping Direction : None
{ pickup Current { 0.1 - 25.0 p.u. )z £.100 p.u.
{ Time Setting (0.0 - 60.0 s ). 5.000 s
I
|  Toc { IEC: I>t  ANSI: 531 ) out of Service :
{ Tripping Direction _ : None
i current Setting ( 0.1 - 4.0 p.u. ) : 1.000 p.u.
] Time Dial - (0.05 - 3.2 ) 0.150
| Characteristic : IEC 255-3 inverse
i
!  Ioc Ie» ( IEC: IE>> ANSI: 50N ) "out of Service
| Tripping Direction : None
| Pickup Current ( 0.1 - 25.0 p-u. )i 0.300 p.u.
{ Time Setting (0.0 - 60.0 5 ) 0.000 s
|
[ Ioc Iex> { TEC: IE»> ANSI: 50N ) out of Service
] Tripping Direction : None
t Pickup current ¢ 0.1 - 25.0 p.u. ) : (¢.100 p.u.
| Time Setting ( 0.0 - 60.0 s ) s 0.000 s
i
I Toc Ie ( IEC: IE>t ANSI: 51N ) ¢ out of Service
l Tripping Direction 1 None
I Current Setting ¢ 0.1 - 4.0 p.u. )@ 0.500 p.u.
] Time Dial { 0.05 - 3.2 ) 0.150
| - characteristic 1 IEC 255-3 dinverse
I

No

Yes

Yes

NO

Yes

Yes

Yes

e L o o e e ok . . R e e T e e e ok g o e Y o o e e e e e



| Logic I out of Service : No {
| Breaker Cubicie Branch 1
| MAIN INTK SUB \ cub_4 120c3P-0.385 I
}  Logic Ie out of Service : No i
| Breaker Cubicle Branch i
| MAIN INTK SUB \ cub_4 120c3P-0.385 l
} MAIN IN-ABC/IT Relay Type : 7535311-58BA0-3A0 i |
| Location . : cubicle : Cub_5 Branch : 120C3P-0.270 |
| : Bushar : MAIN INTK SUB / |
f e e e e e e e e |
] €T 2000/1 Ratio ; 2000A/1A §
| No. Phases : 3 Phase 1 T a Phase 2 : b |
I connection Ty |
i i l
| Measurement I
| Nominal Current { 1.0 A ) : 1.00 A 1
I |
IoC > { IEC: I»> ANSI: 50 ) out of Service : No ]
Tripping birection : None |
Pickup Current ( 0.1 - 25.0 p.g. ) : 7.200 p.u. H

Time Setting { 0.0 - 60.0 s ) 0.100 s |

' i

Ioc >> ( IEC: I>> ANSI: 50 ) out of Service : Yes |
Tripping Direction 1 None |
pickup Current (0.1 - 25.0 p.u. ) : 0.100 p.u. - H

Time Setting (0.0 - 60.0 s ) 0.000 s j

|

I0C >>> ( IEC: I>>> ANSI: 50 ) out of Service : ves |
Tripping Direction : None i
Pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. |

Time Setting ( 0.0 - 60.0 s Y} 0.000 s |

|

Toc ( IEC: I>t ANSI: 51 3} gut of Service : No |
Tripping Direction 1 None {
current Setting ( 0.1 - 4.0 p.u. ) : 1.000 p.u. i

Time Dial (0.05 - 3.2 ) 0.100 i
characteristic : IEC 255-3 inverse {

H

Ioc Ie> ( IEC: IE>> ANSI: 30N ) out of Service : yes |
Tripping Direction : None |
Pickup Current ¢ 0.1 - 25.0 p-u. ) : 0.300 p.u. 1

Time Setting (0.0 - 60.0 s ) 0.000 s ]

' |

Ioc Ie>> ( IEC: IE>> ANSI: 30N ) out of Service : Yes |
Tripping Direction : None i
-pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. |
Time Setting ( 0.0 - 60.0 5 3o ¢.000 s |

' [
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_ o _ APPENDIX
SETTINGS FOR EUREKA NETWORK RELAYS : B
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| -} DIGSILENT | Project: }
| | PowerFactory |
i | 13.2.331. | pate: 12/7/2009 ]
Cojac_ BL3 Relay Type : 7515311-58A0-3A0 |
Location : Cubicle : Cub_3 _ Branch : Cojac-BL3 ]
Busbar ! Cojac / ' |
- -- - |
current Transformer Ratio : 400A/1A |
No. phases 13 Phase 1 ra Phase 2 tb |
Connection I ¢ I
|
Measurement i
Nominal Current { 1.0 A ) : 1.00 A {
. i |
Cojac_BL3 ( IEC: I>> ANSI: 50 ) out of Service : ves |
Tripping Direction _ : None |
Pickup current ( 0.1 - 25.0 p.U. ) : 17.000 p.u. |
Time Setting ( 0.0 - 60.0 s ) 0.800 s ]
' |
IocC >> { IEC: I»>> ANSI: 50 ) out of Service : yves |
Tripping Direction : None |
Pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. J
Time setting ( 6.0 - 60.0 5 ) 0.000 s |
IoC >>> ( IEC: I>>> ANSI: 50 ) out of service : ves |
Tripping Direction : None ]
Pickup Current ( 6.1 - 25.0 p.u. ) : 0.100 p.u. [
Time Setting ( 0.0 - 60.0 s ) 0.000 s i
: . I
Cojac_BL3(1) { IEC: I»t ANSI: 51 ) out of Service : Yes |
Tripping Direction : None ]
current Setting ( 0.1 - 4.0 p.u. ) : 1.000 p.u. i
Time pial ( 0.05 - 3.2 ) 0.550 !
Characteristic : IEC 255-3 inverse {
Ioc Ie> { IEC: IE>>  ANSI: 50N ) out of Service : ves |
Tripping Direction : None |
Pickup Current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. |
Time setting ( 0.0 - 60.0 5 ) £.000 s {
Ioc Ie>> { IEC: IE>> ANSI: 50N ) out of Service ! Yes |
Tripping Direction : None |
pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. |
Time setting { 0.0 - 60.0 s ) 0.000 s !
Toc Ie ( IEC: IE>t ANSI: 5IN ) out of Service : yves |
Tripping Direction : * None |
Current Setting ( 0.1 - 4.0 p-u. ) : 0.100 p.u. |
Time Dial  0.05 - 3.2 ) 0.110 I
Characteristic : IEC 255-3 1inverse g
togic I ocut of Service : No |
Breaker Cubicle Branch |
Cojac cub_3 Cojac-BL3 }
Logic Ie : out of Service : No 1
Breaker Cubicle Branch |
cub_3 Cojac-BL3 |

Cojac
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| Heilbot_BL3

Relay Type : 7515311-58BA0-3A0

|
| Location : Cubicle : Cub_1 Branch : Heilbot- BL3 |
E : Busbar : Bishop Lavis 3 / |
- - !
i <Current Transformer Ratio : 400A/1A |
| No. Phases t 3 Phase 1 T a phase 2 : b |
{ connection tY |
|
| Measurement |
} Nominal Current { 1.0 A ) : 1.00 A I
|
i Heilbot_sL3 { IEC: I>> ANSI: 50 ) out of Service : No i
| Tripping Direction ¢ Nohe . ' |
| Pickup Current ( 0.1 - 25.0 p.u. ) : 15.800 p.u. ]
} Time setting” - ( 0.0 ~ 60.0 s ) 0.400 s |
: I
i Toc > ( IEC: I>> ANSI: 50 ) Out of Service : Yes |
] Tripping Direction : None |
| Pickup current (¢ 0.1 - 25.0 p.u. ) : ¢.100 p.u. i
l Time Setting { 0.0 -60.0 S ) 0.000 s |
|
|  TIoc »>>» ( IEC: I»>»> ANSI: 50 ) out of Service ! ves |
| Tripping Direction : None i
; Pickup Current (¢ 0.1 ~ 25.0 p.u. J): 0.100 p.u. |
; Time Setting { 0.0 - 60.0 s ) 0.000 s [
|
| Heilbot_ BL3 ( IEC: I>t ANSI: 51 ) out of Service ! No |
I Tripping Direction : None |
| Current Setting ( 0.1 - 4.0 p.u. ) 1.000 p.u. I
} Time pial ( 0.05 - 3.2 p - 0.400 |
| characteristic : IEC 255-3 dinverse [
| |
| Toc Ie> { IEC: IE>> ANSI: 50N ) out of Service :yes |
} Tripping Direction : None |
i Pickup Current ( 0.1 -~ 25.0 p.u. J: 0.100 p.u. |
] Time Setting { 0.0 - 60.0 s ) 0.000 s i
]
| Ioc Ie>> { IEC: IE>> ANSI: 50N ) Out of service P Yes |
f Tripping Direction 1 None i
I pickup current ( 0.1 -~ 25.0 p.u. ) : 0.100 p.u. |
| Time Setting { 0.0 - 60.0 s ) : 0.000 s I
] -
| Toc Ie { IEC: IE>t ANSI: 5IN ) out of Service : ves |
i Tripping Direction : None i
| current Setting ( 0.1 - 4.0 p.u. ) : 0.100 p.u. |
I Time Dial { 0.05 - 3.2 ) : 0.070 i
| Characteristic : IEC 255-3 inverse |
| |
| LogicI out of Service : No H
| Breaker cubicle Branch : i
I Bishop Lavis 3 \ Cub_1 Heilbot- BL3 |
| Logic Ie out of Service : No I
} Breaker cubicle Branch }
j Bishop Lavis 3 AY Cub_1 Heilbhot- BL3 |
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Relay Type : 7535311-5BA0-3A0

| EU_Cojac |
| Location : cubicle : Cub_0.2 Branch Eureka-Cojac |
: Busbar " : Busbar B / Station2 |
_____ —— . |
|  current Transformer Ratio 1 400A/1A {
| No. Phases : 3 phase 1 T a Phase 2 : b |
E connection Y |
|
I  Measurement . ]
| Nominal Current ( 1.0 A ) 1.00 A |
| |
! Eu_Cojac ( IEC: I>> ANSI: 50 ) out of Service : No ]
| Tripping Direction : None i
| pickup Current { 0.1 - 25.0 p.u. ) : 18.000 p.u. i
} Time Setting ( 6.0 - 60.0 s ) 1.200 s |
!

{ Ioc > = ( IEC: I»>> ANSI: 50 ) out of Service : ves
] Tripping Direction : : None |
| pickup current ( 0.1 - 25.0 p-u. ) : 0.100 p.u. |
I Time Setting { 0.0 - 60.0 s ) o: 0.000 s |
|
| Ioc »»> { IEC: I>>> ANSI: 50 ) Out of Service : ves |
] Tripping Pirection : None |
| Pickup current ( 0.1 - 25.0 p.u. ) : 0.100 p.u. |
| Time Ssetting ( 0.0 - 60.0 s ) : 0.000 s |
| }
EU_cojac(l) ( IEC: I>t ANSI: 51 ) out of Service : No |
Tripping Direction : None |
Current Setting ( 0.1 - 4.0 p.u. J): 1.000 p.u. j
Time pial { 0.05 - 3.2 ) 0.650 |
characteristic : IEC 255-3 inverse |
|
Ioc Ie> ¢ IEC: IE>> ANSI: 50N ) Out of Service ! Yes }
Tripping Direction : None ]
pickup current ( 0.1 - 25.0 p.u. J: 0.160¢ p.u. |
Time Setting ( 0.0 - 60.0 s ) : 0.000 s }
|
Icc Ie>> { IEC: IE>> ANSI: 50N ) out of Sservice : Yes |
Tripping Direction : None !
pickup current ( 0.1 -~ 25.0 ° p.u. ) : 0.100 p.u. |
Time Setting { 0.0 - 60.0 s. ) s 0.000 s |
: |

Toc Ie ( IEC: IE>t ANSI: S5IN ) Out of Service : Yes
Tripping Direction : None |
Current Setting ( 0.1 -~ 4.0 p.u. ) : 0.100 p.u. !
Time bial ( 0.05 - 3.2 ) . 0.050 i
characteristic : IEC 253-3 inverse |
|
togic I out of Service : NO i
Breaker Cubicle Branch |
Bushar B \ Station2 Ccub_0.2 Eureka-cojac - |
Logic Te . cut of Service : No |
" Breaker Cubicle Branch }
Busbar B Cub_0.2 Eureka-cojac |

\ station2
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- XML (eXtensible MarkupLanguage) is accepted as a standard for data exchange, particularly
between different platforms. The DIGSI XML Code is structured in different levels that are
differently indented and thus can easily be distinguished from one another. Little minus and plus
signs allow you to hide or once again display the contents of individual levels and nodes using a

mouse-click.

<?xml version="1.0" encoding="UTF-8" ?>

- < lea
This file was gesnerated by DISSI 4.82 (nttp://www.DIG3I.com: {Siemens AG) on
IG08/12702 10:52:24
-
- <DeviceData xmins:xsi="http:/ /fwww.w3.org/ 2001 /XMLSchema-instancea”

xsi: noNamespaceSchemaLocatnon—"DIGSIXMLi-I xsd">
- <General> -
<GeneralData Name="DIGSI" 10="4.82.16.995" />
<GeneraiData Name="Name" ID="7SD533 V4.6 Device 1" />

<GeneralData Name="Topology" ID="CPUT RETIC NETWORK / Belville Campus / Main

Intake S/S / 7SD533 V4.6" />
<GeneralData Name="Version" ID="V4.62.3" />
<GeneralData Name="MLFBDIGSI" ID="7SD53315PB999HV7----0R2G2G~-~---" />
<GeneralData Name="VDAdr" ID="10003" />
<GeneralData Name="Binary Input" ID="1-24" />
<GeneralData Name="Binary Output” ID="1-31" />
<GeneralData Name="LEDs" ID="1-14" />
<GeneralData Name="Function Keys" ID="1-4" />
<GeneralData Name="DeviceLanguage” ID="C" Language="English (US)" />
::GeneraiData Name="DIGSILanguage' ID="B" Language="English" />
<Value Name="IPAddress">172.16.10.2</Value>
<Value Name="SubnetMask”">255.255.255.0</Value>
<Value Name="StandardGateway">0.0.0.0</Value>
<Value Name="IEDName">1ED_1</Value>
</General>
- <Settings>
- <FunctionGroup Name="Device Configuration">
- <SettingPage Name="Device Configuration">
- <Parameter DAdr="0103" Name="Setting Group Change Option” Type="Txt">
<Value>7</Value>
<Comment Number="7" Name="Disabled" />
<Comment Number="8" Name="Enabled” />
<Comment DefaultValue="7" />
</Parameter>
- <Parameter DAdr="0110" Name="Trip mode" Type="Txt">
<Value>25279 </Value>
<Comment Number="25278" Name="3pole only" />
<Comment Number="25279" Name="1-/3pole" />
<Camment DefaultValue="25278" />
_ </Parameter>
- <Parameter DAdr="0112" Name="87 Differential protection” Type="Txt">
<Value>7</Nalue> -
<Comment Number="8" Name="Enabled” />
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<Comment Number="7" Name="Disabled" />
<Comment DefaultValue="8" />
<fParameter>

- <Parameter DAdr="0115" Name="21 Phase Distance” Type="Txt">

<Value>7</Value>
<Comment Number="25101" Name—“Quadrllateral" />
<Comment Number="25102" Name="MHO" />
<Comment Number="7" Name="Disabled" />
<Comment DefaultValue="25101" />

</Parameter>

- <Parameter DAdr="0116" Name="21G Ground Dlstance Type="Txt">

<Value>7</Value>
<Comment Number="25101" Name="Quadrilateral" />
<Comment Number="25102" Name="MHQ" />
<Comment Number="7" Name="Disabled" />
<Comment DefaultValue="25101" />

</Parameter>

- <Parameter DAdr="0120" Name="68 Power Swing detection" Type="Txt">
~<Value>7</Value>

<Comment Number="7" Name="Disabled" />

<Comment Number="8" Name="Enabled" />

<Comment DefaultValue="7" />
</Parameter> -

- . <Parameter DAdr="0121" Name="85-21 Pilot Protection for Distance prot" Type="Txt">

<Value>7</Value>

<Comment Number="25113" Name="PUTT {(Z1B)" />
<Comment Number="25114" Name="POTT" />
<Comment Number="25115" Name="Unblocking™ />

- <Comment Number="25116" Name="Blocking" />

<Comment Number="7" Name="Disabled" />
<Comment DefaultValue="7" />
</Parameter>

- <Parameter DAAr="0122" Name="DTT Direct Transfer Trip’ Type="Txt">

<Value>7</Value>

<Comment Number="7" Name="Disabled" />

<Comment Number="8" Name="Enabled" />

<Comment DefaultValue="7" />
<fParameter>

- <Parameter DAdr="0124" Name="50HS Instantaneous SOTF" Type="Txt">

<Value>7</Value>

<Comment Number="7" Name="Disabled” />

<Comment Number="8" Name="Enabled" />

<Comment DefaultValue="7" />
</Parameter>

- <Parameter DAdr="0125" Name="Weak Infeed (Trlp and/or Echo)” Type="Txt">

<Value>7</Value>

<Comment Number="7" Name=" D:sahled" />

<Comment Number="8" Name="Enabled" />

<Comment DefaultValue="7" />
</Parameter>
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APPENDIX
D

INSTL1-L2: Test settings for the fault between L1 and L2

Test Object - Overcurrent Parameters

Qvercurrent protection

Abs. Time Tolerance: -  0.100s Rel. Time Tolerance: 10.00 %
Abs. Current Tolerance:  0.10 In Rel. Current Tolerance:  5.00%
PT connection: __ Online
CT Starpoint Connection: Towards Line
Directional: No
Raset Ratio: 0.95
Apply Auto Reset: No
Threshold fctive  Pick-up Current Time Characteristic
1> Yes 1.000 In (1.000 A) 10.300 IEC Nomnal inverse
|>> Yes [3.000 In (3.000 A) D.100s
[>>> . No 10.000 In (10.000 A) p.050s
Test Settings for Fault Type L1-L2
Fault Model
Prefault time: 0.000s
Pastfault time: 500.0 ms
Max. fault time abs.: 2400s Max. fault time rel.: 100.00 %
Fauft voitage: 1.732Vn
Load Current. 0.000 In
Angle: -75.00°
Th. Reset Enabled: No
Th. Reset Method: Manual
Pick-up Test
Test Type: Do not perform test
Trip Value: na
Resclution: -100.0 ms
Evaluate: No
Relative ) [A] Direction  tnom fmin fmax i;l.ax. Fauit]
ime
1.24 > [1.24 n/a B.741s F.439s N761s 35218
2 26 I> 226 . /2 P.549 s P 164 s 2993s 5.987 5
.13 > 4,13 nfa 100.0 ms D000s 200.0 ms 400.0 ms
5.42 > 5.42 n/a 100.0 ms D000 s [200.0 ms 4030.0 ms
7.95 I> 7.95 v/ 100.0 ms D000 s 200.0 ms M00.0 ms
3.91 1> 8.91 - hia HO0.0 ms 0000s 00.0 ms K00.0 ms
Binary Outputs X
Bin. out 1: . 0
Bin. out 2: 4
Bin. out 3. _ a
Bin. out 4: 0
Trigger condition =
Trigger Logic: OR
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Trip: - o |

Stark: X

Test Module
Name: - OMICRON Overcurernt Version: 2.30
Test Start: 28-Oct-2009 13:51:25 Test End: 28-0ct-2009 13:51:49
User Name: . Fessor Manager: Prof, Tzoneva
Company: CPUT '

Test Results for Fault Type L1-L2

Relative  § [A] Direction  knom bact Deviation [%} PState Overload Result
1.24 > [1.24 T pa 37415 5819 s 0.80 Tested Passed
226 > 226 AES .2 5498 2.543s H).24 Tested Passed
K3l 4.13 n/a : 100.0 ms [132.6 ms [32.60 Tested Passed
5.42 |> 5.42 R/a 1000 ms 130.2 ms [(30.20 Tested . Passed
7.95 [> 7.95 /a M00.0 ms 128.2 ms 28.20 Tested Passed
3.91 [~ 8.9t - pa M00.0 ms [128.1 ms 28.10 Tested Passed

Pick-up Test Results :
Test Status: No results available!

Pick-up value:
Dropout value:
Reset rafio:

Ratio errar (Relative):
Assessment:

Overcurrent Characteristic Diagram

100.0000 -3----
‘£0.0000

10,0000 -1
5.0000 -}

1.0000 5 -
6.5000 4+

0.1000 ----
0.0500 -

0.0100
G.0050

0.0010 1
0.0005 £

T
10 249 a0 s¢ 74 10e 00 300
L1442 - Li{ e *1.000)

State:
6 out of 6 points tested.
6 points passed.
0 points failed.
General Assessment: Test passed
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INSTL2-_L3: Test settings for the fault between L2 and L3

Test Object - Overcurrent Parameters

Overcurrent protection

Abs. Time Tolerance:  0.100s Rel. Time Tolerance: 10.00 %
Abs. Current Tolerance:  0.10 In Rel. Current Tolerance; 5.00%
PT connection: On Line
CT Starpoint Connection: Towards Line
Directional: No
Reset Ratio: 0.95
Apply Auto Reset: No
Threshold Mctive Pick-up Current Time Characteristic
1> Y es 1.000 In (1.000 A) 0.300 EC Normal Inverse
1> Yes 3,000 In (3.000 A) D.100 s
[EESS ‘Ne 110.000 10 (10.000 A) pP.050s
Test Settings for Fault Type L2-L3
-Fault Model
Prefautt time: 0.000 s
Postfault time: 500.0 ms
-- Max. fault ime abs.: 2400s Max. fauit time rel.: 100.00 %
Fault voltage: 1.732Vn
Load Current: 0.000 In
Angle: -75.00°
Th. Reset Enabled: No
Th. Reset Method: Manuat
Pick-up Test
Test Type: Do not perform test
Trip Value: nfa
Resolution: 100.0 ms
Evaluate: No
[Relative  J [A] Direction  knom kmin fmax Max. Fauig
Time
1.24 {> 1.24 f/a 0.741s £.439s t761s 35.21s
226 > P26 h/a 2549 s 2164 s [2.993 5 5.987 5
4.13 1> K13 hv/a [100.0 ms 0.000s 200.0 ms K00.0 ms
5.42 |> I5.42 hia 100.0ms RO00s 200.0ms 400.0 ms
7.95 1> 7.95 nfa 100.0 ms D000s 00.0 ms 400.0 ms
2.91 > 8.91 a 100.0 ms 0.000 s R00.0 ms #00.0 ms
Binary Outputs
Bin. out 1: 0
Bin. out 2: g
Bin. out 3: )
Bin. out 4: 0
- Trigger condition
Trigger Logic: OR
Trip: 1
Stark
Test Module -
Name: OMICRON Overcurrent Version: 2.30
. Test Start: 28-Oct-2009 13:59:47 Test End: 28-0Oct-2009 14:00:12
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User Name: Fessor Manager: Prof, Tzoneva

Company: CPUT
Test Results for Fault Type 1.2-L.3
Relative 1 [A] Direction  nom kact Deviation [%] State  [Qverload Result
1.24 > 1.24 h/a B.741 s 0.810 5 .71 ~ [Tested Passed
226 1> 2.26 nia 2 549 5 25533 .14 Tested Passed
4.13 I> K13 E " p00.0ms 133.0 ms 33.00 Tested Passed
5.42 > 5.42 s 100.0 ms 130.0 ms ;30.00 Tested Passed
7.95 > 7.95 n/a NO0.0Oms - {1318ms [31.80 Tested Passed
8.91 I> B.91 a H00.0ms 1128.0 ms 29.00 Tested Passed
Pick-up Test Results

Test Status: No results available!

Pick-up value;
Dropout value:
Reset ratio:

Ratio error (Relative):
Assessment:

500.0000

100.0000 -
50.0000 -+

1

State:

Overcurrent Characteristic Diagram

0.0000 -+

5.0000 —x .

1.0000 -4
0.5000 —-<

0.1000 -+
0.0500 -4

0.0160 T3
0.0050 -+

0.0010

__________________________

0.0085 -

6 out of G points tested.

& points passed.
0 points failed.

T
70 10.0

L2-L3 -1/ In *1.000)

General Assessment: Test passed
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