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ABSTRACT

PROTECTION OF THE iNTER—TIE BETWEEN AN INDUSTRIAL COGENERATOR AND A
UTILITY

by

Abdur Rahim Mellah

The work presented in this thesis is concerned with the development
of -a-microprocessqor based technique to detect and locate symmetrical
and unsymmetrical faults on the interfacing network of a utility
interconnected -industrial cogenerator system; and to identify the
type of the detected fault.

In order to provide operational flexibility and supply security to
such an interconnected industrial cogenerator plant, fault location
is regarded as being of prime importance. Current protection prac-
tices using conventional technology for this sort of interconnected
cogeneration system were reviewed.

A relay coordination study was carried out on a simulated utility
interconnected cogeneration system. This resulted in identification
of the problems and limitations of the application of standard IDMT
relays for overcurrent protection of such a system.

A review of digital protection, and its various algorithms, was
undertaken. This provided the basis for a rational choice of algo-
rithm for the proposed new technique.

The sequence of functions of the protection scheme’s algorithm,
based on the proposed technique, can be presented in brief as fol-
lows: First, phase currents at selected positions on the system are
sampled. The positive phase sequence (pps) currents at those posi-
tions are then obtained in digitised form from the sampled phase
currents. Then, these pps currents, containing fundamentals along
with other harmonics and dc offsets, are used in a Fourier filtering

algorithm to extract only fundamental components in rectangular
forms. Signs of imaginary parts of these components are then used to

determine the directions of pps currents at the selected positions.

The industrial bus voltage is used as the polarising reference.
Finally these directions arémlused, in.a fault detection landilocation
subroutine to determine ! the location lof any fault under i'such'condi-

tions. After detecting a fault and locating its position, the type
of fault is determined from off-line analysis of the postfault phase

currents. The analysis is based on identifying the phases carrying
the maximum fault current and checking the presence of zero sequence

current.

The proposed protection scheme has been tested on a computer simu-
lated system which consists of a utility interconnected to an indus-
trial plant with cogeneration. The performance has been found to be
satisfactory for all kinds of solid and low arc resistance faults
anywhere on the interfacing network between the systems.
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CHAPTER ONE

INTRODUCTION

1.1 General

Energy resources are limited and finite in this world. Gradual
exhaustion of cheap energy sources and its consequences on the
society are becoming more serious worldwide. The cost of all forms
of energy including coal, natural gas, fuel o0il and electricity has
increased several fold in the last 15 years [1]. The cost of elec-
tricity is expected to increase rapidly in the near future as the
costs of fossil fuels continue to increase. In recent years, short-
term disruptions have been experienced by some o0il and natural gas
supply industries due to gradual decrease in reserves, which raise
the fear about the long-term availability of several fossil fuels.
There is, therefore, a developing energy crisis. Fortunately, it has
been recognised in many countries that energy conservation policies
must play a vital role in helping to slow down the rate of exhaus-
tion of fossil fuel resources [2]. Subsequently, efforts are being
made to develop technologies in order to recover as much energy from

waste, unconventional and renewable sources as possible [3].

1.2 Dispersed storage and generation

The term "Dispersed Storage and Generation (DSG)" is used to de-
scribe small scale generation , usually ranging from 5 KW to 80 MW,

from solid waste or renewable energy sources. It is also known as




Private Generation. Available renewable energy sources include
hydro, wind, wave, tide, solar, geothermal, biomass and urban waste
[4-6]. Although renewable energy sources are characterised by low
energy concentration per unit surface area of sea and land, they
offer attractive features like inexhaustibility, enormous theoreti-
cal potential and ecological cleanliness in particular. Our planet
is proceeding towards the possible catastrophic consequences of
global warming due to large-scale use of fossil fuels and nuclear
pollution from the use of nuclear fuel in conventional power plants
[3]. With the growing concern over the energy crisis and global
warming, effective utilisation of all possible renewable energy

sources for electricity generation is being promoted worldwide [7]. _~{tngmi>.

L.3 Cogeneration =1 ;f;lﬁ“

The term "cogeneration" is rapidly becoming familiar to engineers in
manufacturing and power supply industries. The process of sequential
generation of energy mainly in two forms, heat and electricity, from
a common energy source is called cogeneration [8,9]. It is also
known in the industry as combined heat and power (CHP) [10,11].
Cogeneration is not a new technology. It was recognised as an eco-
nomic means to recover waste heat energy for electric power genera-
tion and was prevalent at the turn of this century, when a great
majority of electric generating capacity was on industrial sites.
This was primarily because public electricity supply was unavailable
or costly. Introduction of a reliable and reasonable service in the

mid 1900's, together with the availability of cheap fuels, brought

AW




about a decline in the growth of industrial cogeneration [12-14].

Since cogeneration is a sequential process, with the waste heat from
one process being captured for use as an energy input in another
process, it requires firstly, some amount of common physical plant
space for the two processes and secondly, a sharing of the energy
content of the input fuel. This joint system can reduce energy input
to 10 - 30% below that required by separate systems to produce the
same outputs. Total system efficiency can approach 907 [15]. On the
other hand, in conventional power stations employing condensing
turbines, only approximately 35% of the fuel input is received in
the form of electric energy. The remainder of the fuel calorific

value is lost [10].

With the increasing necessity for energy conservation and escalating
costs for building new utility power plants, industrial cogeneration
along with DSG is being encouraged worldwide. Industries likely to
offer good cogeneration potential include paper, cement and ferti-
lizer mills as well as many food processing and chemical plants,
which produce steam for their production processes and use the heat

energy of vaste or excess steam for electricity generation.

1.4 Interconnection of industrial cogeneration with utilities

1.4.1 confiquration of the interconnection

The industrial cogeneration may be interconnected with a utility in

different ways [16-20]. However, the interconnection is almost




alvays made through an interface transformer, which provides an
impedance buffer between the two systems. The voltage level, at
which the interconnection is made, depends [17] mainly on the maxi-
mum electricity demand of the industrial plant; whereas the configu-
ration of the interfacing network depends on electricity demand,
cogeneration capacity and the degree of supply security required by
the industrial plant. Fig. 1.1 shows different modes of interconnec-
tion. A common form of utility-industrial cogeneration interconnec-
tion is shown in Fig. 1.1(a) where the customer busbar is intercon-
nected with a utility through a single link. The cogenerator is
directly connected to the customer busbar which also supplies the
industrial loads. However, the supply security of the configuration,
shown in Fig. 1.1(a), can be improved by sectionalising the customer
busbar and putting the .essential load and cogenerator in one section
and the non-essential load in other as shown in Fig. 1.1(b). In the
case of a heavy industry, which requires a very reliable power
supply, the interconnection is made through a multiple link as shown
in Fig. 1.1(c). In the case of low-scale industrial cogeneration,
the cogenerator is connected further down from the interfacing point

at a low voltage busbar as shown in Fig. 1.1(d).

1.4.2 Advantages of parallel operation

From the previous discussion it can be seen that industrial cogener-
ation is economically justified by the value of electrical energy
generated. Industrial cogeneration, operating in parallel with a

utility, becomes even more economical compared with its stand-alone




operation, since the costly additional steam generators, required to
augment the steam supply to the turbogenerators, can be eliminated

by using the utility as a makeup source [16].

In parallel operation, the cogeneration plant can be used to reduce
the peak demand on the utility in order to achieve a more attractive
tariff. Parallel operation also provides the industry with a facili-
ty to sell profitably its excess electric power to the utility. In
addition, it increases the power supply security of the industrial
plant by using the utility as a redundant source. Furthermore, it
increases the flexibility and ease of plant operation, which can be

translated into significant economic benefit [21,22].

1.4.3 Factors influencing the interconnection

Although the addition of cogeneration facilities to an industrial
site and, in particular, the interconnection of these facilities
with a utility for parallel operation is being encouraged in recent
years for both economic and supply security reasons, it presents
several concerns for the utility. Review of literature [4,6,17,22-
28] reveals that these concerns include safety, power quality,
reliability, choice of protection scheme, svitchgear capacity and
relay coordination, planning, operation and metering systems and
rate structure. The industrial plant may have a slightly different
set of concerns such as, safety, protection of cogeneration system,

interconnection cost and impact on production.



Safety of personnel

Safety of maintenance personnel is of paramount concern. Utility
maintenance personnel are always required to follow a set of safety
work rules laid down by the utility. The interconnection of indus-
trial cogenerators for parallel operation with the utility will make
the standard safety work rules quite inadequate. For example, when
the tie line is opened by the utility- owned circuit breaker for a
fault on the utility, the industrial cogenerator may remain connect-
ed to the customer busbar, energising the downline of the tie.
Having mistakenly deduced from the open state of the utility circuit
breaker that the tie was de-energized, utility personnel may start

maintenance work. This could be a potentially dangerous situation.

Another safety concern is the possibility of energising an isolated
utility circuit from the cogenerator. Closure would endanger the
public and utility workers and others who have determined that the

circuit was de-energized and were in contact with the circuit.

safety of equipments

Although the use of autoreclosure is very common in utilities in
order to improve the service continuity, a high speed autoreclosing
device on the utility-industrial tie can be a serious problem for
both the utility and the industrial plant. For example, due to
temporary faults on the utility, the autoreclosure may reclose the

utility on to the industrial cogenerator out of phase. This can
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create dangerous torque transients on the rotating machines and

consequently damage the machines within the industrial plant.

Another concern is the resonance between the power factor improve-
ment capacitance and the inductance of the cogenerator winding under
islanding condition. This resonance can create a dangerous overvolt-
age on the isolated system during a single line to ground fault.
Some investigators [27] have found that conventional sensing is not
fast enough to avoid equipment damage. Islanding occurs when the
utility is disconnected, usually as a result of a fault, from the
rest of the industrial system and the capacity of the industrial

cogenerator is adequate to carry the isolated industrial load.

Power quality

Power quality is assessed by the degree of fluctuation of voltage

and frequency, amount of harmonic content and power factor. The

utility is obliged to maintain its system voltage and frequency
within certain tolerances so that customer equipments function
efficiently and reliably. The utility system, therefore, expects
that the cogenerator power, sold to the utility, will be within the

acceptable tolerances.

Injection of harmonics by the cogeneration system is a concern for
the utility. These harmonics distort the power signal of the utility
system. Harmonic currents can cause improper operation of earth
fault and other protective relays and sensitive electronic equipment

[15]. Saturation and imperfect flux distribution in the cogenerator



winding may be the source of harmonics in the industrial system.

Low power factor may be another problem [15]. It can cause large
voltage drop in supply circuits, an increase in power loss and
equipment overheating. Thus the utility expects that the industrial
system should be operated at a good power factor i.e. near unity.
The utility may impose some penalty in its billing agreement for low

power factor.

Reliability

The reliability of the utility service is important to the cogenera-
tion scheme as well as to the utility itself. Being one of the
customers of the utility, the owner of the cogenerator desires a
reliable service. It is, therefore, the responsibility of the cogen-
erator owner to ensure that his equipment does not affect the reli-
ability of the utility by causing unnecessary interruption. This
consideration may influence the selection of equipment operating

points and the equipment protection schemes.

Utility system reliability is also influenced by the location of the

cogenerator interconnection with the utility. If the interconnection

is made at transmission level, the interruptions of cogenerator
service have greater impact than those at a distribution level.
Consequently, the utility may require even more stringent protection

of the cogenerator in order to protect other customers downstream of

the cogenerator.

The cogeneration capacity also has impact on the reliability of



utility system. If the output capacity of the cogenerator is much
smaller than the plant load, disturbances created by the cogenerator
may not have significant impact on the rest of the plant and on the
utility. However, if the cogenerator output capacity approaches or
exceeds plant load, the cogenerator'’s disturbances affect signifi-
cantly both the plant and the utility. This will usually necessitate

a more stringent protective scheme.

Choice of protection scheme

In an industrial cogenerator-utility interconnected system, both the
utility and the cogenerator need to protect their respective facili-
ties and personnel from any dam&ge and injury that could be caused
by the fault on the utility, on the interface or by cogenerator
misoperation. However, it is a difficult task to choose an appropri-
ate quality and quantity of protection and setting of relay trip
points. This is due to the fact that the protective scheme should be
satisfactory to both systems which may have conflicting operating
requirements. For example, the cogenerator would ideally like to
have wide limits of operation so that the generator can operate with
infrequent disconnections. In addition, the cogenerator owner would
prefer to protect his equipment at the least possible cost. On the
other hand, the utility would not compromise with the reliability of
its service. As a consequence, it requires a greater margin of

protection for its facilities in order to maintain service to other

customers.
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Switchgear capacity and relay coordination

The addition of a cogeneration scheme to an industrial system is a
concern for the utility due to the fact that the cogenerator in-
creases the fault level as well as the reactance to resistance ratio
of the overall system. This may necessitate redesigning of the
intertie substation and its switchgear equipments. For instance, the
ratings of fuses, circuit breakers and intertie busbars may require
to be upgraded in order to cope with the extra fault currents,
contributed by the cogenerator. This excess fault current may also

disturb the coordination of overcurrent relays on the system. This

is discussed in the following paragraph.

Vithout cogeneration facilities the industrial system imports all
its required electric power from the utility. Thus it can be consid-
ered as a single end fed radial distribution system. The extent of
outages on this sort of radial system is minimised by opening only
the protective devices closest to the fault. This can be achieved by
placing successively more sensitiye overcurrent protective relays on
the circuit as the distance of the relays from the power source
increasés. The pick-up current of each relay is determined by the
minimum fault currents at relay locations. When a cogenerator is
added to the system, the fault current is increased significantly
throughout the system. As a result, the coordination of the overcur-
rent relays may be lost and this leads to maloperation of the re-
lays. Thus, the presence of cogeneration may impose requirements on

the utility to modify its coordination of protective devices.

10



Planning and operation

The presence of cogeneration may affect the utility planning for the
following reasons. Firstly, the traditional operating strategies of
cogeneration facilities are governed by factors, which may be quite
different from those of utility. The basic philosophy behind the
design of a public supply system is to meet the growing and periodi-
cally varying electrical loads; whereas, the cogenerator’s concerns
lies primarily with meeting thermal demands of manufacturing proc-
esses and then, as a secondary consideration, the electrical power
generation capabilities. Secondly, the assumption of unidirectional

pover flow from utility to consumer may no longer be valid.

Utilities need to account for the deviations from their expected
load surveys and load factors caused by cogeneration. Load surveys,
which are used to determine the electrical demands of the utility at
present and in the future, are the foundation of utility planning.
Load factor reflects the utilisation factor (ratio of average use to
peak use) of the utility equipments. Both of these factors are
atfected by cogeneration, which is usually not planned for and

displaces some electrical demand as well.

The interconnection of industrial cogeneration with a utility
presents operating problems to both the utility and industrial site.
The utility’s operating problems are discussed first, followed by
the operating problems of the industry. Firstly, cogeneration plant
affect the operation of utility generation due to their base load

mode of operation. This base load mode usually increases the utili-

11
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ty’s daily unit commitment problems. Unit commitment is a technique
to decide which of the available generators should start-up and
shut-down over a given time horizon in such a manner that the demand
and the spinning reserve requirement are satisfied and overall fuel
cost is a minimum [29]. Secondly, the utility experiences a signifi-
cant decrease in operating flexibility. Base load cogeneration
effectively removes the constant load that the utility generators
would normally serve and thus contributes nothing to serving the
variable load of the utility. Thirdly, the worst operating problem
arises in the case of a cogenerator importing power from the utility
during its peak period and exporting to the utility only during the
off peak period (termed off peak dumping). In these circumstances
similar problems, as discussed before, occur, but a much sharper
load pickup is required by the utility and the total amount of load
swing is effectively increased. Furthermore, cogeneration affects
fuel planning, voltage control, system outage planning and system

security analysis of the utility.

As mentioned previously, the primary factor involved in building

a cogeneration facility is normally to meet internal demands (ther-
mal and electrical) economically and efficiently. Depending upon the
flexibility with which a cogenerator is designed, increase or de-
crease in electric power generation requested by the interconnected
utility can cause disruption of steam flow and pressure provided for
manufacturing process use. Typically, utility personnel may not be
fully aware of these restrictions and tend to impose operational

requirements upon the cogenerator as they would on one of their own

12
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powver stations. However, in a typical large cogeneration facility a
combination of steam and gas turbines can be utilised to cope with

this power demand variation after meeting the internal thermal and

power demands.

Metering systems and rate structure

Metering systems, which are based on unidirectional power flow i.e.
from utility to customegﬁ aré required to be modified when a cogen-
eration scheme is installed within the industrial plant. There
should be separate metering systems to measure both imported and
exported electric energy, which may have different ratés. It is
sometimes difficult to find a suitable rate satisfactory to both
parties, particularly when the cogenerator wants to buy energy from
the utility during its peak period and wants to sell during off-peak

period.

1.5 Current practices for protection of industrial

cogenerator-utility interconnected system

TwBs 1 Overview of the protection

The main objective of protective relaying is to detect abnormal
conditions and isolate the problematic areas. The design of a relay-
ing scheme for the protection of a utility interconnected industrial
system, without cogeneration facilities, is based on unidirectional

powver flow, i.e. from the utility to the industrial plant. Overcur-

13
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rent protection alone can be considered sufficient if the intercon-
nected industrial system is relatively small. If, however, the
industrial system is extensive, high speed differential protection
for the link becomes essential as a primary protection, while over-

current protection remains as a backup [30].

Addition of cogeneration facilities to the industrial system may
result in bidirectional power flow in the interface link, according
to the cogeneration capacity, and the variation of the industry’s
electric demand under normal operating conditions. This complicates
the protective scheﬁg’of the interface. Since the configuration of
the interconnection depends upon the demand and supply- security
requirement of the industry, the protective schemes will be aiffer-
ent for different requirements. Several publications, Engineering
recommendations and Technical reports [5,6,19,20,27,31-35] have
analysed and recommended protective schemes for this sort of bidi-
rectional power flow interface. The most common additional relays
required at the intertie include over and under-voltage relays, over

and under-frequency relays, a synchronising relay and lockout relay.

For a fault on the utility or on the intertie of an interconnected
system, where the electrical output of the cogenerator is very small
compared to plant demand, simultaneous disconnection of the tie and
the cogenerator is the present common practice. This avoids the
possibility of reclosing the utility on to the cogenerator out of
phase. This practice can be justified by the fact that the cost
incurred by the extra switchgear and protective relays for retaining

the cogenerator in the isolated condition is not economical. Howev-

14




er, 1f the cogenerator capacity is comparable to the plant demand
and complete power failure results in a threat to the industrial
plant’s profit, it might be preferable to allow the industrial
cogenerator, with a proper load shedding scheme, to run as an iso-
lated system to meet the critical load. This, of course, requires
additional relays and switchgear as mentioned before. In addition,
it requires a change in circuit breaker controls and some sort of
interlocking between the utility breaker and the customer breaker at

the interface link. This will be discussed in the next section.

When a short circuit occurs on an industrial cogenerator-utility
interconnected system, both the utility and the industrial system
contribute to the fault current.Therefore, both the utility and the
cogenerator will have to be protected from possible damage caused by

the fault. The protection scheme for this sort of interconnected
system can be divided into the following three parts. Firstly, if
the fault occurs on the utility, the fault should be detected and
isolated by the primary protection of the utility. However, the
industrial system must have the provision to protect its equipment
in the event of the utility relays and breakers failing to detect
and isolate the fault. This is called backup protection for the
industry. In this kind of backup scheme, relays are provided on the

industrial system which detect a fault on the utility and disconnect

the generator (or alternatively, the link between the industrial
system and the utility) if the utility system fault has not been
cleared by the utility relays and breakers within a predetermined
period of time. Secondly, when a fault occurs on the industrial

system, the fault should be detected and isolated by the primary

15




protection of the industrial site. Hovever, the utility must be
provided with a backup protection scheme to safeguard against fail-

ure of the industrial primary protection. This is known as backup
protection for the utility. Finally, when a fault occurs at the
interface link, the fault should be isolated by the protection

scheme of the link.

Fig.1.2 [19,20,36] shows a typical example of a protective scheme
for a bidirectional power flow industrial cogenerator-utility inter-
connection. The scheme combines all the aforementioned considera-
tions and allows the cogenerator to run as an isolated system in the
case of a utility or interface link fault. The relaying scheme will

be discussed in the following sections with reference to Fig. 1.2.

153 Protection of the interface

Since the interface link connects the two systems together for
parallel operation, the protection of the link i.e. the interface
transformer is extremely important. The interface transformer should
alvays be chosen with adequate capacity to handle the total load of
the industrial plant irrespective of direction of power flow in the
link. Taking this into consideration, the protection of the inter-
face transformer is, by convention, provided with a percentage
differential relay (87T) and Buchholz relay (63). The differential
relay provides sensitive and instantaneous protection for faults
occurring in the zone between the differential connected current

transformers near the utility side circuit breaker (A) and the

16



customer side circuit breaker (B). Faults within this protection
zone are cleared by the breakers A and B. A harmonic restraint
feature should be included in the percentage differential relay in
order to prevent false tripping when magnetising current inrush
occurs. Local backup for the transformer differential relay failure
is provided by the time overcurrent relay (51) fed from the CTs of

the differential scheme.

The Buchholz relay operates in response to a sudden rise of pressure
in the transformer tank. This sudden pressure rise is caused by
rapid vaporisation of the insulating liquid during faults within the
tank. However, the relay does not operate with a gradual rise in
internal pressure caused by normal load variation or by changes in
ambient temperature. Moreover, if a breather device is fitted with
the transformer tank, it allows air flow in and out and thus pre-

vents slow pressure changes.

The main purpose of including the customer breaker B in the protec-
tion scheme is to provide the facility of isolated operation of the
industrial site under fault conditions on the utility or on the
interface link. In addition, some form of interlocking between the
breakers A and B is required to make isolated operation safe. For
example, for faults on the utility system or on the interface link,
the breaker A is opened first followed by breaker B. To close break-
er B, the following two requirements must be met sequentially

first, breaker A must be closed and then the plant cogenerator must
be synchronised with the utility system by changing its speed and

field preferably by autosynchroniser. This interlocking arrangement
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will alleviate the problem caused by adding a autoreclosing facility

to the utility breaker A.

The function of the lockout relay (86) is to lock the breaker (or
autoreclosure) A in the open position after being tripped by a
permanent fault on the utility or on the interface link. This also

ensures safety of the maintenance personnel.

B3 Protection of the industrial plant

Before going to a discussion of backup protection for the industrial
site, consider first its main protection. The busbar differential
relay (87B) is provided to detect faults on the customer busbar, to
which the cogenerator is connected, and initiate the disconnection
of both the utility and the cogenerator by breakers A and C respec-
tively (see Fig. 1.2). The local backup protection of busbar differ-

ential relay is provided by a time overcurrent relay (51B).

Phase faults on the feeder are detected by the instantaneous and
phase time overcurrent relays (50/51) and ground faults by the

instantaneous overcurrent ground fault relay (50GS).

Internal faults in the industrial cogenerator are detected by the
generator differential relay (87G). The voltage controlled time
overcurrent relay (51V) in the generator circuit provides a 1local
backup for the generator differential protection. The generator is
protected against motoring and rotor overheating by a reverse powver
relay (32) and negative phase sequence relay (46) respectively. All

the generator protective devices described above actuate breaker C
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in order to disconnect the generator in fault conditions.

Having provided adequate protection for faults within the industrial
system, it must also be protected against faults on the utility
side which may remain undetected and uncleared by the utility pro-
tection scheme. A directional time overcurrent relay at the link is
not suitable to provide backup protection for the industrial system
for faults on the utility system for the following reasons : first-
ly, if the link carries powver En both directions under normal oper-
ating conditions according to contract between the two parties (
utility and industrial customer), there will be no unique informa-
tion (i.e. fault or normal operation) in the direction of current
flow at the link. So a directional overcurrent relay is ineffective.
Secondly, under a unidirectional power flow contract (from utility
to industry), any current flowing from industry to utility will
indicate a fault at the utility. But the fault current at the relay
after a predetermined period of time may reduce to less than its
pickup value due to dynamic interaction between the industrial
generators and motors during the fault [20]). However, a second zone

delayed distance relay (21-2), shown in Fig. 1.2, can suitably

provide the backup protection in this situation.

Vhen the interface transformer has a delta connected high voltage
winding and a wye connected low voltage winding, as shown in Fig.
1.2, there will be no ground (zero sequence) current in the high
voltage winding for a ground fault on the utility. However, the
utility’s remote end relay will detect it and isolate the circuit

from that end and a transfer trip signal will open the breaker A as
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well. To provide backup protection for the industrial site for fhis
type of utility ground fault, a zero sequence voltage relay, also

called ground detection relay, (59G) is used.

L:5:4 Protection of the utility

The utility must have adequate protection to safeguard against
faults within its own system. This is not the concern of this work
and thus will not be discussed. However, the utility is concerned to
protect its equipment from faults on the industrial system, which
are not cleared by the industry’s protection. Backup protection for

the utility in the event of industrial system faults could be as

follows.

Firstly, an overcurrent relay (50/51) at the top of the link, shown
in Fig. 1.2 , provides backup for the utility. The settings of the
relay are chosen to coordinate with the phase time overcurrent
relays on the busbar and on the feeder. Secondly, backup protection
for ground faults on the industrial system is provided by the time
overcurrent ground relay (51TG) fed from the CT in the transformer
neutral connection. This relay must be coordinated with the ground
relay at the busbar (51BG) but need not be directional because it
will not respond to ground faults on the utility. Finally, in order
to provide backup relaying at the far end of the utility supply
line, distance relays could be a suitable option. An instantaneous
first zone relay should be set to reach into but not through the

interface transformer, and the second zone relay should be set to
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reach through the interface transformer to provide backup for faults
on the industrial busbar or on the feeder. This option, however, is

not shown in Fig. 1.2.

1.5.5 Choice of grounding

The grounding plays a vital role in the design of an industrial
system as well as its earth fault protection scheme. However, there
is no single best grounding ﬁfactice which can meet the requirements
of every plant. A suitable grounding system depends on the operating
environment of the plant. For instance, when the utility is the sole
source of power for the industrial site, grounding could be-based on
long standing traditional practices. Secondly, when an industrial
system, with its cogeneration scheme, is completely independent of
the utility, the user may choose a unique procedure for grounding.
However, 1f both systems are interconnected for parallel operation,
neither of the above grounding choices may be ideal [37]. In the
case of a utility interconnected industrial cogenerator, the follow-
ing factors will have an impact on the decisions for grounding.
These include fault current, harmonic current and overvoltage
[16,38]. Each one of these factors influences the others. For exam-
ple, high ground fault current, as in the case of a solidly grounded
system, can cause damage to equipment but reduces the risk of over-
voltage. On the other hand, too much limit on ground fault current
may result in excessive overvoltage which may cause insulation

failure.
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Fault current

Generally, the generator windings are braced to withstand the me-
chanical forces resulting from a bolted three phase short circuit at
the machine terminals. Generators with solidly grounded neutrals
will usually have phase to ground fault currents in excess of their
maximum three phase fault capability [39]. In addition, as the
number of ground sources in the system increases, the total ground
fault current also increases. In a utility’s transmission systenm,
solid grounding is the common practice which facilitates protective
relaying for selective operation. In medium or low voltage industri-
al systems, ground fault current is limited to less than the three
phase fault current. This is done by adding impedance in the neutral

to ground circuit.

The choice of the impedance and location of the ground source may
become a difficult task. When a plant owner wants to continue pro-
duction operations under ground fault conditions, which is however a
very rare case, the value of the neutral to ground impedance should
be high enough to limit the ground fault current to a low level.
This, of course, aggravates the problem of system overvoltage, fault
detection and relaying. On the other hand, very low impedance in the
neutral can result in high fault current, causing equipment damage
but easing fault detection and protective relaying. Therefore, the
value of the neutral to ground impedance should be high enough to
limit the fault current to less than a dangerous value, and at the
same time low enough to give adequate fault current for easy fault

detection and relaying.
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Because of the added complexity in relay selectivity and determina-
tion of ground fault current with multiple grounding, a single
ground source is preferred. Two easy options are available for
providing a single ground source in a utility interconnected indus-
trial cogeneration system : either at the neutral of the cogenerator
or at the neutral of the delta-wye connected interface transformer
[38]. The disadvantage of the first option is that the industrial
system becomes ungrounded in }he case of cogenerator disconnection.
The second option is better than the first one in the sense that the
system ground remains intact even after the cogenerator disconnec-
tion. However, disconnection of the interface transformer leaves the
industrial system again ungrounded. Therefore, grounding the neu-
trals of both the cogenerator and the interface transformer is the
possible option to avoid the chance of system ungrounding under any

circumstances.

Harmonic current

Core saturation and imperfect winding and flux distribution are the
main causes of generation of third and other odd harmonic currents
in the generator. Depending on its design, the industrial cogenera-
tor may produce up to ten percent third harmonic current [39]. Two
or more industrial cogenerators, with their neutrals grounded,
running in parallel may produce excessive third harmonic currents.
It may, therefore, be necessary to restrict the neutral grounding to

a single machine and provide automatic transfer facilities of the
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generator neutral to another machine in the event of the selected
machine being tripped. In addition, earthing arrangements must be
designed such that the operation of the utility’s protection system

is not adversely effected [34].

1.6 Objective of the research

It has been mentioned previously that industrial cogeneration is
becoming increasingly attractive as a result of the developing
energy crisis. Parallel operation of industrial cogeneration with a
utility is even more attractive both economically and technically.
Parallel operation helps to reduce the overall energy expen&iture as
well as improving operational flexibility and supply security for
the industrial site. However, it necessitates a stringent protective
scheme for the interconnected system, particularly the interface
link. The protection scheme becomes even more complex and expensive
when the interface link is meant to handle bidirectional power flow
under normal operating conditions. It is important to note that any
industry, having a considerable amount of cogeneration capacity,
will obviously prefer to run its system isolated in the event of
faults on the utility or on the interface link. If, however, the
fault occurs on the industrial busbar, to which both the utility and
cogenerator are connected, the industrial site is left with only one
option i.e. shutdown the entire system. It is, therefore, essential
to locate faults on the system in order to achieve aforementioned

flexibility.
Fig. 1.2 shows a typical example of a complete protection scheme,
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which can detect, locate and isolate the faults, for an intercon-
nected system where the interface link handles power in both direc-
tions. Fig. 1.2 also illustrates the complexity and gives an impres-
sion of the cost involved in the protection scheme. Seeking a com-
paratively simple, cheap, fast and reliable protection scheme to

replace the complicated and expensive existing version is the theme

of this research work.

The objective of this researcﬁ is to develop a microprocessor based
new technique to detect and locate symmetrical or unsymmetrical
short circuit faults anywhere on the interconnected system. A single
protection scheme based on this technique will be able to replace
all differential zone protection, reverse power protection of the
cogenerator and the feeder main protection, and consequently becomes
cheap. The technique has been tested on a computer simulated system
and the results show that such faults can be detected and located

well within one cycle after the fault inception.
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CHAPTER TWO

COORDINATION STUDY OF IDMT OVERCURRENT RELAYS ON A SIMULATED

INDUSTRIAL COGENERATOR-UTILITY INTERCONNECTED SYSTEM

2.1 Introduction

Overcurrent protective systems have evolved from the basic principle
of protection against excess.current. Overcurrent protection is
quite different from overload protection. The operation of overload
relay depends on a time which is related to the thermal capability
of the plant to be protected. On the other hand, overcurrenf protec-
tion should function only on system faults [36]. There are various
overcurrent relays in that the correct coordination is obtained by
grading either time or overcurrent or a combination of both time and
overcurrent. The common aim of all the relays is to achieve correct
discrimination i.e. selection and isolation of only the faulty
section of the power system network. There are, however, disadvan-
tages with time or current grading alone. Firstly, in the case of
discrimination by time alone, the disadvantage is due to the fact
that the more severe faults are cleared in longest time. Secondly,
discrimination by current alone can be applied only where there is

an appreciable impedance between the location of two relays con-

cerned.

Because of the limitations imposed by the independent use of either
time or current for discrimination, the combination of both time and

current features, called inverse definite minimum time (IDMT), has
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evolved. IDMT relays are widely used for the overcurrent protection

of electric power systems due to their simple principle and low
cost. They are used to provide main protection for radial distribu-

tion system and back-up protection for expensive interconnected
systems, where the primary protection is provided by unit or dis-
tance schemes. Although IDMT relays cannot identify a fault zone,

the discrimination between the adjacent protection zones can be
achieved by adjusting the plug_setting and time setting multiplier
[40]. However, there are limitations in the application of these
relays. First, they do not provide all protection requirements of
power systems. Secondly, satisfactory grading cannot always be
achieved for complex networks. With a view to identifying these
application difficulties of standard IDMT relays, a relay coordina-

tion study was conducted on a simulated utility interconnected
industrial system, having cogeneration facilities. This chapter
describes the application of these relays to the simulated system

and presents the results of the study.

Without cogeneration facilities the industrial system imports all
its required electric power from the utility. Thus, it can be con-
sidered as a radial distribution system with single-end feeding.
Hence, the fault level at any point on the system decreases as the
point moves away from the feeding end [41]. Various parts of this
radial system can be protected by using standard IDMT relays at
suitable locations. Proper time discrimination between the operation
of the relays at different locations can be ensured easily under

this situation by choosing the appropriate relay settings according
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to the fault level.

The addition of cogenerators to the industrial system causes an
increase in fault level throughout the system. Consequently, the
relay coordination in the entire system could be disturbed and, more
importantly, discrimination between some of the relays is totally
destroyed. Therefore, the settings of the relays must be modified to
bring back the proper coordination with the increased fault level.
However, this study shows thatﬁit is difficult to obtain correct
discrimination, particularly between the cogenerator relay and

feeder relays further down from the cogenerator.

2.9, IDMT relay characteristic

IDMT relays with different operating characteristics are available
to suit different requirements. Typical operating characteristics in
use are standard inverse, very inverse and extremely inverse [36].
The standard IDMT relay characteristic, shown in Fig. 2.1, is used
for this study. The relay has two controls : plug setting and time
setting multiplier (TSM). The plug setting is a device used to
provide a range of current settings at which the relay starts to
operate. The setting ranges from 50% to 200%, in steps of 25% of the
relay rated current. The TSM is a means of adjusting the movable
backstop which controls the travel of the disc and thereby varies
the time at which the relay closes its contacts for given values of
fault current. It ranges from O to 1 in steps of 0.05 [42]. The
characteristic eurve moves horizantally with the wvardiation of plop

setting and moves vertically with the variation of TSM.
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The standard IDMT relay characteristic is modelled mathematically by

using the following equation , given in BS 142 [43], considering TSM

at 1

t = 0.147¢1+92-1) (2.1)

where t is the characteristic operating time and I is the plug
setting multiplier. To obtain the actual operating time of a relay
with TSM other than 1, as is usually the case, the characteristic
operating time obtained from eqn. (2.1) is multiplied by the TSM of

the relay.

2.3, Relay settings

For proper coordination between various relays on a radial feeder,
the plug settings must be adjusted such that each will operate for
all short circuit faults in its own section and should provide a
back-up protection for short circuits on the immediately adjoining
section. Their time settings must be just long enough to permit the
relays in the faulted section to work first. On a radial feeder each
relay backs up the one in the next section further from the source
so that the time current characteristic of the back up relay should
be immediately between the characteristics of the relays on each
side of it [42]. The settings of each relay are chosen in such a way
that prevents any crossing of time current characteristics of dif-

ferent relays at all fault current levels.

31




2:3.1 Relay current setting

It is very important to choose the current setting adjustment at a
value in excess of the nominal rating of the plant to be protected
in order to maintain system stability under overloading and tran-
sient conditions. In overcurrent protection a load margin depends
upon the user’s choice as there is no generalised rule [44]. After
selection of a load margin,- the overload rating i.e. the maximum
expected load of the plant is calculated. The primary current of the

current transformer and the plug setting are chosen in such a way
that their product, called relay current setting, is always greater
than or equal to the overload rating. To give an example, a load
margin of 30% is chosen for a plant having a nominal load current of

250 A. The overload rating of the plant will be 250(1+0.3) i.e. 325

A. Assuming 200 A CT primary current, the plug setting should be set

at 175% to give relay current setting of 200 x 1.75, i.e. 350 A

which is greater than 325 A, the overload rating [41].

2.3.2 Time setting multiplier (TSM)

For proper coordination between the relays, connected in series, on
a radial feeder, the TSM of the relay farthest from the source
should be set at a minimum value so that it operates at a minimum
possible time. The TSM of the succeeding relays towards the source
should be increased for selective operation. The time grading should
be done at the maximum fault current because it will automatically

give a higher selectivity at minimum fault current as its character-
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istic curve is more inverse in the lower current region. The grading
margin, i.e. the interval between the operation of two adjacent

relays, is governed by the following factors [36,44]

Circuit breaker interrupting time

In interrupting a fault, the circuit breaker must have completely
interrupted the fault current before the discriminating relay ceases

to be energised.

Overshoot time of the relay

Even after de-energization of a relay, its operation may continue
for a little longer until any stored energy has been dissipated. For
example, firstly, energy may remain stored in capacitors of static
relay circuits. secondly, an induction disc relay will have stored
kinetic energy in the motion of the disc. Relay design is directed
to minimizing and absorbing these energies, but some allowance is

usually necessary.

Errors

Relays and current transformers, being measuring devices, are sub-
jected to some degree of errors. For example, the operating time
characteristic of relays, involved in coordination, may have posi-
tive or negative errors. Current transformers may have phase and

ratio errors due to the exciting current required to magnitize their
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cores. In relay coordination, the setting is carried out assuming
the accuracy of the calibration curves published by manufacturers,

but some tolerance must be allowed to cover the expected errors.

Safety margin

After providing all the allowances, there might have a possibility
that the discriminating relay just fail to complete its operation.
Therefore, some safety margin is required to ensure a satisfactory

contact gap of the discriminating relay.

The total interval between the successive relays required.to cover
the above factors depends upon the operating speed of the circuit
breaker and the relay performance. At one time 0.5 sec was a normal
grading margin. With the advent of modern fast circuit breakers and
lover relay overshoot times, 0.4 sec is reasonable, while under the

best conditions even lower intervals may be practical.

24, Grading procedure

The main objective of relay grading is that the relay closest to the
fault should select and isolate only the faulted section of the
pover system in the minimum possible time, leaving the rest of the
system undisturbed. If the relay fails to operate, the adjacent
relay (i.e. back up relay) should operate after a period of time,
called the discrimination time or grading margin. From a knowledge
of the current transformer rating, plug setting and fault current

flowing through the relay location, the operating time of a relay
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can be evaluated by using the following basic equations [45]

I, =TI, X PS/100 (2.2)
PSM = I/T (2.3)
t, = £(PSM) (2.4)
ta = tC x TSM (2.5)

wvhere Irs’ I.¢» If are the relay current setting in terms of primary
current, primary rating of the current transformer and fault current
respectively. PS, PSM, TSM are the plug setting, plug settipg multi-
plier and time setting multiplier respectively. t. and t, are the

characteristic operating time and actual operating time of the relay

respectively.

The grading procedure is best illustrated with reference to a radial
distribution system shown in Fig. 2.2 [41]). In this system fault
currents Ifl and If2’ at points Fl and F2 respectively, are assumed
to be known. Being farthest from the source, relay 2 is considered
first in the grading procedure. Its time setting multiplier, TSM2,
is set at a minimum value which allows sufficient relay contact
travel to safeguard against the operation due to mechanical shock.
Its plug setting, PS2, is chosen according to the procedure dis-
cussed in section 2.3.1. Having chosen these settings, its actual
operating time, typs for a fault at F2 can be determined through the
following steps. First, its relay current setting, IT.so» and plug
setting multiplier, PSM2, are calculated using eqns. (2.2) and (2.3)

respectively. Then, its characteristic operating time, t.g» corre-

35



——

sponding to PSM2 is evaluated from the standard IDMT relay curve,
which is represented by eqn. (2.4) and shown in Fig. 2.1. Finally,

the desired tyo is obtained by multiplying tep by TSM2.

Having calculated t,p» the next step is to determine the settings of
relay 1 (i.e. its plug setting, PSl, and time setting multiplier,
TSM1) for which the relay 1 will isolate the fault at Fl as soon as
possible and back up the relay 2 for fault at P2. PS1 can be deter-
mined following the usual proce&ure. The TSM1, however, is evaluated
through the following steps. First, the actual operating time of
relay 1 ,t ;, for a fault at F2 is obtained by adding t_, and a
suitable grading margin, say 0.4 sec. Then, for the same fault at
F2, the characteristic operating time of relay 1, t.1+ 1is obtained
using eqns. (2.2), (2.3) and (2.4) as explained for the case of
relay 2. Finally, the desired TSMl is determined from ta1/te1 - Once
the TSM1 is determined, its actual operating time for an adjacent
fault at Fl1 can also be calculated following the procedure used for

the case of relay 2.

2.:5. The simulated system for coordination study

The simulated system used for the study of IDMT relay coordination
is shown in Fig. 2.3, where an industrial system having cogeneration
facilities is interconnected with a utility at 33 kV through a link.
The link consists of a 500 meter long cable of 0.08 n/phase and a 40
MVA, 15%, 33kV/11kV transformer. The cogenerator is connected to the

11 kV customer busbar which supplies the load feeders. One of the
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feeders, which is made up of a short cable of 0.04 a/phase and a 10
MVA, 10%, 11kV/3.3kV transformer, is connected to a 3.3 kV busbar.
This feeds a 2 MVA, 3.3 kV motor load. Relays A, B, C and D are
located as shown in the Fig. 2.3. The fault infeed capacity of the
utility at 33 kV busbar is assumed to be 600 MVA. The study consid-
ers different sizes of the cogenerator varying from 10 MVA to a
maximum of 40 MVA in 10 MVA steps. It also considers the case when

the cogenerator remains disconnected from the industrial system.

2.6. Fault current calculation

The operation of an overcurrent relay depends upon the magﬁitude of
fault current. It is, therefore, important to have a thorough knowl-
edge of fault current distribution throughout the network in order
to achieve correct grading [46]. In this study fault currents at all
relay locations are calculated due to faults on the 33kV, 11kV and
3.3kV busbars with and without the generator connected to the indus-
trial system. Since the relay grading is performed at the maximum
system fault current, only three phase symmetrical faults are con-
sidered in this study. Prefault load currents are neglected. Since
IDMT relays are relatively slow in operation and induction motors
contribute to a fault only for the first three to four cycles from
the fault inception [36], fault current contribution from the motor
is also neglected. Generator fault current contribution is calculat-
ed using its transient reactance only. The decrement effect of
generator fault current is also considered in the final part of the

study.
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2675 Results of the coordination study

The coordination study of IDMT relays has been conducted on the
simulated system, shown in Fig. 2.3. The following cases have been

considered

i) Relay coordination with no cogeneration in the system.
ii) Effect of addition of the cogenerator on relay coordination.
iii) Coordination of relays A, B and D when a 40 MVA cogenerator

is connected to the system.

2.7.1 Relay coordination with no cogeneration in the system

The first part of the study deals with the coordination of relays A4,
B and C when the cogenerator is assumed to be disconnected from the
simulated system. Being farthest from the source the TSM of C is set
at a low value of 0.1. The grading margin is chosen as 0.4 sec. The
TSM of A and B, and operating times of A, B and C are computed using
the procedure discussed in section 2.4. The time-current character-
istics (TCC) of A, B and C are then computed on 3.3 kV base. These
are presented graphically in Fig.2.4. It is evident from the TCC
curves of Fig. 2.4 that the desired selectivity is maintained be-
tveen the opera;ion of the relays at maximum fault current and

expected higher selectivity is obtained in the lower fault current

region.
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2.7.2 Effect of addition of cogenerator on relay coordination

In the second part of the study, an industrial cogenerator is in-
cluded in the simulated system. The computations of TCC of relays A,

B and C are repeated for different generator sizes, varying from 10

MVA to 40 MVA in steps of 10 MVA, while the initial plug setting and

TSM of all the relays are kept unchanged. It is observed that the
discrimination time between the relays decreases with the increase
of generator size. The TCC of A, B and C are shown in Fig. 2.5 and
2.6 for the generator capacity of 10 and 40 MVA respectively. It is

evident from Fig. 2.5 that the increased fault level, due to the
addition of a 10 MVA generator to the system, reduces thé initial
grading margins between relays C and B and relays B and A from 0.4
sec to 0.36 and 0.27 sec respectively. These are further reduced to
0.31 and 0.13 sec respectively when the generator capacity is in-
creased to 40 MVA as shown in Fig. 2.6. Since the grading margin
between the relays is lost due to addition of the generator to the
system, the fault discrimination capability of the relaying scheme
is also lost. This means, both relays C and B operate for faults on

the feeder protected by relay C. Similarly, B and A operate for
faults on the feeder protected by B. In order to regain the proper
coordination between the relays, their TSMs need to be modified.
However, TSM of C is already set at the lowest value since it is
farthest from the source. So, the TSMs of only B and A are modified.

Fig. 2.7 shows the TCC of A, B and C with modified settings.
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23 Coordination of generator relay D with feeder

relays A and B

The final part of this study deals with the coordination of relays
A, B and D for the condition of 40 MVA generation in the system. The
settings of A, B and D are chosen in such a way that both A and D
provide a back up protection for faults on the feeder, protected by
B. The settings of D, in particular, are selected using the fault
current contributed by the generator under transient condition. The
study reveals that with the preceding settings, relay A operates
correctly for the prescribed faults i.e. faults on the feeder pro-
tected by B, but D fails to respond when the decremental effect of
generator fault current is considered. This is due to the facts that
the utility's fault contribution remains fairly constant causing no
problem to_the grading between A and B. However, the available fault
current at D, after the preset time delay, drops below 1ts current
setting and thus prevents the relay D to pick up. This can be
better explained with reference to the decaying characteristic of
generator fault current shown in Fig. 2.8. It shows how the genera-
tor fault current decays with time from its value, Iy, at transient
period to its steady state value Ig, which is about one fifth of I.
As stated earlier, Iy is used for selecting the time setting of D.
When relay D is supposed to operate after a period of time, accord-
ing to the selected time setting, the lactual fault current through
the relay drops from Ir to I, which is, in fact, less than the

current setting (i.e. 1.3 pu).
It is, therefore, difficult to choose a proper settings of D. For
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example, if the time setting of D is made high enough to achieve
proper selectivity with B, it does not respond at all in the event
of the above described fault condition. On the other hand, if its
current setting is made low, it will trip the generator on normal
overloading condition. Due to these limitations it can be concluded
that a standard IDMT relay is not suitable for generator overcurrent

protection under these operating conditions.

A voltage controlled overcﬁrrent relay is considered suitable for
the generator backup overcurrent protection in this situation
[36,47]. Fault conditions invariably cause a greater drop in voltage
than normal overload. This fact has been utilized in % voltage
controlled overcurrent relay. It is specially constructed to make
its operating characteristics a function of both current and volt-
age. It is basically a low burden induction disc time overcurrent
relay. The torque on the disc is controlled by a high-speed voltage
element which has a predetermined dropout level [48]. When the
applied voltage is above the pickup setting, the contacts in the
voltage element remain in open position making the relay inoperative
regardless of current magnitude. When the applied voltage falls
below the dropout value, the contacts in the voltage element are
closed. This enables the relay to produce torque and operate as a
conventional IDMT relay. The advantage of this relay is that it can
be set to pickup at less than generator full load current, and at

the same time can be coordinated with the downstream feeder time

overcurrent relay.
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Simple principle and low cost have made IDMT relays popular for
overcurrent protection of power systems, particularly radial distri-

bution feeders. However, under certain circumstances, there are
difficulties in the application of these relays. With a view to
identifying these difficulties, a relay coordination study was
conducted on a utility interconnected industrial system. The study
shows that the addition of ahcogenerator to the industrial system
affects the relay coordination, and the higher the cogeneration
size, the more is the disturbance with the coordination. In addi-
tion, the study identifies the problems and limitations in the
application of IDMT relays for the generator backup overcurrent

protection, in particular, due to decremental effect of generator

fault current.
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CHAPTER THREE

DIGITAL RELAYING

3.1, Introduction

This chapter presents a survey of digital relaying techniques and
forms a background for subsequent description and analysis of the
new protection concept which is the central theme of this project.
Pover systems are growing very fast and getting more and more com-
plex. Consequently, power supply authorities and educational insti-
tutions have undertaken extensive research to automate and simplify
the operation of such complex systems. In order to achieve this,
power system control equipment and protective relay equipment have
been given a vital role in maintaining the system’s integrity. Such
equipments, therefore, must provide more advanced functions with
greater reliability and reduce the operator’s workload [49]. Rapid

development of digital computers has facilitated this task.

The electric supply industry has been one of the earliest and most
dedicated users of large digital computers for power system analysis
[50]. Small process control computers are a relatively new develop-
ment, having smaller operating systems than mainframes. These com-
puters are designed to meet specific applications. They are widely
used in electric supply industries to perform complex functions such
as supervisory control and data acquisition, generation control,
economic dispatch etc.. Modern process control computers are micro-

computers, which are less costly and smaller in size than the earli-
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er versions called mini-computers.

Protection of power system equipment, particularly EHV transmission
lines, using mini computers was first considered by Rockefeller [51]
in the late 1960’s. Rockfeller’s first remarkable contribution along
with later work [52-55] created a new horizon in this field. Since
then a number of analytical papers [56-58] on the protection of
transmission lines by digital computers have been published. The
performance of a digital relay was much better than its convention-
al counterpart. The possibility of integrating a digital relay into
the hierarchal computer system within the substation was another
attractive feature. However, with the advent of the microprocessor
it was perceived that a single computer for the protection of all
the equipment in a substation with redundancy provided through
duplication is not a viable concept [50]. Introduction of the micro-
processor is major breakthrough in digital protection. The micro-
processor has made it possible to design digital relaying schemes at
low cost. Currently available microprocessors can perform all the
functions of the 1970’s mini-computers at relatively low cost
[59,60]. As a result, for the last few years considerable attention
has beeﬁ given to the development of the microprocessor-based digi-
tal protection schemes. Different ideas on microprocessor-based
algorithms for the protection of transformers, generators, transmis-

sion lines and busbars have been published [61-69].

The first step in computer relaying is to derive current and voltage
signals from the power system through current and potential trans-

formers, the functions of which are to reproduce the high level
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primary analog signals to much lower level analog signals in the

secondary circuit. These signals are reduced further to an accept-
able computer input level. These very low level analog signals are
then sampled and digitised by analog to digital converter. According
to the application of some digital relays, the analog signals are
filtered by low-pass filters before digitising. The digitised data
is then entered into the computer memory and maintained in a scratch
pad random access memory. All the noise present in the power system
signals under normal and shéft circuit conditions will, of course,
appear in the sampled data entering into the scratch pad random
access memory [50]. A/D conversion may contribute to this as well.
These distorted digitised signals are then filtered digitally to ex-
tract the fundamental components. Finally, these components are used
to develop the relay logic program which defines the function of a

relay.

3.2. Advantages of digital protection

Although digital relaying is a new concept, it has become an inspir-
ing subject for a large number of researchers worldwide. Most of the
major power supply equikﬁin manufacturers in developed countries
are actively involved: in research on this field. The advantages of
digital relaying over its conventional counterpart are the main

reasons for putting so much effort into its development. The impor-

tant advantages are described here.
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3.2.1 Low cost

With the dramatic advancement in microchips and their mass produc-
tion, the cost of digital hardware has been decreasing steadily
since the 1970’s. Conventional relaying, on the other hand, has
become more expensive in the same period. As a consequence, digital
relaying is becoming attractive as an economically viable alterna-
tive to the conventional system [70]. Since a digital relay is a
programmable device, it can successfully perform different func-
tions, defined by the related logic program, simultaneously. This

makes digital relaying more economic.

3.2.2 Reliability

Most of the time a conventional relay, solid state or electromechan-
ical, used for the protection of power system equipment, remains
idle. So, there is always a probability of failure of its operation
at the time of necessity. On the other hand, a digital relay is
continuously active. Consequently, a very high degree of self-
diagnosis is going on continuously [50]. Many of its peripherials
can be used for measuring and monitoring purpose which provide
additional diagnosis features. Due to its self-diagnosis capability,
a digital relay can detect accidental failure immediately and take

corrective actions. These facilities considerably improve reliabili-

ty.
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342.3 Flexibility

A digital relay can provide increased versatility, flexibility and
sophistication in operation because of its programmability. Modifi-
cations or revisions, which are required to change the function of
the relay, can be carried out easily by different pre-programmed
memory modules [50]. It is possible to develop a common hardware
system to serve several relays, each of which has an individual pre-
programmed module. This obviously reduces the volume of repair and
maintenance work. Alternate input paths can be provided to the relay
from the real system. These alternate paths are generally idle and
become active when a fault appears in the normal input paths. These
alternate paths for data input increase the flexibility and conse-

quently enhance the reliability of the relay.

& Performance

There was doubt about the accuracy of the performance of digital
relaying in the early days of its development, because sampling of
input signals, required for the digital devices, reduces the amount
of information contained in the input signals [71]). However, the
concept of computer application in the field of power system protec-
tion facilitated the study of signal detection, processing and
comparison. Application of digital devices eliminates all the physi-
cal limitations inherent in the design of conventional relays, such
as narrow range of signal processing and hardware complexity for

multiplication and division. It is generally expected that the
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performance of a digital relay will be equal to that of its conven-

tional counterpart. Latest research and field tests [72-74] have
claimed that the performance of digital relays is faster and more
accurate than conventional one for the protection of EHV and UHV
transmission lines. However, there has alvays been a dilema in
selecting speed and accuracy in digital relaying. High speed relay-
ing has many advantages; primarily, it increases the chance of
maintaining the stability of the system by rapid clearing of severe
faults. Secondly, it reduces ;he risk of insulator damage. Thirdly,
it minimizes the likelyhood of imposing CT saturation effects on the
protective scheme. However, the advantages of high speed may be
achieved at the expense of accuracy of relay performance i.e. secu-
rity of the system. So, in choosing an acceptable trade-off between
speed and accuracy, there should be a clear picture as to how far

one can sacrifice accuracy for speed.

3.2.5 Additional features

A digital relaying system has a natural but very special feature,
the memory action, which provides the scheme with a facility rto
furnish off-line study and analysis of power system events. Special-

ly designed devices are required to achieve this advantage with
conventional schemes. Computation of distance between the relay
location and a fault, which is useful information for the mainte-
nance personnel in the case of a permanent fault on a transmission
line, is another example of a special feature of digital relaying.

Furthermore, digital relaying system presents a distinct advantage
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in that the input hardware and signal conditioning places a lower
burden on the transducers in comparison with an electromechanical
relay. As a result, the cost and size of transducers for digital

schemes are less than for electromechanical relay schemes.

3.3. Digital relaying algorithm el

In conventional protective schemes the hardwvare of the relayfis
designed to represent its operating characteristics. So, an over-
current relay, for example, cannot be used for overvoltage protec-
tion. A computer-based relay, on the other hand, has_flexible
hardware. It can perform functions, like monitoring, measuring of
power system signals and supervisory control of power system equip-
ment. It can also be used as a specific protective device. It is the
application software which makes the hardware perform according to
the user’s desire. The software i.e. mathematical expressions in
special language, which is used to filter the digitized raw data and
define the relay operation logic, is called the relay algorithm.
Many algorithms viz. sample and first derivative [52], first and
second derivative [54], curve fitting [75], full cycle Fourier
method [76], Fourier method with shortened window [70], Walsh func-
tion method [77], least squares fitting [78] and differential equa-
tion based method [79] have been published particularly for the
protection of transmission lines. It has been revealed from litera—
ture survey that amongst all algorithms full-cycle Fourier method is
the most suitable one in choosing an acceptable compromise between

speed and accuracy of response of the algorithm. This had made the
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Full-cycle Fourier algorithm the rational choice for developing the
microprocessor based technique of this research work. Thus only this

algorithm is discussed here.

3.3.1 Full-cycle Fourier algorithm

The full-cycle Fourier algorithm was proposed first by Ramamoorty
[76] as an approach to transmission line protection. In this algo-
rithm, power system signals,-éontaining dc offset transients and
harmonics, are sampled over one cycle of the fundamental frequency.
Assuming the input waveform over this period to be repetitive,
Fourier analysis techniques can be applied to extract the fundamen-
tal components of the input waveforms i.e. voltage and/or current.
These are then used to develop the protection logic. D.C. offset and
other harmonies will not have much effect on these values. Accuracy
can be improved by increasing sampling rate. The fundamental compo-
nent is computed using a fixed number of samples. Thus when the
computer reads into its memory the newly arrived sample, the first
sample in the previous ensemble is deleted, and a fresh calculation
is made on the new set. Since a digital computer must spend some
time in acquiring the samples and for each set of computation, the

sampling rate should be chosen according to the processor capabili-

ty.

The mathematical theory can be explained by considering a current
input signal i(t), which is periodic. The general Fourier formula of

the function is
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i(t) = ap/2 + a; cos(wt) + ap cos(2wt) + ...

+ by sin(wt) + by sin(2wt) +.... (3.1)
Or,
1(t) = aO/2 +n€1[an cos(nwt) + bn sin(not)] (3.2
where, | 2n
ap = - Ji(t) cos(nwt) dwt (3.3)
AT ¥ _ _ .
1 2n
b, = - |i(t) sin(nwt) dwt (3.4)
nlo

By using eqns. (3.3) and (3.4) the required fundamental and/or any
harmonic component can be extracted from a power system signal. Let
Awt be the sampling interval in radians. This gives N = 2n/Awt the
number of samples per cycle of fundamental component. The integrals
in eqns. (3.3) and (3.4), which is required for determination of the
fundamental component, can be found using the trapezoidal rule as
follows

1

a; = - [ig + 2ijcos(Awt) + 2i5c0S(280t) +....+ iycos(NOwt]
N (3.5)

1
by = - [2i;sin(Awt) + 2i9sin(2Awt)+. ...+ 2iy_1sin((N-1)Awt)]
N -

(3.6)

where iO, il, i2"'°iN are sample values of the input current at
Awt intervals. The cosine and sine components of the fundamental can

also be expressed at sample point k as follows
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w0 1 N-1 2ne
a = - [ip_ g+ i + 22 ip N.p cos(—)] (327)
1 - k-N k =l +& N
] N-1 2nt
b 0) = < (35 4 . stn(a—Y] (3-8)
N L= N

Similarly, it is possible to evaluate cosine and sine parts of
voltage fundamental component. The time domain representation of
current fundamental componeﬁt (I ., ) can be obtained from its

rectangular components a; and by as follows

Ie o (t) = ¥(a;? « by?) sin@t + tan"l(a;/by)) (3.9)
or,

If.o. () = ¥(a;? + bj?) cos@t + tan"l(-b,/a;)) (3.10)
where w is the fundamental angular frequency.

The algorithm responds accurately, smoothly and slowly as the sam-
ples of highly distorted fault waveform enter gradually into the
data window. A comparative study has been presented in ref [50],
which shows that the filtering performance of this algorithm is the
best amongst all algorithms using the same window length. It can be
used with a data window of multiple cycles for sharper filtering but

the response will be slower.

Fodis Conclusion

In digital relaying there is no single algorithm which is universal-

ly optimum. The processor capability, filtering performance, relay-
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ing speed and accuracy, which are to some extent conflicting re-

quirements, are the main factors to be considered in choosing an

algorithm for a digital protection scheme.

It has been shown in ref [50] that algorithms with short data window

lengths like, sample and first derivative, first and second deriva-

tive, Fourier algorithm with shortened window etc., are fast, but
the results are alvays prone to errors due to the presence df Higher

harmonics in the power System signals. On the other hand, in the
case of the full-cycle Fourier algorithm the results do not stabi-
lize near the expected values until the full one cycle ( 12 samples
or 16 samples ) data window moves into the postfault interval.
However, the algorithm results in a slow, smooth and accurate re-
sponse to badly distorted fault signals. A tripping decision can be
safely made by performing trip above threshold check for two samples

in many applications. If the post fault steady-state magnitude is
well above the threshold, the computed values will cross the deci-
sion threshold well before the window is filled with post fault
data. The smooth response pattern assures that the results will not

swing back outside the threshold as might happen with short-window
algorithm. So, it is possible to initiate a fault trip decision in
much less than one cycle in these cases. These advantages of the
full-cycle Fourier algorithm have made it a popular choice for

digital relaying.
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CHAPTER FOUR

DEVELOPMENT OF A DIGITAL PROTECTION SCHEME

4,1 Introduction

It has previously been stated that the parallel operation of an
industrial cogeneration plant with a utility system is beneficial to
the industrial customer, inﬁparticular, because it reduces the
overall expenditure on energy, and increases the operational flexi-
bility and supply security of the industrial plant. These benefits
are gained at the expense of a more sophisticated protection scheme
for the interconnected system, particularly when the interface link
is intended to carry power in both directions under normal operating
conditions. An industrial plant with a considerable cogeneration
capacity will be expected to continue supplying a part of its
production, independently, in the event of a fault on the utility or
on the interface link. If, however, a fault occurs on the industrial
busbar, to which both the utility and cogenerator are connected,
there is no alternative but to shut down the whole industrial plant.
Therefore, in order to provide the operational flexibility and
supply security to the industrial plant, the protection scheme must
be capable, initially, of locating a fault on the interconnected
system , and then taking action according to the fault location,
i.e. either allow the plant to run independently or shut down the
whole industrial plant. This requirement adds to the cost and com-
plexity of a protection scheme if conventional protection technology

is used. Thus, a simple, cheap but reliable protection scheme, which
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could perform the same function as the complex and expensive conven-

tional scheme, would be highly desirable.

With a view to meeting the aforesaid requirements, a new microproc-
essor based technique has been developed which would be capable of
detecting as well as locating symmetrical or unsymmetrical short
circuit faults anywhere on a utility interconnected industrial
System having cogeneration facilities. After detection and location,

the type of the fault can also be determined by the microprocessor

based protection scheme.

4,2 Proposed technique for fault detection and location

4.2.1 Basic principle

The proposed technique is based on detecting the direction of posi-
tive phase sequence (pps) currents [80]. This may be best illustrat-
ed by reference to Fig. 4.1 and 4.2, both of which represent a
utility interconnected industrial cogeneration system having two
different operating conditions prior to faults. The pps current will

be referred to only as "current" hereafter.

Figs. 4.1(a), 4.1(b), 4.1(c) and 4.1(d) show the directions of
current flow at four selected positions 1, 2, 3 and 4 under both
normal operating conditions and short circuit faults on the utility
side (beyond position 4), the link (between positions 3 and 4), the
industrial busbar and the generator circuit (between position 1 and

the generator terminals) respectively. It is assumed that the indus-
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trial system is importing power from the utility (i.e. industrial
generation is less than the motor load) during the normal operating
condition. It is evident that a fault causes the direction of cur-

rents to change at one or more positions depending on its location.

Figs. 4.2(a), 4.2(b), 4.2(c) and 4.2(d) also show the directions of
current flow at the same positions under normal operating conditions
and short circuit faults at the same locations as mentioned above.
In this case, however, it is“assumed that the industrial system is
exporting power to the utility (i.e. industrial generation is great-
er than the motor load) during normal operating conditions. It is
seen that the faults, in this case, cause the current direction to

change in a way, which is different from the previous case.

It is, however, evident from Figs. 4.1 and 4.2 that there is a
unique combination of the directions of currents at the selected
four positions for each condition, viz. normal operation with power
import and power export, fault at the industrial bus, the generator
circuit, the link and fhe utility side. Therefore, a decision on
whether a fault has occurred and where it has oceurred can be
achieved by first detecting the directions of current flow at these
positions and then identifying the unique combination of their

directions. This forms the basis of the proposed technique.

If the fault occurs in the motor circuit (i.e. between position 2
and the motor terminals), the directions of currents may remain
exactly the same as under the normal operating conditions shown in

Fig. 4.1. However, the current magnitude at position 2 under this
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fault condition will be much higher than that under normal operating
conditions. Therefore, this fault could be detected by comparing

the current magnitude at position 2 with a chosen threshold.

422 Detection of pps current direction

The determination of current direction can be described with refer-
ence to the normal operating condition of Fig. 4.2. It is assumed
that the interconnected industrial system is operating at a lagging
powver factor with a power factor angle of 6°. The current at posi-
tion 3, for example, can be expressed by I/-6° i.e. I ...
inmg with respect to a polarising reference voltage, which is the
pps voltage at position 3. If, however, the power is imported from
the utility, the current direction at this position will be reversed
and can be expressed by I/-6°+180° i.e. “Treal *+ 3ljpg with respect
to the same polarising reference. This suggests that the sign of the
imaginary component (IC) of a current can be used as a means to
determine the current direction under any conditions, if the same
polarising reference is maintained. It is apparent from the above
mentioned two current expressions that the sign of the real compo-
nent (RC) can also be used to determine the current direction.
However, it has been observed from fault studies on the simulated
system, described in the next chapter, that the sign of the RC of a
current does not always change with the reversal of the current
direction, whereas, the imaginary component does. For example, while

the industrial system is operating with 20 MVA generation and 30 MVA

motor load at 0.9 lagging power factor, a line-to-line fault, having
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a fault path resistance of 0.32, is applied at the industrial cus-
tomer busbar. The prefault and post fault currents at position 2,

obtained from load flow and fault analysis, are as follows

I (prefault) = -0.675 + j 0.3269 pu

I (post fault) = 0.32879 - j 1.071 pu

Whereas, for a single line-to-ground fault, having the same fault
path resistance, at the same busbar, the prefault and post fault

currents at position 2 are as follows:

I (prefault) = -0.675 + j 0.3269 pu

I (post fault) = -0.36916 - j 0.128876 pu

The above currents have been calculated on the basis of a chosen
reference direction, which is discussed in the following paragraph.
From the above example, it is clear that, unlike RC, the IC of a
current always changes with the reversal of the current direction.
Thus, only the IC is considered as a suitable means to detect the

direction of a current.

The directions of currents at positions 1, 2, 3 and 4 are designated
(either positive or negative) in the following way for the implemen-
tation of the proposed technique. Under normal operating conditions
wvhen the generator feeds power to the industrial busbar and the
industrial system exports power to the utility, the directions of
current flow at different positions are shown in Fig. 4.2. Under
this condition, the directions of current flow at positions 1, 3 and
4 are designated as positive reference direction and that at

position 2, while the motor consumes power from the industrial bus,
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as negative reference direction. Due to these chosen directions,
currents at positions 1, 3 and 4 can be expressed by I/-6° i.e.
Tpaay = inmg and that at position 2 by -I/-6° i.e. =Traay * inmg'
These two current expressions, therefore, indicate that the negative
sign of the IC (of the first expression) represents the designated
positive direction and that of positive sign (of the second expres-
sion) represents the negative direction. A& fault at the generator
circuit, for example, causes the reversal of currents at these
positions as shown in Fig. 4.2(d). This results in the changes of
signs of ICs of currents at the corresponding positions if the

polarising references at those positions remain the same, as 1is the

case here. This is discussed in the following section.

G452 .3 Polarising reference voltage

The direction of flow of an alternating current is not an absolute
quantity. It can only be determined with respect to some reference
wvhich must also be an alternating quantity. Under normal operating
conditions, the pps voltage of the industrial busbar, shown in Fig.
4.1, 1s chosen as the common reference. This is used as the polaris-
ing reference for determining the current directions at positions 1,
2 and 3, since these are electrically very close to the industrial
busbar. The polarising reference for position 4 can also be obtained
from the same reference but referred to the high voltage side of the
interfacing transformer. The phase shift introduced by the vector
group of the transformer winding should be taken into account when

referring the chosen reference to the high voltage side.
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The following observation has been made from fault studies. Under

solid and low resistance fault conditions, it has been found that
the phase angle of the pps voltage of the industrial busbar slightly
deviates from its prefault value (i.e. the chosen reference). For
example, when the system is operating with 20 MVA generation and 40
MVA motor load at 0.9 lagging power factor, a single line-to-ground
fault at the industrial busbar causes the phase angle of the pps
voltage of the industrial busbar (say V) to change from its pre-

fault value as follows

For a solid fault -
V, (prefault) = 1.0/0°

V, (post fault) = 0.87635 /0.00617°
For the same fault but through an arc resistance of 0.3a -

Vi (prefault) = 1.0 /o°

V) (post fault) = 0.91799 /-3.6°

However, it has been observed from the study that the prefault pps
voltage can safely be used as the polarising reference for determin-

ing the current direction under both normal and fault conditions.

4,2.4 Induction motor contribution to a short circuit fault

In the above description of the proposed technique, it has been
assumed that the current in the motor reverses its direction during

system faults, since induction motors contribute current to symmet-
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rical or unsymmetrical short circuit faults in the system. A litera-

ture survey on motor contribution to a fault is presented in this
section to support the assumption made in the description of the

technique.

Induction motors are widely used in industry due to their low cost,
dependability and versatility. They represent, frequently, a very
high percentage of the total connected load in many process indus-
tries [81]. When an industriai power system with concentrated induc-
tion motor load is short circuited, the fault current contribution
from the motors is quite appreciable. This could initially be as
high as 25 percent of the total fault current [B2]. The congribution
by an individual small motor to a phase fault may be negligible but
the contribution by a group of small motors or by a large one may
become significant and thus may not be ignored [6]. The public
electric supply, to which an industrial plant has an interconnec-
tion, and the synchronous machines of the plant are the principal
sources of contribution to a short circuit in the plant but induc-
tion motors also contribute significantly to the total short circuit

current.

Unlike synchronous machines, an induction motor has no external
field supply but it has a rotor winding, in which an E.M.F. is
induced by relative motion of the rotor conductors and the magnetic
field produced by the stator current. In order to provide a conduct-
ing path for the current in the rotor winding, it is short circuit-
ed. A rotor field, which sets up unidirectional torque in interac-

tion with the stator field, is established by the induced rotor
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current [83]. The rotor flux is a function of both stator and rotor
currents. Under short circuit conditions at the motor terminals, the
terminal voltage reduces or collapses and the trapped rotor flux
continues to generate a driving voltage in the stator winding. The
motor, therefore, acts as a generator and feeds fault current into
the short circuit [36]. However, the rotor flux, and thus the fault
contribution, decays exponentially and eventually ceases, since
there is no field excitation. The decay of the flux is controlled by
the ratio of inductance and resistance of the associated flux and

current path.

The fault current contribution from induction motors like all other
rotating machine sources is likely to be asymmetrical. It consists
of a symmetrical ac component and a dec offset, both of which decay
exponentially with time. The significant point is that the fault
current, contributed by an induction motor decays much faster than
that from a synchronous machine since the time constant of the
former is generally about one tenth of the latter [84]. However, the
contribution from a motor of high power rating or high speed, takes
a relatively longer time to decay than that of smaller machines.
When an industrial electrical system is short circuited some dis-
tance from the motor terminals, the external impedance, between the
motor terminals and the system short circuit, reduces the magnitude
of the initial contribution but increases the time constants from
their respective values under terminal short circuit condition. The

motor contribution, therefore, decays more slowly and remains appre-

ciable for several cycles [85].
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During a three phase short circuit on an industrial system, induc-
tion motors may contribute or may continue to act as motors, depend-
ing on their location in the system relative to the fault. Yu et al
[86] have shown that motors, connected to the faulted bus or down-
stream of the faulted bus, contribute to the fault when the voltages
of those buses drop or collapse. This contribution remains apprecia-
ble for few cycles, but other motors, connected upstream of the
faulted bus, still act as métors. Huening [87] has given a detailed
procedure for calculation of the fault current contribution by
induction motors in an industrial system. He has shown that in a
particular example of a three phase short circuit the syﬁmetrical
rms value of the fault current contribution by a group of ten mo-
tors, each 1250 HP, 4.0 kV, 1800 rpm, decays to about 58.9 percent
of its initial peak value (9.12 KA) three cycles after the fault.
Huening and Stebbins [88] have also studied the behaviour of motor
contribution to a fault on an industrial system, where the main
incoming busbar supplies the motors, at a lower wvoltage level, via
a 1000 ft long feeder. This study shows that the rms value of the ac
component of the contribution by the motors to a three phase fault
at the incoming bus decays to about 15 percent of its initial wvalue
after four cycles from the instant of fault. Cooper et al [84] have
presented a set of test results, which show the magnitude and the
duration of fault current contribution by induction motors of dif-
ferent ratings, varying from 408 KVA, 3.22 kV to 19 MvVa, 11kV. It
shows clearly that both ac and dc component of the fault contribu-

tion are quite appreciable even after four cycles from the fault
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inception. It has also been shown [36] that the fault current con-
tribution from an induction motor, 500 HP, 6.6 kV, to a three phase
terminal short circuit is about 1.0 PU of its rated current at 100
msec after the fault. The same author shows that the contribution of
a 3000 HP, 6.6 kV motor to a single phase terminal fault is about

2.5 PU at the same instant.

It is, therefore, evident from the published literature that a large
motor or a group of small motors in an industrial system do contrib-
ute fault current to a symmetrical or unsymmetrical short circuit at
the motor terminals or remote from them. Although this contribution
decays quickly, depending on the size, speed and time constants of
the machine, it remains quite appreciable at least up to four cycles
from the instant of fault inception. This is quite sufficient time
for an algorithm, based on the proposed technique, to detect and
locate a fault. In fact, the developed algorithm can detect and
locate most faults within one cycle following the fault inception.

This will be demonstrated in chapter 6.

4.3 Determination of type of fault

After detecting a fault and locating its position using the tech-
nique, described earlier, the type of the fault can also be deter-
mined from off-line diagnosis of the post-fault phase current data.
The fault type classification is based on identifying the phases
carrying maximum fault current and checking the presence of zero

sequence current. The type of fault can be determined through the

following steps.
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Firstly, the magnitude of the maximum current amongst the phases a,
b and ¢ is evaluated. There could be a case when the magnitude of
currents in two phases are equal and greater than the third one (as
in the case of a line-to-line fault), or the magnitude of currents
in all three phases are equal (as in the case of a three phase
fault). In these cases, any one of the values having equal magni-
tudes is considered as the maximum. The next step is to determine
the status of each phase current and zero sequence current as fol-
lows. If the ratio of the magnitude of each phase current to the
magnitude of the maximum current is greater than a preselected
value, Cy, the status of the corresponding phase is set to "1";
otherwise it is set to "O". Similarly, if the ratio of the magnitude
of the zero sequence current to the magnitude of the maximum current
is greater than another preselected value, G , the status of zero
sequence current is set to "1"; otherwise it set to "0". The wvalue
of ¢y and Cy have been selected from the results of fault analysis.
The procedure for selecting these values will be discussed in the
next chapter, where detail description of the simulated system and
the fault analysis have been presented. Finally, the types of fault
can be identified from the status of all phases and zero sequence

currents by applying the criteria, shown in the following table 4.1.
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Table 4.1 : Criteria for fault type identification.

status
criterion|phase Af{phase B{phase C|zero seq.| fault type
1 1 1 1 0 Three phase
2 1 0 0 1 Phase A-to-ground
3 0 1 6 1 Phase B-to-ground
4 0 0 1 1 Phase C-to-ground
5 1 1 0 0 Phase A-B
6 0 1 1 0 Phase B-C
7 1 0 1 0 Phase A-C
8 1 1 0 1 Phase A-B-to-ground
9 0 1 1 1 Phase B-C-to-ground
10 1 0 1 1 Phase A-C-to-ground
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— Fault condition
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(d)

----= Normal operating condition

P Figure 4.1:

Directions of positive phase sequence currents
at positions 1, 2, 3 and 4 under normal opera-
tion with power being imported to the industrial
system and with faults at different locations.
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Figure 4.2: Directions of positive phase sequence currents
at positions 1, 2, 3 and 4 under normal opera-=

tion with power being exported to the utility
and with faults at different locations.
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CHAPTER FIVE

COMPUTER TIMPLEMENTATION OF FAULT DETECTION

AND IOCATION TECHNIQUE

List of symbols

Hy, Hy and Hy are the high voltage terminals of a transformer.

X1, X5 and X5 are the low voltage terminals of a transformer.

USE

al?

Tats

Va2

a2’

i

Vg1 and Vi, are the positive sequence voltage drops from Hy,
Hy and Hy to neutral respectively.
Vi1 and V., are the positive sequence voltage drops from X1y
X, and X3 to neutral respectively.

I are the positive phase sequence currents on the high

al

and low voltage sides respectively of a&/Y transformer.
I,o are the negative phase sequence voltage and current
respectively on the high voltage side of a/A/Y transformer.
I, are the negative phase sequence voltage and current
respectively on the low voltage side of aA/Y transgormer.
is the rms value of a current.

is the instantaneous value of a current,

is the instantaneous wvalue of a positive sequence current.
Lim 38 the real and imaginary part of a fundamental posi

tive sequence current.

is the kth sample of a current.

ia, ib, iC are the instantaneous values of current through phase

B

a, b and c respectively.

is the time at kth sample.
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T is the time period per cycle of the fundamental frequency.

6 is the power factor angle.

E is the rms internal emf of a machine under prefault
conditions.

Xq» X'qr» x"q are the steady state, transient and subtransient
reactances respectively of a machine.

T'q» T"q are the transient and subtransient short circuit time

constants respectively of a machine.

Ta is the armature time constant of a machine.
& is the point on the wave at which the fault occurred.
Bl Introduction

As stated in chapter 1, in order to provide operational flexibility
and supply security to an industrial cogeneration system, having an
interconnection with a utility, the fault location capability of the
protection scheme is an essential requirement. However, a conven-
tional relaying scheme having this capability is |complex and thus
expensive [6,8,20]. With a view to introducing a simple, cheap and
reliable alternative to the conventional scheme, a new technique has
been developed to detect as well as locate symmetrical and unsymmet-
rical sho;t circuit faults anywhere on such an interconnected sys-
tem. It is intended that the technique is to be implemented on a
microprocessor based protective scheme. Both the interconnected
industrial cogeneration system and the microprocessor based protec-

tion scheme have been simulated on a mainframe computer in order to
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test the validity of the new technique. There are four main areas in
this simulation as shown in Fig 5.1. This chapter describes the

various parts of the simulation.

5.2 Simulation of the utility interconnected cogeneration system

The simulated system used for this study is shown in Fig. 5.2. It is
basically an industrial plant, interconnected with a utility. The
industrial plant is assumed to-consist of a generator with a maximum
capacity of 30 MVA and induction motor loads with a maximum demand
of 40 MVA. The loads are, however, lumped together as a single motor
for convenience. Both the generator and the lumped single inductiOn
motor are connected directly to the 11 kV customer busbar, called
bus 1, which is interconnected with a 33 kV utility busbar, called
bus 3, through an interface 1link. The link consists of a 500
meter long cable and a 40 MVA, 33kV/11kV, Dyl transformer. The high
tension terminals of the transformer are considered as bus 2. The
neutrals of both the generator and Y side of the interface trans-
former are grounded through a reactance of 0.5 2, The utility is
represented by a generator, whose neutral is soliély grounded and
fault infeed capability is 600 MVA. Under normal operating condi-
tions, the interface link is intended to handle bidirectional power
flow, which is simulated by changing the generator capacity and/or
the motor load. Currents are monitored at positions 1, 2, 3 and 4 as

shown in Fig. 5.2.
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531 Phase shift introduced by the A/Y transformer

The determination of pps current direction at position 4 of the
system under consideration requires a polarising reference. As
stated in Chapter 4, this reference can be evaluated from the chosen
common reference (i.e pps voltage at bus 1) referred to the delta

side of the interface transformer.

AA/Y connected transformer always introduces phase shifts in cur-
rents and voltages between its primary and secondary windings. The
amount of the phase shift depends on the vector group to which the
transformer windings belong. The most commonly used group in prac-
tice are Dyl and Dyll. In the case of Dyl, the transformer windings
are such that the positive sequence voltage drops from the high
voltage terminals to neutral lead that of the corresponding low
voltage terminals to neutral by 30°. In the case of Dyll, however,

the formers lag the latters by 30° [89].

In order to reduce the computational burden, a more simple relation-

ship between the phase sequence voltages and currents on the two
sides of the transformer, which involve only the ﬁ;e of the j opera-

tor, is preferable. This can be achieved by connecting the low
voltage terminals of the transformer to the phases of the power line

in a particular order with respect to that of the high voltage
terminals. This can be illustrated with reference to Figs. 5.3 and

Bl

Fig. 5.3(a) shows the vector diagram related to group Dyl, where the

positive sequence voltage of phase "a" at the high voltage side

79



(Vy1) leads that at the low voltage side (L1 ) by 30°. For this
group, the connection configuration of the transformer terminals to
the phases of the power 1line is shown in Fig. 5.3(b). If, however,
the low voltage terminal X3 1is connected to phase "a", % to phase
"c" and X; to phase "b", keeping the high voltage terminals to phase
connections unchanged, as shown in Fig. 5.4(a), Vpap will lag Va1 by
90°. The vector diagram for this connection is shown in Fige 5:4(b):
The positive phase sequence currents on the two sides of the trans-
former will maintain the samé relation as for the case of positive
phase sequence voltages. However, the negative phase sequence cur-
rent and voltage on the high voltage side will lead that at the low

voltage side by 90° [90].

In summary, the relationship between the phase sequence voltages and
currents, expressed in per unit values, on the two sides of the
transformer, having a connection configuration shown in Fig. 5.4(a),

can be given as follows

51 = -3 VAl’ a1 =3 Ia1
. (2. 1)
Vaz = -3 Vags Lag = -1 Iy

5.3 Generation of current samples

Having chosen the system, the generation of current samples at
positions 1, 2, 3 and 4 under both prefault and postfault conditions

is the first step of the simulation.
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B8 Prefault current samples

Busbar 1 is chosen as the reference bus. Thus the voltage at this
bus is considered as Vi = 1.0£Q°. Consequently, the polarising
reference at position 4 will lag the chosen reference by 90°, as
explained in the previous section and in accordance with eqn. (5.1).

IlZ?l! I2Z92, ISZ?3 and I4Z§4 are the rms values of currents at
positions 1, 2, 3 and 4 re;pectively, vhich are obtained from the
load flow calculation. The voltages at busbars 2 and 3, and the
internal emfs of the machines are also calculated, since they are
required at a later stage in the short circuit analysis. It is
assumed that the sampling frequency is 600 Hz (i.e. 12 samples per
cycle of 50 Hz frequency). The kth sample of phase "a current, for

example, can be expressed as follows

i = d,0t) (5.2)

Therefore, the current samples at positions 1, 2 and 3 are calculat-

ed from the following equations

iakl = J2 Il CDS(Utk + 61) (5-3)
lakz = J2 I2 COS(&)tk + 82> (54)
iak3 = J2 13 COS(Lth + 83> (5.5)

The current at position 4 lags those at position 1, 2 and 3 by 90°,.
This is because of the fact that the polarising reference at posi-
tion 4 lags that at position 1, 2 or 3 by 90°. Thus, current samples

at position 4 are computed from the following equation.
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iak.[{» = J2 14 COS(ULk + 64 - 900) (5'6)

5.3.2 Fault analysis

Before going on to the discussion of the generation of current
samples under fault condition, a brief description of the analysis
of different types of faults, considered in this work, is presented

in this sub-section.

When a fault occurs in a power network, the magnitude of short
circuit current is determined by the internal emfs of the machines
and the impedance of the fault path. Short circuit faults can be
classified as symmetrical and unsymmetrical, both of which may be
either direct short circuit or through an impedance. Symmetrical
faults involve all three phases. Most of the faults that occur on
power systems are , however, unsymmetrical faults, which include
single line-to-ground, line-to-line and double line-to-ground. There
are various methods for fault analysis [91,92]. The method used here
is based on the bus frame of reference and bus impedance matrix. The
first sfep of this method is to determine the prefault bus voltages
which are used as initial conditions for fault calculation routine.
The bus admittance matrix, Y,us» 0of the system~is then formed from a
knowledge of the individual branch impedances. Then, the bus imped-
ance matrix, Z,,., is obtained by inverting the Yyys+ Finally, the
total fault current, postfault voltages at different busbars and
postfault currents in different branches are computed. The flow

diagram of the fault analysis algorithm [92] is shown in Fig. 5.5.
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5.3.2.1 Symmetrical faults

The formulae developed here are used for the computation of post
fault bus voltages and all branch currents under three phase fault
condition. The method for developing the formulae is presented with
reference to a general n-bus system [92]. However, a simple three-
bus system, shown in Fig 5.6, is considered first in order to sim-
plify the analysis. Then the method will bé generalised to include
n-bus system. The equivalent prefault network of the system, shown
in Fig. 5.6, in per phase basis is first assembled as shown in Fig
5.7. It is assumed that the system is operating under known generat-
ing and loading condition prior to a fault. From the load flow
analysis, the prefault bus voltages are then determined and can be

expressed as the three element-vector

vo, (5.7)

It is assumed that a short circuit is applied at bus 3. The effect
of the short circuit is equivalent to that of connecting a branch of
impedance zf between bus 3 and ground. If the short circuit is
solid, the fault impedance 2f equals zero. Thevenin’s theorem states
that the changes in the bus voltages caused by the added branch are
equivalent to those caused by the added emf (i.e. prefault voltage
of bus 3) with all other sources short circuited as shown in Fig

5.8. According to this theorem, the post fault bus voltages can be
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obtained by superposition of the prefault bus voltages and
changes in the bus voltages caused by the equivalent emf connected

to the faulted bus as shown in Fig. 5.8. This can be expressed by

the following vector equation :

Vfbus 2 vObus # N (5.8)
vobus is the prefault bus voltage vector defined by eqn. (5.7).
The post fault bus voltage vector is defined by
vE|]
vfbus = VfZ (5.9)
iy

Finally the third vector, Vp, is referred to Thevenin’s bus voltage
vector and can be defined by
Zkvl
Vo = |AV, (5107
AVq
where AV], AV, and AVy are the changes of voltages at bus 1, 2

and 3 respectively.

It may also be considered here that the changes in the three bus
voltages are resulted from the fault current I. being drawn from
bus (or the current -1f being injected into bus 3). Therefore, the

fault current vector is defined by

-0 (5.11)

From nodal analysis, Vr can be expressed in terms of fault current

84



vector as follows

1f .
or
-1 f f
Vp = Y T & B T (5.12)
where Z,,s 1is the nodal bus impedance matrix for the network of

Fig. 5.7 and can be expressed.by

11 A13 #I3
Zpus = |%21 %22 223 (F=13)
Z31 %32 %33
By substituting eqn. (5.12) into (5.8), we get

f 0 f
Vibus = Vbus * Zpus I (5.14)

Before proceeding further, it may be observed that, although the
eqn. (5.14) has been derived with reference to a three bus system,
it is applicable equally well to a general n-bus system. So, a
general case will be considered henceforth. In order to make the
eqn. (5.14) applicable to a general case, the short circuit is moved
from bus 3 to the general bus q. In this general case, the fault

current vector becomes

-«—qth component (9:15)

Under this general case , when eqn. (5.14) 1is expanded, it can be
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expressed in component form as follows :

..................

vE —y0 L, f (5.16)

L
h

Il

<
<o

1

&}

H
Hh

The fault current, If, is not yet known. However, vE the postfault

q!
voltage of the faulted bus, is related to the fault current as

follows :

qu = zf 1f (5.17)

vhere 2% is the fault impedance.
By substituting eqn. (5.17) into the qth eqn. (5.16), the follow-

ing expression for the fault current is obtained.

i, g R N (5.18)

By substituting eqn. (5.18) into (5.16), the following final formu-

lae for the postfault bus voltages are obtained.

vfi=v0i--——lﬂ-—voq for i # q
Zf + zqq
(5.19)
f
Z
Vf iy e e, VO
q Zf + 2 q
qq

If the short circuit is solid, i.e. 2% = 0, eqns. (5.18) and (5.19)

are reduced to following form :
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0
v
i e
%qq
£
W =0 (5.20)
zZ
iq
Veym 10, » — voq for 1 # g
%qq

Having determined postfault bus voltages, postfault currents in all
branches can also be evaluated. For example, the fault current,
Ifst’ in a line which connects buses s and t and has an impedance

Zs, can be computed as follows

(5.21)

As stated in section 4.2.4 of Chaptivr 4, the contribution by a
generator or an induction motor to a fault current due to a short
circuit is likely to be asymmetrical. Tt consists of a symmetrical
ac component and a dec offset, both of which decay exponentially with
time. In order to incorporate these decaying components in fault
current, phase "a" instantaneous currents contributed by a generator
and an induction motor can be expressed by the following equations
(5.22) and (5.23) respectively [85,93]. Due to phase symmetry, fault

currents in phase "b" and "c¢" can easily be obtained.

1 11 11
1,08) = SUBVE Y fmu (o mmye W 5 ~t/T d)cos(Wot+6)
2 : xd x'd xd x"d »'d
2(B-vE))
- ———— cosé ~t/Ta (5.22)
x”d
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f " f
J2(E-VE)) . T2(E-Vi))
i1,(t) = v el a~t/Thd cos(Wpt+6) - ————— cosb e~ t/Ta
}(Ild x“d

(5.23)
where the postfault bus 1 voltage,

f

v 1 = 0, for a solid fault at bus 1

# 0, for a fault through impedance

a3 202 Unsymmetrical faults

Under balanced loading or three phase symmetrical fault condition,
the load or fault impedances are assumed to be the same on all three
phases; and the voltages, emfs and currents are characterised by
three phase symmetry i.e. they are of equal magnitude in each phase
but displaced by 120° and 240° in time. So, the system is studied on
a per phase basis. Because a knowledge o the voltage and current
of one phase can be used to find the corresponding variables on the
other two phases. However, in the case of an unsymmetrical fault,
neither the voltage nor the current possesses three phase symmetry.
It is, therefore, no longer possible to limit the analysis to one
phase. In order to reduce the complexity of the analysis, unsymmet-
rical faults are usually studied by us%ng the method of symmetrical
components. The general formulae [92],fwhich have been used for the
computation of postfault bus voltages and all branch currents under

all types of unsymmetrical faults, are presented in this section.

In unsymmetrical fault cases, the prefault and postfault variables

are distinguished by the following symbols
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a) Prefault conditions are indicated by the superscript O.

b) Postfault conditions are indicated by th~ superscript f.

c¢) Positive, negative and zero sequence components are indicated
by the subscripts +, - and O respectively or collectively by
the subscript s.

d) A number subscript refers to bus coding.

For a balanced n-bus network study the end result of the network
model construction is the nxn bus admit. ace matrix Ybus’ or its
inverse, the bus impedance matrix, zbus‘ For an unbalanced network
study the model gets more complex. This is because of the fact that
separate network models-are required for three separate symmetrical
component (SC) systems (i.e. positive, negative and zero sequence
network). Consequently, each eleﬁent of the nxn admittance (or
impedance) matrix of the balance n-bus sy =»m will be required to
represent by its SC 3x3 matrix. So, the SC bus admittance (or imped-
ance) matrix of an unbalance n-bus system becomes 3nx3n matrix. This
is illustrated by eqn. (5.29). The SC voltage vector of bus 1 (for

example) is given by

Voo = |V 4 (5.24)

Therefore, the SC bus voltage vector of a n-bus system is
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s,bus ~

s,bus *

-

Similarly, the SC bus current vector of the n-bus system is

=
I+1

I,

Io1

90

sl

sq

sn

sl

sq

50

(5.25)

(5.26)



In order to derive a general formulae for the SC bus voltage vector
of n-bus system for unsymmetrical faults, the SC transformation
method is combined with Thevenin'’s method as used in the case of
three phase fault situation. In doing this, the eqn. (5.14), there-

fore, becomes

vE 0

f
s,bus = Vs, bus +-Zg pus I (5.27)

s, bus

vfs,bus and vos,bus are the postfault and prefault SC bus voltage

vectors respectively. IfS bus 1s the SC fault current vector repre-
]

senting the SC of fault currents injected at various buses. The

fault is again assumed at bus g. So the injected current at bus q

equals to -Ifsq. So the fault current vector becomes

-— qth component (5.28)

s,bus T sq

Finally the SC bus impedance matrix is defined by
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I_:_z+11 0 O_: r+1q 0 0-: E_z+ln 0 O_:
[}
10 2z 01.ei10 240 0 ei!O 2, O
] | I | ! |
I | ! [ '
; T T }
|Z+ql O 0: I2+qq O 0 : |2+qn 0 0 !
- | ! ‘ | ! r
zs,bus = : 0 Z_q1 0 : : 0 Z.qq 0 | : 0 -gn 0 ;
| I ! |
I | - T 1
Zi 0 0] eing 0@ 0] L 0 o
| | | I I |
(0 z_4; O :. : 0 Z_nq 0 : .: 0 z ., O ;
|
| I
10 0 zgny (O OZongi {0 0 zgnl
_\_ | - — i |
2511 Z51q Z51n |
= |Zsql - Zsqq *t Zsqn (5.29)
_fsnl "8 e anq e zsnn_

At this point, it is important to note that prefault voltages are,

of course, balanced. Therefore, a prefault SC bus voltage vector,

VOS bug? contains no negative and zero sequence components, i.e.
r

0 0
V+i U1
Vosi - lo [=]o0 Q[ - (5.30)
0 0 !

Having defined the related vectors and matrix, the general formulae

for postfault SC bus voltage and fault current vectors for all kinds
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of unsymmetrical faults are obtained by solving eqn. (5.27). These
are presented in the rest of this subsection. The detailed deriva-
tion of these formulae are presented in Appendix I. The following
egqns. (5.31) to (5.36) and (5.39) to (5.50) correspond to egns.

(A.17) to (A.22) and (A.23) to (A.36) respectively of Appendix I.

Single line—-to-ground fault

The SC voltage vector of the faulted bus q,

f
o 1+(Y /3)(Z_qq+20qq) ;
stq - f : “2_qq¥'/3 o
1+(Y /3)(z+qq+z-qq+20qq) -z Yf/?)
Oqq

The short circuit SC current at the faulted bus q,

voq(yf/3)
- - 1 (5.32)
1+(Y /3)(z+qq+z_qq+zoqq)

f
I sq

The postfault SC voltage vectors at the buses other than the faulted
one,

0
VY, zZ .
g : Vo, (¥f/3) b
1+(Y /3)(z+qq+z_qq+zoqq)
0 Z0iq

If the short circuit faulq is solid, i.e., Yf = o then the above

formulae become as follows :
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40 “-qq * %0qq
£ q l
Visa ® z + 2 + 2 “-aq e
+qq aq Oqq
“20qq
]
v0
£ q
s 1 (5.35)
?+qq * %-qq * %0qq '
O it
e 40 Z4iq
vi, = o |- : 2 for i # q (5.36)
Z + Z + Z
’ 0
) +qq qq qq 2014

Fault currents in all branches can be calculated from a knowledge of
the postfault bus voltages. For example, a line connecting two buses

s and t is characterised by the following admittance matrix.

y, O 0
Ys,st =0 y_ O (5.37)
The postfault SC current vector, IfS st ! flowing through the line
can be calculated from the following equation :
f f f
I S,st = Ys,st (v s$,8 v s,t) (5.38)

Line-to-line fault

The SC voltage vector of the faulted bus, q
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f
40 1+Y z_qq
£ - d iz 5.39
Vsq*1+Yf(z vz ) i L
+4q -qq 0
The SC current vector at the faulted bus, q
1
UOqu

Ifsq - - <] (5.40)

1 +Y (Z+qq + z_qq) 5

The postfault SC voltage vectors at the buses other than the faulted

one are

0
vy z
i VOqu
vE . - |o |- -z . |1i4q (5.41)

1 + Yf(z+qq + z-qq) 5

0

If the short circuit is solid, i.e. vE o =, then the above formulae

become as follows :

VO -qq
£ d 5.42
Vet | 542
+qq -qq 0
1
VO
f q
it - — <1 (5.43)
+ z
+4q aq 0
0
v il — VO z+iq
f q .
V= |0 S |%aq| 1 (5.44)
+—
0 +qq qq 0
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The branch fault SC current vector can be computed using the eqn.

(5.38).

Double line-to-ground fault

The SC voltage vector at the faulted bus g,

f
Vsq:

0
v q

£2
Z_qq*20qq)+(4Y 2/3)(z

f .
1+(4Y4/3) (2 +qqz-qq+2—qq20qq+20qqz+qq)

+qq”

£ f £2 B

1 + (4 /3)20qq + (4T/3)z_ g + (412/3)z50 02
£ £2

(2Y2/3)z_gq + (4Y5/3)z0002 o0 (5.45)

f £2
(2Y /3)zoqq + (4Y /3)20qqzﬁqq !

The short circuit SC current vector at the faulted bus Qs

£
ey =

(2Yf/3)VOq

=

f f2
1+(4Y /3)(z+qq+z_qq+zoqq)+(4Y /3)(z+qqz-qq*z-qquqq+Zquz+qq)

£ £
2 L ZY Zqu + 2Y Z_qq
£
-1 - avbzy 3 (5.46)
-1 - ovEs

aq

The postfault SC voltage vectors at the buses other than the faulted
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one is given as follows :

0
V7
£
Vigi = |0 -
0
(2Yf/3)UOq
£ £2 ;
1+(4Y /3)(z+qq+z_qq+zoqq)+(4Y /3)(z+qq2-qq+z-qq20qq+20qqz+qq)
z_ . (2 + 2yt
+1q(% * 2¥7(20qq * Z.gg))
-1 - oyt -
z_iq( 1 2Y zoqq) for i #£ q (5.47)
1 ouf
inq( 1 -2Y z_qq)
If the short circuit fault is solid, i.e. Y = », the eqns. (5.45),
(5.46) and (5.47) become as follows:
40 20qq®-qq
£ q
! sq ~ Zhoe B + Z__ 2 + ZaanZ “04a%-qq (3:49)
+dq°-qq -qq~0qq Oqqg“+qq 5
0qq“-qq
40 20qq * %-qq
£ q
I sq ~ 'zqu (5.49)
?+qq®-qq * %-qq%0qq * 20qqZ%+qq
-2
-qq
UO.— z, .. (z +Z )
i 0 +1g*“0qq"“-qq
E q .
Vigg = (U |~ ) — Z_14q%0qq (5.50)
2+qq®-qq*%-qq%0qq*?0qq®+qq .
b N “20iq%-qq
for i #£ q
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The branch fault SC current vector can be computed using eqn.

(5.38). All the above voltages and currents are sequence components.
The actual phase voltages and currents can be obtained by multiply-
ing the sequence voltages and currents with the symmetrical compo-

nent transformation matrix T,

T=|a® a 1 (5.51)

where a = 1/120° and al - 1{240”.

5.3+3 Generation of fault current samples

Once the phase currents Ifazea’ IbeE}b and IfC Z@C at the four se-
lected positions are obtained from fault analysis, current samples

at positions 1, 2 and 3 can be calculated from the following equa-

tions
£ f
i akp = J2 I ap cos@utk + eap)
ifbkp s 9 Ifbp cos(wty + 8,) for p =1, 2, 3 (5.52)
if -2 1f cos(wt), + O6_)
ckp cp k cp

For the case of three phase symmetrical faults, samples of phase
currents, contributed by the generator and motor, at positions 1 and

2 are computed using the eqn;. (5.22) and (5.23) respectively.
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Current samples at position 4 are computed from the following equa-

tion :
if =02 1f , coswt, + 6., - 90°)
ak4 ~ a4 k a4
if =12 1t coswt, + 6,, - 90°) (5.53)
bk4 b4 k b4 y
if =021t , cos@t, + 6., - 90°)
ck4 = c4 ' ch
5.4 Positive phase sequence (pps) current

Having calculated current samples over a period of six cyclgs (three
cycles prefault and three cycles postfault) at each of the four
selected positions, the next step of the simulation is the computa-
tion of the pps currents at each of these positions. The pps current
can be computed from current samples of phases a, b and ¢ using

either of the following equations [94]:

[i,0t) + 1p(t+T/3) + i (t,+2T/3)]/3 (5.54)

1k

ik {;a(tk) + 1y (t-2T/3) + 1.(t,-T/3)]/3 (5.55)

From eqn. (5.54) it is seen that the sequence current is related to
the samples of phase currents measured in the future as long as ty
is considered to represent the present. The eqn. (5.55), on the
other hand, shows that the sequence current is related to the sam-
ples of phase currents measured in the past. However, eqn. (5.55)
has been used in the simul;tion for this study with the idea that in

real time application, the microprocessor memory capacity must be
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used to store the samples measured in the past.

5.5 Fundamental component of PpsS current

In general terms, the PPS current computed by eqn. (5.55) is a
sinusoidal waveform which contains a fundamental frequency of 50 Hz,
higher harmonics and a de offset. The sampled pps current is then
used in the third part of the simulation to extract the fundamental
component. This is achieved by using the full eycle Fourier filter-
ing method, described in chapter 3. The filtering algorithm produces
the fundamental component at positions 1, 2, 3 and 4 in a gectangu-
lar form. The real and imaginary parts of the fundamental at sample

point k are calculated by the algorithm using the follows equations:

1 N-1 (2né)

Il_e = = [1+,k"N + l+,k + 2 > i+,]{*’N+£COS ]
N ¢ =1

(5.56)

1 N-1 (2rme)

Iim = e {'2 E i+,k_N+eSlI'l ]
N £=1

5681 Determination of pps current direction

0f the real and imaginary parts of the fundamental component, only
the imaginary part is used for the determination of the pps current
direction. The value of the imaginary part is compared with zero to
determine the direction of the Pps current. If the value of the

imaginary part is greater than zero, the pps current flow is consid-
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ered to be in one direction; whereas if the value is less than zZero,
the direction is considered to be opposite. In other vords, a posi-
tive value of the imaginary part represents one direction; whereas a
negative value represents the opposite as described in section 4.2.2
of chapter 4. The important point here is that the imaginary part
will always have some magnitude (either positive or negative accord-
ing to the chosen reference direction and the actual current direc-
tion) as long as the system’s power factor is other than unity,
which is usually the case under both normal operating and fault
conditions. So the directions of currents at positions 1, 2, 3 and 4
are determined from the signs (i.e. positive or negative) of the

imaginary parts at the corresponding positions.

5.6 Fault detection and location logic

The signs of the imaginary parts at the selected positions, which
indicate the current directions at the corresponding positions, are
then passed to the final part of the simulation, which is called
Fault Detection and Location Logic (FDLL). As explained in chapter
4, there is a unique combination of directions of currents at four
selected positions for each condition viz. normal operation with
power import and power export, fault at bus 1, the generator circuit

and so on. The possible combination of these ﬁirections are shown in

the Table (5.1). By identifying the combination of these current
directions, the FDLL provides the decision on whether a fault has
occurred and where it has occurred. Faults at bus 2 and bus 3 of the

simulated system under consideration will be referred to as faults
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Table-5.1 : Combination of current directions describing the

system condition.

Magnitude of imaginary component of
pps current ,I, ., at positions
System condition
case 1 2 3 4
No fault
1 I;,<0 0<I; <1.4 I;,<0 I;in<0 (power exported)
No fault
2 Lin<0 { O<I; <1.4 ;0 I;in20 (power imported)
No fault
3 Iin<0 } O<T4,<1.4 I{,=0 I,.=0 (load & generation
are equal) :
4 I;n<0 I;n,<0 I;p?0 I;,20 fault at bus 1
fault at bus 1
] In=0 I,,<0 I;,°0 I; 20 (generator not
connected)
6 I;p<0 I;,<0 I;n<0 I;,°0 fault at link
7 In<0 I;,<0 Iin<0 I;,<0 fault at utility
8 Iim>0 Iim<0 Iim>0 Iim>0 fault at generator
circuit
9 Iim<o I;>1.4 Iim>o Iiy?0 fault at motor
| | circuit
fault at motor
10 I,.=0 Iim>.?5 I;,20 I;,°0 circuit ( gen. not
l l connected)
Note The conditions presented in this table for the determination

of system conditions are based on the assumption that the
system operates under lagging power factor.
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at the link and the utility, respectively, hereafter. There might be
a situation, immediately after a fault inception in particular, when
the combination of current directions would be different from those
shown in the Table (5.1). This situation might last for a very short
period of time (1 to 5 samples i.e. 1.66 to 8.33 msec) or for a
longer period depending on the type and location of the fault. How
the FDLL behaves under these situations will be discussed in the

next chapter.

Having received the decision from the FDLL, the algorithm will go
back to repeat the process for the next sample. The detailed flow

diagram is shown in Fig. 5.9.

5.7 Identification of type of fault

As stated in section 4.3 of chapter 4, after detecting a fault and
locating its position on the system, the type of fault can also be
determined from off-line analysis of the postfault phase currents.
The determination of status of each phase current and zero sequence
current is the key feature of this analysis. These status are evalu-
ated through the following steps. Firstly, the magnitude of the
maximum current, Imax’ amongst the three phase currents Ia’ I, and
Ic is evaluated. Then, if the ratio of the magnitude of each phase
current to Imax is greater than a preselected constant, Cl’ the
corresponding phase is set to status. "1", otherwise it is set to
status "O". Similarly, if the ratio of the magnitude of the zero

sequence current to I .. is greater than another preselected con-

103



stant, C,, the zero sequence is set to status "I", otherwise it is
set to status "0". The way the values of € and CZ have been select-
ed for this work can best be illustrated by the following example.
The phase and zero sequence currents at position 3 for a double
line-to-ground (B-C-ground) fault through 0.32 arc resistance at bus
1 of the simulated system, shown in Fig. 5.2, are given below. It is
assumed that the system is operating with 20 MVA generation and 30

MVA motor load prior to the fault.

-
I, = 0.6182122 /106.92° pu
I, = 3.1821817 /-155.41° pu
I, = 3.7883149 /49.77°  pu
I, = 0.7496724 /106.19° pu

From the fault type identification criterion described in chapter 4,

the status of phase and zero sequence currents for the example under

consideration are known. These are as follows : The status of phase
b and ¢ and zero sequence currents are "1" and that of phase a is
"O". According to the procedure for the determination of status of
phase and zero sequence currents, described earlier, the magnitude
of the maximum current, Imax’ amongst the phases is determined

first. In this case

e 3.7883149

Then, the ratio of the magnitude of each phase current to Tiag 48

determined as follows

I1,/T . = 0.6182122/3.7883149 = 0.163
I/ Inax = 3.1821817/3.7883149 = 0.84
I./1pax = 3-7883149/3.7883149 = 1.0
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Now, a value of C; is to be selected by looking at the above three

ratios such that

1) I,/I1,ax is less than Cy» 1i.e. status of phase a is "QO"

b4

ii) I,/Ihax 1s greater than Cy» i.e. status of phase b is "1"

X

iii) I./I,ax 1s greater than Cy» i.e. status of phase ¢ is "1"

It is, therefore, clear that the value of C; must be less 0.84 but
greater than 0.163. So the value of G, can be chosen as 0.83 (for

example).

Next, the ratio of the magnitude of zero sequence current to Lias- 38

evaluated as follows
IO/Imax = 0.7496724/3.7883149 = 0.198
Then, a value of Cy is to be selected such that

IO/Imax is greater than Cyy i.e. status of zero seq. is "1"
Therefore, the value of Cy, must be less than 0.198 and so it can be
selected as 0.19 (for example). The values of C; and C, thus select-

ed are acceptable only for this example.

However, it has been observed from the results of fault analysis
that the constants C; and Cy can vary with the types of faults and
prefault conditions. Using the above procedure, the constants C, and
C, have been selected as 0.65 and 0.15 respectively which satisfy
the Fault Type Identification Algorithm (FTIA) under all types of
faults with different prefault conditions. The flow-chart of FTIA is

shown in Fig. 5.10. Having selected these constants, simple condi-
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tions, shown in the following Table 5.2, are applied to determine

the status of each phase and zero sequence currents.

Table 5.2 : Conditions related to the determination of the
status of phase and zero sequence currents.

conditions

a

B B B
Imax

I

2. ¢ .65
Imax

I

b

2. B85
Imax

I

b

e @ 88
Imax

I

Q

LN gS
Imax

I,

£ F R
Imax

I

0

e 3,008
Imax

i

0

i S
Imax

Status

phase a = 1

phase a = 0

phase b = 1

phase b = 0

phase ¢ = 1

phase ¢ = 0
Zero seq. = 1
zero seq. = 0
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Depending on the location of a fault, the phase currents at a par-
ticular monitoring position are used for the determination of the
type of fault. For example, if a fault occurs on bus 1, the genera-
tor circuit or on the motor circuit, the phase currents of position
3 are used. This choice has been made for the following reasons.
Firstly, if, for any reason, the local generation remains discon-
nected during the fault, phase currents at position 1 are not avail-
able. Consequently, the fault type identification becomes impossible
using the currents at the above position in this situation. Second-
ly, it is impossible to identify a ground fault on bus 1 or on the
generator circuit by using the currents at position 2 since the
ungrounded motor winding causes the zero sequence current to be

unavailable at this position for the above fault.

For faults on the high voltage side of the link, the currents at
position 4 are used to identify the type of fault, whereas the
currents at position 3 are used for faults on the low voltage side.
The following simple test can be used to determine whether the fault
is on the high or on the low voltage side of the link. If the value
of current in the phase carrying the greatest current at position 4
is greater than at least twice that at position 3, the fault is on
high voltage side; otherwise it is on the low voltage side. This
relationship has been established from the results of fault analy-
sis. However, the FTIA under discussion considers the faults only on

the high voltage side of 'the link.

Since the high voltage winding of the interface transformer is delta

connected, the zero sequence current is not available at position 3
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or 4 for faults on the utility side. Thus, the types of faults,

ground faults in particular, on the utility side cannot be identi-

fied.
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START

Calculate current samples: 3
a) Prefault and b) Postfault

Calculate positive sequence currents

Extract fundamental component of
positive sequence currents and
determine their directions

Check whether there is a fault
and where it occurs
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‘'l /

\f.‘ t'_‘\_ ’/ﬁ s

Pt Y.
N\ Entral LS

.

Figure 5.1: Flow-chart showing the main parts of
the digital simulation used to test
the proposed technigue.
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The simulated utility interconnected

igure 5.2: /
e industrial cogeneration system.
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(a)
H.T Line L.T. Line
A oy L :
C —OH; x4 O &
(b)

Figure 5.3: a) Positive sequence voltage vector diagram
of a Dyl connected transformer.
b) Phase to terminal connections of the
transformer.
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G OH Xi_C b
L
5 2/Y
OH2 ‘ 20 e
C O H, X3 o0— a

(b)

Figure 5.4: a) Phase to terminal connections of a Dyl
connected transformer.
b) Positive sequence voltage vector diagram
for connection configuration of (a).
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Figure 5.5 : Computational flow diagram for fault analysis
of bus impedance matrix method.
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Figure 5.6: Three bus system.
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Figure 5.8: Thevenin equivalent circuit of Fig. 5.7.
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Figure 5.9 : Flow-chart of the fault detection and
location algorithm.
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CHAPTER SIX

RESULTS AND DISCUSSION

6.1 Introduction

In order to detect and locate short circuit faults on a utility
interconnected industrial cogeneration system, a new technique has
been developed which has the potential for implementation as a
microprocessor based protection scheme. In addition, an algorithm,
which could easily be incorporated in the protection scheme, has
been developed to identify the type of fault by analysing the post
fault phase currents. As described in chapter 5, both the intercon-
nected industrial system and the protection scheme have been simu-
lated on a mainframe computer in order to test the validity of the
new technique. All types of short circuit faults have been taken
into account in the simulation. These include three phase symmetri-
cal, single line-to-ground, line-to-line and double line-to-ground
faults. In each case, short circuits, both solid and having arc
resistance (or fault path resistance), have been considered. A wide
range of prefault operating conditions, including power import and
export, has also been considered. The simulated protection: scheme
has been tested for detection, location and type identification of
each type of short circuit fault at different locations on the
simulated system, shown in Fig 5.2 of chapter 5. The fault locations
include bus 1, the generator circuit, the motor circuit, the link

and the utility side.
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As explained in chapter 4, the signs of imaginary components (IC) of

fundamental pps currents at positions 1, 2, 3 and 4 are used as a
means to detect the directions of pps currents at these positions.

Having detected these directions, the Fault Detection and Location
Logic (FDLL) is used to decide whether a fault has occurred and
where it has occurred. The pps current will be referred to as cur-
rent hereafter. Specimen of test results obtained from the study are

presented and discussed in this chapter. For each test, the result
includes the behaviour of the IC of currents at four selected posi-
tions before and after the fault inception, the outputs of the FDLL
and the Fault Type Identification Algorithm (FTIA). In this context,

the behaviour of an IC means the variation of its rms value with
time. The rms value of IC of each current sample, obtained from the
Fourier filtering algorithm, is represented by a point corresponding
to the sampling instant. These points, obtained from current samples

before and after a fault inception, are joined to get a time varying
smooth curve. This will be used to represent the behaviour of an IC.

The rms values of IC of currents at positions 1, 2, 3 and 4 will be

referred to I.

iml* fim2» Iip3 and I, respectively in rest of this

chapter.

6.2 Three phase symmetrical short circuit

Although a wide range of prefault conditions have been considered
during the tests of the proposed protection scheme, a sample pre-
fault condition with 30 MVA local generation and 40 MVA motor load

is considered here prior to the application of three phase symmetri-
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cal faults at different locations. The behaviours of Taig v Xmo o
Iins and I pn4» and the outputs of FDLL and FTIA for fault with and

without arc resistance are presented in the following subsections.

6.2.1 Solid short circuit

Fault at bus 1

Fig. 6.1(a) depicts the behaviours of L. 7, Lpo » Lm3 and L,
before and after the application of a three-phase solid short cir-
cuit at bus 1. It is seen that this fault causes the sign of Iy, to
change from positive to negative within about a quarter of a cycle
from the fault inception. On the other hand, Lni o Lms and L.,
increase without changing their signs. This means that the fault
causes the current to reverse its direction only at position 2, as
.
expected according to the illustration of currents directions under
this condition shown in Fig. 4.1(c) of chapter 4. It is also seen
from the figure that after fault inception, the rms values of IC at
all positions become much greater than their corresponding values
under normal operating conditions. This is again expected because of
the fact that the fault currents at those positions become much
higher than their prefault values and the system power factor be-
comes very low during the fault. Consequently, the magnitudes of IC
of postfault currents become far more prominent than their real
components. Since per unit values of currents at positions 3 and 4
are equal during prefault and postfault ( except for fault at the

link) conditions, I is coincident with %m4 , as seen in Fig.

im3
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6.1(a). Although the postfault current attains its maximum value in
half a cycle following the fault inception in real life, it is seen
from Fig. 6.1(a) and indeed following all other cases that the rms
values of IC at the selected positions take about one and two third
cycles to attain the stable maximum value. The possible reason could
be as follows : Although the full cycle Fourier filtering algorithm
responds accurately and slowly as samples of highly distorted wave-
form enter gradually into the data wvindow, 1its response is not
stabilized until its window is completely filled with postfault
data. In this study, the positive phase sequence current extraction
routine requires a window length of two third of a cycle and the
filtering algorithm needs a one cycle window. This means that the
filtering algorithm continues to receive mixed samples (i.e. pre-
fault and postfault) into its window upto one and two third cycles
after the fault inception. Therefore, after this period the response

of the filter becomes stable.

Fig. 6.1(b) shows the computer output of the FDLL. As stated in
chapter 5, the sampling frequency is 600 Hz (i.e. 12 samples per
cycle of 50 Hz frequency). The fault is applied just after the 12th
sample of the current data under consideration. It is seen that the
FDLL can not recognise the fault for the next consecutive three
samples (i.e. 13, 14 and 15th) after fault inception. However, this
figure shows that the fault is detected and located at the l6th
sample. Fig. 6.1(c) shows the output of the FTIA which gives the
type of the fault. In this case, it has indicated that the fault is

a "three phase fault", as expected.
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Fault at the generator circuit

Fig. 6.2(a) depicts the behaviours of Ln o Lno s Lns and Lng
before and after the application of a three phase solid fault at the
generator circuit. Due to the fault, the sign of Iiml has been
changed from negative to positive, and that of Iino from positive to
negative. Iim3 and Iimé’ however, have been increased without chang-
ing their signs, as expected. It is also evident that Hnﬂ Crosses
the zero reference line earlier than %nﬂ . In this situation Lm
becomes positive after crossing the reference line whilst Iim2 still
positive. Under this situation, the combination of signs of %ml’
Iimos Iim3 and Iims (i.e. the combination of current directions)
does not resemble any of the combinations shown in Table (5.1) of
chapter 5 to describe the system condition. Thus this situation
represents neither normal operating nor fault condition. The FDLL
has, therefore, been programmed in such a way that it recognises
this situation as a non-defined condition and produces a "not de-
fined" in its output. The FDLL will continue to produce this indica-

tion until Iiqpo crosses the reference line and becomes negative.

Fig. 6.2(b) shows the output of the FDLL. The fault is applied just
after the 12th sample. It is seen that the FDLL gives "no fault"
indication for two samples (i.e. 13 and l4th) after the fault incep-
tion. On the 15th sample, however, the FDLL recognises the above
mentioned non-defined situation and produces "not defined" in its
output, as shown in Fig. 6.2(b). In this case, the FDLL takes a

quarter of a cycle to detect and locate the fault. Fig. 6.2(c) shows
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the output of the FTIA.

Fault at the motor circuit

Fig. 6.3(a) presents the behaviours of L, , L9 L3 and L.,
before and after the application of a three phase solid fault at the
motor circuit. It is seen that due to this fault, all the rms values
of IC at the selected four positions have been increased without
changing their signs. This indicates that the fault causes the
currents at four selected positions to increase in magnitude without
changing their directions, which is expected for the prefault condi-
tion under consideration. This situation has been explained in
chapter 4. Since there are no changes in the directions of currents
at any of the positions, even after the fault, the FDLL is supposed
to consider this situation as a "no fault" condition. However, as
explained in chapter 4, the FDLL recognises this situation as a
fault on the motor circuit by comparing the magnitude of I; - with a
preset threshold. The threshold value is chosen on the basis of the
the motor under normal

expected maximum current to be drawn by

operating conditions.

Fig. 6.3(b) shows the output of the FDLL. It is evident that the
fault, applied just after the 12th sample, 1is detected and located

on the 17th sample, i.e. in less than half a cycle. In practical

applications, however, the protection scheme must ignore the opera-
tion of the relevant circuit breaker during motor starting, when the

current drawn by the motor will certainly exceed the preset thresh-
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old. This can easily be achieved by introducing a time delay in the
trip signal initiated by the FDLL. Fig. 6.3(c) shows the output of

the FTIA indicating a "three phase fault" as expected.

Fault at the link

Fig. 6.4(a) shows the behaviours of I.

im1» Tim2» Iypy and Iy, before

and after the application of a three phase solid fault at the link.
The fault causes the signs of L and Iip3 to change from positive
to negative, whereas Iimp and Iim4 are increased without changing

their signs. The I,

im2 takes about half a cycle to cross the Zero

reference line after the fault inception. It is also noticed that
when the Iim3 crosses the reference line and becomes negative, the
magnitude of Iim2 still remains positive. This situation again
represents, as explained earlier, a non-defined condition. The FDLL
correctly recognises this situation and produces "not defined" in
its output. The FDLL continues to produce this message until %m2
crosses the reference line and becomes negative., This is shown in
Fig. 6.4(b). There are two noticeable points in Fig. 6.4(a). First-

ly, although I,

im3 and Iim4 are coincident during prefault condition,

1
they are increased with opposite signs following the fault incep-
tion. This is expected because current flow at positions 3 and 4

become opposite in direction after this fault, Secondly, the magni-

tude of Iimg is much higher than that of I,

i im3+ This is because of

the fact that the fault current contribution by the utility (meas-
ured at position 4) is much higher than that by the industrial

plant, i.e. generator and motor, (measured at position 3) for this
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fault, which is assumed to be at the high voltage terminals of the

interface transformer. Fig. 6.4(c) shows the output of the FTIA.

Fault at the utility

The performance of the protection scheme for a three phase solid
short circuit at the utility is presented here. It is seen from Fig.
6.5(a) that Iins and Iin4r both of which have equal pu value and
thus coincident under prefault and postfault conditions, have
crossed the reference line from positive side to negative in less
than a quarter of a cycle after the fault inception; whe;eas .
takes a little more than half a cycle to do so. Howvever, changes of
signs of Iin3 and Iim4 (i.e. changes of current directions at posi-
tions 3 and 4) alone does not indicate any fault in the system. The
situation during the period, when L3 and Lns have changed from
positive to negative but Iim2 remains positive, represents a normal
operating condition with power being exported to the utility. The
FDLL correctly recognises the situation as a no fault condition and
produces "no fault" message in its output during this period. When
Iip2 crosses the reference line and becomes negative, the FDLL
detects the fault and produces a message indicating its location.
This is shown in Fig. 6.5(b). For faults at the utility side it is
not possible to identify their types, as explained in chapter 4.
Thus the FTIA, in this case, produces a message indicating "identi-

fication not possible", as shown in Fig. 6.5(&).
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61252 Short circuit fault through resistance

Fault at bus 1

The performance of the protection scheme for a three phase short
circuit with a fault arc resistance of 0.152 at bus 1 is presented
here. It is seen from Fig. 6.6(a) that I; o takes more than half a
cycle to change its sign from positive to negative after the fault
inception. However, for a three phase so0lid short circuit at the
same location, Iinp takes a quarter of a cycle to reverse, as shown
in Fig. 6.1(a). Thus the FDLL takes a longer time to detect and
locate a three phase short circuit with arc resistance at bus 1
compared with a solid short circuit at the same location. It is also
seen here that the magnitudes of Lmi Lo o L,y and L, are
considerably lower than in the case of solid fault, shown in Fig,
6.1(a). This is an obvious consequence of the presence of arc re-
sistance in the fault path, which reduces the magnitude of fault
current at each position. This fault path resistance along with dec
offsets, present in the fault current contributions by the generator
and the motor, cause Iiml and L2y in particular, to fluctuate
prominently after half a cycle following the fault inception, as
shown in Fig. 6.6(a). However, the output of the Fourier filtering
algorithm (i.e. Iy 4, Iin0» etc.) becomes gradually stable as the

filter’s window is gradually filled with fault current data.

Fig. 6.6(b) shows the response of the FDLL due to this fault, which
is assumed to occur just after the 12th sample. The fault is detect-

ed and located at the 2lst sample. The FDLL continues to produce a
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"no fault" message during the period from 13th sample to 20th sam-

ple. However, the FDLL can detect and locate a three phase solid
fault at the same location on the 16th sample, as shown in Fig.
6.1(b). The FTIA correctly produces a message indicating "three

phase fault" as shown in Fig. 6.6(c).

Fault at the generator circuit

The performance of the proteétion scheme has been tested with the
application of a three phase short circuit with a fault path resist-
ance of 0.152 at the generator circuit. The test results are pre-
sented here. It is seen from Fig. 6.7(a) that this fault causes the
signs of IC at the selected positions to vary in the same way as for
the case of a solid fault, shown in Fig. 6.2(a). However, L, and
Iimo take longer time to cross the zero reference line after the
fault inception compared with the case of a solid fault. This again
indicates that the scheme becomes slower in detecting and locating a

fault with arc resistance.

Fig. 6.7(b) shows the response of the FDLL before and after the
application of the fault. It is seen that after the fault inception,
the FDLL produces '"no fault" message as long as I;,1 does not cross
the reference line from negative side to positive, i.e. its sign
remains negative. When the sign of L becomes positive, at the
16th sample, the FDLL starts to indicate a '"not defined" condition
and continues to do so as long as the sign of I;qno remains positive.
When I;no crosses the reference line and becomes negative, i.e. at

the 21st sample, the FDLL recognises the fault and its location.

127



-

Fig. 6.7(c) shows the output of the FTIA.

Fault at the motor circuit

Fig. 6.8(a) depicts the behaviours of Im1 e Lpo o L,y and L4
before and after the application of a three phase short circuit
having a fault path resistance of 0.152 at the motor circuit. As a
result of this fault, the magnitudes of IC at all selected positions

have been increased without changing their signs, as also happened
in the case of a solid fault, as discussed earlier. However, Fig.
6.8(b) shows that the fault, occurring just after the 12th sample,
has been detected and located at the 2lst sample; whereas the solid
fault has been detected at the 17th sample, as shown in Fig. 6.3(b).

The output of the FTIA is shown in Fig. 6.8(c).

Fault at the link

The behaviours of I,

iml? Tinmps I,n3 and Iim4 due to the application

of a three phase short circuit through 1.0n fault resistance at the
link are shown in Fig. 6.9(a). The magnitudes of Iin; and Iimg bhave
been increased without changing their signs after the fault incep-
tion. Iy 4 crosses the reference line and becomes negative for a
very short period of time. The FDLL recognises this period (samples
16 and 17, shown in Fig. 6.9(b)) as a non-defined condition. Lim3
then reverts to positive magnitude and remains there for another
period of time, indicating a "no fault" condition (sample 18 and

19). I,,3 again crosses the reference line and finally becomes
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negative while Iimz is still positive. In this situation, the combi-
nation of signs of IC at the selected positions again represents a
non-defined condition. So, the FDLL continues to produce a "not

defined" message until I,

im2 crosses the reference line and becomes

negative. These situations are shown in Fig. 6.9(b). It is seen that

the FDLL detects the fault and locate its position at the 22nd
sample. As explained earlier, the fault path resistance and de
offsets present in the generator and motor fault currents are the

cause of the fluctuation of I.

im3 after half a cycle following the

fault inception, as shown in Fig. 6.9(a). It has also been observed
during the tests that this fluctuation becomes more prominent with
the increase in fault path resistance. However, Iim3 becomes stable
in less than one cycle even with increased fault path resistance
enabling the FDLL to detect and locate the fault in less than one

cycle. The output of FTIA is shown in Fig. 6.9(c).

Fault at the utility

The performance of the proposed scheme for a three phase short
circuit through 1.0a fault resistance at the utility side is pre-
sented in Fig. 6.10. It is seen from Fig. 6.10(a) that this fault
causes the magnitudes of IC at all the selected positions to change
in the same way as occurred in the case of solid fault, shown in
Fig. 6.5(a). However, it is evident from Fig. 6.10(b) that the FDLL
takes longer time to detect and locate this fault than for a solid

fault. The output of FTIA is shown in Fig. 6.10(c).
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6.3 Unsymmetrical faults

The performance of the algorithms for the proposed protection scheme
has been found satisfactory for all kinds of unsymmetrical faults at
different locations with different prefault operating conditions,
including power import and export. However, in order to avoid repe-
tition, samples of test results of unsymmetrical faults only at the

link have been presented in this section.

6.3.1 Single line-to-gqround fault

6.3.1.1 Solid fault

The variations of I.

iml Ligos Iin3 and Tin4 are shown Fig. 6.11(a)

before and after the application of a single line-to- solid ground
fault at the link. The system, prior to the application of the
fault, is assumed to operate with 30 MVA of generation and 20 MVA of
motor load, i.e. power being exported by the industrial customer.
The fault causes Iimo and I,n4 to reverse their signs, as expected.

It is also seen from Fig. 6.11(a) that while I.

im4& requires less than

a quarter of a cycle to cross the reference line, Iino takes about a
cycle to do so. The FDLL starts to indicate a non-defined condition
when Iins crosses the reference line and continues to do so until
Iipo9 crosses the reference line. The FDLL takes about a cycle to
detect and locate the fault, as shown in Fig. 6.11(b). The FTIA
produces a message indicating the type of the fault, as shown in

Fig. 6.11(c).
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Fig. 6.12 shows the performance of the scheme for the same type of
fault at the same location but with 30 MVA of generation and 40 MvVa
of motor load (i.e. pover being imported) prior to the fault. It is
seen from Fig. 6.12(a) that the signs of I, , and Iin3» instead of
Iimo and Iyns @s happened in the previous case, have been reversed
due to this fault. This is again expected as explained in chapter 4.

Iim3 takes less than half a cycle to cross the reference line;
whereas Iino requires more than a cycle. Fig. 6.12(b) shows that the

FDLL takes more than a cycle to detect and locate the fault. The

output of FTIA is given in Fig. 6.12¢e).

63l g Fault through resistance

Fig. 6.13(a) depicts the behaviours of Ln1 Lpo o L ,3 and ]
before and after the application of a single line-to-ground fault
through 1.02 fault resistance at the link. Prior to the fault, the
system is assumed to operate with 30 MVa generation and 20 MVA motor
load. It is evident that L., crosses the reference line almost
immediately after the fault, whereas %nﬂ takes about one and a
quarter cycles. Comparing this case with that of the solid fault
under the same prefault condition, shown in Fig. 6.11¢a), it is
apparent that a longer time is required to detect and locate a
single line to ground fault through resistance than for a solid
fault. Fig. 6.13(b) shows that the fault, applied after the 12th
sample, has been detected and located by the FDLL at the 28th sam-
ple. The FTIA correctly recognises the type of the fault and pro-

duces a message, as shown in Pig. 6:13(),
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Fig. 6.14 shows the performance of the scheme for a single line- to-
ground fault having 0.5a2 of fault path resistance at the same loca-
tion but with 30 MVA generation and 40 MVA motor load prior to the
fault. Comparing this with the performance of the solid fault under
the same prefault condition, shown in Fig. 6.12, it can be again
concluded that the FDLL requires more time to detect and locate a

fault through resistance than a solid fault.

6.:3.2 Line-to-line fault

6.3.2.1 Solid fault

The variations of I.

Eml i L I;q3 and I;h4 before and after the

application of a line-to-line solid short circuit at the link are
shown in Fig. 6.15(a). The system is assumed to operate with 20 MVA
generation and 10 MVA motor load prior to the fault. After the fault
inception, Iimz crosses the reference line in about half a cycle,
whereas Lsm does so in less than half a cycle. Fig. 6.15(b) shows
that the fault is applied just after the 12th sample and detected
and located at the 20th sample. The output of the FTIA is shown in

Fig. 6.15(¢e).

Fig. 6.16 illustrates the performance of the scheme for the same
type of fault at the same location but with 20 MVA generation and 30
MVA motor load prior to the fault. In this case, the fault causes
Iim2 and Iim3’ instead of I, and Iims4 @s for the previous case, to

reverse their signs as shown in Fig. 6.16(a). It is evident from
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Fig. 6.16(b) that the fault is detected and located at the 21st

sample. The output of FTIA is shown in Fig. 6.16(c).

Comparing the above two cases, presented in Figs. 6.15 and 6.16, it
is apparent that the fault detection and location time also varies

slightly with the variation of prefault conditions ( i.e. variation

of generation and motor load).

6:3:2,2 Fault through resistance

Fig. 6.17 presents the performance of the protection scheme algo-
rithms for a line-to-line short circuit through 2.0a fault resist-
ance at the link with 20 MVA generation and 10 MVA motor load in the
system prior to the fault. It is evident from Fig. 6.17(a) that due
to the fault the sign of Iims is changed from negative to positive
in less than half a cycle; whereas that of Iim2 goes from positive
to negative in about three quarters of a cycle. Fig. 6.17(b) shows
that the fault, applied just after the 12th sample, is detected and
located at the 22nd sample. This means that the algorithm takes
about three quarters of a cycle to detect the fault after its
inception., In the case of a solid line-to-line fault under the above
prefault condition, shown in Fig. 6.15, the algorithm, however,
takes about half a cycle to do so. Therefore, it can again be con-
cluded that solid faults are detected and located faster than faults

through resistance.

If the fault path resistance is very high, the algorithm cannot

detect the fault. The performance of the scheme under such a high

133



resistance fault is shown in Fig. 6.18. The behaviours of Tian. 4
Timg» Iyp3 and Iy, before and after the application of a line-to-
line fault through 6.0a fault resistance at the link are shown in
Fig. 6.18(a). Prior to the application of the fault, the system is
assumed to operate with 20 MVA generation and 10 MVA motor load. It
is evident from Fig. 6.18(a) that the fault causes the sign of L i,
to change from negative to positive but gives no change of sign of
Iipo+ It indicates that there is no change in the current direction
at position 2. After the application of this sort of high resist-
ance fault, the voltage of bus 1 remains higher than the internal
emf of the motor. So the motor does not contribute any current to
the fault, rather it continues to consume power from bus 1 as a
load, keeping the current direction at position 2 unchanged. There-
fore, the FDLL cannot detect the fault, rather it continues to

produce a message indicating non-defined condition.

The maximum value of fault path resistance, for which the FDLL is
just able to detect and locate different types of faults, will be
discussed in section 6.4. The approximate value of possible arc
resistance [36,42] for the voltage level under discussion has been
found to be less than the above maximum value of the fault path
resistance. Hence, it is expected that the proposed protection
scheme will work satisfactorily under all possible arcing fault

conditions.

633 Double line—-to—-ground fault

6.+3+x3: 1 Solid fault
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Fig. 6.19(a) presents the behaviours of Lnir Lpoy Lz and Lo,

for a double line-to-solid ground fault at the link while the system

is assumed to operate with 20 MVA generation and 30 MVA motor load
prior to the fault. It is seen from Fig. 6.19(a) that L3 crosses
the reference line in less than a quarter of a cycle after the fault

inception while Iy o, and Iy , remain on the positive side, repre-
senting a non-defined condition (i.e. 15th sample of Fig. 6.19(b)).

However, I, , just crosses the reference line and becomes negative
for a very short period of time while Lipo 1s still on the positive
side. This period indicates a "no fault" condition (i.e. 16th sam-
ple). The situation again becomes non-defined when Iim4 becomes
positive and Iy , remains positive. This situation is continued
until I, - crosses the reference line and becomes negative. These
are shown in Fig. 6.19(b). The output of the FTIA is shown in Fig.

6.19(e).

Fig. 6.20 illustrates the performance of the algorithms for the same
type of fault at the same location but with 30 MVA generation and 20
MVA motor load in the system prior to the fault. It is evident from
Fig. 6.20(a) that the magnitudes of I, and L 5 are increased
without changing their signs after the fault inception; whereas I,
crosses the reference line from the negative side to the positive
and I;.9 from positive side to the negative. Fig. 6.20(b) shows that
the fault, applied just after the 12th sample, is detected and

located at the 20th sample. The output of the FTIA is shown in Fig.

6.20(c).
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6.3.3.2 Fault through resistance

Fig. 6.21 presents the performance of the algorithms for a double
line-to-ground fault through 3.0a fault resistance at the link.
Prior to the application of the fault, the system is assumed to
operate with 30 MVA generation and 20 MVA motor load. Comparing the
output of FDLL, shown in Fig. 6.21(b) with that shown in Fig.
6.20(b), it is clear that the algorithm can detect and locate double

line-to-solid ground faults quicker than faults through resistance.

The algorithm, however, cannot detect a double line-to-ground fault
through very high resistance. The performance of the scheme under

such a high resistance fault condition is shown in Fig. 6.22. The

behaviours of I.

m17 T I;n3 and I;m4 for a double line-to-ground

fault through 7.0e fault resistance at the link are shown in Fig.
6.22(a). The system is assumed to operate with 30 MVA generation and
20 MVA motor load prior to the fault. It is seen that L4 crosses
the reference line in little more than half a cycle after the fault
inception, but Iimp does not cross the reference line at all. This
indicates that the motor does not contribute any fault current under
this situation, as explained earlier. So, the algorithm continues to

indicate this situation as non-defined condition but cannot detect

the fault.

Situations have also been found during the tests when the algorithm
continues to indicate a "no fault" condition in its output for a
very high resistance fault in the system; for example, a double

line-to-ground fault through 7.0n fault resistance at the utility
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side irrespective of prefault conditions. The performance of the

algorithms for the above situation, however, is not shown here.

6.4 Discussion

The proposed algorithms for the protection scheme have been tested
with all kinds of short circuit faults, both solid and through
resistance, and under different operating conditions, both import
and export, prior to the fault. The following observations have been
made from the tests. Firstly, the time required by the FDLL to
detect and locate a fault depends on many factors, such as type,
location and nature (i.e. solid or through resistance) of the fault
and the prefault condition (i.e. amount of generation and motor
load). Secondly, the FDLL takes longer to detect a resistive fault
than a solid one. Thirdly, three phase faults can be detected and
located in much less time than that required for single line-to-
ground faults in general. Finally, in the case of solid short cir-
cults in particular, the fault detection and location time is a
maximum for a single line-to-ground fault and progressively lower

for line-to-line, double line-to-ground and three phase faults.

It has also been observed that solid and low resistance faults can
confidently be detected and located well within one cycle from the
fault inception, particularly three phase, double line-to-ground and
line-to-line faults. Single line-to-ground faults, however, require
just over a cycle to be detected and located. The FDLL cannot detect
a short circuit fault through very high resistance. In the case of

high resistance faults on bus 1, the motor circuit and the utility,
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the FDLL continues to produce a "no fault" message. However, the
FDLL continues to indicate a "not defined" condition after the
inception of faults at the generator circuit or the link. Hence,
this condition, indicating abnormalities somewhere in the system,
could be brought to the operator’s notice by activating an alarm
signal after receiving consecutive twelve samples, for example, of

"not defined" output from the FDLL.

It has been revealed from the tests that the value of fault path
resistance, for which the FDLL can detect and locate the fault,
depends on the system’s prefault condition, the amount of motor load
in particular. The higher the motor load in the system prior to the
fault, the lower is the maximum fault path resistance for which
fault detection is possible. The amount of generation has a negligi-
ble effect. The possible reason may be explained as follows: As
stated in chapter 5, the reversal of current direction at position 2
(i.e. fault current contribution by the motor) is one of the neces-
sary conditions for a fault to be detected and located by the FDLL.
As the load increases, the internal emf of the motor decreases.
Under this condition, the motor only contributes fault current to
any fault on the system when the postfault bus 1 voltage becomes
lower than the internal emf of the motor. This essentially requires
a lower fault path resistance. The amount of prefault generation,
incidentally, does not have much effect on whether the motor con-
tributes fault current or not under such conditions. For different
kinds of faults at different locations under maximum and minimum

prefault loading conditions, the maximum value of fault path re-
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sistance, for which the FDLL is just able to detect and locate the

faults, have been found from the tests and are presented in table

6.1.

Since faults at bus 1, the generator circuit and the motor circuit
are electrically very close, it is logical to conclude that the FDLL

should detect and locate these faults having the same fault path
resistance. However, it is evident from Table 6.1 that the maximum
fault path resistance for detection of a fault on the motor circuit
is less than those at bus 1 and on the generator circuit for each
type of fault and each prefault loading condition. As a matter of
fact, the detection and location of faults on the generatof circuit
and bus 1 depend on the reversal of current direction at position 2.

As stated earlier, this reversal only takes place when the internal
emf of the motor is higher than the postfault voltage at the fault
points i.e. at bus 1 and the generator circuit which are, indeed,
electrically very close. This means that postfault voltages at bus 1

and the generator circuit for faults on these locations can safely
be considered as the same. This is, of course, possible only if the
fault path resistances for faults on these locations (i.e. bus 1 and
the generator circuit) are the same. This has also been found from
the tests. On the other hand, detection and location of faults on
the motor circuit does not, at all, depends on the reversal of
current direction at position 2; rather faults at this location ( on

the motor circuit) are determined by comparing the magnitude of Ij .,

with a preset threshold. Hence, the lower the fault path resistance,

the higher is the magnitude of I, and consequently, the higher

could be the threshold value and vice-versa. This means that the

139



Table 6.1 : The maximum fault path resistance for which the FDLL
can just detect and locate the fault.

Type of fault Prefault Location Fault path
motor load of fault resistance
(in MVA) (in ohm)
Bus 1 0.41
Gen. circuit 0.41
40 Motor circuit 0.31
Link 1.02
Utility 1.0
Single line to
ground fault Bus 1 0.55
Gen. circuit 0.55
10 Motor circuit 0.316
Link 1.60
Utility 1.55
Bus 1 0.89
Gen. circuit 0.89
40 Motor circuit 0.79
Link 3.20
Utility 3.10
Line to line
fault Bus 1 1.20
Gen. circuit 1.20
10 Motor circuit 0.87
Link 4.60
Utility 4.50
| Bus 1 e
Gen. circuit 1.13
40 Motor circuit 0.98
Link 4.00
Utility 3.91
Double line to
ground fault Bus 1 1.53
Gen. circuit I:53
10 Motor circuit 1.10
Link gD
Utility 5.58
Bus 1 0.60
Gen. circuit 0.60
40 Motor circuit 0.49
Link 2,53
Utility 2.46
Three phase
fault Bus 1 0.82
Gen. circuit 0.82
10 Motor circuit 0.56
Link 3.70
Utility |  3.60
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maximum fault path resistance, shown in Table 6.1, for detection of

a fault on the motor circuit could be increased by lowering the
threshold value. This has, also, been confirmed by the results of
the test. The Table 5.1 of chapter 5 shows that the threshold value
has been chosen as 1.4 pu when the local generator is connected to
the industrial system, and as 0.75 pu when the generator is not
connected. For a fault on the motor circuit, the contribution of the

local generator causes a considerable increase in the total fault
current at position 2 and thus in the magnitude of Iimo+ This is the
reason why the threshold is set at much higher value in the case
when local generator remains connected to the industrial system than
for the case when the generator is not connected. It has been ob-
served from the study that the magnitude of %mZ is much higher in
the case of a three phase fault on the motor circuit than those for
unsymmetrical faults on the same location. This essentially means
that the threshold could be set at different values depending on the
types of fault. However, for this study, two threshold values, as
discussed earlier and shown in Table 5.1 of chapter 5, have been
chosen such that the FDLL can detect and locate all types of faults
with the amount of fault path resistance as shown in Table 6.1. A
high threshold value causes delay in the fault detection and in-
creases the possibility of undetection of high resistance faults, in

particular; but decreases the risk of detecting the motor starting
as a fault on the motor circuit. On the other hand, a low threshold

value results in faster fault detection but increases the possibili-

ty of detecting the motor starting as a fault on the motor circuit.

S0, in a practical application, a compromise must be reached to meet
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the requirements.

Under balanced condition (normal operating or three phase fault),
knowledge of current or voltage in one phase implies knowledge of
the corresponding variables on the other two phases because of their
complete three phase symmetry. This means that if, for example, the
direction of phase "a" current (with respect to phase "a" voltage)
at any point on a network is determined, the direction of the varia-
ble on the other two phases (with respect to the corresponding phase
voltage) can easily be ascertained. However, this is not possible in
the case of unsymmetrical faults or unbalanced loading conditions.
It is necessary to examine the different phases individually. The
complexity and computational time involved in using the phase cur-
rents as the parameters of the protection function under considera-
tion gave rise to the idea of using pps current instead. The pps
currents in all three phases have a complete symmetry. Thus it is
possible to limit the analysis (determination of pps current direc-
tion in this study) to one phase only. Since pps volt-amperes always
flow to a fault [95], a PPs current also flows to a fault either
balanced or unbalanced. Determination of direction of pps current is
one of the key features of this study. By comparing the phase angle
of a pps current at any point on a network with that of pps voltage
at the corresponding point, the direction of the pps current could
be evaluated. This method, of course, would require the calculation
of phase angles of the variables, and thus would require more proc-
essing time. The proposed technique, however, does not require to
calculate the phase angle; rather it uses only the imaginary part

(more precisely the sign of the imaginary part) of the fundamental
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component of pps current for the determination of the pps current
direction. The fundamental component of the pps current is extracted

in rectangular form, having a real and an imaginary parts, by the
digital filter. The sign of the imaginary part is used directly to
determine the direction. Thus it saves a considerable amount of
processing time.

il 14 samples per cvoio

, the proposed scheme has the ability to use

oy Fihvd e

As stafea ;ﬁzchéﬁtéfwg
the pps voltage of the industrial busbar (at the low voltage side of
the inferfacing transformer) to derive the required polarising
“fefefeﬁce for the determination of pps current direction at position
4 (at the high voltage side of the interface). This saves the cost
of a potential transformer at position 4. In addition, the proposed
scheme provides differential protection of both the interface link
and the industrial busbar, reverse power protection of the local
generator and overcurrent protection of the motor feeder. The scheme

is, therefore, expected to be cheaper than its conventional counter-

part.

For this study, although 12 samples per cycle has been used as the
sampling rate, it could be increased to 16 samples per cycle or even
more. In fact, the higher the sampling rate, the better is the
filtering performance. However, in a real time appiication; the
sampling rate is limited by the number of ‘input signals and the
processing time required by the microprocessor. It is. expected that
the chosen sampling interval (1.666 msec) could be adequate for the

processing time with the number of inputs involved in this study.
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z SO WG D 2
3 IS ND FAVL
4 i 1T NG Paul
= g e ME RaULT
& IS NE PmuLg
= S Mo AL
& THERZ 1T Mo TaULT
s THERZ IS NO FAULT
10 THERE IE€ NGO TAuUL
2 14 THERE IS 'NC TaALLT
~ e THERE IS5 NG FAULT
€5 THERZ I3 NC FAULT
- THERE 2 nNE ?;ULT-‘—’
iL THIRE IS5 NG TAULT
16 FAULT AT, BUS fault
iz FAULT &7 U8 applied
%] 18 FAULT AT 8US
- 0.5 0.0 05 1.0 Ta5  2:0 19 FAULT AT BU5
2C FRlLT AT BusS 9
z1 FAULT AT BUS 1
2z FRULT AT BUS
zz FAULT AT 'BUs
da FAULT AT BUS ¢
=201 fault 25 FAULT AT ZUZ 4
instant 2& FAULT AT EUS o
. 7 FAULT AT BUE 4
2z FAULT AT BYS o
z9 FAULT AT SUS +
36 FAULT AT BUS 3
-4 34 FAULT AT BUS ¢
= 3z FAULT AT 8UE 4
32 FAULT AT BYS %
2 33 BAMLT &T Bus ¢
ne TAULT 4T 3US ¢4
32 TAULT &7 2usS
57 FAMLT BT HA
~
o (b)
B s
SuTEET Bp P
5 THREZZ FPHASE TaAULT

(a)

Figure 6.1: a) Behaviour of I,, at positions 1, 2, 3 and 4
before and aftéer a solid three phase fault
at bus 1 with power being imported prior
to the fault.

b) Output of FDLL.
Cc) Output of FTIA.
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Figure 6.2:

fault
instant

(a)

a)

o

Behaviour of I;

o o 1) G il oo s -l - -
THERZ 1o MG Fabl=

I TRERE IE NG FAULT

3 THEREZ -2 RS FAULT

- THERZ Iz NG FAuULT

: TRERE IS NO TAULT

« THERE 15 NG FAULT

7 THERE IS NO FauL

3 THERE I3 NO FAULT

2 THERE I8 NG FAULT

o] THERE IS NG FAULT

9 THERZ IS NO FAULT

- THERE IS NO FAULT

13  THERE IS NGO FAULT

12 THERE IS NO FAULT i
45 0T DEFINED fault
16 FAULT AT GEN. CIRCUITapplie
$T  PARULET AT SEN. CIRCUIT
18  FAULT AT GEN. CIRCUIT
19 FABLT AT "GEN: CTRCUIT
0 PAULT WT GEN. CIRCUIT
o FAULT AT EEN. CIRGUIT
28  FAULT AT GEN. BIRCUIS
ot FAULT AT GEM. CIRCUEIT
24 FAULT AT GEN. SIRCUIT
2= FAULT AT GEN. CIRQUIT
26  FAULT AT GEN. CIRCUIT
27  FAULT AT GEN. CIRCUIT
28  FAULT a7 GEN. CIRCUIT
29  FAULT AT GEN. CIRCUIT
38 FAULT AT GEN. CLIRCUIT
24 FAULT AT GEN. CIRCUIT
32 FAULT &T GEN. CIRCUIT
33  PAYULT AT GEN. SIRCUIT
3%  FAULT AT GEN. CiRCUIT
ol FAULT AT GSN. CIRCUIT
38 TALLT AT GEN. GIRCUIT
37  FBULT AT SEN. CIRTUILT

(b)
cuUTEuUT oF Filnm

at positions 1, 2, 3 and 4

before and after a solid three phase fault
at the generator circuit with power being
imported prior to the fault.

Output of FDLL.
output of FTIA.
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Figure

(a)

6.3: a) Behaviour of Iim at positions 1, 2, 3 and 4
before and aftér a solid three phase

on the motor circuit with
imported prior to the faul
b) Output of FDLL.
c) Output of FTIA.
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power being
T

fault

. 1S W RaULT
= I MO FAULT
% 1T NG FAULT
4 I ME TAULT
s IS N& Faus
& 15 N FaUlT
7 IZ NG FAavL ]
5 I3 NG FAULT
5 IS NO FAULT
10 IS NG FAULT
s IS NO FAULT
12 IS NG FAULT
43 IS NO FAULT—a—
14 EE NG {ﬁULT fault
15 13 NC FAULT
16 IS NO rauLt applied
17 FAULT AT MOTOR CIRCUIT
18  FAULT AT MOTOR CIRCUIT
19 FAULT AT MOTOR CIRCUIT
286 FAULT AT MOTOR CIRCUIT
21 FAULT AT MOTOR CIRCUIT
22 FAULT AT MOTOR CIRCUIT
22 FAULT AT MOTOR CIROUIT
24 FAULT AT MOTOR CIRCUIS
25  FAULT AT MOTOR CIRCUIT
26  FAULT AT MOTOR CIRCUIT
- 0.5 27  FAULT AT MOTOR CIRCUIT
28 © FAULT AT MOTOR CIRCUIT
2 FAULT AT MOTOR CIRCUIT
(cycle) 30 FAULT AT MOTOR CIRCUIT
31 FAULT AT MOTGR CIRCU:-
32 FAULT AT MOTOR CIRCUIT
33  FAULT AT MOTOR CIRCUIT
fault 3=  TAULT AT MOTOR CIRCUIT
instant as FAULT AT MCTOR CIRCUIT
36 FAULT AT MCTOR CIRCUIT
3T FAULT AT MCTOR CIRCUIT
(b)
SUTPUT OF FTIs
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4 THIHE I3 NO FAULT
14L g THERE I8 NG FAULT
I THERES 12 NO FAULT
% THERE I5 NG DAULT
5 THERZ IS NO FAULT
&  THERE I8 NO FAULT
[t 7 THIRZ I5 NO FAULT
& THERE IS NG FAULT
§  THERE IS NG FAULT
10  THERE I8 NO FAULT
101 11 THERE IS NO FAULT
12  THERE IS5 NO FAULT
{2 THZRE I35 NO FAULT
3 44 THERE IS NO FAULT: |
15 NCT DEFINED
16 NOT DEFINED fault
47 NGT DEFINED applied
18  NOT DEF INED :
8 19 NOT DEFINED
~ | 20 FAULT AT THE LINK
J 21 FAULT AT THE LINK
2 22  FAULT AT THE LINK
= 23 FAULT AT THE LINK
= 4L 24  FAULT AT THE LINK
- 25  FAULT AT THE LINK
H 26 FAULT AT THE LINK
27  FAULT AT THE LINK
20 28  FAULT AT THE LINK
29  -FAULT AT THE LINK
5.5 5.5 30  FAULT AT THE LINK
. ; 21 FAULT AT THE LINK
%] e 1CO i 2+0 a2 FAULT AT THE LINK
35 EAULT AT THE LINK
(eyele) G4 pAULT AT THE LINK
5 35  ZAULT AT THE LINK
. 34  FAULT AT THE LINK
B fault : 37 FAULT AT THE LINK
instant (b)
-4 B 0 e
QUTPUT OF FTIA
5 THREZ PHASE FAULT

Figure 6.4: a)

)
c)

(a)

Behaviour of Iin at positions 1, 2, 3 and 4
before and after a solid three phase fault

at the link with power being imported prior
to the fault.

Qutput of FDLL.

Cutput of FTIA.
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SAMPEE  QUITUT OF FhLu
5 e G euLT
o T s pall
o iz Wp rAbL
D . D\ : 15 nC FauLt
= - 0.5 0.0 4 12 NO FRULT
a 7 15 NO. TALLT
3 15 NG FaULT
= 5 IS NO FAULT
-~ 10 IS NG FAULT
— 14 IS HO FAULT
1 12 IS NO FAULT
F 13 IS NO FAULT
fault ia 15 NG FAULT
instant 45 1S NO FAULT
16 15 No FauLt fault
17 IS NO FAULT applied
18 IS NG FAULT
19 IS NG FAULT
=% 20 IS NO FauLT
= 21 AT THE UTILITY
22 AT THE UTILITY
23 AT THE UTILITY
24 AT THE UTILITY
25 AT THE UTILITY
26 AT THE UTILITY
27 AT THE UTILIT
-3L 28 T THE UTILITY
29 AT THE UTILITY
3o AT THE UTILITY
34 AT ‘THE UTIT
32 T AT THE UTILITY
S 33 AT THE UTILITY
2z T THE UTTLITY
a8 AT THE UTILITY
-4 36 AT THE UTILITY
<) AT THE UTILITY
. (b)
¥l OUTRUT 10F  FTIH

Figure 6.5: a)

b)

Behaviour of I, at positions 1,

imported prior to the -fault.- -
output of FDLL.
output of FTIA.
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pefore and aftér a solid three phase fault
at the utility side with power being



4.
TAZRE IZ HL FAULT
SR 72 HE palLsy
T FHSRT 36 W SRULT
= THZREZ I3 mE auLT
S THERE IS NG TalLLT
& THERE IT MO TAlULT
T THERE 18 NO Saunt
3 THERE IE€ NG FaULT
2 S THERE IS NG FAULT
= 10 THERE I3 NO FAULT
41 THERE IS5 NG FAULT
=, 12 THERE IS NO FAULT
af 12 THERE IS5 NG FaAULT
Qu 14  THERZ 1€ NO FauLT !
~ 1g THERE IS NO FAULT
| - e THERE IE NG AT g
- i HzZRE IZ NGO 7 I :
= 18  THERE IS NC rFauLt applied
19  THERE IS NC FAULT
20  THERE IS NO FAULT
% - 21 FAULT AT BUS 4
- 2Z  EAULT AT BUS 1
0.5 O;EHJ)XT 1.0 (cycle) 23 FALLT AT 8us #
24  FAULT AT BUS 4
25 FAULT AT BUZ 4
26  FAULT AT BUS 4
27 FAULT AT BUS 1
28  FAULT AT BUS 4
‘fault z9 FabLT aT 8suz 4
instant 38 FAULT AT B3uUs ¢
34 FAULT AT 8U35 1
32 FARLT o Bus 4
-2 22 FAULT AT BUS
3=  DAULT AT B4
2 o FAMLT AT BUS 4
36 FAULT AT Bus &
ST PHMLT AT BUS A4

(a) el

Figure 6.6: a) Behaviour of I,, at positions 1, 2, 3 and 4
before and after a three phase fault
through 0.1592 arc resistance at bus 1 with
power being imported prior to the fault.

' b) Output of FDLL.
c) Output of FTIA.
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-m - LV - - .
S ONG FRULS
= S NG BAULT
z . I ONU FAULT
- THERE TE MG =aihw
= THERE IS NO FAULT
s THERE IS5 NO FAULT
7 THERE IS NO FAULT
g THERE IS5 NO FAULT
C THERE 1€ NG FAULT
10 THERE I3 NO FAULT
14 THZRE IS NO FAULT
12 THERE IS NG FAULT
b THERE IS NO FAULT
3 14  THERE IS NO FAULT 1
15 THERE 1S NO FAULT
& Bl TECINGD fault
(R 1 R R ) 8 -8
~ 18  NOT DEFINED applied
g‘ 19  NOT DEFINED
Az 20 NOT DEFINED
24 FAULT AT GEM., CIRCUIT
E gz FAULT AT GEN. ZIRCUIT
;ﬁ 23 FAULT AT GEN. CIRCUILIT
2% FAULT AT GEN. CIRSUIT
2s FAULT &7 GEN. CIRCUIT
2é FEULT AT GEN. SIRCUIT
27 TALLT AT GEN. CIRCUIT
28 FAULT AT GEN. CIRCUIT
%) 2% FAULT AT GEN. CIRCUIT
d L 0'5 1 b T B > 38 FABLT AT GBEN. CIRCUIT
G O;Qf : ! ? - 31 FAULT AT GEN. CIRCUIT
32 FAULT AT GEN. CIRCUIT
3z FAULT AT GEN. CIRCUIT
34 EAULT AT GEN. CIRSUIT
as FAULT AT GEN. CIRCUIT
fault 36 FAULT AT GEN: CJIRCUIT
instant 37 FAULT AT GEN. CIRCUIT

Figure 6.7: a)

Behaviour of I.
before and after a three phase fault through

at positions 1, 2, 3

and 4

0.1502 arc resistance at the generator circuit
with power being imported prior to the fault.

-b) Output of FDLL.
c) Output of FTIA.
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Iim (pu)

r =Ml e e - - b =% T
z S5 OND FAUL
s 1S NG FAULT
d E IS NC FauLT
S THERZ IS N0 FauL:
& THERI 2 NO FaULT
T THERE I8 NO raULT
& THERE IS NC FaULT
§  THERE IS MO FAUL-
16 THERE I3 NO FauLT
11 THERE IS NC FAULT
12 THERE IS NG FAULT
12 THERE IS NO FAULT
i«  THERZ 15 NO :AULtq‘__1
15 THERE I5 NG FAULT
‘e THERE IS NC rauLT fault
17 THERE IS NO fauLT applied
186  THERE 15 NO FAULT
1§ THERE IS NC FAULT
20 THERE I5 NC FAULT
24 FAULT AT MOTOR CIRCUIT
22 FAULT AT MOTOR CIRCUIT
23 FAULT AT MCOTOR CIRCUIT
24  FAULT AT MOTOR CIRCUIT
25  FAULT AT MOTOR CIRCUIT
26  FAULT AT MOTOR CIRCUIT
27  FAULT AT MOTOR CIRCUIT
28  FAULT AT MOTOR CIRCUIT
- 29  FAULT AT MOTOR CIRCUIT
0 2 30 FAULT AT MOTCOR CIRCUIT
34  FAULT AT MOTOR CIRCUIT
.__/// (cycle) 32  FAULT AT MOTOR CiIRCUIT
33 FAULT AT MOTOR 2IRfUlT
A 34  FAULT AT MCTOR CIRCUIT
/ 35 FAULT AT MOTOR CIRCUIT
o FralLT AT MGTCR CIRCVIT
37  FAULT AT MOTOR CIRCUIT

fault
instant

Figure 6.8:

(a)

a)

b)
c)

i iti 3 and 4
Behaviour of I; at positions 1, 2,
before and afté? a three phase faultlthrgugh
0.152 arc resistance at the.motor circuit
with power being imported prior to the fault.

output of FDLL.
Output of FTIA.
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9 3 iE NE FaLLT
L - P (R A" .‘H"J"._-_
: :E .‘wiC r"nU....
& I3 NO FAULT
9 g S3 OO FaAlLT
. & S K& FauULT
7 iT NC FauLT
a TE NG FAULT
71 3 1€ NC FauLT
1G IS NO FAULT
11 IS NO FAULT
12 IS NO FAULT
g 13 IS NG FAULT
14 IS NO FAULT l
i) H IS NG FAULT
- 16  NCT DEFINED fault
N 17 NOT DEFINED applied
5 18 THERE IS NG rFauLT
2, 19 THERE I3 NO FAULT
- 4 2a NOT DEFINED
o 24 NGT DEFINED
b 22 FAULT AT THE LINK
e 3 23 FAULT AT THE LINK
24 FAULT AT THE LINK
25 FAULT AT THE LINK
24 FAULT AT THE LINK
ZL 27 FAULT AT THE LINK
28 FAULT AT THE LINK
29 FAULT AT THE LINK
35 FAULT AT THE LINK
1 34 FAULT AT THE LINK
32 FAULT AT THE LINK
23 FAULT AT THE LINK
@L - 0.5 Z4  FAULT 4T THE LINK
; els FAULT AT THE LINK
36 FAULT AT THE LINK
- F Ay i (o]

[
, LT AT THE LINK
=
(2)
fault '
= instant 1 GUTPUT ©F FTIA

-3
(a)

Figure 6.9; a) Behaviour of I;qn at positions 1, 2, 3 and 4
before and after a three phase fault through
1.02 arc resistance at the link with power
being imported prior to the fault.
b) output of FDLL.
c) Output of FTIA.



‘|_ e = T S rEdT gF mpl
: S5 NG Rall
E IZ MG Taul
e IZ ND TAUL
4 1T NG FAVL
z 18 NO FALL
o 12 NG FaULT
- 15 NO FAULT
& IS NG FAULT
(cycle) g IS5 NO FAULT
2 . s I . ; : & e g wet i
- « 0:8 00 1,0 1:8 20 12 IS NG FAULT
5 13 IS NO FAULT
0, T 12 NC FAULT
— “5 IS NGO FAULT
16  THERE IS NC FauLtT fault
_E 47  THERE IS NG FauLT applied
7 18  THERE I5 NO FAULT
19  THERE IS NO FAULT
fault 2 20  THERE IS NO FAULT
. 24  THERE IS NO FAULT
- instant 22  FAULT AT THE UTILITY
= 23 FAULT AT THE UTILITY
24  FAULT AT THE UTILITY
25 FAULT AT THE UTILITY
26 FAULT AT THE UTILITY
7  FAULT AT THE UTILITY
28 FAULT AT THE UTILITY
29 FAULT AT THE UTILITY
20 FAULT AT THE UTILITY
31 FAULT AT THE UTILITY
32  FAULT AT THE UTILIT
33 FAULT AT THE UTLILITY
=5 34  FAULT AT THE UTILITY
= o8 AL AT THE UTILITY
25 SallT &7 THE utriiv
27  FAULT AT THE UTILITV
(b)
JUTPUT OF FrTiA
IDENTZEZCATION NOT POSSIBLE
sL ()

a) Behaviour of I, at positions 1, 2, 3, and 4
before and after a three phase fault through
1.0 arc resistance at the utility side with
power being imported prior to the fault.

b) Output of FDLL.

c) Output of FTIA.

Figure 6.10:
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1
[0
1
32
m
I
"
C
(i
g
]
1
I

4 THERE 18 NO FaucT
z THERE I3 NO FAULT
3 THERE 12 NO FAULT
4  THERE I8 NO FaULT
4 5 THEREZ IS NO FAULT
L & THERE 15 NO FAULT
7 THERZ IS NO FAULT
8 THERE IS5 NO FAULT
7 THERE IS5 NO FAULT
40 THERE IS NO FAULT
4 THERE IS NO FAULT
3l 12 THERE IS NO FAULT
e THERE IS5 NO FAULT
14 - THERE IS NO FAULT i
15 NOT DEFINED
‘b NOT DEFINED fault
17 NOT DEFINED applied
— 18 NOT DEFINED
5 9f 19 NOT DEFINED
a 20 NOT DEFINED
21 NCT DEFINED
= 22 NOT DEFINED
it 23 NOT DEFIMNED
— 24 FAULT AT THE LINK
2s FAULT AT THE LINK
1L 26  FAULT AT THE LINK
27  FAULT AT THE LINK
28 . FAULT AT THE LINK
29  FAULT AT THE LINK
(cycle) 30 FAULT AT THE LINK
_ 0.5 1.0 1.5 2.0 31 FAULT AT THE LINK
2 = ﬂ.o U;g““-Tnx\M_l . J 32  FAULT. AT THE LINK
L, 33 FAULT AT THE LINK
“*————5——- 34 FAULT AT THE LINK
25 FAULT AT THE LINK
r 36 FAULT AT THE LINK
37 FAULT AT THE LINK
‘F = : fault 1 Eb}
instant
3 QUTPU OF FETiA

Figure 6.11: a) Behaviour of I;g at positions 1, 2, 3 and 4
for a single line to solid ground fault at
the link with 30 MVA generation and 20 MVA
motor load prior to the fault.

b) Output of FDLL.
c), Output of FTIA.
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2 TZ HE FAu
. I 2 =e 45, DELLT
4 = YT oD TR,
: $2 MC FALLT
/-} = TE NG TaulT
& ‘ TS NG FAbLT
2 <2 Qi Dol =
g 18 HE Zauet
i TRERE I3 NG FAULT
. {4  TRERS IB M male
12 THERE 32 KO FPaULT
3L (e THERE 38 NO FAULT
f4 THERE IS NO FAULT
45 THERE IE NG FAULT
14 THERZ IS8 NO FAULT fault
1T TAZRE_IS NG FAULT sop1jec
12  NOT DEFINED
- 18 NOT DEFINED
2 30 MOT DEFINED
Lo 3¢  NOT DEFINED
2% NOT DETINED
= =5 NOT DEFINED
-~ 2. ¢ Wbt OEFINED
= 2% #4CT DETINED
26  NGT DEFINED
‘l 27, FAaULT AT THE ik
B2 FAULT AT THE LINK
29  FAULT AT THE LINK
20 TAULT AT THE LINK
(cycle) 21 TAULT AT THE LINK
22 TAULT AT THE LINK
%) - 1 _ﬁ?;F;\\Q:EL_ I8 & SS o TAULT AT THE -INK
2%  TAULT AT THE LINK
= QB 9.0 \\‘——-———— 28 FAULT AT THE LINK
2 24 Tall? AT THE LINK
S FrAul AT THE wLiIldR

|

fault
instant

Behaviour of I. at positions 1, 2, 3 and 4
for a single llne to solid ground fault at
the link with 30 MVA generation and 40 MVA
motor load prior to the fault.

Output of FDLL.

Output of FTIA.

Figure 6.12: a)
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4 SEER LT ByTRaT BF Tl
f TRIRE 12 We FALLT
z THIAZ IS O FAULT
z TAZRAZ IS KRG FaAuLT
- THERZ IS NO FAULT
s THERE IS NC FAULT
o THERZ IS WG FAuLT
7 TAZAZ 13 Wo FAuLT
3_ & THEZERE I3 NG FAULT
4 7 THERE I3 MO FAULT
410 THERE IE NO FAULT
i THERE IS NG FAULT
12 THERE IS NG FAULT
13 THERE IS8 NO FAULT
14 NOT DEFINED
15 NOT DEF INED )
% Nuuerines fault
2 [ | EI" INED F
- 18  NOT DEFINED applied
= 19 NCT DEFINED
- 20 NOT DEFINED
EE 21 NCT DEFINED
22 NCT DEFINED
e 23 NCT DEFINED
b 24  NOT DEFINED
— 28 WOT DEFINED
26 NGT DEFINED
L. 27 NCT DEFINED
28 FAULT AT THE LINK
29 FAULT AT THE LINK
30 FAULT AT THE LINK
31 AULT AT THE LiINK
32 FAULT AT THE LINK
23 TAULT AT THE LINK
(cycle) 34 FAULT AT THE LINK
= 0.5 Ou0 “ersx\xhi;gx 1.5 2.0 3 TAMLY AT THE oCINK
5 I L / ! I L | 36 TAULT AT THE LINK
Y, — 57 FAULT AT THE LINK
2
* (b)
fault SUTFUT OF FTiA
instant 1 oL oot ITnTILTTTr
] FhAaL Amahvdine P AV

(a)

Figure 6.13: a) Behaviour of I;  at positions 1, 2, 3 and 4
for a single line to ground fault through
1.0 arc resistance at the link with
30 MVA generation and 20 MVA motor load
prior to the fault.
b) Output cof FDLL.
c) Output of FTIA.
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Iim (pu)

fault
instant

(a)

Figure 6.14: a)

Behaviour of I
for a single line to ground fault through

.50
generation
to the fault.

OQutput of FDLL.
Output of FTIA.

and

. gl e oEn
: I3 WL TAL-T
z I3 NG Taul
5 ; I8 KU FoueT
- THERE I3 NO rFaul-
5 TRIRE IS NC FAULT
&  THERZ I8 MO T&ler
T THERE IE NG Tad.T
£  TRERZ IS NT FAULT
3 THERE IS NG FAULT

18 THERE IS NO FaAULT

11 THERE IS NO FAULT

12 THERE IS NO FAULT

13 THERE I8 NO FAULT

4 THERE IS5 NC FAU.T |

15 THERE IS NO FAULT

16 THERE I8 NC FauLT fault

47 THERE 18 NO FAULT applied

16  NOT DEFINED

19 NGT DEFINED

2c CT DEFINED

21 NGT DEF INED

22  NOT DEFINED

23 NOT DEFINED

24  NOT DEFINED

25 w07 DEFINED

26 NQT DEFINED

27 NOT DEFINED

28  FAULT AT THE LINK

25 FAULT AT THE LINK

30  FAULT AT THE LINK

31 FAULT AT THE LINK

32 TAULT AT THE L_INK

33 FAULT AT THE LINK

34  FAULT AT THE LINK

3= FAULT AT THE LINR

36  FAULT AT THE LINK

27  FAULT AT THE LINK

(b)
SUTPUT  OF  FTIA

FHAST A-GROUND FAULT

(c)
3 and 4

at positions 1, 2,

resistance at the link with 30 MVA
40 MVA motor load prior
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Figure 6.15: a) Behaviour of I;

e

fault
instant
\“‘“\ ~_1
3

(a)

-2 = . S

apuE ZWmolem e e

s THERE I8 NC FAULT

2 THERE IS NO TaAULT

3 THERE IS NC FaLLT

& THERE IS NO FAULT

5 THERE I5 NG FALLT

5 THEZZ IS NG FAULT

7 THERE IS NG FAULT

8 * THERE IS NO FAULT

9 THERE 15 NG FAULT

0 THERE IS5 NO FAULT

1 THERE 'IS NO FaAULT

2 THERE IS NO FAULT

3 THERE IS NO FAULT
14 - THERE IS8 NO FaULT |
4 THERE IS NO FAULT
16- THERE IS No fauLT fault
47  'NOT DEFINED" applied
18 NOT DEF INED

19  _NOT DEFINED
20 FAULT AT THE LINK
21 FAULT AT THE LIN
22 FAULT AT THE LINK

23 FAULT AT THE LINK
2h FAULT AT THE LINK

25 FAULT AT THE LINK

26 FAULT AT THE LINK

27 FAULT AT THE LINK
28 FAULT AT THE LINK

29 FAULT AT THE LINK
30 . FAULT AT THE LINK

31 FAULT AT THE LINK

32 FAULT AT THE LINK

3 FAULT AT THE LINK

34 FAULT AT THE LINK

=] FAULT AT THE LINK

36 FAULT AT THE LINK

]

7 FAULT AT_THE LINK

at positions 1, 2, 3 and 4

for a line to iTne solid fault at the link
with 20 MVA generation and 10 MVA motor load

prior to the fault.
b) Output of FDLL.
c) Output of FTIA.
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a) Behaviour of I:

Figure 6.16: . im
for a line to Iin

4

prior tc the fault.
b) Output of FDLL.
c) Output of FTIA.
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at positions 1, 2,
e solid fault at the link

with 20 MVA generation and 30 MVA motor load
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Figure 6.17:

(a)

a)

b)
c)

Behaviour of I-m
for a line to iln

generation and
to the fault.

Output of FDLL.
OQutput of FTIA.
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2 I8 NG FAULT
3 IS NO SAULT
& THERE 15 NO FAULT
€ THSREZ 15 NG FauLT
& CTHERZ 15 NO TAULT
7  THERE I5 NC FAULT
& THERE I5 NO FAULT
9§  THERE IS NO FAULT
10 THERE .I5 NG FAULT
14 = THERE IS NO FAULT
12 THERE IS NO FAULT
12  THERE IS5 NO FAUL
14  THERE IS NO FAULT
15  THERE IS NO FAULT
14 THERE I8 NC FAULT
47  NOT DEFINED fault
18  NOT DEF INED appliec
19 NOT DEFINED

20 NOT DEFINED

1. NOT DEFINED

22 FAULT AT THE LINK
23 FAULT AT THE LINK
24  FAULT AT THE LINK
25 FAULT AT THE LINK
264  FAULT AT THE LINK
27 © FAULT AT THE LINK
28 FAULT AT THE LINK
29  FAULT AT THE LINK
30  FAULT AT THE LINK
31 FAULT AT THE LINK
32 FAULT ‘AT THE LINK
33 FAULT AT THE LINK
34  FAULT AT THE LINK
35 FAULT AT THE LINK
346 FAULT AT THE LINK
37  FAULT AT THE LINK

(b)
QUTPUT -OF FTIA
PHASE 8-C FAULT
(c)
at positions 1, 2, 3 and 4

e fault through 2.02
arc resistance at the link with 20 MVA
10 MVA motor lcocad prior
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Behaviour of I,y at positions 1, 2, 3 and 4
for a line to 11ne fault through 6.0a arc
resistance at the link with 20 MVA
generation and 10 MVA motor load prior

to the fault.

b) Output of FDLL.
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Figure 6.19: a) Behaviour of Lsm

Output of FDLL.
c) Output of FTIA.
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SAMPLE
1 THERE
2  THERE
3  THERE
&  THERE
S THERE
&  THERE
7  THERE
8 THERE
9 THERE
10  THERE
11 THERE
12 THERE
13 THERE °
14  THERE

QUTPUT OF FDLL

NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT
NO FAULT

15 NOT DEFINED
16 THERE IS NO FAULT
17 NOT DEFINED
18 NOT DEFINED
19 NOT DEFINED
20 NOT DEFINED

THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK
THE LINK

—

fault
applied

21 FAULT AT
22 FAULT AT
23 FAULT AT
24 FAULT AT
25 FAULT AT
25 FAULT AT
27 . FAULT AT
28 FAULT AT
27 FAULT AT
30 FAULT AT
31  FAULT AT
32 FAULT AT
33 FAULT AT
34 FAULT AT
35 FAULT AT
36 FAULT AT
a7 FAULT AT
(b)
QUTPUT OF

PHASE B-C-GROUND FAULT

()

at positions 1,

2+ S afd .4
for a double line to solid ground fault at
the link with 20 MVA generation and 30 MVA
motor load prior to the fault.



L SAMPLE OUTPUT OF FDLL
1 THERE IS NO FAULT
2  THERE IS NQ FAULT
3 THERE 1S NO FAULT
4 THERE I5 NO FAULT
5 THERE IS NO FAULT
&  THERE 1S NO FAULT
7  THERE 15 NO FAULT
& THERE IS NO FAULT
$  THERE IS NO FAULT
- 10 THERE 1S NO FAULT
oL 14 THERE IS NO FAULT
12 THERE IS NO FAULT
13  THERE 1S5 NO FAULT
s 14  THERE IS NO FAULT ’
2 15  THERE I5 NO FAULT
2 16 THERE IS NO FAULT
~ 47 NOT DEFINED fault
= 18 NOT DEF INED applied
3 19  NOT DEFINED
H 20 FAULT AT THE LINK
21 FAULT AT THE LINK
3 22 FAULT AT THE LINK
B 23  FAULT AT THE LINK
24  FAULT AT THE LINK
25  FAULT AT THE LINK
26 FAULT AT THE LINK
27  FAULT AT THE LINK
28 FAULT AT THE LINK
25  FAULT AT THE LINK
30 FAULT AT THE LINK
31 FAULT AT THE LINK
32  FAULT AT THE LINK
= Q3 Hatd 33 FAULT AT THE LINK
% , —~— 34  FAULT AT THE LINK
35  FAULT AT THE LINK
36  FAULT AT THE LINK
T 37  FAULT AT THE LINK
(b)
fault
instant 0\ ~. = TTTmomomomosmmmmommmmmees
3 oUTPUT OF FTIA
PHAGE E-C-GROUND FAULT
-3 3
(c)
(a)

Figure 6.20: a) Behaviour of I;_ at positions 1, 2, 3 and 4
for a double lline to solid ground fault at
the link with 30 MVA generation and 20 MVA
motor load prior to the fault.

b) Output of FDLL.
c) Output of FTIA.
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Figure 6.21: a) Behaviour of I.
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to the fault.
b) oOutput of FDLL.
c) Output of FTIA.
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SAMPLE OQUTPUT OF FDLL

1 THERE IS NO FAULT
2 THERE IS NO FAULT
3 THERE IS NO FAULT
4 THERE IS NO FAULT
5 THERE IS NO FAULT
b THERE IS NO FAULT
7 THERE IS NO FAULT
8 THERE IS NO FAULT
9 THERE IS NO FAULT
10 THERE IS NO FAULT
11 THERE IS NO FAULT
12 THERE IS NO FAULT
13 THERE IS NO FAULT
14 THERE IS NO FAULT
15 THERE IS5 NO FAULT
16 THERE IS NO rFauLT fault
17 THERE IS NO FAULT applied
18 THERE IS5 NO FAULT
19 THERE IS NO FAULT
20 THERE IS5 NO FAULT
21 NOT DEFINED .
22 FAULT AT THE LINK
23 FAULT AT THE LINK
24 FAULT AT THE LINK
25 FAULT AT THE LINK
26 FAULT AT THE LINK
27 FAULT AT THE LINK
28 FAULT AT THE LINK
29 FAULT AT THE LINK
30 FAULT AT THE LINK
31 FAULT AT THE LINK
32 FAULT AT THE LINK
23 FAULT AT THE LINK
34 FAULT AT THE LINK
35 FAULT AT THE LINK
34 FAULT AT THE LINK
7 FAULT AT THE LINK
(b)
OUTPUT OF FTIA

PHASE B8-C-GROUND FAULT

(c)

at positions 1,
for a double line to ground fault through
3.08 arc resistance at the link with 30
MVA generation and 20 MVA motor load prior

2,

3 and 4
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QUTPUT OF FDLL

THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE
THERE

15
I8
18
15
18
IS
IS
IS
IS
IS
15
15
18
18
18
IS
Is
IS
IS
18

NG
NOQ
NO
NO
NO
NO
NO
NQ
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

NOT DEFINED
NOT DEF INED
NOT DEF INED
NOT DEFINED
NOT DEF INED
NOT DEF INED
NOT DEF INED
NOT DEFINED
NOT DEFINED
NOT DEFINED
NOT DEF INED
NOT DEFINED
NOT DEFINED
NOT DEFINED
NOT DEFINED
NOT DEFINED
NOT DEFINED

()

Figure 6.22: a) Behaviour of I. at positions 1, 2,
for a double line to ground fault through
7.08 arc resistance at the link with 30
MVA generation and 20 MVA motor load prior

to the fault.
b) Output of FDLL.
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CHAPTER SEVEN

CONCLUSION AND FUTURE WORK

7. 1 Conclusion

The objectives of this research have been firstly, to develop a
microprocessor based technique to detect and locate symmetrical and
unsymmetrical faults on the interfacing network of a utility inter-
connected industrial cogenerator system, secondly, to identify the

type of the detected fault.

In order to provide operational flexibility and supply security to
such an interconnected industrial cogenerator plant, fault location
is regarded as being of prime importance. Current protection prac-
tices for this sort of interconnected cogeneration system were
reviewed. This helped to conclude that conventional protection
schemes are complex and expensive. This highlighted the necessity of
developing a simple, cheap and reliable alternative to the conven-

tional scheme.

The problems and limitations of the application of standard IDMT
relays for the overcurrent protection of this sort of interconnected

system were identified.

A review of digital protection and its various algorithms was under-
taken. This provided the basis for a rational choice of algorithm

for the proposed new technique.
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The basis of the proposed technique was, firstly, the determination
of pps current directions at four selected positions on the simulat-
ed system and then identification of the combination of these direc-
tions which represented the system condition (i.e. either normal
operating or fault). It was deduced from the study that the sign of
the imaginary part of the fundamental component of pps current could
be used as a means to determine the direction of that current with
respect to some polarising reference. The pps voltage of the indus-
trial busbar was used as the polarising reference. The sequence of
functions of the proposed protection scheme could be summarised as
follows : First, phase currents at the selected positions in the
system were sampled. The pps currents at those positions were then
obtained in sampled form from the phase currents samples at the
corresponding positions. Then, these pps currents, containing funda-
mentals along with other harmonics and dc components, were used in
the Fourier filtering algorithm to extract only fundamental compo-
nents in rectangular form. Signs of imaginary parts of these compo-
nents were then used to determine the directions of pps currents at
the selected positions. Finally, these directions were used in a
fault detection and location subroutine, call FDLL, to determine the
system condition (i.e. whether the system was under fault or normal
operating condition) and the location of any fault. After detecting
a fault and locating its position, the type of fault was then deter-
mined from off-line analysis of the postfault phase currents at
position 3 or position 4, depending on the location of the fault.
The analysis of the fault identification was based on identifying

the phases carrying the maximum fault currents and checking the
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presence of zero sequence current.

A utility interconnected industrial cogeneration system and the
associated protection scheme were simulated on a mainframe computer
in order to test the performance of the proposed scheme. Both sym-
metrical and unsymmetrical short circuit faults at different loca-
tions on the system were considered. The performance was found to be
satisfactory for all kinds of solid and low resistance faults. In
fact, three phase, line-to-line and double line-to-ground faults
were detected and located well within one cycle following inception
of the fault. Single line-to-ground faults were detected within just
over one cycle, which is considered to be fast enough for.the pro-
tection scheme of the type of distribution system under discussion.
It was also observed from the tests that solid short circuit faults
were detected and located faster than faults with arc resistance,
and the detection time became longer with the increase in the fault
path resistance. Nevertheless, the fault detection time remained
within the period mentioned above. The proposed microprocessor based
protection scheme was found to be successful in providing the fol-
lowing functions : differential protection of the interface link and

the industrial busbar, overcurrent protection of the motor feeder

and reverse power protection of the cogenerator. So, the proposed

scheme was expected to be cheaper than its conventional counterpart.

Thus the objectives of the research work outlined in the introducto-

ry chaptér have been essentially achieved.

It is felt, however, that there is a scope for further investigation
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to improve the performance of the scheme for condition of faults
with very high arcing (or fault path) resistance. Such faults could

not be detected by the scheme thus far developed.

Although the proposed protection scheme was developed and exclusive-
ly tested assuming that the system was operating under lagging power
factor conditions, the scheme is also applicable to leading power

factor conditions.

a2 Suggestions for future work

As described in chapter 5, fault current contribution.from the
generator or the motor to a three phase short circuit, in particu-
lar, has been considered as asymmetrical, consisting of exponential-
ly decaying a symmetrical ac component and a dc offset. However, no
harmonic components have been considered in the simulation of the
fault currents. Clearly harmonics could be included in the simula-
tion of fault currents at the selected positions in order to achieve
more realistic representations. Saturation of CTs and the corre-
sponding effects on the performance of the protection scheme also

needs to be studied.

As mentioned earlier, the proposed scheme successfully detects and
locates solid and low resistance faults. If, however, the fault path
resistance exceeds a particular limit, which has been presented in
table 641 of chapter 6, the scheme cannot detect the fault. Further
work is required to improve the performance of the scheme under such

fault conditions. One possibility would be to use the postfault pps
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voltage of bus 1 as the polarising reference to determine the pPps
current directions under such high resistance faults. In developing
the proposed scheme the prefault pps voltage has been used as the

polarising reference under all conditions (i.e. both normal operat-

ing and fault).

Power system transients caused by power swings and switching are
also major areas of concern for any protection scheme. The perform-
ance of the proposed scheme should be investigated under such tran-
sient conditions, particularly during sudden load changes, motor
starting and loss of the generator when the system experiences large
voltage variations. This will require a more detailed model of the
generator and the motor. In order to keep the scheme stable under

such conditions, tripping times may require to be extended.

The next logical step would be to test the performance of the pro-
posed scheme in real-time application. This requires the implementa-
tion of the simulated scheme on a microprocessor based hardware
system. Careful study of many technical considerations will be
required before choosing the signal conditioning part of the hard-
ware system, since this plays an important role on the performance
of a digital protection scheme. Some of these considerations are
accuracy, linearity requirements and calibration stability. Possible
errors resulting from temperature changes, conversion time and power
supply stability must also be considered. The nature of the input
signal, including relative noise levels, must be fully understood.
All these factors should be properly evaluated before choosing a

suitable A/D converter to avoid potential errors in the signal
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conversion.

The principle on which the proposed scheme is based might also be
applicable to an interconnected system having multiple interface
links and more than one motor, as shown in Fig. 7.1. However, some
modificationslare required in the software, particularly in the
fault detection and location routines, to accommodate these addi-
tions to the system configuration. Further studies are required
firstly, to verify the principle of the proposed scheme to a multi-
ple interface links, secondly, to make the proposed scheme flexible
so that it can easily accommodate any modification to the systenm

configuration.

The proposed digital scheme is designed to provide primary protec-
tions to the system. Should this fail, the scheme must also be
capable of providing back-up protection and this requires further

study.
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Figure 7.1: Utility interconnected industrial cogeneration
. system through multiple link.
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APPENDIX-I

DERIVATION OF GENERAL FORMULAE FOR SYMMETRICAL
COMPONENT BUS VOLTAGES AND FAULT CURRENT VECTORS

FOR UNSYMMETRICAL FAULTS



&

According to Thevenin’s theorem the postfault bus voltage, for the

case of unsymmetrical faults, can be obtained from the following

formula [92].

f 0 f
Vis,bus = v * zs,bus I%s, bus

s,bus Chnl) ‘

where VfS,bus’ VOS,bUS’ Zs,bus and Ifg,bus are the SC postfault bus

voltage vector, SC prefault bus voltage vector, SC bus impedance
matrix and SC fault current vector respectively. The definition of
these vectors are given in section 5.3.2.2 of chapter 5. Assuming
the fault on the qth bus of a n-bus system, the fault current vector

1f is given as follows

s, bus

0

Ifs,bus = —IfSq -<— qth component (A.2)

When eqn. (A.l1) is expanded, it can be expressed in component form,

giving a set of n vector equations as follows

£ _ y0 f N
Vsl = Vg - Zslq 1 sq R N
....................... 1
|51 Bangladesh |2
£ _ 0 ; \%\ ¢/
Waa = Vg = Bupe Ty N/ (A.3)
'\;ijgiggg}/*
£ L0 £
Visn = Visn zan ! sq

~Before going to proceed further, the relation between the fault

current and the faulted bus voltage through fault admittance is
considered first. When an unbalanced fault occurs on bus g, the

fault results in the fault currents Ifaq, Iqu and IfCq in phases a,



b and ¢ respectively. These currents can be expressed by a three

element vector as follows
_ " -
T aq
f _ f
I pq = I bq (A.4)
f
I cq

- -

Similarly, phase voltages Vf

and Vfc of the faulted bus can

£
aq’ ¥ bg q

be expressed by a three element vector
i
v aq
f f
= <5
Vipg = | Vbg (&4:3)
f
Y cq

e -

The subscripts "p" of vector quantities represent their phase

f £
values. I pq and V pq are related as follows

£ _ yf yf
I pq = Y- v pq (A.6)
where Yf is the fault admittance matrix, the values of which depend
on the type of fault. This will be discussed later. The egn. (A.6)
gives the admittance relationship of faulted bus voltage and fault

current vectors in actual phase values. In SC values this relation

becomes

ey = 0, Vg (4.7)
where SC fault admittance matrix is

vE_ - rlyfr (A.8)

s



The SC transformation matrix is

1 I 1
T=[a2 a 1 (A.9)
a 32 |

where a = 1/120° and al - 1/240°.
Now substituting eqn. (A.7) into the qth egn. (A.3), we get

f 0 f yf
Vg = Wy = B B 05 (4.10)

Solving this equation for the qth bus postfault voltage vector,

f ,
v sq’ we obtain

vE_ - (1 + Zsqq Yol wh (A.11)

sq q

where I is the identity matrix.

Substituting eqn. (A.1l) into eqn. (A.7), the fault current vector

is obtained as follows
f f f
I sq = Y 5 Vv sq

f f -1 0
= Y5 (T4 Zggq Y977 Vogg (A.12)

Now it is possible to obtain the postfault voltages at other buses

by substituting eqn. (A.12) into eqn. (A.3)
f 0 f
Visi = Vigy - zsiq I sq

0 £ £ ves] ol
= VWgy = Zgyq¥ (@ + Zgoq¥s) ™ Vs

Before proceeding further to apply eqns. (A.11) to (A.13) for dif-

¢ 1#a (A.13)

ferent unbalanced faults, a brief description of computation proce-
dure of SC fault admittance matrix, st, is presented first. Consid-

er a general unbalanced case, shown in Fig. A.l.




W b faulted
: bus q

lf wf f

(125

ISV 77 7T 7T 7777777777777 777777

Fig. A.l: A general unbalanced fault case where
Za # Zb # Zc # Zg‘

By assigning proper values to the impedances, any fault case can be

created. For example, by setting

2, = Zg =0 il.e. Y, = Yg = ®

zb=z = @ i.E.Y=Yb=O

a solid line-to-ground short circuit on phase "a" is created. By
applying nodal analysis in Fig. A.l, the relation between phase

currents. and voltages in admittance form are obtained as follows

~ 5
I aq 1
If = x
bg | ©
£ Ya + Yb + YC + Yg
I cq
L J
— ""f =
Ya(Yg + Yb Yc) *YaYb -YaYc v aq
f
—YaYb Yb(Yg + Y. + fc) -YbYC Vv bg
f
-YaYC -YbYC YC(Yg + Ya + Yb) -y cq |
(A.14)
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Substituting this fault admittance matrix, Yf, in egqn. (A.8), the SC

fault admittance matrix, st, can be obtained as follows

1
, O —-

5
Ya+Yb+Yc+Yg

—

(1/3)Y (Y +¥p+¥ ) (1/3)Y (Y +a2fp+al,) (1/3)Y (Y +a¥p+a’¥,)
Hr iy ? (T, Y +8Y ?b+a§? BB e

(1/3)Y, (¥ +a¥,+a2Y,) (1/3)Yg (Y, +T+Y ) (1/3)Y (Y, +a%¥, +a¥ )
—(YbY +a¥§ Yb+ﬂY Y ) +(Y Yb+'Yb% ? g B b C

(1/3)Yg(Ya+a2Yb+aYc) (1/3)Yg(Ya+aYb+azYc) (1/3)Yg (T ¥pety)

(A.15)

Single line-—-to-ground short circuit

A single line-to-ground short circuit at qth bus is shown in the

following Fig. A.2.

faulted
bus q

Fig. A.2: The single line-to-ground fault case.



This case is obtained by setting

Zb-_—z =m,i.e.Yb=YC:O

Zg =0, i.e. Yg = @

= 17zt - ¥t

3

n

N
H

-

[}

g

Substituting these admittance values into eqn. (A.15), we obtain

1 1 1
Yf
v =-- 1 11 (A.16)
3
1 1 1

By substituting eqn. (A.16) into eqn. (A.11), the postfault voltage

vector at the faulted bus is evaluated as follows

0
Lo o) fegg0 0] (11 |V
E -
Vi =10 1 0f + |0 2z O 11 1] |o
0 0 1 0 0 zg, 11 1| |o

By performing the matrix operation, the vector equation becomes

£
40 1+(Y /3)(z_qq+zoqq)
vfsq - - é -(Yf/3)z_qq (A.17)
1+(Y /3)(z+qq+z_qq+zoqq)

£
-(Y1/3)zgq4

By substituting eqn. (A.17) into eqn. (A.12), the short circuit

current at the faulted bus is obtained

1
vf/3yvo
£ yf of q
o= Yo W - 1
q S8 vy vz vz )
* +aq”“-qq"%0qq’ |,

(A.18)




Then substituting Ifs

q!

defined by eqn. (A.18), into eqgn. (A.

13),

the postfault voltages vector of the buses other than the faulted

one is obtained

f 0 f
Vs = Vigg - Zsiq B sq
b .
vV, Z.ox.: 0 0 1
. =4 (Yf/S)VOq
= O = O Z"iq O f 1
1+(Y /3)(2+qq+z_qq+zoqq) ,

After matrix operation this equation is reduced to

VO- Z

(Yf/3)v0q e

oo =lol- 2 3q| 1% (A.

; 1+(Yf/3)(z+qq+z_qq+zoqq) y
20dq

For solid short circuit, v - &. Then eqns. (A.17) to (A.19) are

reduced to the following forms

40 Z-qq*?0qq
£ q ]
Vsa - Z. . A2 D “-aq i
+qq" “-qq" “0qq ;
““0qq
]
voq
IfSq - 1 (A.
Z+qq*%-qq*?0qq .
0
vy 0 Z4iq
: q
Vv si = 0 o - . z Z_iq i # q (A.
+ +
-qq+20
5 +qq*?-qq*?%0qq 016

19)

20)

21)

22)



Line-to—-line short circuit

A line-to-line short circuit at the qth bus is shown in the

following Fig. A.3.

a a

faulted
b b bus q
c c

X

b [

Fig. A.3: The line-to-line short circuit case.

This case is obtained by setting

Za=m i.e
Zg‘=u= i.e

f
Yb = Yc = 2Y

=
]
o

By substituting the values of Y , ¥, Y and Y_ in eqn. (A.l15), we

get

c g

-1 0
10 (A4.23)
0 0

8



By substituting the values of st, I, 2 and VOS in eqn. (A.11),

£qq q
the voltage vector at the faulted bus can be derived as follows

r v mk1[y0
1 0 O Z,qq © 0 11 0 Vo

£ £}
Vi ™ 01 0l +]0 Z_qq o Y*{-1 1 0 0
__o 0 1 0 0 2z(qq 0 0 qJ 0

f nrf -1[+0
1 0 O Y z+qq Y z+qq 0 v q
_ i f
=[]0 1 Of + |-Y Z_qq Y Z_qq 0 0
0 0 1 0 0 0 0
f _of -11;0
1+Y z+qq Y Z+qq 0 v q
= | -vtz 14182 ol |o
-qq -qq
0 0 1 0

After inverting the matrix, the above equation becomes

£ £ 0
1 1+Y z_qq Y z+qq 0 v q
£ £ -
Vig =2 o R T P 0 0
1+vi(z, vz o)
0 0 1+Yf(z+qq+z_qq) 0

Finally this equation becomes

f
40 1+Y Z_qq
vE_ - q v, (A.24)
sq 1 Yf -qq
(249" %-q0) |



Substituting egn. (A.24) into egn. (A.12), the fault current vector

at the faulted bus is obtained as follows

_ £
| 1 0 VO 1+Y Z_qq
if _vyfllr 1 o0 g vE;
= 1 Yf z z -449
(2,94 %-qq)
0 0 O 0

Ifsq = f q -]. (A'25)
1+Y (z+qq+z_qq)

Substituting egn. (A.25) into eqn. (A.13), the voltage vector at the

buses other than the faulted one is obtained as follows

0 "

Vg Z4qq 0 0 $E0 1

vig=fo |- 0 z4, O — -1
1+Y (z+qq+2_qq)

0 0 0 zg 0

which can be reduced to the following form

0
i yEyO %+ig
f q ,
Vi =0 |- —% “2_yq i4q (h.26)
1+Y*(z +Z_ )
. +qq*%-qq 0

When the short circuit is solid, i.e. Yf = =, then egns. (A.24) to

(A.26) are reduced as follows

10




Double line-to-gqround short circuit

A double line-to-ground short circuit at the qth bus is shown in the

following Fig. A.4.

a

> b faulted
bus q

c

2vyf 2y!

Fig. A.4: The double line-to-ground short circuit.

11



<
I

sq

' : 0
o * Vo .

1+¢4YE/3) (2 )

+qq*%-qq*20qq)*(4Y /3)(2,qq%-qq*?-qq%0qq*?0qq%-qq

l+(4Yf/3)zoqq+(4Yf/3)z_qq+(4Yf2/3)zquz_qq

£ £2
(275/3)2_g o+ (4775/3)20qq2 - qq (A.31)

f f2
(2Y /3)zoqq+(4Y /3)20qqz~qq

Now by substituting Yf and Vf into eqn. (A.12), the current
s sq

|
| vector at the faulted bus is obtained as follows
|

£
f
I sq =
2vf/3) voq
1+(4Yf/3)(z KT B2 )+(4Yf2/3)(z Z  +Z_ . Zn  +Z0qaZ ;
+qq” “-qq” "0qq +qq®-qq"*-qq“0qq™“0qq”+qq
P f f £2 7
2 1 1 1+(4Y /3)zoqq+(4Y /3)z_qq+(4Y /B)Zquz_qq
- _ f f2
1 2 -1 (2Y /3)z_qq+(4Y /3)20qqz—qq
f f2
hY
After simplification,
f
I sq =
2v£/3) voq
%
f f2
1+(4Y /3)(z+qq+z_qq+zoqq)+(4Y /3)(z+qqz-qq+z-qq20qq+20qqz+qq)
f f
2 + 2Y Z0qq * 2Y 2_qq
} _ f
1 - 2¥°zg44 (A.32)
_ ) f
1 2Y 2_qq
v

13




hab 4

into eqn. (A.13) the voltage vector at buses other

Inserting If

q
than the faulted one is obtained as follows

0
Visi] [Baag O O
f £
Vigi = O |- 0 Z_4iq 0 [I sq}
0 0 0 zp,

After simplification, we obtain

0
Vq
f
Viss = | O~
0
(2v8/3) VO,

f £2 .
1+(4Y /3)(z+qq+z_qq+zoqq)+(4Y /3)(z+qqz-qq+z-qq20qq+20qqz+qq)

f
z+iq (2+2Y (zoqq+z_qq))

Z_iq (-1—2Yfzoqq) i #q (A.33)

f
20iq (-1-2Y z_qq)

(-

Assuming solid short circuit fault, i.e. ¥ - », eqns. (A.31) to

(A.33) reduce to the following form

y0 0qq %-qq
q
=4 2 Z + 2 Z + 2 Z Zqu z—qq (A‘34)
+99“-qq -qq“0qq 0qq“+qq

20qq *-qq

14



1f

sq

0
Vg

Z,qq%-qq * %-qq%0qq * 20qq®+qq

0
Yy

Z,qq%-qq*?-qq%0qq*?0qq®+qq

15

Z0qq*?-qq
“?0qq

“2.qq

2,1q(%0qq*?-qq’

"%-1q%0qq

"Z0iq®-qq

for

(A.35)

(A.36)

i4q



