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Witli the introduction of the 400 XV network
it is cnticipeted thet the occurrence of substetion
tusher faults will increcse in number. The plenned
increase in short circult capacity of this network
recuires fogt feulv dctection to limit damege to
ecuinment., Increcsed switching will e recguired to
mzintein the security of the network ¢nd any
mileoperetion would hove severe consecuences over a

wide zrec.

The development of a network simvlator to
include tronsient snd subd - traunsient terms so that it
is especially suited ©vo short circuit study is
degcrived., Thne simulator is uwsed to produce current
and voltege wavelorms for heselthy and feulted
sunstetion bushars. Applicetion of chort cixcuits is
fTrom & loaded network conrdition. Two transmission
line simuletions for long ond cshort lines are
developed.

A method of logic switching suitable for
high voltege gubsyvetions whicl: supervises mermual
switching and periorms ovtometic reswitcaing to
maintoin security on subsetetion busbear faults is
developed. The Kerneuvgh mep representetion of stetes
inn e switching clgebra is used to develop the ecuvations
in Boolean zlzebre form which cre The biegis of the
switching operations., An off - line computer program
is developed to give & convenient method of determining



thege eductions in e forix suitable foxr programming a
recl -~ time switching controllier,

The problens egsocintvted with present busber

o

protection schemes and e technicue based on sampling
end analogue to digitel conversion using o digital
sunmmetor are discussged, The basis of 2 busber
protecvion scheme using switching veriables end logilc
is developed end this method is proposed for further

study .

A proposal for & centrclised high voltege
subgtetion controller to be used for all substation
functions is discussed,
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LIST OF SYNPCLS

The most coun.only used symbols and notations
are defined below, Synbols, which are not listed, are

explained in the text.

In generel, instentoneous velues are denoted
by lower case letters and phesor cuentities by upper
case letters. Values, except vwhere steted, are in per

unit,

Main Symbols

i Instentcneous value of current

I Phesor velue of current or primary
net.ork instentaneons current

e Ingtanteneous velue of voltege

E Constent or phesor vilue of voltege

R Regigtance of detection circuit

r Resi.tonce

X Reectence or input to logic controller
g | Concuctence

c Capecitence

X Total reactance

¢ or 1 Leekege incductonce or treancmission line

inductance
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Totel self inductince or primary
network inducitonce
Time 1in seconds
Torcue or tiwme constant
Overator @
: aF
Povwer
Impedance or output logic variable
Adnittence
Machine inertis constont
Totel muber of prinery feeders
Moment of inertia

Operational impedrnce relating i, to ¥a

Operational impedence relating iq to %G

w

Operctionel cuantity releting ep to %d
Coefficients defined in Section 3.2.2

dnguler velocity of infinite bus in
redians per gecond

Angular velocitvy of rotor in radians per
gsecond

Load angle of synchronous nachine with
respect to bus
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A Phege angle of € at zero time

Flux linkrge

<

Y Logic varizivle for present sicte
N Logic verioble for secondery stote
T Function of a switclhing clgebra
* and (binory operation of slgebra)
v or (binery operation of algebrs)
- not (uncry operetion of zlgebra)
s Stoble state
subscripts
a Phese a
b Phese b
c Phese ¢
o o components
B B components
o} Zero component or non - transformed value
d Direct cxis
q Quodreture asis
il Field winding
e Electrical or tronsnission line
n Mechanicel or meximum

t Turbine or primery network or tronsposed
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Superscriots

.
*

Secondary netwcrk ox sending ‘end
Direct axic mutual
Guadreature axis mutual

Independent

_IC
n h value

Receiving end

Trensient

Sub -~ ticnsient

Modified value or conjugete tensor

Computer Symbols

I

D

w

IR

LE

fultiplication operation
Division

Summation

Resolver

HWegetion

Arctan operator
Integretion

Relay or switch
Transmission line reactance

Trensmission line inductence

15
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Trensrission line resistence (negative)
Machine reslstance

314 .16 rzdiocns per second

Field excitation

Direct exis reactance

Quedreture axis sub ~ transient reactance

Quadreture axis open circuilt
sub - transient time constant

Quedroture oxis synchronous reactence
Congtants

Tuorbine torgue

Inertia constent
Trensmission line conductance
Transnpission line capacitance
Time

1.4142

0.0

lic.chine lo&d angle

Resistance of relay circuit
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CHAPTER 1

INTRODUCTION

l.,l DPresent Practices in Substaetion Protection

l.1.1 Busbar Protection by Circulating Current Schemes

In general, busbar protection schemes use
Kirchoff's first law as their principle of operation.
Although this basis is gound, difficulties in operation
occur as a result of the application of technigues and
the physical limitations of the equipment used.
Protection systems have evolved by the modificetion of
fundamental systems. The most commonly used at present
is the circulating current system (32).

Figure 1.1 shows its application to a single
phase circuit., Two ecual -~ ratio current transformers,
CT 1 and CT 2, are situated to measure the current at
each end of the protected zone and their secondary
windings are so connected that current flowing through
the zone in the primary circuit does not cause current
to flow in the relay connected to the CT secondaries,
Assuming a low impedance secondary circuit and CTs
which reproduce the primary current waveforms
perfectly, the instantaneous current in the relay is
proportional to the sum of the instantaneous currents
flowing into the protected zone. For a fault outside
the zZone the sum of instantaneous currents into the
zone is zero and thereiore no reley current flows,
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however on on internal fault the current in the relay
is proportional to fault current (4, 5, 66).

1.1.2 Current Transforner Satuvration

The difficvlty with this type of protection
ig that Cls are not perfect sensing devices and
circulating current schemes have been modified with an
2im to giving the required primary fault setting and
through feult stability. The equivalent circuit for
the arrangement of Figure 1.1 1is given in Figure 1.2.
This arrangement works well provided one or more CTs
do not seturate. When a CT saturates it acts as a
parallel path to the relay with on impedance ecuivelent
to the secondary winding resistance, Tgs and its

leakage inductonce, £ The voltage across the relay

S.
is therefore the product of the sum of currents from

unsavurated CTs cnd the impedance of the saturated CTs.
The meximuin possible relay voltege under through fault

conditions is therefore

VI‘ = Z IS R (l.l)
1 1 1

where I e b e b ., (1-2)
R™Trgy " T

if I, is the current from unsaturated Cls and Ty

Ty ees aTE the resistances of saturated CTs.

To achieve stebility on & through fault it



|
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FIGURE LI Circulating Current Protection System

FIGURE 12 Equivalent Circuit of Circulacing Current

Protection System
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is neoessary.“hat the voltage setting of the protective
relay be grecter than the value of Vo To obtain this
required setting a stabilising resistor is connected
in series with the relay current coil. The cgetting of
the relay can be determined as follows,

ME

I (1.3)

It I, = n

n=1

where there are m feeders each teking In magnetising
current ot a voltage of V,, the primary feult -setting
of the protection is given by

Ip = k(I + I) (1.4)

where k is the ratio of turns of the CT from the
secondary to primary side, Is is the relay current.

High inpedance relays are used in this
scheme and difficvlties crise during an internal
favlt. The Ci's try to force & high value of current
through the stoabilising resistor and relay coil, and
the high peak voltage which occurs may damage equipment
by exceeding the insvlavion level, This can result in
operation feilure, Concecuently the peak voltoge is
limited to &n acceptable value by connecting a
non - linear resistor in porallel with the opercting
circuit. To ensure satisfectory operation it is
necessary to employ CTs with a high scturation voltage.
The criterion used in practice 1is to specify knee point
voltege of CTs as the retio of secondary open circuit
e.m.f, &t the knee point to the induced secondary e.,m.f.
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at one ampere with rated burden., This insures relay
operation on internsl feults to give a voltage of
twice the relay operating voltage (12).

If 2 low primery fault setting is required
the relay musdt have o low current setting and will thus
heve a high inductance., The resvlt is that the relay
coil voltage sebtting will be much greater for a.c. than
d.c. component, Singe the relaymust not operate on the d.c.
transient component the coil inductance is tuned out
by a capacitor or the component ig eliminated
through a bridge type rectifier. For a fault occuring
near a busbar but external to it, the entire fault
current from the busbar flows out on one feeder, The
current transformer in this feeder must have 2 constant
ratio up to the maximum exterrnal fault current (i.e.
it must not saturate). Also the d.c. component tends
to cause saturation, which produces an unbalance in
the »nrotection circvit during transient conditions.

1l.1.3 The Prevention of False Operation

Schemes have been devised to prevent false
operation of relays during external faults despite CT
satvration by providing restraint. Biased percentege
differential relays (31) and harmonic restraint (7 )
have been used, however these result in a delay in
speed of clearsnce on internal faults. Differential
biased relays take adventoge of the fact that for
through faults there are large secondary currents
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flowing bvetween CTs and that lorge secondary currents
also flow when a CT saturates 1f the protection relay
hes a reesonably high impedence, Thus a percentage of
this current is applied to & coil (56, 53) which operates
ageinst the tripping coil ond will restrain tripping
when external faults or saturation occurs, but there
is no restreining action on internal faults. Hermonic
braking is based on the difference of the harmonic
content of the current wavelforms in the protection
circuit. TFor a fault in the protected zomne detection
ervipnent current waveforms are nearly sinusoidal)
however an external fault introduces higher harmonics,
particularly third Qa;monics, in this circuit. This
is showm in Figure,A%ii However this figure also
shows that it occurs only under certain conditions.

Since it is not practicable to build CTs
with cores of sufficient cross - sectionel area to avoid
saturation from d.c. transients with long time constants,
gpecial types of CTs have bveen developed. One type has
an air gap in the core (68), another has no core at all
(24) and is known as & linesr coupler. The secondary
voltage of the lineaxr coupler is proportional to primary
current (see Section 3.3.3); therefore all the secondary
windings of the couplers on one busbar are connected in
series to the relay (25)., The power obtainable from a
linear coupler is low ond for maximum transfer of
energy it is necessary to mateh the relay impedance to
the secondery impedance of the couplers. Wien operating
e relay coil from linear couplers connected in parallel
it 1s necessary to employ secondary branch impedances
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of almost equal value if the current from each branch
is to be proportional to the primery current. On a
through fault the differential current caused by

gistance imbalance may cause tripping. The secondary
a.c., end transient currents which flow during a through
fault add to the problem, Consecguently the series
arrengement is preferred (45).

l,le4 Pheose Differenticl Busbar Protection

Another principle in busbhar protection is
based on the phase difference between currents flowing
into nd out of the busbaur. The principle was used by
Steele (64) and also in the Cesson -~ Last system (43)
which is shown in Figure 1.3. Begically, there are
four high - speed relays, A,B,C and D, which have
operating times of the order of one millisecond.
Contacts on coils A end B are connected in series to
coil P and the coil of A is connected between a
positive protection bus and common, and the coil of B
is comnnected between a negetive protection bus and
common, Each bus is connected through diodes to all
the CTs of one phase, On 2n external fault current
flows through the diodes to energise the positive
bus ond negative bus together, OCn each half - cycle
the coils of A and B, elso C and D, are energised
together so that their contacts move together., In
this way the coils of releys P and Q are never
energised, However on an internal fault the positive

protection bus znd negative protection bus are



Substation Busbar

| |
X

X Common Buss

| b

~

+ Protection

y . Busses

A o Low Set
Q High Set

FIGURE 1.3 Casson—Last System Schematic
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energised cilternastely, thus energising coils A and B
alternately so that their contacts move out of phase
resulting in energising of the relay coils P and Q.

The positive nrotection busg (x) and the
negative bus (y) cen be considered to be two logic
busses, If X and y signify that they are energised,
ond X and ¥ signify that they are not energised, then
Boolcan expressions (see Appendix 2) can be written for
the tripping of bresker on the protected zone. If a
end 2 are used to indicate the forward aond back contact
respectively of relay A, etc., then the Boolean
expressions are as follows,

TRIP = p°q (1.5)
P=(a*B)V(b*a) (1.6)
Q= (c*dvVv(are) (1.7)
LAorC&x and ZorCEeEX (1.8)
BorDE €y and BorDEY (1.9)

Combining (1.5), (1.6), (1.7), (1.8) amd (1.9) the
Boolean expressicn for TRIP in bus form becomes

TRIP = (x* V) V(X *y) (1,10)

In practice two sets of high speed relays,
one low set (A and B) and one high (C and D), are used
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aOs

P Q TRIP

FIGURE |4 Contact Arrangement for Phase
Discrimination

external fault busbar fault
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FIGURE |.5 Phase Relation and Contact Movement
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to prevent maloperation when unavoideble differences in
relay pick - up settings cocuse one of the peir of relays
to close before the other under through fauvlt conditions.
The difference between the pick ~up current of the two
sets of relays is made sufficient to ensure that both
relays of the low pick —up current setting operate
before either of the high pick-up set. Thus if =
condition of through fault occurs which operstes only
one relay in & set the other set blocks maloperation
and encures stebility. _Sstwretion—eof Cfs—muat—be-
wredded in this—eystem—as—well, I, under heavy
through fault conditions, scturation occurs one of the
protection busses will not be energised and the
protection will be unstable,.

1l.1.5 ZFarth Fault Busbhar Protection

If 2 busbar favlt at & substetion involves
earth the fauvlt current flowing in the earth path can
be used to detect the busbar fault. This is achieved
by insvlating all prinary ecuipment from esrth and
providing only one math to earth. Detection of current
in this path indicates a busbar fault., Systems using
this method are called frame leakage protection., The
Forregst Flashover protection scheme is completely
dependent upon this principle wherecs many schemes
use frame leckage in conjunction with other principles
of protection. ZExamples of such schemes are the
Trenslay System and the Reynolle Dualock System as
outlined by Neylor (43). High voltoge substations are
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not easily insulated and detection times are many cycles
long for this system (63),

1.2 Busbsr Protection System Principles

1.2.1 Tocation of Fsult

When & fault occurs on a transmission line
some distance from the protective ecuipment there is
gresot difficulty in differentiating between this fault
end trensients arising from other ceuses such ag
switching. Fault resistance and balance point shifting
are among the factors whicn interfere with the detection
of line fauvlts. PFor a feult that occurs adjacent to
the protection ecuipment the problem is reduced to
determining tilie direction of the fault. When a bugbar
fault cccurs the problems encountered are different
from those of line fault conditions. The grestest
problenm caused by & line fault, that of determining if
o fsult exists, does not occur on & busbar fault where
the protective ecuipment is adjacent to the fauvlt. But
the problem of determining the location of the fault,
which is relatively easy for line fzult protection
equipnment, is difficult for busbar faults with the
grecter number of boundary points which require
monitoring. When using the phase difference principle
of protection basically eaclk feeder connected to the
busber is tested to determine the direction of flow
in relation to all the other feeders. If at one
instant in time the flow is in the same direction in
all feeders only one protection bus is energised and
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tripping occurs. It recuires flow in only one feeder
to be out of phase to energise the other protection
bus #nd to block operation of all busbar feeder
brezkers.

1.2.2 Through Fault Stability

An exsmple of & circulating current scheme
with three feeders 1s shown in Pigure 1.6. A supply of
unit amperes is connected to feeder number 1 end loads
equal to one -~ half unit amperes are connected to
feeders 2 and 3., During normal operatlon>m#;mary
current flows into the busbdrdiﬁé;eeder 1 and flows
from the busbar on feeders %I&aé—g% The sunm of the
currents on the feeders is zero, If an external fauvlt
ceuses fault current to flow in feeder 1 and 3 and
seturation of CT2, for a typical case the induced
secondary current from CT1l is shown in Figure 1.7.

The induced secondery current for CT1l on & normally
protected internal three phase fault is shown in
Figure 1.7 also

A current summetion of protective circuit
current for different values of stebilising resistance
is shown in TFigure 1.8, When an internzl fault occurs
the current in the protection relay, which is shown in
Figure 1.9, exceeds té%’setting chosen from Figure 1.8,

If the circulating current scheme and the
phase difference scheme both have their monitoring
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FIGURE 16 Circulauing Current Protection Using High Impedance Relays




31

devices enclosing a true node (thet is, the monitors
must not bisect +the busbar to be protected) outward
flow of power on one feeder will block operation of

the vprotection circuit. The circulating current schene
hes the added feoture that if two monitors bisect a
bugbar, tripping will not be blocked by outward power
flow on one of these monitors provided that there is an
inwerd flow balonce on the other monitor. This feoture
is used when a check loop or confirming back up
protection ig required.

Although Kirchoff's law is a criterion for
determination of busbar fouvlids in the primery network,
as shown in Pigures 1.7 and 1,8, this law cannot be
simply mapped onto the secondery or protection circuit
of a substetion because of the CT characteristics
involving non-linearity. While the operzting
threshold on the primery cide is zero current, the

hreshkold on the secondary is determined by the stability
requirements, Some toleracnce must be permitted in the
protvection circult =nd tiie corresponding primary circuitb
unbalence is not determinable.

1,3 DBusber Fault Characteristics

le3del Detection Time

There is, at present, a need to shorten the
detection time for 400 kV busbar faults so that the
demege, vhich is possible becausze of greatly incressed
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system capacity, mey be limited., In the development

of busbar protection previous investigations have been
devoted to the principles of operation of the protective
system (60, 62) and CT transient charscteristics (15, 57).
Although fault detection times are now about two cycles,
operating times of from 3 to 6 cycles have been commnon
and the operction of protection equipment hes been
explained end tested for susteined fault conditions (67).
CT transient characteristics cre uesually studied by the
application of 100 percent offset current and are
cevoted to the application or improvement of (Ts.

l.3,2 Bushar Fault Transients

A tronsient condition between normal and
susteined fauvlt must occur rapidly after the occurance
of a fault on & network. If detection time is to be
decreaged it is necessary to determine the first
instant at which the faultv con be detected. In order
to develop a method of detecting a fault a precise
representation of the primary cnd secondery current
and voltage weveforms cre needed., The recuirements are
gs follows:

a) The current and voltcge weveforms in all
network feeders over the first cjrcle after
the occurasnce of a busbear faulsd

b) The weveforms for a fault applied at any
desgired point in a cycle



¢) A method of obteining, from primery waveforms,
the operating instent of present types of
protection eguipment and of proposed schemes

d) A representation for & typical substation
busbar «nd feeder network

1l.3.,3 Trensient Study Methods

A practice common in the study of problems in
engineering is to develop the complete mathematical
theory and then certain simplifying assumptions are
made so that these equations can be golved. A physical
model is then built in which the complete theory can
be represented ond the mathematical solution is compared
to the result obtained from the physical model., In
this way the effect of the scsumptions can be determined.
However if the solution of tle ecuations do not involve
meking asgsumptions the only purposes a physical model
serves are to guard against calculating errors or it
must give an ecsier method of solution., If the only
physical model which cen be built involves mnore
agsumptions thon other meti:ods of solution it becomes
impractical, Some problems dealing with specific
equipment in a power neitwork can be investigated by
building a physical model but they require a simplified
representation when elither detail or size st be
grectly increased. Because of the difficulties in
obtaining the waveforms and the protection operating
instant by construction of a physical model other
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experimental metl.ods sre wrecuired,

The values of current w«nd voltage have been
determined by the solution of the differential equations
of the network. iowever network equetions ere, ot
present, uvngolvable without a lerge number of assumptions
which are too sweeping to give a precise reproduction
of instentaneous values over the first cycle after a
fault. To reduce the number of assumptions these
equations can be solved on an anslogue computer by using
the transforms of two - axis theory of elecitrical machines,
firet developed by Park (48) and formulated oy Adkins (2).
The transforms can be extended to the power network and
vrotection gystem and this greatly simplifies network
and protection system calculations, This nethod of
solution might be compared with an iterative method
where the (n+1) value, obtoined from the nth value by
feedback thirough an analogue loop, is found by
iterating around & numerical loown.

There are nine multiplier units in the
Electrical Engineering Depertoent's anclogue computer
which limits the number of differentisl ecuations which
can be used 28 an integral part of the representation.

The MIDAS program (51) has been written to allow a
digital computer to be used in the seme way as an
anslogue computer, The scope of calculations is greatly
increased becausge a subrouvtine referenced by a call
statement replaces each operational amplifier, multiplier,
ete,
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1.4 The Switching Controller

1l.,4,1 Development of the High Voltage Substation

The function of a substetion has changed
greatly since its conception. Origirelly substations
were uvgsed only to convert voltage and freguency to that
suitable for uvtilisetion (21). The first electrical
networks were direct current, The adventages of static
equipment led to the adoption of alternating current
for transmission, Substations were required for
conversion since generators aend lozds were direct
current, An operator's funcition was to protect the
equipment, The idea of continuity of service has led
to the introduction of the double busbar substation
which became possible with the development of vhe
circuilt breaker, ZElectric railwey breakers were
converted by instelling overcurrent devices, These
breakers were used at the supply end of trensmission
lines., The first circuit breakers used in substetions
were 'reversed currcent circuit breskers' which were
conplete with tripping devices built in. Breakers were
specified for either generating or substation use (65),
This arrangement mede it theoretically possible to
localise feults, limit damage and increase security.

The power network of today consisis of a large
number of individval or parallel feeders connected to
substoetions which require a greact deal of complementary
equipment. This equipnent has become very complex, and
the operator recuires aid to adeguately control the
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modern network. With the new high voltage substation's
increased capacity the operator will be faced with
increased problenms,

l.4.2 Switching ond Interlocking

Large substations usuvally have a control room
in which & mimic diagram of the substation switching
arrengement is displeyed. Hand dressed switches provide
remote control of the isolators and circuit breszkers.
Interlocking of the primary network is used to prevent
undesirable or dangerous operation and supervision of
the secondary network is used to detect fauvlty protection
equipment (3, 46).

Supervision is used on cirevlating current
protection since open- circuits or short-—circuits on
Cis or the secondary wiring circuits would upset the
balance of current causing unwented relcy operation for
a healthy busbar section. Automatic means are used for
the detection of such secondary circuit defects and to
switch out the protection. Generally a sensitive relay
is connected in series or parallel with the protection
relcy. The presence of current due to secondary defects
orerate this supervision relay. The removal of
protection is delaoyed to prevent meloperetion when
faults occur, However it has veen known for supervigion
circuits to render protection inoperative under fault
conditions,
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Secondary protection circuits must be switched
in conjunction with the switching of the protected
primery network, Intexccnnection becomes extensive on
double busbars ond improper connections can result in
open -~ circuit CT or unbelrnce because the gprotection
includes & CT on a feeder disconnected from the primary
network., To avoid the incdvertent tripping of busbhaxr
breakers two complete protection circuits are uvsed., One
protection circuit is used on each section of busbar
(discriminating group) and a confirmation protection
circuit covering the complete busbar installation (check
group). The discriminative group is fully discriminative
while the check group covers the complete busbar and
does not distinguisu between faults on different bushar
sections, DBoth the check reley and the section
discrimincting reley must operate before section
breakers are tripped.

In future more switching of the primary
network will be reguired to maintain high security,
thus more complex switching operstions will be attempted.
Switching operztions must be considered to operete all
switches in one feeder and even groups of feeders from
one commond, An increase in supervision of system
switehing will De reuvuired as will methods of handling
rore informetion concerning the transmission network.
Secondary network supervision will have to be simplified.

Many of the protection schemes which are very
simple in principle give rapid and accurate indication
of the condition of a busbar with respect to faults, but
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are unuscble because of a single failing, Such schemes
could give improved operation if +This failing could be
overcome, Chapter 7 investigates such schemes,

With the inclusion of an adecuate system of switching
and monitoring their feiling can be elinmineted.

l.4.3 Logic Metlhods

Over the past few years devices ucing high
speed logic have been developed and applied to meny
industrial processes. The use of these devices has
increased with the greater understanding of opbtimum
control methods and the design of fast operating and
reliable components. Computers are being used to
monitor vericbles, perform calculaticns, display and
store information, and control equipment and output
of power stations (59). Electrical tronsmission and
digtribvtion cystem control has consisted largely of
sutomatic load forecasting dispotching, plant ordering
and frecuency control (47). FHowever one method of
using methematical logic to describe the switching and
interlocking of power system networks and equipnent has
already been descrived (16).

A centralised system of substation control
would be o desirable development, If this system were
complete with a memory unit and a calculating unit
cepable of great flexibility in operation the scope of
possible power system control would be increased, In
Chapter 5 one method of simulating switching
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arrengenents suiteble for system switci:ing and
monitoring for use in control and protection of
electrical networks is developed.

1.5 The Purpoge of the Study

The need for high security and reduced fault
detection time of the new 400 XV power neitworks
initiated this study.

The <thesis describes the development of =
digital computer method for the study of busbar fault
protection scheuwes., The resvlts obtoined by vsing
this method to study cifferent protection systems for
a typical high voltage substation busbvar is given.

Also a method of determining a simulator, based on
logic, to be used for high voltage substetion avitomatic
switching is described.
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CHAPTER 2

oUSLLALVTON DIFFERENTIAL BEQUATIONS

2.1 Generasl

The differential ecuations of this chapter
Torm the bagis from which the ecuations for the numerical
solutions of busbar and protection circuit woveforms are
developed., These ecuations are recrrenged in Chapler 3
for power network simulation by the MIDAS method- (51),
The theoretical basis Ffor these eqguations is as follows.

c.l.l The Operational Equation

The operational eguctions give the relationship
between voltoges, currents cnd flux linkeges in a
machine, They are the generel ecustions bhesed on
two — axis theory. Generslly These equaotions are used
for the scolution of »robleme involving symmetrical
voltages, however a cnd B components as given by
Concordic (14) heve been applied to this type of

repregentation to give & new teclinicue for the
determination of variables in an asyimetrically faulted

network.,

2.1.2 Tronsformed Ecuetions of Tronsnission Lines

These equations have been given by Aldred ( 6).
For long tromsmiscsion lines the differential equations
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given by Johnson (29) are trensformed.

2.1.3 Protection Circuit Equetions

The cifferential equoctions which describe the
busvar protection equipment for a substation are
trensformed to two - cxis theory equetions.

2.2 Per Unit System and Sign Convention

For ease of hendling snd comparison between
generctors, loads, transmission lines and protection
ecuipnent all primaery circuit quantities are reduced to
& per unit boasig so that the scme order of magnitude
between quantities from difierent machines exists.

This &lso zrectly reduces the calculation difficulties
gsince,; by this arrangemens, the complete inductance of
& coil is obtained by adding the mutual £nd leakag
inductances, The per unit system cdopted is given by
Rankin (53). With thig definition the unit of power
corregponds to unit r.m.s. voltege &nd r.m.s. current.
The unit of speed is given as the rcdian per second,
Thus the unit of torcue becomes the Torcue which produces

unit power at nominal speed (54).

Sign conventions erc adopted so that the
Tollowing correlation between electricel and mechanical
quantities is followed. Voltage is applied to the
terminais and torque is applied to the shaft. Therefore
vositive voltage =nd current meen motoring action, and



44

positive torgue and speed mean generating action,

2.3 Assumptions

Perke (48) has developed the two - axis theory
for on ideel mechine with the following generally
cccepted cgsumptions,

a) Per unit mutual inductance for all the coils
on one axis are egual.

b) Complete windings sre reprecenbted by single
coils on eaoclh axis,

¢) 7Zero secuecnce cuantities do not flow in the
mechine, In this znalysis zero seqguences in
the network are tecken &g proportional to «
conponents.

2.4 Transformation Formulee

The ideelised three phase mechine is shown in
Figure 2.1. If differential ecuations cre set up for
S

(._l-

his arrengement inductonces vary with 6, the angle of
position. The two -axis theory, developed by Park (49,50),
mekes these differential equations lesg difficult to

solve by replacing phase voltages and currents, €ns €y

€y 155 ib’ ic, by the fictitious gquentities €qs eq,
e, gy dg iO by the following transform.

N



_—r_"—m

I-'—1 s —
eqr id’. rz;sa COS(O-—?%) cos(@-—%%) ey i,
ey iq = % sin g sin(a-—%g) sin(@-—%%) ey 1y
. 1 1 1 :
— ] — T (2.1)

This is the trencforrm from the time plane to

the two - a8xis plane. The parameters €49 eq, id’ lq are

associated with fictitious coils located on the direct
and cuadroture axes ag shown in Figure 2.2.

2.,° Induced Voltege Iouetion
=)

The equetion relating induced voltage, current
and flux can be developed for each phase of the machine
shown in Figure 2.1. Ldkins (2 ) has given the two - axis
equivelent of this eguation which Torms the bagis of the
two - axis theory. Thege ecuations are as Tollows.

edzplyd+v(f’q+raid (2.2)
eq=--\;5‘/d T oW, Th i, (2.3)

The cuantities e, ond iO are related to each other
independently of the axis cuantities. The voltages €q
end e, can be physically interpreted s impressed
voltages on the direct and cuadrature axes coils of
Figure 2.2. With this interpretation, the two - axis
machine in Figure 2.2 carn be regorded as the equivalent

P

of the three phase machine in Figure 2,1 in the two - axis
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plene .

2.6 Dirept end Quadrature Axis Egustions

The ecuetions Tor the system of stationary
matually coupled coils of Figure 2.2 cen pe written for
each oxis in terwc of their individual currents, flux
linkages and mutucl and cgelf inductonces.

The direct cxis equations sre as follows.
Vﬁ = Lmdif+'Lmdikd*'(Lmd4'&a)id (2'4)

g = TpaPlp + (gt Ing P )iy + IpgPig (2.6)

Similerly tie ouvadrabture axis equations are
ag follows.

(2.7)

It

Loglieq + (Tgg+ 4s)ig

¥q

€yq = (I‘kq-l-qup)ikC + L I>iq (2.8)

mg

The damper windings XD and KQ are short
circuited csg in Figure 2.2 end therefore

exa = Crq = O (2.9)
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2.7 The Operational Imnwedancec

By elimincting if end :i.}rC1 from the direct axis
eLuetions Sl/d ney ne expresced in the following form.

l—r(T4+-T5)p-+T4T6p°

. = | L.i
“ 1+(Ty +1,) p+TlT3p‘ dd
" 1+T, . p T 1
. kd = =& e (2.10)
fin i -
L 1+(.L1+‘.[2)p+T1T39M re
which can be put in 1le form
x5 (p) G (p)
- _d : *
Ya=—5— ta*t 5 (2,11)

Similerly by eliminating il’c, from the quedrature axis
&_
ecuetions SVO is expressed in the following Fform.
1

1+ TMpH
W o= —d 1 i (2.12)
= 1+‘1‘-<'1'O 0 ot

x. (p)

The functions x4 (p) and xq (p) are cslled operational
impedences,

The time constonts cre defined as follows (2 ),
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3
i
e
i

do Wr'p (de * Xf)

direct - axis trensient open - circuit time constant,

-

m . L ;
to = Wi (de + Xli’.d) ’
kd
X_ 31X
M = T!" = _l X -+ ““"—'_“md £
3 do Wry g ka :Lm at xf

direct ~ exis subtransient open - circuit time constant,

X X
T, = T! = L o+ _n_@__a_’_.
4 d Wl il Zonat %y

X . X
T = 1 X g + md “a
T — y
X, 1 ¥e X
T6 = P = 1l th + nd °f Ta
WIeg Znag *a T Epg Fr T X Xr

direct - axis suwotraensient short - circuit time constent,

]

Wrea

Tyg =

direct - axis demper leakage time constent,
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T
g X
+ wrkq - TiiC 8

quedrotiure - axis subtransient short - circuit time constant,

TH — l

g0 T T (meg + x

mq)
quadrature - azis subbtransient open - circuit time constant,

The general method of obteining the solution
Tor these eguations is to agsume that since Tl is much
greater than T2 or T3’ T2 cen be teken as ecual to T3 (2).
Since T3 may ce approxzimately equal to four times T2
this method has not bLeen used hLere. T2 is approximately
10 cycles end covers the duration of the proposed study,
Similerly T5 is generally vaken os egual to T6' T5
covers 1 cycle. The method vsed here enebles the
instanitzneous values to be found without the assumptions
reguired in the analyticel technigue.

2,8 The Torgue Equation

Power in a nachine represents cohmic loss, rate
of change of magnetic energy end output vower
corresponding to electrical dorcre. This torque is
developed »y The interaction of flux cnd current which
ls given by the following equation,

Po =3 (Yqig- Y31 (2.14)
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Per unit electricel torcue is given o
) ¥

na
-
=
U
~~

= Yoy s o ;
Te"—Pev *"(}leq qulcl) (

&

It differs from tie externslly epplied mechanical
torgue by an accelerestion component.

By introducing &« reference axis and an angle
® the machine rotor position can be determined and
changes in speed can be represented. The position of
the reference axis at any instant is given by

G = wt . (2.16)

The rotor position is
6 =wt-8+ A (2.17)
Speed is ovteined by differentisting this equation
V= ow- Ppd (2.18)
The acceleration is

2 . .
‘g-__ v - —pza (2'19)

dtg
The acceleration torcue is

& o
ate
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In the per unit system the moment of iuvertia of a machine
is expressed by the inertia constant denoted H and the
following relationship exists (2).

21
W

(2.20)

S0 thet Tthe acceleration torgue becomes

The mechanical torgue (Tt) of the vprime mover
or loed ig affected by the speed governors and speed
torcre curve, however over one cycle it is assumed that
this tortue will be constant. The progran is arranged
such that this torcue can ve eagily modified. The
torgue equation is

2H 2. _ w . s .
= p E;..——2~($Ld1q— jbqld)+mt (2.21)

2.9 Troansmission Line Equation

If tronsmission lines are included in this
power system network representation it is necessary to
trensform thie differential eguétions describing the
lines into two axis components to conform with the
revresentation of machines and loads. The conventional
representation of & tronsmission line used in stability

studies consists of lumped perameters and is shown in
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Figuore 2.3.

The transmiscsion line equations are as follows.

er = es - Zis (2022)
iy = ip + Ye, (2.23)

With the assumpbtion for short lines that

i, = 1. (2-?5)
e, = e, - Zi, . (2.26)
It =T+ 4D (2.27)
then e, =¢e  ~r.i.-€ pi,. . (2.28)

Trensforming this equation for phase a, b, and ¢ the
direct and guadrcture axis components are as follows,

ey = = Yo lg=b6 pig-x, ig * g (2.29)

(2.30)

e = - p i - . .
q elq éep1q+xeld+e
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Aldred (6 ) has neglected the transient term

of 66 P id and 66 pi However for this representetion

q.
the transient terms are recuired,

The above representation is used for short
trensmission lines, however for long lines the shunt

braench is not neglected, The shunt branch is included
by the following representation,

Y=g+ cp (2.31)

The line ecustions with this substitution are as follows,

L . . . 2
igy=i,+geg+cpe ~rgi ~repigj-gépig-ceip i (2.32)
and

- ; . 2
e,=e ~Ti ~4&D 1r—rger-(rc+g6)per-—06p e.. (2433)

Substituting Equation (2.1) intc Bauation (2.32) and
expanding with the p operator this eqguation becomes

lgs COoS 0 + 1 sin g = 144 cos e + i sing + gegq cos B

gs ar S

o i ! - i
+ beq's 8ind + cpey, COSO wee g o sin 6

+ CD sin® + wce, ., cos O - Jc'gids cos 6~ rgi sind
4

®as s

- (rce+ gL)p 14g COS O + (rc+g{’,)wids sin 6

(re+8€)p iqS sing - (rc+g6)wiqs cos 0
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2

. . . 2 .
ciLty l3g cos O + 2c&wp1ds 8ind + cf w 13a cos 6

2

- cép“i sing - 2cfwpi cose+cew2 sin 6

as gs
(2434)

Similarly Bouation (2.33) becomes

_ . = e. o3 _ .
edr cos g + eqr sin 6 eCLS CosS 9 + ecls in g I‘ldr cos 8

- I‘lqr ging - £p 1dr cos 8 + w&ldr sin &

- 4P lq:c‘ S8ind - w{ﬂlqr cos O - Tgesn, cos 6

-~ Trgeg, sine - (rc+gé)p eqp COSO +(rc+g6)wedr 8in 6

gine - (re+ géluwe cos 8

-~ (re+gélpe qr

gr

2., s A
- cdp 14 COS O + QCéwpedr sin @
+c€u2e cos B - ¢4 2e ging - 2cdwpe cos B
ar P Car Pegr
+ ctuwre  sinsg (2.35)
qr ‘

2,10 Circuleting Current Protection System

The impedance to the e.m.f. of a CT secondary
in a circuleting current system depends upon the
primary current in each CT, To determine the relay
current the secondary current irom each CT is required,
In Section 3.2,7 the equation for the current in each
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CT is given. In this section the differential ecuation
in terms of all primery end secondary current in one CT
only is developed.

A simplified circulating current system with

two current transiformers ic shown in Figure l.2. The

th

equation for the n current trensformer currents is

as follows,

N
LpI, + (rg+4p)i, + ):i i,B=0 (2.36)
hat-—~
where
¢ =1+ £ (2.37)

The (nq-lth) current transformer equation is

N

el * (rs4-6p)in+l + 3£i i,B=0 (2.38)

LpI

Subtracting Bquction (2.38) from Equation (2.36) gives

Lp (In - In+1) + (I'S‘*'&p)(in - in+l) = 0 (2-39)

Continue by substituting 211 remeaining n current
transformer equations in Eauation (2.38) and adding
equations of the form of Ecuation (2.36) to obtain the
following ecuation
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N N
- X LpI, + (rg+ep)(Wi - X i) (2.40)

LpNI
n=1 n=1

n

N

and solve for ¥ in

n=1
N
N LpWI, Eilpln |
Ilgl ln B (rs+6p) - (Ts+6p) + Nln (2041)

Substitute Equation (£.41) into Equetion (2.36) to getd

N
RLpNIn B2 Lpln

n=1 .
(rg+ep) = (T +4D) *Riy =0

(2.42)

LpI, + (rs+ 6p)in +

This is the eqguation for the nth CT in fterms of its

secondary current ¢nd the primary currents.
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SUSSTATTON STIULATICI BECLATVTONS

3.1 CGenerecl

It hes olreedy been noted in Chapter 1 the
the oggumptions mede for en snolyticcl solution to
dete:mine current and voltege woverorms are difficult
to justify for o tremsient study. In the method explained
in this chapter the number of susumptions is limited to
those inherent in the basic theory, This method also
hes adventoges over the lavboratory model method in that
it is much more versctile in the repregentation of
individual couponents end operating conditions and
rermnits accurately timed switehing overations in the
development of short - circuit waveforms.,

3.2 Formulction of the Eguations

The Torm of the ecuctions derived in Chapter 2
w8t be modified for the I IDAS method of solution, In
this progran differentiction in 2 loop causes instability
in iteration as do loops without an integretor, therefore
211l loops must include at lecst one intesrotor. The
MIDAS form of the foregoing two —-exis ecusetion is as
follows.,

J.2.1 Tundamentel Borvctions

By substituting Equation (2.15) in Equations
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(2.2) and (2.3) and recrranging, the following form is

obteined,
1)Wd=ed-raid—u)%q+ ¢qpb (3.1)
quz‘%_"rhiq+‘”¢d" deé (3.2)

The MIDAS representotions of Ecuetions (3.1) end (3.2)
are given in figures 3.1 and 3.2 respectively. The

three left nend terms in eech of thege figures give a
modification developed in Section 3.2.6 for the inclusion
of & transnission lirne, With RE, XE and LE equal to

zero the Tigures give the solution to Equations (3.1)

end (3.2),

3.2.,2 Direct Axis Current Egualion

The o_erational inpedance eguation, Equation (2.10),

can be expresced in the following form (42).

Fa=Tqig+ Ha + Fao (3.3)
where
w o Lalhgy pig + gy Byy eg) (3.4)
dl ~ + g
P al

and

o _ Lalhgopig + G55 Bys e5)
dz P+ 4o
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Ecustion (3.4) can be erpanded by division as follows,

L,B.- gy €
~ . d Pa1 %a1 °f
Urp = Dyagy ig + 5

_ Lgogp (Agy pig + gy Byy ep) (3.6)
p(p + ayq) )

Thue substituting Eovetion (3.4) in Bquation (3.6)

tar( ¥y = Ly Bas ep)
_ . a1’ Fa1 — DgBay or \
yﬁl = bgdaq iy - D (3.7)

Similerly Ecuvetion (3.5) cen ne expanded and
resubstitubtion zives

Qan( ¥ .. = LyBs, 0)
l& _ az e 5 d d.? il (3.8)

By adding Ecvetions (3.7) end (3.8) and substituting in
(3

Ecuctions 3) end (2.11) the following ecuation is

obtrined,

R AL ¢ (3.9)
al a2 — w w d w f ¢

dep) G(P)&md xq(p)

= are given

Alternetive forms of =
by Melik (42) and are as follows,

x4 (p) (rp+ 1 )p + (6f4-6kd)p2

I
o , nd
Telyeg + (Tyegle + Tplyg) D+ (8ply g+ £y 4L d)P

(3.10)
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o+ L, P
G—&E?:: kd = kd 5 Inag (3.11)
re kd+—(rp,Lf+-r L d)P*‘(@ka“*'édemd)p
2
TQ(P)z _ Lpg? (3.12)
= q rkq+(el *+l~mq7p .

Dividing the denominstor of Equations (3.10) and (3.11)
by (6fL1d+-6ld ) and equating to zero, the following
expression is othlned.

o (rpaly + Telyg) Trq

Y + P + =0 (3013)
(lrlyg + fratng’ (6fl'l§d+6 alma’

which cen bve fectorised. From this the coefficients of
Ecuations (3.7) and (3.8) are as follows.

2 e
(T1+-T y Lo +—T2-2T1T + 41, d/rf kd)
27T
173

Time constants are defined in Section 2.7

2
A e (xq ~x} Jogy . ma(re + Tig) (3.15)
al Ealogy =Ggp) 7 WRaTelyolagy —ag,)T9Ty
o
(., - xWaq, X2 (re + 1 4)
AdE _ d a’-dz - _ mar—f kd (3.16)

xglagy =0gp) — wXgTeTy glagy —ago 1T,
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de(alekd - 1)

5 - (3.17)
dil xd(adl-aaz)TlTBadlrf
5 Fg (= gp Teq + 1) (3.18)
moT '
a2 = xglagy —agp)TiT30a e

Rearringing Bcuotion (3.3) the direct axis current

ecqurctions can be written

id”'}%(épd" Par - Vo) (3.19)

Substituiing Equations (3.7) end (3.8) in Eguetion (3.19)

Da 1 fa , %art%e Ya  Zar%ae #a
a lq—Adl4-Ad2 Ld Ld 9 Ld p2
1 | f
= (ogp+ogp+ A 0ap+hgatar) 5 = (0g1351 + 0g0B50) 5
. id eo
- (adladz) =5 - (adladQ)(ﬂdlﬁ'de) = (3.20)

Differenticting Egustion (3.20) &nd eliminoting the
closed looo tern

o]

¥a

Ly

to ovtein the rote of chenge of current recquired for
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network representation the rote of change of direct axis
current is ag follows.,

*

i- 1 pWg  wgptag, - “31%2 fa

Plg= Z, Tgy 7 T3 d Ty P
al az L

o)

= (agy +ogpthgyage +Agntay)iy = (agBay + oyoB5,)es

1 e
a _ £
= (@qregp)5 - (aqrogp) (Bgy + Bep)y (3.21)

¥*
where p #ddiffers from p ¥4 of Ecuotion (3.1) in the
tern €qs which is developed in Section 3.2.6.

The I.IDAS representation of this expression
is given in Figures 3.3 and 3.4.

3.243 Quadrature Axie Current Equation

Suvstituting Eguation (3.12) into Eguation
(2.13) the operctional ecunition of the cucdreture axis

is as follows.

2

g =11 e, P i (3.22)
Q q rkq -+ (Lmq+ 6kq)p q

Agein dividing numerctor and denominator by (I, + 4,,)

and then expending by division with
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kq
?
(L 4-6ké7
Boguation (3.22) Lecomes
o 2
720 S-S Lmqp
q ] (Lmq*'“kq) (qua-qu)p Ty -+(L Kq)p
(3.23)
By definition
1° L 4y
L e S S —— A (3.24)
(L *4-5kd7 a (an*'@kq)
By addition and subtrection of the term
rquq
£nd substituting in Eouetion (3.24), Equation (3.23)
vecomes
xn ~ i
a w g T&o 0 “250 o e
kearrengement of +this ecuetion gives the cuedrature axis

current equation,
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¢ X 1

W W g q

i :......%.*. T . —— ‘6
aq X& 1 Xé 110 B X” TQO P (3.26)

Since the rote of chonge of quadroture axig current is
recuired, differentvizting Eguation (3.26) gives

pi_= lw,gw XLIL: PP +vnrlu VJC«, ?ﬁ}f’%’ﬁ'iq (3’27)
ql+eq ¢ g0 * g Tgo
i
q

*
where Pqu differs from tne closed loop term p}Vq
Ecuation (3.2) in the term e, which is developed in

Section 3.2.6

ihe MIDAS representetion of Equation (3.27)
ig given in Figure 3.5,

3e2.4 Toed ingle Bcuvetion

‘“he torgue equation, Equation (2.21), can be
recrrengel to give the machine locd cngle

~

<
Q) . . w
- (Faig- Yoig) + 21 0y (3.28)

N3
o

See TIigure 3,6 for the IIIDAS reprecsentation of Equetion
(3.28).
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3.2.5 Power, VARs and Power Factor

Macliine power is giver in Eoveation (2.14).
This relotes {o the Tusher of Figure 2.3 Ly Eeuations
(2.2), (2.3) end (2.18) to give

dld+e(}'_iq_> (3-29)

The ecuetion for mecnine VARs for coustent specd,
Bevetion (2.18), is as follows.,

VAR, = 5 (Jqig+ §, dg) (3.30)

with busber VARs cgein obteined by Equations (2.2), (2.3)
and (2.18) to give

VAR =

ol
Praana
®
Qu
t
0]
=
o
S

(3.31)

Power factor at the usher is obtained from
Ecuations (3.29) ana (3

31) &5 follows.,

PTI' = cos(arctan(VAR/P) ) (3.32)

193]
*
N
.
[8))}

ohort cnd Long Trocnsmission Line Eauetions

The fundamental equations, Equetions (3.1) and
(3.2),can ve combined with the short tronsmission line

ecuations, Equetions (2.29) znd (2.30), to obtain a
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modified fundamental ecvation which includes the
transmigssion line., The overall ecuatione are as
follows.

p%d=ed—-(ra+re)id—-6epid—-xeiq—w,¢q+ }/’qpb (3.33)
and

since A id and AP iq are closed loop terms they have
been eliminated under Section 3.2.2 by using attenuation

terms, See FPigures 3.1 and 3.2. Equations (3.33) and
(3.34) become

py/z:i.-:ed—(ra+ re)id—xeiq—wy’q+ }bqpb (3.35)
and
pfb(‘vi:.eq_(ra+re)iq+xeid+wy/d- #ipb (3.36)

For long transmission line equetions the terms
for each axis voltege are collected from Ecuation (2,35)

end dividing by p° to obtain
_ 1 ®as 2 . Car idr eqr
edr_m —-§-+ (C@UJ —-l——I’g) Z“r E'-(I‘C'FS@)M'T
b P 1Y P
i i e . e
+ wb qgr__é dr _ (rc+g&)-—(~£-206w 3z (3.37)
P b iy b

and
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i
e =11 #4 (couf - 1 - 7g)-3E - ~3+ (re+ gt)w =% “ar
ar = Te | § =
p° p* D
tar ®ar |
-0l _..-2.._...5 2L (xc + g&) Lk 206w ——— (3.38)
D p P

The computer representotion of these equations is
shown in Figures 3,7 and 3,8,

The axis currents at the busbar are obtained
by collecting cond rearranging terms of Eauation (2.34)
to give

i i €1 i
:'L1 =-zl‘—- ~§2—-+(cbu2—1 rg) dzs-rg %”-(rc+g6)m—%§
» P P b
e i
qs ds _ds _ as
+ we -~§‘+ ¢ -=--—--(rc+g6) > 2efw P] (3.39)
and
i i e i
.1 ar 2 s gs , _ds
las =75 —-—-—2+(c{m -1le~1g) 5t 8 2+(rc+g&)u--§—
b b P P
- Wwe ______c125+ c 22 - (rc+ g&) —~28 4 zoew ____._.ds] (3.40)
D D D

Figures 3.9 and 3,10 show the computer representation
for determination of the busbar current.



1 6 | 76
. liq Neg 30
M 49
le ‘ wle M 78 l__zcle
M&0 E.sind we
m —— M 10

-,
e M| 3542 WE —

I3 le
Neg 29 M 64 > S 43 weir
[N ]

wn
LA
o
A

|

S 58 ———>{M 79 @ W
-r.c-gl M70
e M2 .
we
qr W €dr

y cle

cIe
M 8l M 68 0 M68
M 8ok s 57 10 Neg 282

_re g
M 88

FIGURE 3.7 Long Transmission Line Equation for Direct Component of Voltage Drop




M70

Weqr

2cl,

M 68

115
' I 6
l's
-1
Neg 29 —=5{M 66

€ M90<-C—©

S 45 "
@ M 10

77

I 16 D 31!
M 70 ~fe¢ )
s 58 M 16
“|-gle 0 cle
Neg 27
M 9l le—s 57 @i-m 68
—— .
OHF |
M 86
$

FIGURE 3.8 Long Transmission

¢

Line

Equation for

Quadrature Component of Voltage

Drop



M 50
lEmcosf) M 21
c | 3 o l“"qs
w wC
M9 » M 31 el 2¢cl
. d M 33 K—SINeg 30K—-M 15
8ed wceq
M 69 S 33 I 9 '
8 M 49 - ZCIew'qS |
i
Ted leds Yl
@— M 7 S 32 28
-rc-¢gl
558 —c2€ 5 M34
wi 'rig
qs
| 10 |——>1D 27 —_‘—+
M 21 ~tac-glo | j
S 58 ——7 M 76 e
) 0 M 68
j
ds
M 72— S57
Line Equation for the Direct Component of Current Loss

FIGURE 39

Long Transmission

78



M 49
M
l e 28
Luids
g ! M 18Je—— M I5
‘ e
@ M 92 2% s 34— 1 1
j w
q X s
c
M 50 @-——) M 82 - S 7 "
[ , M 21
Fac+
NEG 26 =—%2¢€ M 23 -
. e
i M50
112 | D 29—
M 28 Crem ol
s 58 —<£¢€ /M85 cle
M 68
Iqs
M 93 f&——— S 57
.
FIGURE 310 Long Transmission Line Equation for the Quadrature Component of Current Loss

79




80

3.2.7 Circvlaeting Current Bcuation

To obtain the time domain equation for the
circuleting curvent, Equation (2.42) is multiplied by
(rsa-ép) t0 become

. 2 2 2. 2\ .
Lrypel, + Lep™I, + ué+2rsﬁp+6 p)ﬂ1+RrSN%1
N
+ R¢Npi + RLNpI - R 3 LpI =0 (3.41)
n=1
2

dividing by p°~ and solving for i

. n

2 N
i -.fsIn_m, m, Ry In_Riln_ Zeln
n ¢2 2 Z? s P €3 D T D % D
o O r I
N ™n S TN
“T T T 3 " In (3.42)

For a CT with low lezksge such as a through or bar type
(33, 68, 71), ¢#L.

3e3 Trensiormation ol Symmetrical Wevelforms

3e3.)1 Busbar Voltage

The voltage of phese & sinusoidally applied
at 2 frequency of w/2n can be expressed as
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e, = E  sin(wt +2) (3.43)

If A is chosen so that eazzO when t=0 it is
possivle to trensform all networks to the same instant
in tke time domein by relating them to the busbar voltage.
From Equetion (2.17)

wh + A =8 + & {(3.44)

where A =0, Substituting Equation (3,44) in Equation
(3.43) gives

= B IShi + 5B Sh! . 5
e, = B sind cos 6 + E_ cosd sine (3.45)

The inverse transformation of Ecuetion (2,1) relates e

to €4 and ey 85 follovis, -
©y = € COSO + &g sin 6o (3.46)
Therefore
eg = B sind (3.47)
6y = By cosd (3.48)

The WIDAS circuit for symmetrical voltages is given in
Pigure 3.11., For normel operetion Er=1'4142 ag defined
in Section 2.2, Ior a three phase faultb E,= O.
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3.3+2 Primary Circuit Currents

The current equivalent transform of Equation
(3.46) is as follows.

i, = ig cose + 1, sino (3.49)

a q

The +transform of currents is given in Pigure 3,12,

3.3.,3 Linear Counler

The voltage on The secondary of a lineax
coupler is given by (44)

e, = - Lpi, + (1. + &S)p + I'S)is (3.50)

e, = - Rig (3.51)

Substituting Equation (3.51) in Eguation (3.50) amd
expanding by Equation (2.1)

- R(ids cosf}+3‘.qS 5ing) = - L cosfpigy + Ligy w sing

- L sinepi . - wlL iqt cose + (L+&S)p 144 COSO

qt

- (L + 6S)wjas sine + (L + 6S)p igs sin®

' 4 . . ,
+ (I+6S)L.l g COSE + r. i, cos® + ri . sind

Q as

(3.52)
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Gathering terms and dividing by p the wxis equations for
the linezr coupler become

$ e Dy wl rew (BrTg) iz i
ds ZL-+685 dt (L4~&ST' P (L4~6S) P r

&}

(3.53)

" 1. (R+x ) i i
s L . wlh dt & as ds
1(15"(L+337 tatTTTF e, P L+ ey) » VT (3454)

The MIDAS representation for the linear coupler voltage
is given in Figure 3.13,

The current cequastions which have the scme
wavelorm &g the voltage equeitions are used to reduce
scaling probiems on Tthe computer plotter.

3.4 Transformation Using a &nd B Components for
Asymmetrical Weveforms

The following relationship between the two ~axis
field and o and B field for the reference axis is the
inverse of that used by Concordia (14 ).

s 1 - cos O sind €., i

eB, 1B ~sint cos o eq, a

-

Clarke (13 ) gives the relotionship between phase values
and ¢ and B components for phasors from which the relation
for instentaneous values is as follows.,
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e, i, 1 0o 1 ey i,
e, il =]-2 =2 1] {e., 1 (3456)
b *p 5 T B *p .
. 1 3 :
fc’ te -7 > 1 €or 1o

With these relaticnchipes the acsymmetrical waveforms
for faults can be developed,

3¢del ILine - to - Line Faults

Phese quantities for ¢ line — to - line fault
on phtses b and ¢ are ag follows,

a) Phase Currents

From Ecuations (3.55) end (3,56) currents in
vhese b and ¢ are ag follows.

R 3 . : 1. 3., .

i, = = [-é- iz + % 1q] Cosd + |- % i +5 ld} sine  (3.57)

s

e

Pof

. 3 i s -
i i + 3 ld] sin (3.58)
The MIDAS representetion to determine ib and
i, is shown in Figure 3,14. When ey = 0 at

c
t=0 then by the argument of Section 3.3.,2

6= wt- 13 +%7—t' (3.59)
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b) Faulted =nd Unfoulted Voltuge

The busbar unfauvited voltage can be taken
from Equations (3.46), (3.47) and (3.48),

e, = E, sind cos6 + E_  cosd sing (3.60)

Tronsforn (3.55) gives the following relation,

eq = €, Cog 8 - eﬁ 8in 6 (3.61)
eq = &, Sin6 + °g cos 0 (3.62)
Since e, = €y and eﬁ=:o for a phose b-to~¢
foult
e, = E_sind cose + E_ cosd sin® cos6 {(3.63)
d m - i} *
B s 2 : . .
eq = E, cosd sin®6 + E_ sind sine coso (3.64)

The circuit for the applicotion of this fault
is shown in Figure 3.,15.

¢) Protective Circuit Trensformation

Combining the linear coupler equations,
Touetions (3.53) end (3.54), and the current
equations, Eguations (3.57) znd (3.58), the
coupler voltage waveforms for phase b on a
line - to - 1ine fault for the components of «
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and B along ecch axis is as follows.

1, 3,
i el oLy 3y oy, ot (- % 3gt* % 1ay)
bds ~ I‘}Z‘T@E‘T 2 —dat T 2 “gb (T+72) i)
(R+2) Lpgg iy,
- -y 248
(T+2,) 7P w3 (3.65)
1, 3 .
3 L (L o, 3s - b 77 Tas—7 Iqp)
bgs T TTFZ,) 2 TqtT 7 as T (T ey) D

_ (R+rs) ibq_s
(L+46 ) P

i
-+ G —E—d‘.-s" ( 3 * 66)
P
and similsrly Tfor phase c.

3.4,2 Line - to -~ Ground Faults

Phese guantities for a phese a- to - ground
Tavlt are as follows.

a) Phase a Current
The current in phase a for a line - to -~ ground
fault is obtained from Fquetions (3.55) and

(3.56) for the condition where (13)

i =21 (3.67)
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i = % (id cosS + i sina) (3,60)

q
b) Two - Axis Voltage

The bushar voltage for unfaulted conditions
is given in Bguation (3.45). Since e, =~ e,
for line - Yo - ground fazult and ea==O the axis
egquations are derived from Bouations (3.45),
(3.55) and (3.56),

=~ E, sind sind - E cosd cos® sing (3.69)

4]
(o)
]

e}
]

~ I, sind sin6+E cosd cos6 cosd (3.70)

The gimulator cirecuit for this fault is shown
in Pigure 3.16,

Equations (3.53), (3.54) and (3.68) give the waveforms
of the lineaxr coupler output voltage.
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CHAPTER 4

SYLTEM BEHAVIOUR DUERING FaULTS

4.1 Power and VAR Plow

During normal operation of an electrical
network, infeed and output of both rescl and reactive
power at the busbar cre equal., In this network
gimulation each feeder is examined individually and the
real and reactive power of the feeder is set to a
predeternined vealue which is fixed by preliminary
computer runs.

4,2 liethod of Determinstion of the Primery Circuit
Wavelorms

To comply with the requirements outlined in
Section 1.3.,2 each feeder is represented by a machine
connected through a traensmission line to a substation
busbar, The similation is run for a nunber of network
operating conditions. The rezl power at the busbar is
given by Eguation (3.29). T4, shown in Figure 3.6, is
varied to give this recuired value of power at the
busbar, The busbar reactive power balance is regulated
by varying the value of EF, shown in Pigures 3.3 and
3¢4, to the reguired output as given by Egquation (3.31).
This method is used to determine the similator initial
conditions which represents the network under its

loaded or operitional state., The sirulation is run
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for a number of network operuting conditiouns.

AlY variables are obiteined for unfaulted
steady state conditions, and current end voltage
waeveforms cre obtained for the three tynes of faults,
The spplication of the short circuit is from a normal
or loaded network coundition at maximum instentaneous
voltage and not from the unloaded network condition,
Bach feeder is simulcoted separately by changing the
parameters and determining the reguired variables over
& desired range of the independent variable., All
primary waveforms are determined in the tweo - axis field
and then transformed to the time domain,

4.3 Methods of Determination of the Busbar Protection
Circuit Currents

When the secondary or bugbar protection circuit
has an impedance which is independent of prinery current,
the sirmletion of the secondary is included with the
simulation of the primery in the two - axis field and
then transformed. Since the secondary current of a
circulating protection scheme is a Tunction of the
current in the primaries of all busbar protection CTs
the effect of all lines are considered together.

Because the simulation of each feeder is done individually,
a separate prograr is used for the sinmulation of the
circuleting current vrotection scheme, The parameters

of thisg simulation ere the circult velues given in
Eguation (3.42) and the primary circuit currents obtained
from the network sisulation,
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The reference axeg chosen do not permit
addition and subtraction of the two - axis cuantities
unless they are Tirst trensformed to = field with the
same reference axig. The simusoidal variation of the
currents in the time domoin, which mekes caleulation of
instontaneous values dwprectical withouwt transiorm
methods, gives increased difficulty in the determination
of initial values for this representetion bhecause of the
short times posgible between successive iterztions,
However the reduction in the mumber of poramebers required
in the innut is considersble., Therefore the secondary
currents are deternined in the time domein but only for
the circuleting current scheme simulations,

4,4 Substation Parometers

The substation used in this analysis is based
on the configuration and power flow of & substation in
Southeastern Ingland but it is intended as an
illustrative example of 2 substction and not as an
exact simulation, The netvork poarometers and the
pareneters obteined from the solutions of Eauztions
(3.14), (3,15), (3.16), (3.17) and (3.18) for each
feeder are givern in Appendix Sections A.l end A,2. The
network arrangement for this gsubstation is shown in
Figure 4,1. The feeders are numbered 7, 8, 9 and 10
simply for convenience in computer runs and general
handling of date and have no prectical significance,
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4,5 Tormal Substation Cveration

The instaenteneous values of per unit current
and voltage for phase & at the substation busbar are
given in Migure 4.2. The real value of feeder current
can be oblteined from the per unit instantaneous current
by the following equation.

I, = 600 X MEG X 1 (4.1)

The valuve of MEG for each substation feeder is given in
Appendix Section A.3. Also included in this section
grc¢ the values of real power in MV and reactive power
in MVA for the desired opcrating condition, The jper
unit values used to simulste this condition sre given
as well as the values of tordue and excitation recuired
to obtain this balance. The computer constants of
integration required ere given in Appendix Section A.4.

4,6 Circulating Current Scheme Stebility on External
Faults

The general method of determining the value
of gtovilising resistance is given in Section 1,1.2.
The solutions of Eeuations (1.1) and (1.2) give the
stebilising cnd relay resistance (RR) Tor an operating
current of .2 per unit aemperes. Since the phasor
representation used in determining RR is incorrect for
functions not varying sinusgoidally, the instantaneous
values of relay current over the first 3/4 cycle after
occurrence of a fault, are determined., TFor comparison
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Figure 4.3 gives the fundamental relay currents for
values of relay bronch resistance of RR/14, RR/E and
RR' These curves are for an externsl three phase
feult which scturates the (7 on feeder No, 10 and are
obteined from the simulation of Eguation (3.42).

4,7 Three Phose Foult Waveforns

The definitvions of many terms used in this
description are bescd on the phasor representetion of
current and voltage and these definitions beconme
meaningless during o fault., However for purposes of
discussion a cycle will be tzken to mean the period of
oscillation of the steady state, non- faulted system.
Real and reactive power flows are not balanced on the
busbar fecders during an internzl fault,

Since fault studies ere for one cycle only the

speed governor and voltage regulator will not be
considexred,

4,7.1 Primery FNetwork Waveforms

Pigure 4.4 gives the primary circuit current
Tor each network feeder for an interncl three phase
fanlt which occurs at maximum insitontoneous voltoge.
This voltage waveform is included in the figure,

Pigure 4.2 which is for the normal operating
conditions shows thet at all instants of time there
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are feeders with instantaneous current of different
polarity. However Figure 4.4 shows that on a three
phase fault there are periods of time when the current
in all feeders have the same polarity but that there

ig a region of polarity chenge in which both polarities
exist,

4,7.2 Circulating Current Waveforms

The CT secondary instantaneous current values
and protective relay instentaneous current for this
fault occurring on the bugber is given in Figure 4.5
for a stebilising rescistance of RR. The relay current
however is limited by & parallel connected non -~ lineaxr
resistor as outlined in Section 1.1.2, which mey alter
the wcveforms of Figure 4.5, This voltage limitotion
is high enough to retain the resistor in the lineax
range on an external foult,

The protecvion shceme 1is dependent upon the
saturation volvage of the CTs anc the resgistance of
the reley circuit. If the ratio of CT inductance to
relay resistance is too high saturation couses false
operation on external feults., If this ratio is too low
then a higher proportion of the current is required for
CT magneticing cvrrent, A comporison of Figures 4.4
and 4.5 indicetes that the pick -up current of .2 per
unit amperes specified in Section 4.6 has put this ratio
on the low cide of the permitted range. Thus Figure
4,6, which gives the CT and protective relay instantaneous
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current voluves for an external faull, shows a scheme
with high gtability.

4,7.3 Tinear Coupler Wevelorms

Figure 4,7 shows the linear coupler output
Tor a three phese fault with the resistance of the
coupler circuit equal to RR. Pigures 4.8 and 4.9 are
also woveforms of linear coupler output for three phase
Taults but with coupler circuit resistances of RR/14
and 1 megohm respectively. For convenience these values
of linear coupler current are given on different per
unit base volues., Because the power output of a linear
coupler is limited by the magnetic circuit Figure 4.8
is of interest for comparstive purposes only. Figure
4,7 shows that there is no practical difference in linear
coupler circuit waveforms for an increcse in resgistance
to limit power ouwitput over this range, However Figure
4,9 shows the increase in plhiase shift as the circuit
resistance increases which at infinite resistance or
cpen circuit is 90 degrees ahead,

4.8 Tine - to -~ Line TFault Waveforms

Pigure 4.10 gives the primary instanvocneous
current for phase b of a line - to ~1line fault between
b and c. Since the tTraensforr which gives the current
in the time domain is 120 degrees ahead of the a phase
trensform the first suerter cycle of this figure is
identical to Figure 4.4. For a three phase fault the
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primary current is dependent upon the parumeters of the
power source zxnd the impedance of +the network to the
fault location. However for a line - to - line fault, a
bushar voltoge remains and the primary current is
influenced by it. The primary current in line c¢ after
the occurrence of this feult is approximately the
mirror imege of line b current. PBut some power flows
on the faulted lines as well as on the unfaulted line
agsociated with phese a. TFor a three phase fault the
convention given in Section 2.2 Loy motoring and
generating action is mainteined for the instantaneous
voltage and current of all phases., DBut for a line — to =~
line fault this convention is maintained for phase b
and not maintained for phase c.

The current transiformer and operational relay
gecondery wavelform on »nhoge b are given in Figure 4,11
for a circulating current scheme during a line - to -~ line

fault.

Figure 4.12 shows the linear coupler output
for phase b during a line - to - line fault,

4,89 Single Line - to - Ground Feult Waveforms

FPigure 4,13 gives the primary current for a
single line ~ %0 -~ ground fault at the busbar of the
typical suvbstation. The wavelorm of the faulted phase
for & single line - to -~ ground fault resembles the
waveform of phase a of the three phasge fault of Pigure
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4 +4. The behaviour of the network is similar to a

three phase fault since the single line -~ to ~ ground
feult divides the network into four parts each operating
independently.

The circulating current operational relay =nd
current transformer waveiorms for the faulted phase
of a2 single line - To - ground fault are given in Figure
4,14, The linear coupler output waverorm for this
fault is given in Pigure 4.15,

4,10 Sampling and Integration

IT it is vpossible to obtain an accurate
sample of inetantancous primary current from each
feeder, blusbar protection can be achieved as outlined
in Section 1.1.1. ©OSince the difficulties of accurate
transducer operation occurs when it is attempted to
provide power through the transducer for protective
equipment opereation a transcucer which does not reguire
maximum wower transfer is investigated here. In order
to heve a minimum of power transfer by the transducer
its output is sempled by a digital device, The sum of
the values sampled for each vhase from all Teeders
connected to the busbar is taken. To obtain a voltage
sample proportional to current an output impedance
from the transducer on which the voltage can be determined
is regquired, If this impedence is very large the
voltage acrose it is not proportionsl to primary current
as shown in Pigure 4.9,
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In order thet the effect of propagetion of surges
tetween points mizht be investigeted the long line
represents tion develoved in Sections 2.9 and 3.2.6 is used,
Figure 4.16 gives the busbhar favlt waveforms for this
representation, 4 sampling method which integretes linear
coupler output over veriable lengths of time is used to
deterniine the velue to be fed to mn snalogue to digital
convertor, Values from the convertors are sumned and this
mognitude is used for protection according toXirchoff's
second law.

Ti.e valves uged for 1ine simrulation ere given in

Appencixz Section A.5,. The sirmleation tire consiont Tl is
very large compared to one cycle over which the sanpling is
done. The increasea calculation recuired by the riore complex
line simulation can be offsget by grectly reducing Tl without
loss of accuracy. Thus other parameters are used for this
simplotion for cese dn deternining the network initial
contivionsg, The »rirexry paremeters for this simuletvion are
given in Aprendix Section A.5, the calculated parameters and
those determined from Eerations (3.14), (3.15), (3.16),
(3.17) and (3.18) ere given in 4y .endix Secticn A.6,

cremeters assocititing recl cud refcivive power {low and
the resudred inivici counditions are given in Anpendix
Section A,.7.

4,11 Methods of Current Swuwwtion

Puswor protecvion is now almost exclusively

of the circuls ting current Type veceuse this method is
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well suvited to the conventionsl type of CTs and relays.
The develownment of this melhod ig associated with the
reliability of the ecuipment aveilavle, ite sturdy
construction, ¢nd use of components with vhich the

oper:.ticnel and maintenince stalf are femiliar. As the
system developed many of the feotures inherent in a
circulating current ccheme heve btecome with time To be
regarded s desircble features for busher protection.
With the advancement of technology, improved moterials
and conponents could lead to & hetter eapplication of ¢ld

R

ftechnicues or the introducvtion of new methods,

It hes Leen proposed (17) that t..e time for
detection of busbher faults con be reduced by the
introduvction of a nrotection scheme using integreted
gemples of primery netirork currente and anzlogue to
digitel convergion with digivel summetion. The criterion
for tripoing of bushar breslkers is beged on Kirchoff's
second law, Using Tthis nethod to detect vusbhar fauvlts
a technicue is required to contrel substetion rgsw1tob1nb
operations sutomatically so that security of supply is
neinteired during busver fault conditions. This
technicue is developed along with methods for
superviging manvel switching iastructions in Chaplers
5 and 6.
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CEHATTER 5

LOGIC PROCEDUHES

5.1 The Furpose of Logic

In order to control substetion busbar
ewitching it was steted in Chepter 1 that methods based
on logic would be investigated. In this chepnter the
theory of some of the logic applied to substotion control
is outlined. In the subsecuent chapters this theory (27) is
applied to substotion control.

5.2 The Logic Foxms

To determine and store the information reguired
by a substation controller so that it pexrforms the
desired operations safely cnd intelligently, it is
necessary to develop = methed of manipulating logic
argunents and of storing the logic for these operations,

Logical zrguments are not possible without a
form of langunage of which there are two generally
accepted forms., The calcvlus of propositions (20) desals
with logical counnectives linking propogitionsl variables
and, strictly specking, should be formalised langunge
sentences. This lenguoge is useful for switching
problems bececuse it can be used to transform expressions
into their conjunctive and disjunctive forms (11). The
algebra of classesg, which is frecuently referred to as
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Boolean tigebrs, is the symbolical study of relaticns
vetween clesces, In Appendix B the definition of Booletn
olgebre is given.

Switches cre like bounds of a Boolecn algebra,
thet is, they can be 'on' or 'off', Becouse of this
analogy, problems in s.itching hove been solved using
some of the principles of Boolesan elgebra, The
application to switching problems is generally attributed
to Shannon (61), but it m.st be noted that ke favoured
the calenlus of propositions rather than Boolean algebra,
Since the elements used in switching are limited to two
possible cnd exclusive values, 0 and 1, a switching
algebra (38) will e constructed here in terms of O =and
1.

Using the Boclean operator *, two elements x
and y will have an outputv baule as follows,

X v cuiput
0 0 0
0 1 0
1 0 0
1 1 1

Taple 5,1

The distinction between a Boclean algebra (8 ) and a

switching algebra must be kept clear., The delinition
of a Boolecn clgebra, given in Appendixz B, shows that
its elements are not restricted to two stetes, wherecs
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the elements of & switching clgebra are. In a switching
algebre the terme x «nd y are meaningless unless the
accompenying teble of valves dig given, In Table 5.1
these values are given in colvams 1 ond 2. Then column
3 must be edded in ordexr to describe & funetion. In
Boolgan algebra Lform the output of Teble 5.1 can be
written as x*y.

The purpose of intreducing switching algebra

ig to develop a gimple way of representing funcitions of
more involved combinztions of Boolean operators (69).

5.2.1 DBoolean Binary Operation

Figure 5,1 shows & double busbar substetion
with three changeover switches xi, x2 and x3, EFEoch
switeh can be in either of two stotes (x1 or XI, x2 or
X2, x3 or X3). CFor exacmple, if fl1 represents the input
to the subgtation end if switch x1 ie in the x1 state
power is cupplied to busbor M, snd if it is in the XTI
stete power is supplied to ti:e busbar R. An ezpression
in Boolecn clgebra form can be obiteined for feeders f2
end f£3 when the following conditions are satisfied.

fo = (x1°x2)V (XL *x2) (5.1)
£3 = (x1 *x3) V(X *X3) (5.2)

In switching algebra thegce ecuations can be written in
the form of the following table.
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xl xe x3 £e £3
0 0 0 1 1
1 0 0 0 0
0 1 0 0 1
1 1 0 1 0
0 0 1 1 0
1 0 1 0 1
0 1 1 0 0
1 1 1 1 1
Table 5,2

In columns 1, 2 and 3 the values of elements x1, x2 and
x3 are given znd switching functions of these values
are described for £f2 and £3 in columns 4 and 5
respectively. Obviously this table will soon becone
too long and inconvenient to reproduce each time it is
required. However the following notation will be used
to denote columns 1, 2 and 3.

[xl x2 x3]

With the introduction of this notation the order of +the
exclusive values becones important. The method of
asesigning these values is to take a binary progression
from row to row with the least significant digit in each
row in the first column. Thus the first three columns
of Table 5,2 become
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The following tables give another method (20)
of chowing when f2 and £3 are energised,

x1 x2
x3 00 01 11 10
0 1 0 1 0
2
1 1 0 1 0
Tevle 5.3
x1x2
x3 00 01 11 10
¢ 1 1 0 0
3
1 0 C 1 1

Table 5.4

In these tables the exclusive values of x1 and x2 are
listed horizomtelly. By listing values of x3 vertically
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the eight co~ ordinctes obteined cen be used to represent
the eight rowe of Table 5.2 in a mnetrix. The elements

of the matrices in Tebles 5,3 and 5.4 are equivelent to
columns 4 &nd 5 respectively of Yable 5.2, Vith this
notetion the order of the exclusive vealues again becomes

inmportent.

The switching elgebre revpresentation of £2 ° £3

is
x1 x2
3 00 01 11 10 CcO 01 11 10 00 01 11 10
0 1101110 1114101460 1101010
* = (5.3)
1 1301110 0101111 0101110

This representis the condition vhen both feeders £f2 and
f3 irx Figure 5.1 are energised at the same time. In
& sinmiler fashion it can be showrn that the solution of
f2vE3 is

x1 x2
x3 €O 01 11 10 c0 01 11 10 00 01 11 10
O 11014t 0 1t1104¢10 111 4{110
v = : (504—)
1 1{011¢0 010111 1 1101111

Thig repregents the condition when either fz or £3 in
Figure 5.1 is energised.,

Beuations (5.3) and (£.4) chow how the Boolean
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operctors cen e apnplied to o ewitching motrix, however
there now orises snothner distinction between o Boolean
clgebra ana o gwilching elazebra. The Boolevn operctors
do not form groups vhereos The elerents of & switching
clgebra under a new operstor shown velow form &n ordered
arouv. The definition of ¢ group ie given by Meloy (39).
The following section gives the use of this new onerator,

5.2.2 Matrix Product Opeiction

IT the values of f2 ond f3 given in columns
4L and 5 of Tabvle 5.2 ere tvransposad to form rowe, and
the values of x1, %2 and x3 given in columms 1, Z and 3
of Teble 5.2 ore considered to be an ordered progression

Teble 5,2 can e written as the following notrix ecuotion

using the new operctor,

10011001} |x1 2
~ 1= (5'5)
10100101 x2 f3
X3
where
x1
x2
x3

is the trciuspose of [kl X2 x3] given in Section 5.2.1.
In regular metrix form Bouetion (5.5) becomes

[BJ [A] = [fj (5.6)
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where B] 1g The metrix of coefficients given in Equation
(5.5) and [2] ond [f] are vectors representing the terms

x1
%2 ond e respectively.,
x3 3

If the bincry progression

Table 5.5
is written in the form

x1 XL x1 %L %1 XI x1

2 X2 %P X2 X2 X2 X2
X3

X3 X3 %3 %3 x3 x3

-

to obucin the following Boolean expressions,
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(LxT*Z2*X3)V(0* =1 * X2 " %3) V(0 *XT * x2 *%3)

V(1 2Ll z2 " X3)V(L XL X *x3)v(C" "%l %2 "*x3)

V(O *XT *x2*x3)V (L xl°*x2*x3) = fc (5.7)

no

and

(L*XT*X2*Z3) V(0 " x1 * X2 "X3) V(1" "X "x2°*X%3)
V(O*x1 *x2 *X3)V(0°*XT*X2 " x3)V(1°*x1"°X2"*x3)
V(O*XT*x2°"x3)V(1L"x1"*x2°*°x3) = £3 (5.8)

Bach cet of terms within breckets reprezents a row in
Table 5.1 cnd is ecquivelent to the cppropricte
degcriptive valuve (colvmn 4 for £2, columm 5 for £3)
cnd the first three colurms. In this way Lduations
(5.7) cnd (5.8) ¢re used to give the fully expended
Booleen algebra forms of vhe switching =lgebre of
Equstions (5.5) or (5.6). To interpret the meoning
directly from Dauations (5.7) end (5.8) in Boolecn
algebra form the definition in Aprendix B is folloved

gstrictly. TFrom the bound property for °, given in
Appendix Bection 1.3, the following svbotlitutions cen
e made.

(L°xT°* X3 (xT * %2 * x3) (5.9)

4
:
Nt
]

and

|
|

>
he
.

&4
(P8
~

it
O

(0*x1" (5,10)

Also, from the bound property for V, the following
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substitution cin be mede.

b

(XI*X2*ENVO0 = (XL*%7*%3) (5.11)

Using the cowplementory lew for V given in Aprendix
Section 3.4,

(Xx3v=x3) =1 ’ (5.12)

as illustracted above the
following substitution can be mede.

and the bound property for

—————

(XT*X2*X3NV(EFT %2 *x3) = (XL *X2*1) = (XIT*%X2)
(5.13)

By this method it con be ghown that Iouation (5.7) is

equivalent to Dquation (5.1) and similerly Ecuation

(5.6) is eqguivalent to Eguation (5.2).

Vector representation of & nmetrix lesad
further simvlification in the use of this operztor.

5.2.3 A Convenient lMethod of Maityix Representation

In order to specify the metrix reprecentation
of Dquotions (5,7) and (5.8) given in Ecuation (5.5) a
method of vector representztion is employed (26)., Vector
repregentation cen be given to the Boolean netrix [B’]
by iegarding ecch column of the metrix s binery numbers.
The decimal eguivalent 1is obteined frorm the bincry
representetion by taking the value in the top row as the
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lecst significant digit. For excmple, frow the metrix

‘ 10011001}
[2] = | (5.14)
10100101
the vector
9
B=[30211203} (5.,15)

is obtoined,
—>
A vector A(3) is ecuivelent to the binary
progression of minimel polynomisls in a Boolean algebra
as illustrated by Table 5.6. Thus for a three element
netrix

o - [

012345 6'7] 5.16)

The ecuvivalent Booleen metrix is

=101010101

i
@)

A(3) 0110011 (5.17)

00001111

Note vhe relationchip between this Boolean netrix snd
the progression of %1, x2 and x3 in Table 5.2,
—>
With the addition of the wvector A(n)
Boolean matrix multiplication can - be defined
and the properties of identity and inverse can be
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demonstrated, This is shown in Appendix C,

5.3 Kerneugh Mop llethod

The teble, Toble 5.3, of Section 5.2.1 can
be called a map. Thise nap was developed by Kearnsugh (30)
ag a convenient method of representing switching Tunctions,

In order to illustrate the use of & Xernaugh
map four variables, which can be designated w, X, ¥y, 2,
are used to form elements of & Boolean clgebra, By
the complementery law given in Appendix Section B.4, each
varicble itvst have two elements in the set. The variable
w has elenents w and W, and similerly variebles X, ¥
anG z hove elements x and X, ¥ and ¥, 2z and z. Sikxteen
possible combinstions of these four varicbles are ;
determined by the Booleeon zlgebre eipression of the
binary progression developed in Section 5.,2.2. Each of
these combinations is cgsigned a vwosition in accordance

Vo)

N

with Pigure 5.2.

w

~

Figure 5,2 Element Assignment
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In this figure rows 3 cnd 4 are assigned to the element
therefore rows 1 aond 2 are assgigned to the element
n

g exclugive values of wyz (see

w2

0]

(¢

ct

.

(@]

tw}

A |

P O

.2) cen be pleced in the appropriste cells of
TMigure 5.2 to produce & switching algebra form a2s gshown
in Pigure 5.3, The two rows indicated by w in Figure
5.3 dencte the positions in which w has & vaiue of '1°¢,
In & giniler manner these pogitions are indicated for
X, ¥ and z.

Y

7N

0000 { 0001 | 0011 | 0010

0100 § 0101 § 0111 } 0110

1100 f 1101 | 1111 | 1110

10001 1001 | 1011 | 1010§

~

A

Pigure 5.3 Cell Ascignment

Tuis map method can be used to illustrote a
nethod of simplifying a funcition. By adopting the
representetion of Figure 5.3 given in Figure 5.4,
switching functions of w, X, ¥, 2 can ve described in
the menner used in Equations (5.7) end (5.8). In Section
5.¢.2 Bguation (5.7) was simplified to the form of
Equation (5.1). This process is uuch easier to follow
when done by the XKarnsugh map method, Simplificetion

in this map devends upon the ecse of observing adjacencies
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V2
WX 00 01 11 10
00
o1
11
10

Figure 5.4 Kornaugh Mep

in the mop. To make these adjacencies easier to see,
'O' is usuelly droogped from the cells in which it
occurs. The Kernough map of Eguation (5.7) in this
form can be orteined by nodifying Teble 5.3 and is
given in PFigure 5.5.

x1 x2
n3 00 01 11 10
r=s "-‘
0 1) 1!
o B e
) }
l [\1"' l'\]‘:

Pigure 5.5 Tunction Kepresentetion

The cells are grouped into rectengles, sguares,
rows, colivmns end pairs. In the map there are two
column groupings possible as shown by the enclosing loops
in Figure 5.5. By inspection of the group in column 1
it can be seen thet there ie an entry for both stotes
of x3. Therefore it can be omitted from the Boolean



136

elgebre expression for that column., By this crgument
both stotes of %3 can be omnited for column 3. The
Boolean equation in xl1 and x2 representing Figure 5,5
can by inspecuvion be geen to e

fo = (XTI *X2)V (x1*x2) (5.18)

Equation (5.1), the simplified

o)
0

which isg the same
expression,

Using the principlesg described in the sections
gbove switching rmaps can be developed.

5.4 SBtebility in Switching

One of the features of the switching controller,
mentioned in Section 1.4.3, is that it utilises a memory.
Thet is, time is aon element cnd the outpuits are functions
of the pregent input snd also of past swivching
arrongenents., Inputs for circuit memory (55) are called
primeries, ond their stetes are represcnted by x's.
Outnuts e repregsented by Z2's. The memory of these
circuits are called secondsiies and their staves are
represented by y's. Since thexr s o time delay before
seconderies chonge to a new steite their next state is

represecnted by Y's.

When the next state of the secondary is the
e the present stete the secondary is stoble, Vhen

Y

some
the next state of the secondary is not the same as the
present state, the secondary ig unsteble, Stable

G

-
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conditions are then obtoined hen

y=1 &and Y =1
or
0 and Y =0

I

y

and vunstoble states cre obbtained when

or

5.5 The Formalised Procedure

The first four sections of this chapter outline
some of the general considerations of logic monipulation.
This section outlines the steps used in Chepter 6 in the
development of the computer progrem for the switching
controller (18).

5.5.1 Primitive Flow Teoble

The primitive flow table is constructed from
the arrangement of substotion feeder switches and
congtrainvs, The constroints determine the colunns
that occur in the map. A different stote number is
cosigned to each stable switching siete which is
determined by the relevent inforneticon for each switch.
8 & preliminary step in the cssigmment, the

Since this i
nmnber is cssigned by convenience. Distinction can be
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nade between different permitted orders of switch
operc.tion by acsigning different numbers to them and
tndesirable orders of switching are avoided if they are
not given stote cssignments., Tor example, & brealker
and en isclator in the seme feeder rust be operated in
the correct sequence. The nrimivive Tlow tebhle for the
switching of this feeder is shown in Figure 5.6 cnd is
developed as follows., The inputs cre called x1, which
ie essigned to the vreaker, and x2, which is essigned
to the isclator. Since there are no-éggstraints all
elements in the switching algebvra are permitted as inpuis.
The inputs ere listed as colimm hecdings in Pigure 5.6.

x1 x2

00 01 11 10 Z

1s 2 3 0
28 4 0
5 4s 1

1 5s ‘ 0

1 3s 1

Pigure 5.6 Primitive Flow Tcble

The heading Tor coluwr 1, which is 00, measns that cn
input signel which recuests thet both switchies be opened
has been received. The heading for columnz%, 0l, means

that & signel which reguests thet the isolator be closed
znd the brecker be opened has been received.
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In the cutput column, hoaded Z, the signals
to be uced to control the breclker are listed, O meens
oen outnut signel Yo open the brecker and 1 means to
close the breaker, The output column for the isolator
is not given.

Eech steble stete is wussigned a seperate row
in the hody of the teble. The letter s is used to
signify steble states, With both switches open the
stable stete 1s existe. Prom state 1 the next step
is to close the isolator, x2, moving horizontally in
the teble from state le to state 2 when the input
changes from 00 to 01, cnd then in the column to stoble
state 28 , =2nd so on, Veacent positions indicate
situations which cennot occur, Therefore from stable
steve 38  in which the brecker is closed and the
isolztor is open the only next possible state ig 1 and
the isolctor cannot be closed.

“.5,2 Primery Flow Teble

Ir the development of the primitive fiow table
it ig possible to introduce more stcble stotes than are
needed., Two steole steives Lecowe redundant if they
have the seme input cnd cutput stetes cnd if each input
change ceouses the seme or equivalent chonge in stoble
atates. To prodice the primary flow teble 211 stable
stetes which cen be cssigned the seme secondery stote
ere determined. Thig reduces the number of secondary

stete assignments recquired. The difference in state
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with the scme secondary cssignment is determined by a
difference in input. Stable ststes which can have the
srme secondary state cessignment are those w.ich have no
conflicting stcte numbers for cny change of input. A
vacant position doesgs not conflict with stote cssignment
because this position con heve cny convenient essignment
since it has no output (9). To illustrate this by the
excmnle in Figure 5.6, rows 1 and 2 can be combined to
form the following row

00 01 11 10

ls 28 4 3

because no conflicting states occur between rows in any
one column, However rows 1 cnd 4 cannot be combined
becouse state 2 and stable stote B5s  in column 2 have
conflicting state numbers.

In o primery flow table with 2 large number
of stable stoves, generally, there cre a large nunber
of woys in which this =ssignment of secondary states
can be accomplished. The method adopted in Chaptexr 6
of this thesis is to consider the cdifferent possible
voys of cssigning steble stotes and to test for the
asgignment which allows the largest number of primitive
flow table states to be given the seme sccondary state

assignment.

A primery flow teble can be formed from the

primitvive flow table of Figure 5.6 by combining rows 1
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end 2 to forw a new row and rows 3, 4 and 5 to form
another new row. The regulbting primary teble is shown
in Pigure 5,7,

00 01 11 10

a lsj2s| 4 3

b |1 |58 48] 3s

Migure 5.7 Prinmery Flow Table

in apgignument for rows o cnd b in this table
is now recuired,

5.,5.3 becondary State Assignment Teble

To asgign secondery stetes to the ctoble
stetes in the primery flow toble, the stoete - to -~ stote
trensition must be excmined. Tor a direct transition
between stable sivates, it is desired to limit the nunmber
of troneitions in the logic variebles as ruch as possible,
For example, if the secondary state assignment of a more
complex teble is to be accomplished by three logic
varisbvles, yl, y2, y3, & btrangition in these varicbhles
from 011 to 101 is to be avoided if the states 111 and
001, which ere intermediate or tronsitionsl, represent
other stable states. The cssignment of stotes is
acconplished by examining the flow toble for states
which are logicelly sdjacent., The stable state number
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can now be given more then one logic variable assignment
vhen this does not increcse the number of logic variables
required. Only one of these cgsignments can be used as

a stelle condition but in this way the nunber of
edjccencies (see Section 5.3) can be increcsed which
permits a choice of {ransition routes to avoid this

difficulty,

5.5.4 BSecondary lops

The secondexry mep is determined from the
primary flow table and the secondery state asgignment
table by substitution. First the corresponding
secondery stotve cssignment is substituted for each
steble stete of the flow tuble wnd thus each statle
state becomes the same as the present secondery state.
Then each unstable siate is given en agsignment
corresponding to the next secondary state. This entry
should be the same as the corresnonding stable stete or
may have & trangition through an unstable state eventually
termincting in the steble state. Assuming that rows a
end b of Figure 9.7 have been given secondary siote
asgigmments 0 and 1 respectively, Figure 5.8 gives the
initicl substitution where steble staetes only are
replaced by present states (see Section T.4).

The map is completed by giving unstable states
the assignment of their associeted stable stotes., The
completed map is shown in Figure -5.9.
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x1 x?2

yl 00 01 11 10

0 0 0

1 1 1 ’ L

Figure 5.8 Present State Assignnent

x1 %2
¥yl 00 01 11 10

0 0 0 1 1
Y1l

1 0 1 1 1

Figure 5.9 Secondary lap

5.5.5 The Output lep

The output map is obtained from the primitive
Tlow teble, the primary flow bteble and the secondary
state assignment teble. The output for ecch stable state
is defined in the primitive flow table. To determine
the output mep the output for each steble state is
substituted in the steble state locztion found in the
primery flow teble., Figure 5.10 shows the ovtput map
determined from Figures 5.6 and 5.7 for the yl
assignments of rows a ond b,
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x1 x2
y1 00 01 11 10
O
Z
1 1 1

Figure 5,10 Ouiput Mep

5.5.6 Boolecn Expressions

By the nethod given in Section 5.3 the Boolean
ecuation equivelent to Figures £.9 and 5.10 can be
written s follows.

]

Y1 = x1 V (X °*x2°y1) (5.19)

Z = yl°*x1 (5.20)

This can be used to program the state of logic variable
Y1l in trhe cwitching controller and the controller output
Z,

To meke the determineation of this function
much simpler the computer program of Chapter 6 has been
developed.
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CHLPTER 6

THE DEVELOPMCNT OF THE SWITCIING PROGIAL

6.1l The Switching Controliler

The purpose of the ewitching controller is to
rerforn reguired network switching in o recl — tine
system. It ie intended that the controller chould

tsict of & number of logic vericbles so that it con
be programmed to control any desired network
configuration, Since the controller circuitry would
congist of only @& smcll number of elements, the
assumption ie made thet controller reliability can be
provided by duplicotion or by error checking end
correcting codes. In this way controller security
would be improved (23),

The operation of the controller would be eitler
by nmenucl instruction vy the cuvstition operator or
avtometically by protection circuit input signels., All
switching performed must Ye supervised by the controller,
If the opercior finds thet he is uncble to periorm a
desirea operetion, rcther than bypass the controller,
he can reprogrom it with vhe 2id of an off -~ line program.
The progrem for the controller cnd the functions
provided by it would be the responsibility of the
substation opcrations staff,

The progrem vhich follows illustretes the type

of off - line prograon recvired for controller progremming,
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6.2 Progrem Inoud

The input to tnriis progrem is in the form of
cerds., ZEach card contains &ll the informotion concerning
one switch, The neme of the switch is entered in the
first five columns of each cord and a2ll switches which
coannot be closed in varcllel with it are listed in
columng 6 to 25, five coluvmng for ecch switch., The
remeining columns of the cerd provide gwvace for the
listing of switches which must be closed before this
switch., There is no recuired secuence for presenting
these cards to the pregrom, but a cord, denoted IXX in
the first three columns, must follow the last switch
cexrd.

6.3 The Generation of Inuut States

Figvre 6.1 , ives the flow diagram for the
deternineticn of input stetes. Each switch cerd is
read cnd the informetion concerning the network is
stored., Iaoch switch in tiae network is cessigned a binary
varisble equivelent, With this cegsignment The
switching clgebra notation given in Section 5.2.2 can
ve veed for denoting input sitctes. Tor example, if a
system consists of five svitches the notation 5
represents the input (see Ecuation (5.17))

x1 x2 x3 x4 x5
1 0 1 0 O
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read
switch number

and
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check
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input
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complete

for correct
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and
stop

FIGURE 6.1

no

state

check
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no

assign position
and decimal
equivalent

Input State Generation
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“hereftore 1t is imporvent that the listed order of
switches be referred to vhen internreting the mesning

of any svitching clgebrs decimel integer., An initial
input state is choscen by the conmputer nrogran. Then the
restroints for the network are checked ocgainst this
input stoete by comparing the vbinery digits vhich form
the input stote nuwber. For example, input stete 5
represents siritches =1 end x3 closed togetliier, Input
gtotes which zre not permitted muet be omittved from the
input stete generation.

Once any one state is formed all input states
can he determined. Facli permitted input state is given
e decimel integer equivalent to faecilitate storage in
the computer,

When the input state generation is completed

0]

the primitive flow teble generction start

6.4 The Generction of the Primitive Flow Table

Figtre 6.2 gives the program flow chart for
generation of the priritive Jlow tebiec. The theory
followed in devermining thie chart is ouvtlined in
Section 5.5.1. In order to ovtain a sterting point a
network switeliing arrangenment is essumed, The input
state colunns of the flow tohle, which are described in
Section 6.3, cre scanned to find the input which is
equivalent to this netvork switching crrengement, Since

the input state is equivelent to the network arrangement
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this is & steble gtote. In the primitive flow table each
stable stote is assigned 2 row, The row number is used
es o stote asgignment number in the body of the table,
Therelfore the row number is entered in Tthe row under the
invut coluim which wes locoted in the scan cbove., When
the row number nd the sv.te number are the same in the
priwitive flow teble vhe stote nurber represents the
precent state (see Section %.4) ond is therefore the
stable stcte.

Once a stavle stote is determined the network
orrangencnt can ve systematically tected to determine
which switches in the system can ve opersted, This is
done by determining the input which is required by e&ach
switching operation, cnd then the state input columns
are searched to find the eguivelent column, If no such
input existe tiie svitching errengement tested is not
pernitted and cannot be given an essignment, If such
& column coes exist it is then possible for it to
vecome & next state or unstable stote (sce Section 5.4).
Such unstable stotes ore given stote assignment egquivelent
to their own steble stete., A change of input causes a
chenge from sveble state vo next state which in e flow
toble is & horizontel movement or change within & row,
Then the next change is subtometically from next state
to its ovm steble state which in & fiow toble ig a
verticael movement or change within & column, This meons
thet ceny stctes, which cre stable or unsiteble, with the
seme nesisnment elways occurs only in the seme column,

To detvermine if & steble sitate equivalent to the next
stete alreedy exists in the primitive flow table a
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serrch ig reCiaired. Since the state input hos alresdy
neen determined this search can be limited to thet
coluin, In & primitive Llow table a search for stable
stetes is done by equating a state cssignment nunber to
g Trow nuiiner. hHowever once & gtcble state is found it
et be tested to determine if it is e¢vivolent to the
next egtele Dy comparing network changes, IT both stotes
repregent the same net.ork cliange they are ecuivalent,
Therefore the network change associsted with & stuble
stete is recorded, If an equivalent stable stote is
found the next state nust bhe given the stevle state row
assignment, If no eguivalent stable stete is found a
new row mist be teken for & steable stete assignment,

The next stote must be given this cssignment and the
network change which involved thie next stete recorded.

Tiie generation is tected to determine if all
possivle unstoble stetes have been obteined. The process
is continued vntil all unstocble stote generation is
conmplete.

When the number of rows #né the number of
stetes are ecuvivalent the flow table is complete. An
incomplete primitive flow table cen be finished by
systematicelly secrching for &1l steble states =nd
contimuing with the procedure outlined avove,

A shift routire to print this toble in an
intelliginle menner, colled subroutine PRITLO, is
described in Section 6,9,
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“hen this tabvle is complete & routine is used
to combine 1ows O recuce the rmuler of assignment
varisbles recuired,

€.5 Row Merging

Picure 6,3 gives the progrem flow chert for
the process of combining rows in the primitive flow
table to form the primery flow tcbvle. The theory for
this is outlined in Section L.5.2.

vince in the primary flow teble there is no
relctionship between the row nuvmver and the sitable stote
the prinitive flow tovle is scanned and each steble
stete must Le indexed for future refercuce,

When tuere are a lorge numver of rectraints
cesocicted with a switching netviork the number of rows
with which any one xow can 2e combined is greatly
increased, Since this increoses the working space
re¢uired in the couputer with no reduction in the number
of varicbles recuired for cssignment, the number of rows
congidered is limited to save spece. As Trows &are
combinred t.:e possible remcining combinations are reduced
and therefore nore rows must be conglidered in cny
subsequent merging operction., Howg in the primitive
flow teble are exemined individvelly in a systemctic
nenner and the nunver of eitch row with which it can be
combined {(see Section 5.5.2) is stored, until either the

storage sprce is filled or no more possible combinations
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exist, When the working spece is not filled the number
of rowe ezemined is incressel until eventrally all rows

in the toble cre exanined ot one time,

In the initisl swvoges of conmbinetion,
exeminetion of the rows in the manner chosen results in
combinationg of rowe which cre outside the group being
recorded, Since this combinetion is not in the optimel
group tThe row number thus recorded must be eliminated
from it.

Rows ere now combined by putiing the stete
whicl: ocecur in all the rows into only one row and
replacing each gstate in the other rows with a zero.
The teble is closed up by eliminating all 1ows conteining
only zero clements,

As in Section 6.4 a subroutine, called SECHAP,
is used %to print the priucry flow teabvle. The subroutine
isg describved in Section 6,9.

When the primsry flow table is complete each
row is given o secondary state cssignment (see Section
5.5.3)., To do this an essignment teble is provided by
the suvbroutine POSMAP which is degcrined in Section 6.10,

Wwith the essignment lsovle, secondasry stote
egsignment can be given to the flow table to form a
gsecondcry mop. This is descrived in Section 6.7.
However, before degcribing this the process of optimum
combination of rows is declt with in greater detail in
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the following scction,

6.6 Optirmum Row Combinations

Figure 6.4 gives the »rogram flow chart for
deternining the optimum combination of rows whkich ig
referred to in & ilow chart block of Iigure 6.3 as
'find merge which gives least number of rows cnd merge',

The general icdeea in this optimwm row combination
is Dbesed upon grouping (9 ). Starting with one row, call
it the initiel row, &1l the rows with which it can be
convined cre determined by the method ziven in Section
6.5, £ the rows with which it cen be combined can
themsclves be cormbined they are within a group. Iut, if
one cof the combineble rows has & further nossible
combination with & row with vhich the initisl row cannot
be combined thie combinction is not in the group and is
indexed with a cut line. TFor excmple, if each row in a
primicive flow tadble ig representeda by the circled
numbers in Pigure 6.5, the gtroight lines represent
possihle combinations. Thet is, row 1 ccn be combined
with row 2 or row 3, vrow 2 can de comoined with row 1
or row 3, row 3 can e convined with row 1 or row 2 or
row 4, row 4 con ve combined with row 3 or row 5 and
row 5 can e cowbiuned with row 4 (19),

If row 1 iz conzidered os the initicl row
one of the loops eround rows 1, 2 and 3 indicates that

this is 2 possivle combinstion. This loop cuts the
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streight line Letween rows 3 ena 4. Therefore there
will e 2 cut line recorded for that combine tion.
Considering row 2z as the initiel row another loop
around rows 1, 2 cnd 3 resuvlts in snother cud line
between the conbinavicn of rows 3 «nd 4. VWhen row 3 is
coungidered as the initiacl row the loop will surround
rows 1, 2, 3 and 4 resulting in & cut line between rows
4 and 5., If row 4 is the initisl row the cut lines will
occur between rows 1 and 3 and rows 2 end 3. The cut
line for row 5 is between rows 3 and 4,

By counting the number of cut lines the
following tobtals cre obtoined.

Number of Stroignt Line Detween
Cut Lines Row and Row

0 1 2

1 1 3

1 2 3

3 3 4

1 4 5

The coithinetion of rows 3 and 4 hes the grectest number
of cut lines cnd thereiore this combination of rows ig
elininated. It can be seen by inspection of this examnle
that if rows 3 end 4 were combined there wonld be three
rows formed in the resulting grouping. Dut with this
combinction elinincted the rows can be combined to form
only twou new I0WS.
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Thig procedure is followed in the program flow
chert shown in Pigure 6.4, The iritisl vow i1s chosen

and from it one of the 1posgible combinoble rows 1is
elected ag cn odjccent row, EBzch row listed as

U\

omvinable with the adjecent row ig elomined to deteriyine
if it in turn de combinable with the initicl row, IL

not the cut line index number which ic agssigned to
represent the bronch from the adjocent row 1g increased
by 1. Since the combincacion reprecented by the bronch

\

ig listed in two storipe locations, once for each row,
g, If there are =

(‘J

the index ig increased in both pleac
large number of loons, &ll coibinatvions with more than
15 cut lines cre elimincted. DIelow this number only
one braznch line isg elininated ot each step and the cut
line index is then reset to zero.

When one w hee only one poscible combinetion
this wuet be cone Tirst cnd then cny rows which form e
aroup can ne comuined. The redundant rows wiich were
used to form the new row are elimin.ted fiom the table
end elso removed from cny list in which they appeor,
The optimws combinction of rowes is then complete for
one cycle in the procedure descrived in Hection 6.5
which continues until the »rimery flow 4:vle is complete,

When the teole for secondury gtate agsignment,
whichh 1s developed by subroutine POSIAP, 1is comple
stcte agsignment be ins.
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6.7 Secondery Stote snd Output Assignment

FMgure 6.6 gives the prosrom Tlow chart for
the process of aggigning sccondery states to the cells
in the »rimcry flow tuble To Ifoxrm the secondery and
ovtput meps. ‘Hhe ftheory for this ig outlined in Sections

5.5.4 and 5.5.5,.

Belore the rows were combined eecch stoble state
was dndexed £o that stable gstotes cen be found in the
prim.ry flow teble by scanning for this index. Vhen a
steble state is found in the flow toble the ecquivalent
cell in the secondary map is exemined to determine if
the secondary rssignment has been macde, VWhere it hes
not been made Tthe proper assignment is obiained by
reference to tue cssignment toble determined by subroutvine
POSMAP., 3By scanning the column in the primary flow table
in which the stable svate occurs agsocicted unstevle
stetes ere found. If there is no secondary nep

assigrment for the unsuvable svate the secondary stete
cosignment for the row in which the uncicile soate

o’

occurs is compered vith the secondary stote assignment

for the row in vhich the svable state occurs. If these
eggigmments ore logicelly edjecent (that is, if in a
Forneugh mep these two assignments would appear in
adjecent cells, see Section 5.3), the unstable state
cell in the secondery nep is given the assignnent of
the stobvle svete row, I the ascignments cre not
logicrlly edja t the unstevle state is indexed, VWhen
21l unsveble stotes have been found a check is made to

5. L

see if the unsitable sivate asgignment is comaplete. A

.\
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subroutine CGOLPAR, deccribed in Section 6.8, is used To
deternine the assignuent for the unasgigned uvnsitable
gtetes. “Vhen the estignment is complete the outout mep
eggignment is mede by replocing cach stable state in
the primcry flow teble with the output for the stable

state which is doteruined from the primitive flow table,

ate dig ro

[&
Eoch unstatle s laced by zero.

%
o+

Subrovtine COYPAR which 1is used to cssign

e e

tates to unstobvle stotes is described in the

secondary g

following cection,

6.3 Subroutine COMPAR

FPigvre 6.7 gives the progrin flow chart for
the process of comporing secondery assignments Lo
determine vtwhe best esgsignment for unstable states in

he secondary mED.,

Vithin the seiescted column each row 1g scanned
in turn to determine its unsteble stoate assigrnnent in
the wrimery flow teble and whether it has been given an
essignment in the secondery map. All such secondery
mep essignments are compared with the secoundory map row
cgsignments for unessigned unstvable stetes in the primary
Tlow tcvle to determine if the two secondary mep row
assigmments represent adjacent cells in & Karnsush map.
If they do the unessgigned unsteble state is given the
agsigned vnstobvle stnte secondary stete row assignment,
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Wien o flow teble or mop is oriated, on A

field is uvsed to avoild printing nmeeninsless O's which
might lend teo coniusion, This ig &

accomplished in +the
Tollowing way.

5.9 Mep Printout

All calevlations involved in the deternination
of the chove neps are done in an integer field. Thet
ig, only integers cnd wositive cnd negetive signs are
used., Gince there ore no blenks in this field, blanks
in the flow talle or nry are reprecgented og zeroes, In
the development of this method o zero and = blank are
cuite difierent. Therefore a method of writing blanks
when blenks are meant is described here,

Figure 6.6 gives the progsram flow chart Ffor
writing ¢ single row of o flow tcble or map. Since
wriving csubroutines vary slightly with the informetion
recuired in dirferent tebles or meps three separate
subrouiines, called PRIFLO, SECHAP ond KARKAT, are
avelloble, IHowever tite bosic flov chert dewcrised is

used in ¢ll Three sviroutines,

The genercl ide: of this flow chert is to
chenge from o writing code which permits only numerics
to & new writing code wvhich permits all recuired
characters. In tl:e Inperial College IDN 7090 digitol
conpuiter a vord lor on integer field or an elpha - numeric

Hy

Tield congists of 36 bits, Therelfore an integer consten
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cunl congigt of vup to 11 decimal digits and he asg lorge
g st

e e

o
as 23)-1 (28). This necns thet blinks carnot be
written in thie field. The bits

in an integer field
cre 'filled!' sterting with the lezest significent digits

S

end vNeginning ot the rvight - hend end of the word,

In an A (elphe - numeric) Tield & source pProgrom
exists which is capable of interpreting different Zinary
¢ecimel codes as mumbers, letters, srithmetic snd
punctvation cherocters os well as blonks. To do this
ecch word is divided invo six cherccters of six Dits
ecch, (The integer field is divided into 11 decimal
Gigits.) “he word sterts ot the left and nioceeds 40
the rizht. 7o transfer & mumber into the A field its
code must he changed cnd the position of mumbers rust
e moved from the rinht -~ hand end of fthe storage word

to the left -hond end teking into cccount the difference

o]

in the number of bits occupied by a mnmber, Blenks in
LY

Tthe ouvput must be represensted by the code for & blank
which in octel form is the =six charccter word

60 60 60 60 60 60

In the flov table ezch inveger is dealt with
sepcrately. Firet iv is excinined to see if its value
is zero. If it is, Uhe svorcge locotion in & new crray
ecuivalent to its locetion in the row is revnlaced by
octal 605060605060, (liumuers which ere true bincry
zeroes ore repregented in inteser form by o yhere n
ic the number of logic vericbles, Modvlo 2 of this

number repected n times recvlits in & ¢bring of n binexry

P
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-

zeroes,) If the nuaber is not zZero, ond if it lies

Q
- . - . . - . .. . - A (4]
vetween zero znd 10, «the numoer ilg mulvinlied Ly 2:L

vhich posgitions it three charccters to the left. Eoch
churecter to the left of this :mst be replaced by octal
60 to nroduce @ nlank choer cbexr for ihiis location, In
integer form 40 rewresents octcl 60, therelore 48%224
will ploce & code for o blonk in this location. Since
the charccter at tiie extreme left of = vord hes & bit
Tor a positive or negative sign, 48x23o will place & 1
in this it witich will be interpreved by the »rint
source progyom €& & negctive gign., Therefore the
cherccter et tie extrewe left is Tormed by octal 20
(integer 16) and then the negative is tcken to produce

the octal 60 or blank character in +iie locotion.

Interzers from 10 to 99 imclusive must be
considered in two cinges. For example, the integer 48
cannot just be shifted since the resulting octel 60
vould be interpreted as 2 bicnk charccter in the A field.
Tor thie integer, first the 8 must ve multiplied by 218
224

10 ond octal Q04 respectively., 7The first character in

end then the 4 must ve wwlitiplied by Tto produce octal

the word is formed in the nenner given atove,
To form the code for o nunber greater tuen 99

[o Is
10 224 ona 239, 1o aifficulty

is incurred with the negoivive sign since the lorzegt
o &

-
[

the shift nusbers are 2

octal number which cen occur is 11 which avoids the
troublecome 0it,
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The secondcry state sssigiment teble subroutine
referred to in Section 6.5 is described in the following

section,

6,10 Subroubine FOSLAP

Figure 6.9 gives the progrem flow chort for
the subroutine POSHAP which describes the formevion of
the tohle veed to cssign etotes in the primary flow
tohle. The theory for thie secondary svtate assignment
toble is given in Section 5.0.3.

This Tcble is set vn 1in vthe computer &s an
array. The ergument of the avrra;) i1s used ag the
gecondery cesignment end the value of the orray gives
the row with thot ossignment. The diiiension of the
arrey is deternined by increesing the nunmver of
gsecondery vorichles used Tor cssisznment until the
numoer of elements is ecuel to or grecter thon the number
of rows in the yprimcry flow weble, The first row in
the toble is essigned the lest errey position., This is
the decimol eguivelent of row 1 in & binary progression
(see Section 5.2.2). This assigmment permits entry
into the loop in the flow chert. Once a row with state
assignnent is chogen it is used as & reference
throvghout the loop. Yhe xow is checked to see if the
nunber of stcble stotes is lorger than the mean number
of steble stote essignments per row, IL it is znd the
dinmengion of the essignment exray is grecter than the

[y

nunber of vows and the crray is not filled, the row can
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be given & double zb.lgnmeat However if an essignment
which is ecuivclent to adjacent cell in o Xer

nep (see Section 5.3) is not aveilable there is no
edvantage in thic double zesignment., Double assignments
are nede by giving two elements in the array the same
row numoer, The arguleﬂﬁ@ of these two elements are
reteined for suveequent voe, Therefore if a double
aospignment ic not made both constants used in the
notation are given the same vealue,

ATter checking if the double assignment is
me.de to the reference row, &ll unassigned rows which
heve unstabvle stetes ecuivelent to the stable stotes in
the reference row azre scanned. 4 couniv is kept and the
row in which this ecuvivolence occurs most often is

-

iven an cdjocent assignment, With onother row given

(%

ssignnent it con be estoblished &s o reference rovw

(“1

aend the loop convinues vntil the procedure is complete,
To illustrote this procedure the formetion of

verichle eguetione reguired for nrogramming a substetion
switching controller ic given below.

6,11 Substetion Primery Plow T:ble

The example chosen here is [lfor six feeders
T24, L44, L25, L26, L46 and L45 end the restreints on
the system prohibit 01081ng the following switches in
onerallel,
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Lz4d end L26
L44  and T46

Figure 6,10 gives +the subsitction primary flow table,

The input stctes of tThis todle are given in
the first row below The listed order of svitches which
is required to interpret the decimsl integer (see
Section 5.2), Since the switches L24 wund L26 cannot be
closed together the integer 9 does not appear as an
inpvt state as can be seen by the following
representetion,

Binery umber Integer
Lz4 L44 Le5 L26 L46 145
1 0 0 1 0 o0 [9]

Tigure 6.10 gives the primery flow teble for
gubstetion switching as developed by the off - line
computer program. This table is the coxbined form of
the primitive flow teble which ie not given here, 1In
row 1 of Figure 6,9 steble stctes occur in columns 5,
12, 17, 22 end 34. In row 46 stchle states occur in
columng 1, 2 and 2z, These stueble states can be found
in this mep by & comparison with Figure 6.12, the
secondary mep, In this figure the first colimn which
is headed 'Y' gives the row assignment in decimal
integer form, Row 1 is assigned the decimel integer 54
and therefore the sitable sictes in row 1 of Figure 6.12
hove the number 64 as their state agsignment, These
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are in colwms 5, 12, 17, 22 end 34 as given above, The
gsame procedure can be used to find the stuble stotes in
any row., In row 46 the row assignment is decimal integexr
41, The stable stetes (that is, columns in which the
nusher 41 is used as & stote assignnment) occur in

columng 1, 2 and 22 cs given shove,

Since there are 46 rows in the primary flow
toole, six verisules are recuired to moke the state
assignment. Sixty - four is the maXipum nunber of
assignments possible with six verisbleg., Figure 6.11
gives the expanded nrimary flow tehle which includes
the colvrn 'Y¥'. The Y column zives the woy in which the
64 zssigrments are to be ocpplied to the primery flow
table. RHow 1 is given assignment 64, row 2 is given
assignment 12 and so on for the 46 rows with stable
states. <The 47th row is & duplication of the states
in row 1 ezcept that no stcble state appears in this

th rYow is a

row (see Section 5.5.3). Alco the 48
duplicction of the states in row 5 except that no sitable
stete appears in row 43. In this way the table has

been expanded to 64 rows,.

A compecrison of Figure 6,11, the expanded

primery flow bteble, Figure 6,12, the secondary nep, and
the ouwtput mop shown in Figure 6.13 can be used to
exploin the sequence of changes through the map, Tor
exemple, in colurn 1 of Pigure 6,11 steble stutes exist
in rows 5, 7, 9, 10, 15 and 46, An input request to
close switch LZz4 results in &« change in input from

coluwan 1 to coluwrm 2 and an output to close switch L24.
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The output ncp shows that in column 2 2 cignal '1' is
civen to close switeh L24 in row 46, The secondary mep
shows +that this locetion represents & stable state,
That is, Tthe row cesignment 41 is equivalent to the

ste te

variables in the secondery man must chonge bto thiw clhate,

~y

weosigrment in this location. Therefore the

If the initial stcble state in column 1 of
Tigure 6.12 is state 3 the mep location is row 5, The
input signel couses & horizontel chenge in the map from
stable siote 3 to siste 11. The secondory essigmment
for stote 3 is s Lfollowis.

Binary Nuber Integer
vl y2 y3 y4 ¥5 y6
110 0 0 O [3:[

A change to sitate 11 results in the {ollowing variable
velved

11 0 1 0 O [11]

which represents ¢ chonge of state from O to 1 for
veriavle y4.

Since the verieble then changes to stete 11
there is a verticel movement in coluian 2 of the
secondary map frou row 5 with cssignment 3 to row 52

with cssigneent 11, In row 52, column 2, the nex?t
stote given is 9. The change is ag follows,
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TDincry Ifvmber Integer

YL Y2 y3 y4 ¥y5 ¥

i1 0 1 0 O {ll]
to

100 1 0 O [9]
This is & chonge of gtate for variable y2. With the
vericbles ia stelte 9 & vertvicel change in column 2 to

gtete 9 in row 10 results, which in turn changes the

viriebles to stete 41 asg follows,

Binory I'tmber Integer

100 1 0 1 [41]
This is a change of state for verichle yb,.

The verticael movemen?t in column 2 to svote 41
row 46 resgulilts in & steve in which the nresent state 41
and tie neut ctate 41 are ecucl thus no Turther change
teble sitate. The

n

occurs ang the vericivles setitle in =

outyut mep of Iizvre 6.13 shows theat ot thi
outrut of 1 occurs., The binary representction of 1 is

(o]

ags follows,
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Bincry Tumber Integer
Lz24 L44 125 L6 L46 L45
1 0 0 0 0 0 [1}

This ouvtput closes switch L24. In Figure 6,13 the
output o o tripping coil is given & hundred series
nunver to distinguish it in the table from a closing
gignel,.

The example ahove is one of The more complex

switching seqguences, An exemple of & more cirect sequence

is ghown by considering the chenge from stable stote 9
to gtcble state 41, Stoble stete 9 occurs in wow 10
colvim 1, Wita the seme input as above the horizontal
change in the secondary map is to colurn 2. This

-

initictes & chonge in the scecondexry variabvles waich is

as follows.,.

3inery Number Integer

%o
10 0 1 0 1 [41]

The secondary nap given in Figure 6.12 is in
reclity six maps conmiined into one. Thet is, it is
composed of vThe winexry states of siz veaericbles, The mom

T~
s

for nuy eingle verichle in inary form is determined by

testing tiie integer form of reprcsentction for the
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presence of the ap»ropriate power of 2 in the binery

progreszion (see Section 5.3).

The secondary wmap for variasble yl is given

in Pigure 6,14 ag an exempnle of the representoction of
the LEornough meap foxrm of bection 5.3 from which the

revpresenting the control for switch L24
i

Figure 6.15. Signels to the tripping ci

switch are preceded vy & 1 to dlSulnguiSJ

clesing circuit signals,

e seen more ecsdily., This form

is given in
uit of +this
them from



SUBSTATICN paY
FLOW TA8LE
INPUT STATES

177

L24 Lby L25 L26 LL6 LUS
€ 1 2 2 & 7 5 L Y214 10 8 2k 28 27 21 17 16 48 49 53 52 65 56 4O L2 46 44 36 37 19 38 34 35 33 32
25 50108 56014 67 58 28 67 23305 26 148 4901C 48185 STIL815TIe6 27 W7 157 61105066136
31 45 54120 44309 83 63015 62 33 29 L6 28906 32 55129 127 47126163128
1956 8 59018 57 9 »8 60134 1C 55 131045132 54 61133 53311 52
13 uCn12.35 Iy WIVIT TF 15 95 15621 76 4 116 8) 94027 91 92113081114 16 42115 93
013 2 12207 1 4 164 15 5 5 162139161 163 16 7
19 45 7318 wuS1730s8 29 152 21 us 156 1491657151 9 22 47 6BOT6 b6 67
019 2 3 18156 1700k 23 134 5 21 6 131162742 22154126153133155 7
1088 8 139 9 75028 T} 2 T 18163332 96 87T 98 129 75127 126061128 1 93
025 2 1124 111 4 5 168189C4311C 6 112166149165 129167127 126082128 7
a3t 2 313C 5 106 6 158112157 129 127159126068128 7
38 56153 46111357162 79 03023 62 78169 76 T 3 55 80 36 65 35 548154 34 53033052
25 52138 24 23562 28 49121 48 51 85 27 Au035 81107 821050421¢6 63
31162 1a1Lu1102 95 3¢ 29160 28088 32158116157 94036 91 92 159104 93
25 163 1)1uu122  2wieh 23389 2o 186037 96 9T 98 27162125161 104163 99
038 2 3 4 5 6 7
1045 @ 7: 9 79143 78529 76 1C 77 80142 140 69139161141 668034 86 11 67
31 56 12n 117 122380123 30 29 2BS?T 32 55116 125  11305L114 53115 52
19 18 17¢58 25 134 89030 87 21 121 Ag11B158119 8131091132 22 133 120
13 12359 14 to 15 89026 BT 121 43118051119 85 99 88022 81 82 16 120 83
13 12771 1u a6127 15 135074136 121 118355119 85138 8nt27 M 82 16 120 83
19 7¢ 18 17575 20 152 21 150 149995151 69 22 68133 66 67
15 1e156 17679 23 134 21 121106V18096119 97 98151069132  22154107153133155120 99
M 1261561171 122371123 168109160110 37 112166182165 36 125167 35154116153 34155 23063
1c8 95 148 W5 Tuy)851u6 94131 93 92147 187 105053106 93
18 56 13 17086 20 152 21 153 55 149394151 22 5S4 53120 52
38 w2108 9 41 137 135078136 37 138 36 as 34 L2 33093
25 50103 33 41107 24 23C95 26148 1161606146165 27 167113087110 82115
38 15 4412 43137 135168136 46 37 138 36 35 b7 3 33099
31 56 58721 57 58143 60 3¢ 29 28100 32 55 142 140 13916717 54 61 5316 52
74 79143 T8l 16 17 85142 140 69139084141 68105 46 67
25 56 26 23072 26168 49110 KB ST 166138165 27 167
us AR IS SR Y9N ICRTS 185 1RLIBIING 162129161147 47 143
103 6u1311561C2 #6137 63123 $2135C87136 83138 65 84113 8iloy 82 83
38 4{CCe 35 41 13020 71 72 T8 16C 37158116157 36 75 35159 34 42 33007
45 ol BEVIT 53143 6313b 62 46 100150 96  957%42 981k0 65139092141 &7 99
36 73122 71 72 1 37 6 15 35 3 13067
5912 57 11 58143 &0 169676110100145 96112 97182 98180 13907574 61 99
31 5% 7 17 30 29 49028348 32 51116 89 113159114 68128 66115 67
79 166 152 78136 76 71150 80149098151162132161 163
s 75127 11 72 7o 169 158144157 TS 159187 165155116
59130 57117 58 69 95 116 94140 91 92113154114 &1 115 93
124 86122164123 89135 87 88 85 90 125 84141 81 82 83
13¢ 73143 71 72 TH 129 75127 126153128
13 12764 16 111 B& 15 39152 BT129CH6113 48 112 85 B4 147 81 82 16 83
105¢ 8 124156 9 122063123 95 148 16 w5 14997186 ¢u151 91125 9217154104153 155 11 93
0G1£32 8 2 s & 5 148 1% 5145 1ul6elas 147 o7

FIGURE 6.0 Substation Primary Flow Table



SUBSTATICN AP
SECONCARY Map

INPUT STATFES

L2k Ly L75 L7 Lée L4S

1 4

o

178

Y & 1 2 2 & 7 4 12 14 13 € 28 22 20 21 17 16 4R 49 53 52 60 56 40 42 46 4u 36 37 39 38 34 39 33 22
64 35 58158 a5k 57 58 24 63 23005 26 1n@ 49010 LBINS SVT4uISTiubh 27 147 107 61105086108
12 31 45 ob 133 wu{s9 43 63515 62 32 29 b6 28306 32 65129 127 u7126163128
17 1956 B 39618 57 9 SR 40134 1 55 131065132 54 61133 53211 52
& 13 4C212339 tu 41117 T9 15 95 TAC21 76 77 116 80 9uE27 91 921134111, 16 42115 93
3013 2 1201 4 4 leu 15 S5 ) 162139161 163 16 7
27 19 45 T 18 husitous 2¢ 152 21 bs 159 149165151 49 22 87 68016 &6 67
10019 2 3 12156 17004 20 134 5 21 6 131162132 22154126153133155 7
19 jJ2ud 8 133 9 7=ozu n 72 Ty 10120032 98 L 14 98 120 75127 124061128 11 ag
25025 2 3138 111 5 148109049115 6 112166149165 123167127 126082128 7
9c31 2 21374 5 6% ] 158112157 129 127159126068128
2¢ 38 5610’ ok 161057102 7q 63022 62 781.9 Y% 17 37 55 80 36 65 35 54104 3y 55054052
15 25 sc¢ A6 24 23562 26 9121 48 51 A% ar 8u035 81107 82105042156 B2
58 3 131 131c41132 95 33 29160 28088 32158119157 94036 91 92 159104 93
29 25 103 Touk12 2aloh 23089 26 100337 36 97 98 27162125141 WCh163 99
31038 2 3 M 6 7
5 1345 .8 73 S T9tu? 78029 T4 10 17 80142 140 69139161141 68034 66 11 67
60 31 56 124 117 j22040123 35 29 28077 32 ssile 125 113054114 53115 52
30 19 13 17058 20 134 86C3C 87 2! 121 28118158119 20131051132 22 133 120
45 13 12059 14 86 15 89C2¢6 BT 121 48318051119 85 90 88022 BY 82 16 120 83
57 13 12077 1u 86137 15 1354TNI36 0 121 118055119 85138 an127 a3 82 15 120 83
u6 19 77 18 179713 2C 152 21 150 143090151 &9 22 68133 66 'Y
53 19 18154 17079 2¢ 134 21 121100113096119 97 98131069132 221541CT153133155120 99
63 38 12815611} 12207123 148109102115 37 112168182165 3¢ 125167 35154114153 34155 33683
51 128 95 148 W5 18085116 94131 9} 92347 107 105053106 53
61 19 56 BRI} 17086 29 152 21 1573 5% 149094151 22 54 53120 52
23 38 ud1ce 39 ] 137 135878136 3 138 34 35 3y »2 33093
5C 25 w0103 39 wijlT 2% 23095 28148 116166146165 27 167112047110 42115
59 38 45 Lutp2 431317 135148138 U6 37 158 36 35 u7 3y 33068
Su X1 56 59101 57 58143 &9 30 29 28138 32 55 W2 Isg 139167141 Sy 61 53106 S2
Ly 72 79143 7818 76 77 801h2  14G 69139084141 58105 66 67
26 15 50 24 23072 26168 43112 w8 51 166138165 27 167
3s 45 MY1IY a2 thu T4g 46 145 14u0B80lu6 162129161147 47 163
16 113 64101156102 Be13T 43123 62135C87136 85138 65 8utl13 8llon 82 83
43 38 4L308 39 4 73020 71 72 e 1AC 37158116157 ¢ 36 1% 35159 3u 2 33007
[Y:] (1 oh 4117 L3183 63%3% 62 (13 130152 96 97142 98140 65139GS2141 &7 99
32 38 73122, 1% 72 Tu 37 36 75 315 3y 33067
g 39124 5T11} 81k} 60 1003576110100145 96112 97142 98140 1390751'” 61 99
36 31 5% Tc 17 39 25 u9528388 32 51116 69 113159714 68128 86115 57
3g 19 Jou 152 78138 76 77159 BOTB9098151162132161 163
37 124 73130 N 12 T 184 15814157 75 159107 105155108
52 59132 S71)7 58 60 95 11s 9140 91 9211315411 61 115 93
42 2u 86122144323 89335 27 a8 85 90 125 84kt 81 82 83
56 130 2 71 72 T4 129 75127 126153128
35 13 121465 14 11t 86 1% 89152 arloqoubxrn ag 112 85 90 gutu? 81 82 16 g2
3 135% @ 124156 9 122063123 95 e 10 4% 1LLBoTINs 94151 91125 g2IM7156108153 185 11 93
Bisocee & 3 9 fus 10 6145 18L4{66146 i1} " 17
1 25 50158 99 & 57 se 24 &0 23 5 26 148 49 18 88143 SHI1Nsuls7Iue 27 147 107 61105 46106
213 212 i1y L 1és 15 5 6 162139161 163 16 7
O TR S 9 79143 78 29 76 1¢ 77 80162 140 69139161141 68 34 66 11 67
7 13 L0 12 29 Tu 41147 79 15 9% 78 21 16 7 116 80 u 27 9} 92113 8111 16 42115 93
8 31 2 130 : y 5 163 6 158112157 129 127159126 6R128 7
11 19 2 3 1dY56 17 0w 20 134 S 21 6 131162132 22154126153133155 7
13 31 s 64130 44 9 43 63 15 62 3¢ 29 e 28 & 32 65129 127 47126163128
% 25 5¢c198 86 2u 23 62 26 L9121 48 51 85 27 84 35 BIIOT 82105 w2106 83
21 2B 5617 44101 57182 T9 6% 23 62 70139 74 77 37 5% 8¢ 36 6% 35 5410k 3u 53 33 52
22 3g wotse 39 ] . 137 135 7£136 37 138 36 35 3y 42 33 33
25 25 2 2132 1R 5 I 5 168159 49118 6 112166149165 129167127 120 82128 7
18 25 50 a2 23 72 26168 46110 u8 51 166138165 27 167
31 % us T2 16 ub 3T 43 22 152 21 ueé 159 148165151 69 22 w7 58 16 66 67
£8 25 102 Y1 44192 2u164 23 BS 26 100 37 9% a7 98 27162125161 j104163 99
62 15 te 17 sg 22 134 8% 3C ar 21 121 8811d158119 90131 91132 22 132 120
[ TER K 12 59 1y 86 15 8% 26 87 12} 38118 51119 35 90 Bs 22 81 82 e 120 33
47 19 7. 14 17 13 2¢ 152 21 e 149 90151 69 22 68133 46 67
5% 31 &6 58101 57 SA182 60 3c 29 28137 32 55 12 10 139147141 54 &t 53106 52
FIGURE 61t Expanded Primary Flow Table With Row Assignment



SUBSTATICN kAP

SECCNDARY MAP

INPUY STATES

L2 L4y L25 L24

Y c 1
64 24 34
M

17 4) 17

6 2 7
3 311

&1 53 60
23 21 19
50 18 19
54 58 17

26 24 34
30 ke

43 59 19

36 9 34

k3
-
o

-t £ B
O N E s e N
W

35 54 54

FIGURE 6.12 Substation Secondary Map

3
23

63
&

23

o]

53

29
L3

15
23

29
45

2
u5
35

1

3
3

2

8
11
12
57

45
57
47

—- - o [
DD NN O Nl & O w

~N

&
pary

45
49
54

Las LysS

é
&4
a

54
20

43

7
1
13
21
58

29
16

20

58
29

20

16
17

10
23

20

29
29

5
12

13
48

39
20

L3}

39
52

41

30
3]
-3}
46
53

61

12
19

43

"N’

19

L3
15
23
19
27

26
i3

43
5%

42

60

&3

12
20

29

Sy

18

18
¥
L8

50

50

26

15
26

26

24
5
33

35

30
U6

42
35

L]

28

57
59

21

16
57

59

23
59

23
24

16
57

57
22
57
bk

16

20
49

n

20

24
38

2¢
49
49
[-1]

10

20
24
27
30

31
Sk

21
35
3e
35
24
63

i
63

63

17
1)
36

17
26

15
36

58
26

2k
36

24
.1}
&h
-2

-1

26
26

36
b5

5y

54
50
18

43
40
19

49
-1}

49
45

57

57

55
18
30
53

18
L4y

30

64

15
17
h
29
L 3]
14

53
3T

43

37
u3

52

37
60

37
-1

58
45

52
[.1]

38

51
51

34
St

15
53
26
29
45

60

50

25

24

63

50
39
64

26
24

27

3
63

56

51
27

38
26

61
38

27

L21]
38
38

51
b6

46
61

L1]

b3 )

3%
EY)

u2
16

17
30

10

16

62
10

53
30

87
53

53

10
17

39
51

30

-
oo

1o
17

14

W7
30
ug

38
29

29
24

%2

12

12

2u

29
3¢

54

LS

Lo
26

49
48

49
ue

55
52

54
S4
18

15
L3]
48
40
L 3]

39

[ )
[ 13
&0
49
48

>

15
26
53
29
L5

54

3¢
21

38

u5
54

179

290

52

53
60

24
34
bu

19
LY

12
24

2h

27
12

45
54

59

36
49

24

[

- o
WMNNO N T &

N NN
- &

&£ e
o wo

35
-1}

51

13
37

15

37

37
6h

o4
15

10
15
23

27

31
51

33
58

17
60

59
20
52

54
60

O e

own

15
20

&1
5

54



180

SUBSTATION MAP

OUTPUT (Z) FAP

INPUT STATES

L24 L4k L25 L26 Lus LS

Y € 1 3 2 & 7T 5 k12 1% 10 € 2% 28 2€ 21 17 16 48 49 53 52 40 56 40 42 w6 ki 356 37 39 38 .8u 35 33 32
4 ) 16 101 ]

12 4 8 16 128

17 132 2 32 32

(R 16 32 1

21 1101 104 32
L] 0% . 1

1al 101
15 152 132 4 32

1¢8 L a N
116 1% 32

¢4 - u 102 2
60 8 1oy L3 104
30 €2 8 . " 104 2.
&5 1084 16 32 32
57 132 16 16 102
L] 168 32 1a8
53 116 s 101 1 8
.63 2 132 18
sl 16 102 2
61 132 16 16
23 132 8 108
50 104 132 8 32
59 1c2 132 116
54 103 132 116 102

28 10% 104 32
39 LRI 32 8
1 132 oy 4 . 1ot

! 8
48 132 132 108 13
32 102 162
49 168 1 1. 32
36 ot 16 104
18 138 8
37 118 1 ou
52 122 106 102
42 132 10H 108
56 132 jot
33 198 132 16 116
flo 32

oW -
Dowmo
r3 & —

~

~n s
-
o
&

3 Yy
41101 ) 108

14 100 series numbers

22 indicate tripping

FIGURE 6.13 Substation Output Map



181

SUBSTATICN MaAP

SECONEARY v1 MaAp

INPUT STATES

L2h L44 L25 126 Ly LBS

2‘;.

e g e DI DO MmO~ - D g e e O o~ D (e -0

S

"o o — o . —_O O™ O~ O~Q - O O 00 —— ~Q0 -0 - a
(L]

NG - O - - - QY pe o= [l Q - - 0 Or. O e - -
]

$I-000~~r0000Q - Qe QDe - - e - 0o - o- Om e QOO rm=0 = O~0O
L]

@~0- o~om~o- ‘. = o @e=moo —-— oo —0~ 00COE mrr =000 O =D meo
~”‘l° - [-Kad-2-R=Ra¥- Lo - - o L+ o o © o O [~ =N~ N T~ B L=}

l?- oo oo DD D o0 o0 © o= i~ 2~ X -] o 000 oo O"m0QD>~ - - 0
-ﬂ‘.c nD uh‘l-lopl.ll COQrrmrmmr Q™00 OO 00 CDmrmer D w=Q Oermrermme o QerQ
“ Q o0 - - -~ - (=] Qe O~ 000 —O00Q~-0 ——ro -~ (=X - S Lod o
% -_ -~ OO [ - X - O - e - o o ~a O ——— 000 o -~ <
§ o-co-o Q 00 ~ o L - - O~ o Qr - [~ OrQ Om - “—a
WO -0 Qe -0 O -~ D=0 QQO -0 o © s O 9 =0 QO 000 o~0DR OO
..W— B = -o DQ QOmwr—~ O -~ Qo Q -0 o~ (1] D= OO0
“O - Qo L O =0000 e rrAD0 ~ O O o= QO ™~ DD e= ———
ﬂo [~] Or =00 - - 0..!' < mm——00 O 0 O . ~Ge=0 O~ 0 - -0 e e
H? - [- 3 o X - X ¥ - B o - - oo ~o L——— o~ - (=T
W‘ Lad - Q- —_Qeme— - - - - QO O [~] - Ll ad o 0. -
Mﬂ.l - — e’ Qeromr Qe OO m ~Q Q —-o00~-0 ) « 00 Q e [aalhadi = R ol o N1
“o.n RE~R =) OO0 CODO~ODOO [~ o0 o oodad («] (=) —_Oo000 000~ ~O -0 (=)
"GOJ - -a —O Q- Laadl < 4 ﬂu. (=) (=3 =] COo0Q < Q- (=K~} Qe <
nnl (=} [l —0Oo- a Ld .- Lo X=X od ——— OO~ - o Qo - O QO

mlo o - o O ‘M ~Q e QOO =Qwm o~ (=¥-)-] Qe=rQ ~0 [~ 4o DOL Qe O
.”w haet - - haet (=0 = 2ol - - e -y [~ X - Q- (=R =] Qe Ladl ol =X «J £ o=
o > J - DO Q- ~ —_QO—g (=) Re] o o - <« Qo - (=2l ol X X ]
oo Q- DUOrr G Lasll ol Qo (> QO ~Oo0n OQUQO™™Om G O Q- Qo -~ O
mnoono o n,o - OQe=0 (=R~ < o o O Q -0 OO0 L=} [=Rel=Nal o (=R lp]
-»Hnnul o - L=} - Q L (=) OO~ 0 eroQ~ L=} Q- = O L L=}
N --—— R W0s emm0 BeEDe-oOd —eR0o - 00 O o ~ — e e e, D0 e
X Or,—mOr OO0~ - Qe - Qe e DR 0000 ~OOQRONDm = = Oe00
N OO0 ee,m0 e - OO~ —_—— o o~ -0 © =o o ~oo VY "0 O © ~ou -
=D -0 o o~ oo -0 ~Qor © [ Q - U.CI Qo - o
VB D000 e VRO O o o w QOO~0 ns\b.-hqv-lo j=] [= Bl R P L ok
N O~o - - —_— - Qo3 an o - O~ O OO0~ —_——c
Lt el & X % | Lt L el ~ R o - €1y ~ =) - Lad -0t Q Ll 2L o €« -
OO .-G - O~ e ~—- o B Qe v Q= - o
OO O Ur e OO O e mam ) rmm = Q" meDe=g - - -l‘vloul.'.l-!-u‘ccc.hC‘-DCl.lnu

v-cc.lﬂul\n.U.IO-IQ-IUI.IIOOI‘O-I.II.I‘OIﬂ-lﬂ.-lﬂ.lnuo-ucqu.laQO-IQ.I.IGD.IO-I‘AC.IO-IG-Iﬂooul.l

FIGURE 6.14 Map of Variable yl



SUBSTATICN AP
OUTPUT 21 MAR
INPUT STATES

L2% LUl L25 126 Lhb Lu5

0w £

S -
oD

u

10

By

DDA O} Dt OO r et P OODANOBOOO O =D MO Ot ittt =B O s GO A QWD T D= OO

10

16

16

0

10
o
10

10

12

10

0

10

0

10
10

10
10

10

10

FIGURE 615 Control Map for L24

0
0
0 0

10
10

10
10 ' 0

10 0 o
10

2 digic numbers Indicate
trip circult signals

182

1]

10

to
10

10

1"

[-1-2-]

Yy €0 1t 3 2 & 7 5 4121110 32'3282021 l;lsh!k953€;%6056h0i2l633563739383.3?3352
'] ¢ . .

4]

19
10

10
10

w0
1)

L

1]
10
19



183

CEAPTER 7

A IETEOD OF DEVELOFING IOGIC EQUALICNS 'Ol USE O THE
NLTWOAX ST LATOR

7.1 General

In BSecvion 1.4.2 it is sugzested that the
network simuletor desecrived in Chapter 3 can be used to
test methods of busbher protection based on Casson -~ Last
end the power flow principle, The uwethod of developing
ecuetions which may bwe used for such systems is given

in this chapter,

In the Ccsson-ILest systenm described in
Sectvion 1.1.4 the equctions cre given in Booleen slgebra
form. Ilowever this systew relies strictly on current
directiorn flow, and clthough Eguotion (1.10) indicates
correct operction for the three phose busbar fault
given in Figure 4.4, difficulty is encountered in
prectical epplicetion perticuilarly for sectioned bushors.

eck

Phis condition erises vhen ¢ check feature (see Section

1,2.2) is provided. A busher Tfoult is detected when

the positive protection bus (x) end the rnegative
protection Lus (¥) in tuois cystem ¢re energised
alternately., This is shown in Bcuction (1,10). The
following equrevsion is 2 Boole:n expression [or the check
loop protection bHuses for o sectloned busbar with a

three phise foult on only one section.

I=(x"y)V(X"y) (7.1)
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This etuation is developed by teking the waveforms of
Figvre 4.3 to reprcgent the unfavlted section and the
wevelormg of FTigure 4.4 to repregent the section on
which vhe feuvlt occurs, Coudition (x *y) represents
voth huses energised cud condition (X °¥) represents
botlh buses de ~ cnerpised. Thereiore Luvetion (7.1)
ghows that ithe nrotection buses tre encergised or

de - ener_ised together, This condition is identical

to thet for = heclthy wusbzr or o that for sn external
fevlt &8s shown in Pigure 1.5. Therefore the fault
wirich is on only one section is not detected., Io
proctical netiiod which overconmes tuisg difficulty heas
been developed. uowever tie Casson - Lest cysienm
represents an attenpt to provide faster busber
protection by usin, instenteneous curvent relctionships
to overcome some of tihe difficulties in the circuleting
current scheme,

Pigure 4.5 shows thet during o busbar fault
all the CTs of ¢ circileting current scheme on the
busbor push current through the rcley opercting coil,
The accurccy of The circuleting current scheme is
affected by ti.c mognetising currents of the CTs and the
varying impedence cf the system with different fault
levels, Tor cn externdl fenlt the CT s.condary
ler Fo. 10) supplying

TV &8 shown in

agsociated with The fecder (Fee

the fewlt will He of oprosite poleri
Pigure 4.6. 1In effect this CT provides o shunt path
for the relcy and the veltape rceross the relay is
reduced.
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A compa:ison of Pigures 4.0 4.5 and 4.7
ghows Tthet current tronsformetion vith on indenendent
noLn-varying twrden ¢ives & more eccurcte representation
of the primery netiork currents., If this signal is
coded, the accurscy coan pe retained mnd mignal
interference con be avoided. VWith o more vcecurete
meccurenent ¢ reduvction in the time recivired to detect
current unbalonce cen be made which should result in
fegter operrtion then the circuleting current scheme,

For the reascns given cbove it is sugscsted

“oo

thet the linenr binary c¢iglld coding systenm for detection
of busber foulss propescd by Cory (17) be used. 3Because
protection schemes using electronic circuitry generally

ere fest enoush 1o be applied to instanteneous vealues

end mechenical reloiygs vsually opercte on phasor
cguantities electronic circvitry ccn have puch shorter

operating times,

A scheme which provides busber protection
Py & centralised comtroller must have o auviber of
periphersl univs to monitor subsuotion busber feeder
currents, These units would convert cn onelogue signal

—~ -

"ed O the crithmetic

1.

into digitel form which is then

s .

unit of & comsuter. The output gignel from +this unit

]

[~]

has only two poscihle valuves vhich Tform & decision

either to trip or not to trip. The nmethod of protection
outlined here investisctes Tthe posgivility of elimineting
the anclogue to digitel conversion ecuipnent by uvtilising
simple logic. Dignels which cre produced when svecified
threshold values ¢xre reached provide the input to the
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rotection syuten

Since logic schemes ore begianing to be uced
for protection in power networks (40), & method of
excrining logic technicues ie usefuwl. Although the
nerticuler excmple telow is not dnwedlstely practiccl
for protection of sectioned buses it illustrctes the
netliod.,

A sinmple scheme using logic circiditry components
which compares the phases of the current at cny, one
irstvant can LYe written using & function switch together
with logic getes. Two inputs Tto a Tunctior switch
cousist of a setting violrve end & verisbie waich in this
cose 1is inetorntoneous cvryent, The ovtput which has oniy
two nossible velves delends uvpon ¢ conprricon of the
negnitedes of the inputs. If the mosnitude of the
instonteneous current ic lese then or ecunl vo the
setting velve the ovitpyut hes one veluve, The output has
she other volve when the nosnitude of the inctanteneous
crrrent is grecter thon Tthe setting velue, This switen
acts as & logicel ecvivs-lent of o sguare wove generctor
with & choice of setting velves, It ccn be used 1o
procduce cn output signel which gives the polerity of e

rrent if the cetiing velue ic zero. If the function
switches connected to pvhise 'e' of all feeders on &
busher cre combined through an 'end!' gote o signel will

be produced when the instenteneous currents in phese 'al
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heve positive polirity. bvimilorly, & signsl can be

o}
vroduced from an 'cnd' Sote vhen vhese 'a' of all feeders
heve negetive poleority. If the signels Trom these two
'end' getes cre applied to an ‘or' gote, an outyut is
procduced when the volarities of phese 'a' in 21l feeders
ere the sime. This rethol produccs & orotection scheme
using logic cirevitry which is operationelly ccuivelent
to the Casson~TLest system. Uince this scheme hes
limitotions (see Section 7.1) & systenm which orovides
regtraint egainct ralse operction is developed here.

One metiiod of busbar protection is described

by Steel(64). This metiod uscs & directioncl relsy in
ach feeder of the busber. The contacts on the relays
~re asran ed to close wihen the voltege end current
relationship iudicates & voltenp flow into the wusber,
Yhen the contncts om 2ll relays close together 2o busbher
farlt is indiccoted. The vector addition of voltage
derived fro.: current end lime voltdge work to trip the
reley., Restraint is oricined from the line voltoge.
Then cuirent and voltege onercte in the some direction
t..ey Decome lerger then the restreining voltege and the
reluy onercves. Vhen ithe current flow is in the
oppoeite direcvion the operating volbtege becomes smeller
than the restrcint voltage holding the relay. This
type of protection does not operate on a sectioned
busbar., It is very slow cnd the lorge number of series
contacts from relay to reley sreatly increesses the
poscibility or contect feilure, Restreint on o
dirgctional relay is provided by the voltoge signal but

under short circuit conditions this relay mey loose its
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direciionel discriminaeting ability. then the ratio of
tue current to the voliege weconeds sufiiciently laxge,
the volt. je which opcrites the relcy eucceds the restroint
cnd the reley will relecce hegtreints derived from line
volteg e cre ineffective when short circuits occur and

it wotild seem netter to use voltrges viiich increcse

rather thar decrecse &8 restrcint cignels, if possible.

[E ]
Wideroe (70) developed o« nuvmber of releys

uelng velveg and, in focet, some of these circuite are

g.l

logic 'end'/‘or? getes. In the high speed directional
rel~y which he provosed the current signel wag shifted
by 90 degrees and rectified, %%gsvelue is used as &
tripping restroint (x3) except when it is very small,
Uncer this coudition the negative half cycle of current
(x2) is cdded to the rectified voltoge signal (x1).

The tripping restraint ecuetion for this reley cen
then e writiten es

RESTRATNT = x3V (X3 °* x2 * x1) (7.2)

Leter Loving (37) »nroposed & method of

slocking end noseing pulses vaced wpon the phase

secuence relationshin of three phase currents, Basically
in thic method phrase 'a' ig ghifted 90 degrees zhecd

cnd mulces cre formed when this wmhase pagses through

rAciade) (see figure 7.1), The instentoneous currents in
phases 'b' £nd 'c' are suvimed such thet under normal
cperating conditvions this wavelorm leacds phase ‘'a' by

90 degrees., Vhen the iunstanitcneous velue of this sum
is negevive a nusitive puls

se from phese 'a' ig passed.
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' V
v U
phase 'a' waveforms and pulses

NN
VLNV

sum of phase 'b' and 'c' currents for unfaulted condition

SN N
NV YN

sum of phase 'b’ and 'c’ currents for line a-to-b fault

LN N

sum of phase 'b' and 'c’ currents for line a-to-c fault

FIGURE 7| Fault Type Detection
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If the instintineous vilue is positive £ positive nulse
from phese 'a' ig blocked. On ¢ lire - to - line fault
ilnvolving phoses 'at! ond !
vhases ':' cnd ‘e' heve the opposite polorivy to the
pulses (nd all wosivive pulses ore wnossed. However on
& line - to - 1line foult involving phoses 'a' and 'c!' the
ingtentarneous sum of phesges ‘b cnd 'e! hove tThe saune
porority as o phoese 'a' pulse ond all nositive pulses
cre blocked. ‘Vihen Loving outliucd the clectronic relay
o

L

development in 1949 the e vidiwnment avoilelle was

-

expensive, uvnrelicble, reletivelr burlky ond not recdily

applicchle to rel.ying ep licovion., It hed ao advantose
over exigting el uinment. Iowever with the developnent
of relictle high speed logic circuitry some of his

c
ideas arc now applicablie to logic reliys (4C). The

T
<

o)
vaglc principles illistroted by this method could be
used to distvinguish if ¢ line - to - line f=ault is Detween
lines a2 and ¢ or & and b, This is imporicat beczuse,
as ghown in Chopter 4, vhe conventions for direction of
voitvemp flow given in vection 2.2 are reinteined except
for phise 'c' on a line b-to-1line ¢ fevlt., Since the
netiod chbove cin e used to deterridne hen The
coavextion ie not neintcined on line - to — line feults,

a volte ¢ signel is not re.idred to deternine if voltaans
cre flowing into the ousber,., nowever the meithod psives
no inaiceavion of the {irection of power flow ond &lso

recuires & eupme vion of hase currents. It cen ve

modified to use gignals oviained from ezci jhase
0

individuclly to provide trinping restreint end also to
provide o 'menory! circvit siniler to the Coesson - Leed

protvection “uses (x end y) shown in Figure 1.3,
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]

Since the derivation of the restroint sicnel
ig wore involved thon the power flow direcwion signal,
tie flow diegrom, the meps wnd on ovtsut teble for the

catreint are developed {irst. In is wey The sene
lov diogrzia nnd wops can we used to preduce cn outpud

ovle for tho power flow cirection signcl,

The mevhod of deterainiung restreints depends
Lesgically on the presence of necavive secuience components
during & line - to - line fauvlt (1). If a end B components
(see Sectvion 3.4) cre used rether than symmetrical
components, o method betiter sulted to logic can be
developed, For exomple, dvring ¢ line b- to-~1line’'c

cult with the relerence xis on vlase 'of, tne maximun
instentoneous foault current cccurs on the @ cxis, Two
methode of detecting thie increcse in B

of current cre possivle, In one method the Tinme
intervcl vetween a pulee defining vhe B axis znd a
pulse delining the maxXimuc current in line 'b! or ‘e

c*“

cen be veed. On o 1line = to - 1ine feult this vine

0 zerc. In the other netnod the

] curient in lires "' and 'cv
uwnder nornmcl opercwicn con he used to estrblish the
epproximete locotion of the f eiis, Lorge differences
in these locaticone irdicete aonormel conditvions.
Letuelly, o relference syeten leading the o ¢rd B
components by 90 degrees is more ccnvenlent siice

.‘

pulsing cin bHe Lrronged to occuy vhen the instantaneous
1103

lve is zero. It is ©h gecond retlhiod which is used

r1

nere g an illustrntion.
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The puleing conditiong gx. maintoined {or
other line - to ~line fuvite by shifving th

cxis for each phase. This pulsing errengement divides
each cycle of curyent into twelve segnento It is the
Hulsing seuence viich detecvs the presence of nezctive
sequence con.onents, Thereiore ¢ method ¢f detecting
this pulsing se ce is »roposed, By a slate assignment
nrocedvre oimiler to that uced in Section £.5.3 bthe

ge.nenvts in wvhich the regireint condition may exist ore

7.3 Deeic Logic Signels

A formel sroceCure (41) chown in Figure 7.2
siniler to thit outlined in Chepter £ 1is used as o
method of developing vthe logic oyster fox & brsbar
provection schene, The pulsed gignels provide the inoput
to ¢ logic comtroller which treunsforms the signels int
cn outyput suitable for husbar protection. Each input
signel chenges the stote of the protection circuit so
thet ti:e seyvence 1s svensed along. This forms a type
cf 'uwemory' circuitb.

The fToryw of 'memory' used is o logic veriable
heving two swvr Lle states, O cnd 1, The inwvt to this
se roYu., wher Cthe vorichle is wvuleed
on the set input, S, it chinges fron stcte O to state 1
or reveing stote 1 if the initisl svote is 1. Similerly,
when pulesed on the reset inwt, R, the verichle chenges
from stcte 1 o sitete O or retoins gwete O if the initiel
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develop flow diagram of all
possible protection sycten

ototes with restroints

74
develop a flow taeble Lor the

cbove flow diagran

L

asgsign variables to each row in

flow teble Lo form secondarics

determine vericble maps TFfor
secguential progression through
gsecondaries

form expressions for restreint ]
variables

determine direction of current
Tlow for ecch stete

form exprescions for comparison

variables

N
form expression for tripping

condivion from outnut of
regtraint and comperison

variables

Pigure 7.2 Procedure Lor the Development of the Logic
Systen
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gtrte is 0. for convenience 51 ond X1 are talken o
1

rupresent toe dinputs to varisble mumber 1, VI ond yl

reprecent e tuo outyutv sintes of varicble number 1,
C end 1 respectively, Sivdlarly, 52, Ro, ye end ¥2

refer to vie inputs cnd ountyuts of vericble mumber 2.
For em inguvt prlse Lfrom x thie tyne of 'memory' hag a

set im At 8L vhich ie excited cccording to the Tollowing
2]

SL =x"3¢C (7.3)

7

Lhet ig, vordcole number 1 will e set on & pulse from

X il verichle mumber 2 hos an oviyput of yz. Veriobles
onderies which are used for stote

tenoted by VS crie seu
Cesignuent, iceles denoted by VR cre used to provide
the tripping recstreint conditions. Veriables deroted
by VO ore used te give current flow direction ~nd are
celled comparicon voricbles,.

The logic is developed from the figures of

1

Chepter 4 to form ¢ stoble stote flow dicgram,

7.4 Probecuion Tlow Dicgreus

The »rinciple of 4..¢ »rotection method is that
frow all phases of o feeder pulsres cre obitained vwhich
determine the regtriint and current flow directions in

ecch phege. Although the strte cessigmments of the
seconrries cre zlways the sume the restreints and
directicn signele change for ecch phese.
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owwlees recidred from each phese are as
follows:

PFrom phige ‘tat,

e dnstentoneous current Hecones

b when the instinvencous curirent becoues

Xa, when vhe instentoneous current hecomes
grecter than its normel velue olong
the B exis with pnise 'c' cg reference.

xa vhen the insitentoneous current bhecomes

less than i normel value clong the

T
- f exis vith phtse 'c' s reference,

In figure 7.3 ti.ese pulses tre shown for phese 'a' during
rormel operating coundivions., For phose 'b' the
correcponding pulses ere Genoted by xZ2, X2, xb, Xb and

. ——

for phise 'c! by x3, X3, XC, XC.

v

A flow dicgrrw consisting of cll stavle stotes

.J

is constiveted. This flow diagrsm is shown in Figure
T.4. Lorge circled numbers reprecent stovle sitotes ond
snall circled munvery represent restrsint ouviput. For

OTtput of ¢ Tripsing is permitted and for en ocutput
of 1 trippins is not permitted nrovided thet the
compcrison circuit output siven in Section 7.7 indicetes
that tripoing is vecuired.



x |

Xa

FIGURE 73 Phase 'a' Pulsing With Phase 'c'

Reference

196
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;I-: xb
Ox
Xa
o (> .
negatwe
x2

° =

XcC

O, ®

phase a line

positive @ x3

FIGURE 74 Three Phase Pulse Flow Diagram Showing Phase a Restraints
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n figtre 7.4 wossivle coubiactions of innut
signals are given. 4YWhose combinctions vhich result fro
e pulse sco.ence tesocittved with © line b- to-1line ¢

Touvlt are merked with & C inside the smcil circle., The
cormbinavions for the imstontoncous value when phece 'af
is posivive oro shovn to the right of the phase 'a'! line,

netonteneous volue of current

.

In wwrte 1 the
a

in phasge ta' 1o negative., As the value decrecses a

pulse, x&, ig received to indicite thet one of the
reference axes hos oeen crossed ond the circuit is

1 ] .

steppel Lo suite 2. UYhen, ivhen the instantaneous current
in phese 'a' Lecones »osivive & change to suete 3 occurs,
Vhen tiie next reference phese is crossed signals are
received from both phase '©' ond mnase 'cf and the 3€Ehs
throuch stetes 4 cnd 14 cllow for either signel ocecuring
first. ‘hen the instenteneous current in phase re!
chenges from posivive to negative the stcte chonge is
frou % to 6. This figure is c¢velic and cen ve followed
through in this menner, “hen ohose 'c¢! returns from
negetive to positive & change of siucrte from 11 to 8
oceurs. The crrovwheeads in thie dicgrom cre agsocicted
with the given chinrses so thet & chonge from stote 8 to
stote 11 indicoted by the «rrow ond vie pulse x3 £ls0
ipplies ¢ chenge fyom sicte 11 vo state & with the

Dulse sis

snel x3.

The flow dlegrem gives £ll the poscible
conditions oy stevtes whicl: the circuit ig recidred o
detect., It ig then tsged to develon the flow trble for

the otete cssignment.



199

7.5 8tcte sssicnrent Plow Table

The flow 1/ bie conteins the seme information
o8 the flow dicgrem but it is consvructed so that
gecondery sitcites cen te assigned. The rows in the flow
totle renresent vhe initicl suvotes ond an element in a
row revrewents o mext stcte. I the output from a given
gGete is 1y which ie showm ir ©the small circle of

.

Pigure 7.4, it is lchelled with a Z.

To construct the flow tavle, Tcble 7.1, from
the flow diegrem, Pigure T.4, the following procedure
ig uweed., Stebte 1 io positioned on vow 1 end 21l the
possible next stetes are entered in this row. That is,
in Figure 7.4 there zre two rodial lines from stote 1,
tiierefore in row 1 of Toble 7.1 there are two entries,
These entries cre For esuv.tes 2 ond 9, the two next
Dossivle svates from state 1, Since they ocecur as &
result of cither pulse X@ or Xb they ere entered in
rovy 1 ezch under its elwropricte »ulse heodin,, Similerly,
soote 2 1s assigned to row 2. 1T hies three possible
next stctes. Thersfore t..ere cre whree entries in

mobhle 7.1, each in The column for the pulse vhich causes
2a)

the entered state to occur. Ih iz, pulse x1 ceuses a

t
chenge to steate 3, ~ulse z& caouseg & chenge to state 1
and puise XD ceuses a change vo ctete 13. In the flow
acicgrom, Figure 7.4, a smell circled 1 appears beside
gtote 3. This 1 renresents an output and is entered in
the Tlow tobhle as a2 Z2. Therefore in vow 2 stote 3

appeors o8 state 37,



Pulses

x| X 2
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Y5

Table 7.1

3Z

21

57

8Z

| 6Z

22

Flow Table Showing Restraint

67

1z

47

15Z
Z

20

22

47
19

iI5Z

ro

L P4

16Z

| 9
20
| 8
6Z 21

3Z

147
24
|0
12

1 7Z

16 Z

23
21
18 22

23

14Z
57

87

I1Z
172

6Z

24

0 00 O
0 00 O
0 0 1
0 |
bl

o O O O O

o O O o O O o O o O O o o o

c O O o o o o o

0
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This process of constriction is continuecd unvi
1l rowe are complete =nd then the verizvle assignnents
pecin., In this example o binory progression was chouen

o

signitent so thaet ecch entry in tvhe Tflow toble

08 Qm 08t
vizich ig in decinel inteser form represents 1ts binery
ecuivelent mious 1 as shown by Touwotions (£.16) end

5.17) .

o assign stotes to the 24 rows of Table 7.1
e logic varisbles ere recuired and theilr assignment
stetes ere shown in the last column. A variable map for
each of these five varicbles for ecch of the twelve
Pulse inovts 1 necessary.

7.6 Vericble lMeps

The next step is tihie development of
verichle meps for seconderies, In this case & veriabvle
mop is developed for ecch inwut pulse together with
ecch Llopic verieble, This gives o total of sixty maps.
However, only the meps for inyut pulses X xa and xb
ere given «g examples. TGhese meps cre formed for five
possible entries I, @, 1, O ¢nd a blenk vhich are

T

defined below. The wverisble ~te o represents the
A

.

regponse 1o an input pulse when The vericvle is in a

+

Gefined initicl sitete. The men entries cre as followss

a) If the logic vericble ic at state O
initiclly and the input pulse changes
the stcte Yo 1, the mep entry is an I,

i1
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o) If the logic vewrieble is at 1 cnd the
pulse chuenges it to 0O, the nep entry
is a ¢,

c) IT +the logic veriahle is at 1 £nd the
pulse reteine it ot 1, the mep entry
is 1.

a) IT the logic variable is at O and the
pulse retoins it at O, the map entyy
is O,

e) An entry indicated by 2 blank wmesns the

pulse caunnot occur generally or that
the pulse ceouses no relevent change in
logic variables.

These entries are made in the voriavble maps as above and
Tigures T.5, 7.6 and 7.7 are given as exoamples. These
neps for five variavles VE1, VS2, V83, V84 cnd VS5 with
outouts ¥1, ¥2, ¥3, v4 and y5 for an input pulse xa are
constructed from Table 7.1 s follows. First a Hernaugh
map is constructed for the five outrut vericbles yl, yZ,
v3, ¥4 ard y5 for each of the varicbles V31, V82, V33,
V34 end V5. This mep hes 32 cells. XHoch entry in the
x& column is then transferred to the maps for pulse Xa.
In row 2 of the flow toble, Teble 7.1, there is an

entry of 1. This is entered in the nfps e follows,

<

The logic veriahle agsignuent for row 2 is



yly2
¥3y4y5 |00 01 11 10
000 o g
001 | 0 1
011 |0 ©
010 0
110 Vel
111
101 1
100
yly2
y3y4ys |00 01 11 10
000 0 I
0oL | O 0
011 | 0 I
010 I
110 VsS3
111
101 1
100
ylye
y3y4y5 |00 01 11 10
000 I I
001 d’ 4
ci1 | g &
010 0
110 VS5
111
101 1
100

k&
(US]

L

~

-
e
1
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vlye

00 01 11 10

000
001
011
010
110
111
101
100

y3y4 y5

1 1
0 1
o0 ¢

1

VS2

vyly2
00 01 11 10

Pigure 7,5 Verisble Mep for xa

000
001
011
010
110
111
101
100

Pul

S

0 I

0 I

11

g
VsS4

e



¥ly?2
y3y4 y5 | 00 01 11 10
000 | O
001 0
011
010 | © 1
110 | © Vil
111 I 1
101
100 0
ylye2
y3y4y5 {00 01 11 10
000 | ©
001 0
011
010 | ©
110 | @ 0 VS3
111 o
101 1
100 [/
ylyz
vy3y4 y5 |00 01 11 10
000 | I
001 o
011
010 | I I )
110 | I V35
111 g 1
101
100 0

Pigure 7.6 Varicble Map for Xa Pulse
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ylye
y3y4 v5 | 00 01 11 10
000 ] ©
001 1
011
0101 0 1
110 | T vs2
111 i1
101
100 1
yly2
y3y4y5 |00 O1L 11 10
000 | ©
001 0
011
010 | 1
110 | 1 V54
111 g ¢
101
100 I
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y1y2 y1 32
y3y4 35 | 00 01 11 10 y3y4 y5 | 00 01 11 10
000 000
001 001
011 011
010 0 010 @
110 0 1 Vsl 110 g 1 vee
111 1 111 1
101 0 1 101 g 1
100 0 @ 100 g ¢
y1y2 yiye
y3y4y5 |00 01 11 10 v3y4 y5 | 00 01 11 10
000 000
001 001
011 011
010 o 010 g
110 1 g vS3 110 g 1 ViS4
111 @ 111 1
101 . 1 ¢ 101 0 0
100 g 1 100 0 I
ylyz2
y3y4y5 {0C 01 11 10
000
001
011
010 I
10 0 I VS5
111 o}
101 101
100 0 I

Figure 7.7 Verieble lNap for xb Pulse
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By the entry procedure chove the zans
VSl vS2 V83 V34 VS5
will each hove assignuents

0 0 o o g .

.

Thus in mep VSl the Kernevgh mip cell representing
row 2, that is cell

vyl y2 ¥3 y4& v¥5

0 0 0 o 1 '
hes an entry of O 2s hes this cell in meps VS2, V83 and
VS4. However, thie cell hes en entry @ in the VS5 mep

(this perdiculer entry is ringed in Pigure 7.5 for

identification).
Similerly the entries for row 17 cnd column xa
is illiustroted Lelow. The logic veriable ussignment for

row 17 which defines the mcp cell is

1 1 0 Q 0
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erd in colimn xo gtate 11 hos the varioble cgsignment

0 1 1 1 1 .

The entry {oxr ecch of ti.e mops

VSl V52 VB3 V34 VS5

from the procedure outlined isgs

1 I I 1 .

Thus locating the cell defined by

the nbove

vyl y2 y3 y4& ¥5

1 1 0 0 0

eatries in each mep can ve wode,

By this procedure all the veri:ble maeps can

be conmpleved to give the mep representetion of the inputs

to ezch logic veorisblie,

Boolean expressione cen be writien for each

logic vericvle input by exanmint tion of thedir meps. The

eipressions for the set inputs, S, are ovizined by

determining the Boolean function of 211 the I's, treating

l's znd blonke as optional znd the reset inputs, R, are

obtained by determining the IDoolean function of all the

@'s trecting O's cnd blenks as ootioncl.
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vhevetore the Socle.n ¢

I;

corenoilon for 22 of mewn VSZ 1o

Ro=(xa *31 *y2 * 53" wL*R)
V(o we)  (ydl (e "BV TENV(E3 TR TR))
Similovly, vhe viricgeglon fox 3 cin e Qeveloped Lron

ey Vol3. I cypeocrs in ncp V33 in fhaure 7.5 for pulce
xo in three cells, nonely

T e e TN e L e TET
U"L e & o < L’i‘ :) 2

Yhe simplificd ecxprescicnfor $3 cen be Tound Wy following
the proce mre _iven invcection .3, The Zoolecn expression
for 83 iso
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-— PN gD u

[l
pa—3
—~
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.

:._l
g
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[V
ENY

L ]
.
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.
&

l._l
g
N’

Dy this roccdire the folloving e ression is also ot ined.
a3= (B y3 V) ((wd T2 TIN (e gk T rTN(Te tYE T UB))

. e e Mt e ety - p - S e N N - [ o o - L
Che ewwrcdesion o odned Tuoi 1 Lox e (84 of Pigure (.5

Tor vhree (ells is

e

Tor mep VO of Mi_.re T.0 iLhe ciorcecolon for I ic
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o 7 foxnr the set insute, O, Tor tThe patse 'u! rectriind
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voriohle VRL «nd the teorns without 2 Zorm the rcuoet
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Flov o ie, T Lle 7.1, heve iy roovndont $606cs
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of thio line cre recocicved with i ovtlyut olilch

indic. tes pozitive instentoneouvs cuirent  nd the other

st tes ore nssocicied with o negpative insvant. neouc
CLTLICNT. the ouie gtote scigimentd

3

s

v"\J
4

voricble e Jiong con e uLed, Lew outout et tiong
ore rerviced, Whis do cceorgplicheda Ly oscd

out,uts wo eccly slote In the ilow G Lle.

Tne voilx.wigon civeuwdt {dow wwole for phise 'of
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ir oseijned i oweUT
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Since tiey cre Lotk on the e Give wide of the »Hhose 'a!

line, the outyuty ¢ssi s cnte cuoe i foxn .oth tThese v tel,

gt te 3 ig on the Losivive ide of uiwe phoce L' Line
stote 3 dis dven (n ouwlovt cenincent Peo Suotes 1 oond
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Pulses
Stable . . . . . .
___State x| x2 x3 x| x2 x3 Xa xb XC xa xb Xc
I 2N IN
2 3P IN 3N
3 2N 4P 4P
4 3P 5P
5 6P 4P | 4P
6 5P i9P 24P
7 ION 8N
8 i [N 7N 12N
9 10N IN I3N
10 IN 7N 2N
1 8N ISN  {7N
2 8N ION
I3 9N 2N
| 4 5P 3P
5 16N [N
6 | 8P I5N 7N
17 ITN 6N
18 6N 20P 23P
19 21P 6P
20 I8P 22P
21 22P 9P 24P
22 21P 20P 23P
23 22P I8P
24 6P 21P
Table 7.2 Flow Table Showing Comparison
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whe e vion fox e el ool zoset dlauvbo Go

coir.rigon v. ricble VUL fow W ble T.g io developed as
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Jhen voltowns 1o, into o Luuotovion bushor
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7,9 Conyuter A nlic vions

Thic sevhod of buchei Dyotecwion is developed
for vec vith ki gpeed Ci ited comgvters., Since vhe
virichles, v, v, VC, ¢weo ilin-ilop devices whey ore
Yhe cowe as 2boi 5o wnit. in o computer.  whe 'tnd'/'on!
losdc ie simdler to the sxivhiotic vnit, Lihun vivh &
rom broed oin vhie metnod deve

.

ool eovdipnent to provcet Lin voltie wubstotion

ed fou Jhe
Lecond. ries, V9, tne recvr inus, V., o:d the conpniison
verdio wlen, VO, entter whc

¢
cofvwore, Lince there opers vliong . xoe perioriied by the

computer fiitks etic 1udit thewre is litvic need To 1init

¢}
<

[

their s oer.

e OVt rt pes thed thie nethod is liltely tTo
hewve over otler feivhols 0L LUl LITO0GECwLon Uy cornyutel
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ce da the cinpglicity of peviaercl e inient redvired
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recsong vhoet fvrather stoudy

“he disedvaonto e dig din the difiiculty of

estebliching « sv te Ylow c(lesrum (sce Tigure 7.3)

iver < corpletely el e descrintion of oll

vosnible conditions roricedlthy ond wrhealthy busbhors.



CLAPIER 8

COLCTHGTONS

8.1 TUse of e Suieto vlon Sievlovion Lruovions

tue developiens ol the metwork wimvletor in
Chepter 3 follows the nIDAS (51) pro_rarming nethods,

.. I

lovever for the goluviion of protlers, cnercll:, th

[0}

nroroms ore couverted o 1LIMIC (R2). The i IDAS tye

o~

ci flow Cicnren io reefid o

e~

riny the developnent st.oge
Jt tlhere cre Cisodveny geo 1n tne Longrogse dve 1o the
coeed of convergeince «nG 1w the ovganicc vion of the
cperational biocke beccuce of the grect number of cards
ivhich iwest e hondled. Yhe convergence ig & problen
Lecounge uhe stop rouvtine cces not Jork sovisfoctorily
with the result thtt non- convely,ing, DYoL MS are
unneces s rily vasgtefvrl of computer tire. The MINIC
pLoLrem converges fogter thon MIDAS ond ig iiore
convenient cince equations cre written in o form

gimilerr to Foxvren IV.

whie eotolishuzent of the d.ditvicl net. oxrls

corCiticons 10y whe cicwlitor inte i uors ©o represent

load condivions ie tvime constmililse. movever, voing the

volves given dn A Lendli A, cote liched by tricd ond

error, much of wne Jdifficclty com He rediced, wimolotor

cevving ir aenendent von entoewlicshing the velue of I

1.C whie 1ot ovver o the netvork

of ®iguren 3.3 wnd 3.4 (nd the velue os T0 of Figure 3.0,
n

dods voried vo cha

=i
}_'\

vo meinte in tie re vired ouvtput ower Y lonce ot the
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subototion busher. The tyvo veives ciffexr by the cnmovnt
of the ower losc in whe nctiwork. As the reprecents tion
the netvork becowee rore cowvlex the difficilty of
est: biiching the volwve of 10 in ircrecsed. Chonges in
PR offect the VAL flow nd Gcocbvervining thise velue is
more difiicult becouse the ogunitude of whe retvio of

ovt vt to input cen vory Letween 20 ¢nd 100. For future
vork it is recorended thet o feecuick lcop to

autometicr 11y sev tlece values bhe developed.

With the trinsfomas of Ecus tions (2.1)
(3.55) the network girmloiion progrin develoned in
Wopteres 2 end 3 is en excellent wai” of determining
instentineovs (rinvities. This nethod con he extended
Yo study ovher netuork problems wvhere instontoneous

velues of current cnd voltose cre reguired,

The tronsform which is given in Bous tion (2.1)
wes not cpnlicd to the wirmleaetion of the circulating
current ocheme Lor recvsons explained in Chapter 3.

Trom exnerience oLtedined in working with trinsforned and
time dowin veluwes the superiority of trancformetion
techniiuves econe evident, 4 oDracvical :ethod of ucing
two - cxls trencfoins Tfor nystenms "woed on aifferent

refercnce «xes io therefore nroposed.

0,2 Rotational iefercnce Frames

kron (34) hee outlined ¢ method of tencors
using the connection m..trix, K, to foriclise the



treneiorretion of wetvorks. The trcneiorm of fcuroition
2.1) is not ¢ tewnror ninvee pk is not zevo. Noune the
less, ¢ low of dronsfoxmevion doco enilct ond the
=)

fornclived ooprodch ¢in 26 nned.

AL

-

A rov vionel ficne hos o conmeculon moevriz I,

s gsin 8
CcCos 91 \l

- sin & cos
1 1

cnd agtin
X #£ 0 . (G.2)

Ta toe o linced cose

-36
K=e * ) (6.3)

ifhe l.w of dienelorm with o tine denendent connccviion

netrix is given by (34)
P@l . {:).4)

Vith ohin tezchiniuve 11 currvents ot o oubgstction
Yuswer could we deteruined in & two -~ oxis field vwith e
c:ixe reference cxis. This technicue olso rovides a

nowertful method of wusing Porl's trrnefoim for cvomplex

T
usbor ecws tions, fox cirnle TPovovion (3.41).

I
L



223

Laproved Pover ietwork Difrferenticl Ecuvotion

[@e]
-
(U%)

wepresentation

f

The vroblem witich otill remeins is to epstablish

i
s poechbhiowe for ordering whe oimuvl: tor elustions so that

linit ihe

the oririy.cnent oif the prolltim Goeg not
girnvlovion to one feedei ¢t o tiize o 1g now the
Another »ro.len, enticrel; Jificrent, but vhich sk
e compidered in vhe golution conceins the tronsmigsion
line gimmric tiom. wrrnsmisgion linc ey tlons cxe
fricitiong of two independent voriihles, vine (.nd distance,
bhe colvvdion of the difierenticl ecuvovion Loy one vorichle
e ds by the fuwnge Iuvte nethod.

etrhods iov whe solvtion ox second oxdur

ric
Sorticl difreventic L e viong (10) wonrld ive o more
1

o)

ccuiate rdrvl. vion oi lomy trimsalosion lines,

¢hie cyringeneut of ohe (L,ITTIC o xrosa dle ror
& more sencircl gsoiwtion of ¢ dififercentvicl ecudvion, If
¢ooproLrii of Ule 1LI.IC type ic to e uwed entirely for

powex nebtvorlk niinl.vion o more povertfil Hrogran vould

be ¢ chieved Jy vriting oupronvines for machines,

o
R P
POLRIILS82.01) A&

ine:, tronsformeins, ebtc. Lhdis lLiis o
soie denree now ween done in this vhesis, liowever, if
Tthe omer. tore or the pro.ri:. suci o rulitiplicetion,
divigion, dntveroilon, evC,.,, wele Lo ne repicced Oy
CLUaYI BOrs reuresentvinng uvhe obove cubrovtines, vhet is,
wécwine, veonsiilosion siue, c¢te,; sower networks couvld
e 'uotched! vn.  Hhis rvesrvolyeraont or develonsent into
1

oonew Leslc pro;aecii could Le wrivien ior tlic solition of
er;

Doruiel dirferenticld erv. tlone :ng fow jauditinle metworks,
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Thig wovld Hive e nrogweii witich wwould be more effective
Ter opover networlr analyoio.

8.4 Controllcr Prosriis

In Chepters 5 end 6 © thiod of vitilising nesory
cnd logic in wppliec to 5vitahing. These chiopters shois
vhe fengibilit, of the rpplicetion. The nethod in
Chepler % hes o linmitotion in the computbter development
Lecauge of thie murcer of enipty spaces reiuired in coch
toole. IF 4. e disazdvintioge of non - econony of verivvles
in logic funciviong con bhe overcome the method of Chavter
T would ¢pesr 1 ore ctei cvive, itowevei, this
disrdventoge in not reclly very importint in a controllew
¢ pwiication cnd it is recoumended that future
developuent we clong tie lines ovilined in Jheanter 7.

The cdvintoge of this wethod is the econcmy of working
cpoce in the con,vter develo icub of logic verieble
equaitions.

-

8.5 Controller Coovdin.tion end Fecoures

the convrollei fuvneticns Ccelt with in this
thesic cre tl:ose of busuer foult detecvion and subst. tion
itehing. A logic controller covld e avonreimied o
provide these finctlons in conjurmction with coch othew,
The conivroller g proposeld here hig whe independenﬁ job
of suservicing cwilching to uiid g¢ ingt incorrect
oper: tion., In the event of & Livohor fovrdt whe conbtroller

detects the Lfoult, clecrs the foulbed sone «nd reswitches



2

the suistetion to w inwein tranu.iscion cepebility.
since it cont ns the svwivciiing arivonsercnt of the
cusovction the controller cen e used to select the

Teecders Lfrom which »piot £

would elinin

ection

Tnve it te cnd

LK}
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gunervisory

cirvcuiv switching (nd interlocliing oe

present.
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gxvensions to tl.e
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con be determined Tow ony con
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couvld be grouped tosuther in ¢ centxol controller i

[ Xt
would enc.le ecuinient to be time chered and cutometically
ciecked ond maintuained, Yhe convioller vould have hish

L i

speed iosic unlte,; tenory uiits, calculoting focilities

~
,.
[
o
)3)
Ci
F—
[
(6]
)
Jst
®

2cesslry nerijphercl ecuvisuent,

£ petnod of progroryming the contiroller would
Provide « oygtert with the denidrible Ter tuve of flexibilivy.

One of +whe Tunciions ol this controller would
ve vhe rutowatic recorxrding «nd checling of pover cnd VAL
flow volicge level «nd other opexrd ting couditions, The
control oi vransioxricr Top chinger vorld e nHrogram-.ed
cind the control of load shedding by voltuge reducetion
cen bhe dncorporated, Wdiscreie onerations such as circuit
brecker and lightning rryrestor operations would be

counted,

I¢ ie escenticl thot tlie controller con

L

corpt .nlecnte infoxmition to the control eniincer,

Printed inform¢ tion .ovld provide ¢ wermenent record of
oper: tion, ‘Phre Viie, tyoe cnd secucnce of clernm signals
would »e recoxrded, i.ovever, in addition, lormg con be
indicated hHoth cudibiy Wy horn end visihly by nicture
Gisley.  IT is possivle thet the »rintout e erxrringed
not only vo iundictite the oslc couse, bLut ¢#lao the

orrecvive cction to e bUoilcii,

A Swawy ¢ disnel froi tre countioller can be used
to cucck peripheral rnd suhows tion ecvinsnent. One

CJirnonocenhent con we to make egulpmcnt wiiiclh: 1g geldon
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reed polorivwy gensitive, A cwany i nel of the onposite

nolerity would e used o check continvity of wiring.

Go6  Letwork Control

Dhiig tlhecis is dntended to 1o part ol an
overall plen proposed by the Centrel Electricity
Generating Jocrd (37) Tor an inteypyrated network controller,
fs the notioncl grid increcses ite copeclty Lor cunergy
transmission, more nd nore control funcitions will be

periormed at the tronsmission high voltige subetaitilon,
he

I subgt. tion oper. ter will be regLired To perior
some novel ond nore gophisticated dutvies, o well as
his conventionel ones, “his cubstotion controller is

intended as on vld so Thi t the opcxr vor will not find
thi.t more of hig wine ig devoted wo switching functions.
Yish iiore work to do, the opevetor rwgt be provided with

o

very pogsible med of inciersning his produvctivity,

5,7 TFuture Tusber o1 1t Studies

T

the netuork cimulovion ecu: tions of Chipler 3
orovide fn exccllent rethod of prodi:cimy tlhe

inete b neous woveforis of ¢ nebvork re . dred for e
goud. of syetenr disturbrncces. It ir propowed The.t the
sizn.l- tion e extended Lo inclivde the fectures outlined
in Secvions .1, L.2 end 6.3, It is <loo wroposed thoet
the ecus tiong in Chenter [ be inclvded 1n the netvork
girmmle tion by usce of the logic fuuetions 'and'y, ‘or! ond

‘funciion switch' (sec bection T.l) end the Liyhrid



nd
no
o)

fTvrnction of 'flip - flop!' whiich cre aveile’le in the
+J1.IC progrorn.  She duclusion of tirege proteciion
corefem el tionsg 1. uvhe oimul: tion wrovicdes o method of
terting rnd develoning tlhie oviloing sectence (see
Section 7.4).

Tthe method of sempling proyosed wy Cory (17)
chovld e n improvenent in the en.licetion of Tirchoff!
second low for wusuer fouvlt detection. It is recommended
that on inveotigetion into the aveilable equvipnent

- - o

protrers of a nrocticoLle instollc tion be tvndertoken,

£.0 New Developnents Considered in “his Thegic

The urrpose of the network simml: tion of
Chanter 3 is to provide ¢ convenient method of modeling
the widest .oseible rernge ol ecuiprent involved in an
electricel netuvork, fThe progrem used is ¢(ppliccble to
ony sy ster vhich can bhe descrived in differenticl
et tion or logic ecli tion form.,

fhe equitions whiclh ere geunerclly veed to
simulcte networks cre op dicable to the ~nélogue
eirl. tion of steady strte conditious. fThe digitel
corpputer oiin.d. vion used here io for trensient conditions,
In previous simulcvions neslecting tronsient teriis Lios
led to grect simplifications. Thece texns produce
closed loops in the cimletion which are not permitted

in the dijitel gimuletion progrens, 4Lhereiore all
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nochine ecudvions in Chopueexry 3 whiich iuvolve tronsient
terng ¢re developed in & new Lform,., This clgo conlies
to the cimulation of short transmission lines. Uhe
ecuccions ior long trousrmisgion lines (nd protective
cirecvits tre a1 origincl developuent of this thesis.
A1L agyruzetricrl wivelorm ecuctionn ~wing o tnd f

components re nevw developmentcs.

In thig thesic the uvue of trepelorms i
extended to include retwork ecviinnent other thon mechinegs
to provide ¢ representotion sultcble Tfor ¢ . lication

to iterctive technicves.

vhe introduction of the use of switching
clgenre Por solving probless in suvotetion swilciiing is
2 new developnent in thic thesis. In Chopter 5 @ nethod
of obtoining Doolecn exnressions from ¢ switching
i lzebre dis given for cpplicotvion o cutomi.vic sv.itening
of subostr tions., A disitel comguter Lrogren Lised on
this nethod is develowed. Properties of grour theory
epplied to detexrv.ine the optivuvm coibinotion of rows is
o nev developrent used in this progren, ‘tThe wey in
which substc tion opercltors cen use this progrem i
illugtat ted. A progoscl dis given diu Cho pter 7 outlining
The wey of «p lying switcaing ¢lgebre to substation
Dus i r proteciion,
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neters for Suvugte tion Repregentation
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un Qs 0 0
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1.409

1.35
0.235
0,138
0.12
Q,.,00219
1.42
0.05
0.C6
3,375
50
0,141
0,0056¢
0.001¢ 3
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.
¢

1.6
1.72
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0.05
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0.19
.16
0.00207
0.81
0.0z
0.0z1
5.055
222
0.20%1
0.
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0.795¢

0.66
¢,0763
G.0572
C.0392
0.,000%7
0.6
¢.019
0.02U5
3.24
333
¢.0709
0.0204
C.ul3
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L.z Colculeted Vedves ror Suosiuction Representotion
Fecder TLumber
7 8 9 10

X4 1,239 1.71 1,09 C.72006
Xp 0.126 0,219 0,08695 0.0391
Xy a 00,0214 0.0673 C.0465 0.,0334
Lmd 0.,00411 0.,00544 0.00538 0,00z41
T 0.,000529 0.000663 0,000923 0.000303
T q 0.00509 0,008619 0.0163 0.,00086
Tl $.53 9,23 6,14 3,37
T2 0.62 0.692 0.34 0,261
T3 0.00646 0.1015 0.0258 0.0251
de 00,0134 0.0257 0,00909 c.012
X l.23 1.63 1.41 0.64008
qu 0.0214 0.0673 0.0465 00,0334
rkg 0.000692 0,C0C09 00,0200 0.0109
TEO 0.577 0.660 C.101 0.187
Bdl 1742.8 14427 959.94 3105.0
Bge —12.118 ~10.254 -2.3767 —4 45066
Adl ~0,0443 -0,65731 -0,0T7146 ~0,50557
Adz -0,057759 ~-0.,064612 -0.,025836 -0,022550
Gay CL.1O777 0,10179 0.16013z2 0.11732

12.649 10.409 504,746 41,061



A.3 Power

and VAR Flow Tor Bubstction liepresentotion

Feeder Number

10
Power -35 -80 ~185 300
V.A.l?s "‘23.2 "3504 O- 5806
Tt 0.,70283 0.694555 0.,834771 -0,697001
ER 0,00111814 0,00109675 0.0014641 0,0006428
pu Power  -0,7C0005 ~0.666624  -0,833333 0,895947
pu. VARs -0,461576  -0.295159  0,00086202 0.,17609C
A.4 Simulator Initisl Conditions Ior Substaetion
Representation
Feeder RNumber

7 & g 10
I1 0.00391726 0,00385152 0,00274348 0.00367325
12 0.00226711 0,00275821 0,00357G669 -0,00254999
I3 -1,06197 ~-0.,0699546 ~-0,.,936009 -0,542361
16 0.527599 0.503832 0,716101 -1.17808
I7° -3.59296 ~11.6695 ~-0.0093%04 -4 ,33569
* 5

X107
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A.5 Primary Poremeters Tor Long Line Represeutotion

e B = R e - B B o
RzEs@ M Qe O

O @ Q2

S M 0o H K M

0.9403
0,568
0,237
0.1451
0.0996
0,007
0.204
0.022
3.64
0.1425
0.045
-0.,00483
0.00172
0.
0.000143



A.,6 Calculated Values for Long Line Representation
X3 0.8427
Xp 0.2124
X 0.0383
Lmd 0.000268
Te 0.00446
Tira 0.01465
Ty 0.885

T2 0.,2095
T3 0.046
de 0,00832
Xng 00,4684
Teq 0.0383
Tiq 0.01465
T&O 0.094
Byy 136407
de ~T7.361
Adl ~-0.6982
Ad? ~0.14278
a3q 1.651
Ago 25.922
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A.7 Simuletor Initicl Conditions fer Long Line

Repregentotion

Feeder Humber

1 2
T, 1.01161 ~0,96822

yorl 0.015691 0.015495

71 3,97164 x107> 0.00365711

Iz 2,22955 x107> ~0,00221609

I3 ~0,692333 -0,705405

14 ~42 4612 ~41.5334

16 1.23317 ~1.22575

7 ~1.44377 x10™%  0.002127

8 ~3,65312 3.66309

19 ~1,19642 ¥ 107> 1,20597 x1073
710 ~9,90038 X10™°  -1.00874 X104
711 2.13125 X 1073 2,09897 X107

112 1.76344 x 1074 ~1.75282 x107%
713 ~9.32610x 1077  -1,06663 x 10~ %
T14 1.71087 x 107 ~1.72453 x20/
115 1.66114 x 1074 ~1.65357 X 1074
116 ~3.04769 X 10~ -3.00153X10"'
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APPENDIX B

DEFINTTICN OF A BOOLEAN ATGEBRA

A Beolean algevra B is a set of elements x,
Vs Zy ees With the following properties.

B.l B haes two binary operations, V and *, which
satisefy the idempotent, commtative,
asgociative and distripbutive laws,

B.2 B has a binary relation denoted by < which
is reflexive, antisymmetric, ocnd trensitive
and satisfies the consistency principle.

B.3 B contains two elements 0 and 1 which are
universal bounds and satisfy the intersection
end union laws,

e2)
~

B has a unary operation of complementation, ™,
which obeys the complementary, dualization
and involution laws,

It is convenient to read the Roolean operators
and relations as follows:

\ oxr
¢ end
< implies

not
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A symbolic representation of the properties

of a Boolean slgebra are as follows,

Idempotent
Cormmitetive

Agsociative

Distributive

Reflexive
Antisymmetric
Transitive

Consistency

Universal bounds
Intersection
Union
Complementary
Dualization

Involution

X'"X=X
X" y=y X

x*(y*z)=(x"*y)
and

end xVx=X

end xXVy=yVx

Z

xV{yVez)=(xVy)Va

x* (yVa)=(x*y)V(x"*3)

and
xV(y*z)=(xVy)
x & x, for all x
x € y and y =
X &y and y =
X =Yy,

* (xV z)

x then x=y

z then x

X'y=Xx, xVy=¥

are mutually equivalent

0E€Ex&1 for 21l x

O*x=0 and 1°*x=Xx
OVx=x and 1Vx=1
X*X=0 and zxVX=1
(x°y)=XVy and (xVy)=Xx"

wl
i
™

<
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APPUNDIX C

SCKE PROPERTIES OF BCOLELN FATRIX MNTLITIPLICATICON

Booleon notrix multiplicetion shouvld not be
confused with arithretic snd motrix multiplication.
Booleen matrix multiplication is defined as follows,.

B I = Pl

s

where each column of metrix [D] is obteined by comparing
the corresponding column of notrix [C] with those in
metrix [k(n)] (see Section 5.2.3) and taking that column
of matrix BJ which is in the scme reletive position s
the column in [h(n)] equivalent to thet of [C]. That is,

column m of [D] = column s of [BJ

vhere column s of [k(n)] is equivalent to column m of

[c].

To illustreote Boolean matrix mltiplication
consider the following example.

[E] - [7]

0 1 1 O

51-

1 1 0 1
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i

[c]

-
RN
o
(@]

and

fed 00 7]

To obtain column 1 of [DJ, note that coluwmn 1 of [C],

)
e 1

ig ecuivaelent to coluri 2 of h(n)] and then thot

column 2 of [B, is

1
This then is colurm 1 of [D]. Similerly,

coclvum 2 of [D = colvrm 4 of [B]

It

colrim 3 of [D: column 1 of [B]

colunn 4 of [D colwm 3 of [B]

-

r-ence
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Teking the deciial vector eguivelents of the
Dinory nedvrices civen fbove the illustration of 3Boolecn
metrix multiplicooion is wmore edsily understood. The
decimsl vector ecuivilents of the bincry aotrices [B}

[O] ¢.nd [}\(1’1)] cTe

- -
B=1t2 3 1 2]
e -
C=11 3 0 2
cnd - -
— . .
AMn) =0 1 2 3
respectively. Then, {ollowing the Booleon metrix

moltiplicetion procedure,

- -
D=2 C

o5 1 Al 3 0 2]
=[ 1]
which is the decimcl vector ecvivalent to the binsry

retrlx [D].

Since

[1 3 0 2]z 3 2 2]
=[o 2z 3 o

~>
is unot eguel to D,

> > S5 >
2 C#C B
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cnd Poolern netrix wultiplicotion ie not commmtetive.
Llso, os

— -
o c=[1 30 2]r 3 0 2]
=[3 2 1 9
e e <
is not ecucl to ¢, C ¢ £ C , the idempotent law does

ot hold.

The inverse of ¢ metrix [A] with respect to
Doolean motrix wultiplicevion, AJ , is delined ap the
wetrix for which

[ - (o]

where [k(n)l (see Section 5.2.3) is the icentity metrix,
Using vector nototion,

~—3
it
-—)
ie the inverge of A& if
or J *:]? 5
A_ A = ?\(Il)

Since one of Jumns of [k(:ﬁ] does not ecppesr in [BJ

3 -~

11V

0
in the above excnmple, the inverse of [?Jdoes not eirist.
ovever, the €

|

roe of matrix [C]ooeu exist ond can he
found from

() [e] ™ =[]
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Ueing the ecvivalent decimel vectors, the inverse of C ,
[1 3 0o 2], is

-

-——-—)
ct=[2 0 3 1]

since
>
c ¢ =[1 3 0 2]z 0o 3 1]
=fo 1 2 3]
—
= x(n)
—

end N(n) is the decimal vector equivalent to the binary
identity matrix [k(n&].



AUTOMARIC SVITCHING
By B.J. Cory end G.S. Hope . )

List of S;ym‘o.ols .

f function of & Switching algebra

. and (Rinary operztion of algebra)
v or (Zinary operation of algebra)

not (Unary operation of algebraz)

1. Introduction To achieve a reduction in the cost of electricity
supoly 7the present trend is +toward the installation of large
. generating units which require automated controls to achieve -
- maximum.efficiency of operation. 4 start has been made in many

countries +to - apply some measure of autbtomatic control +o the’
transmission and distribution systems so that they are compatible
with the lerge generatingunits and the reliability and flexibility
demanded by electricity consumers. S0 far system control has
consisted largely of automatic lozd forecasting, plant ordering
and frequency control. As aubtomatic control methods become
established their extension to other aspects of system control
will follow. It is +the purpose of +his paper +o record the
progress being made on a method of switching control which hes
application to areas of +the transmission network as well as a
. H.V. substztion. '

.. One method of using mathematical logic to describe the switching

‘end interlocking of power system networks and equipment hes
already been described (1l). 3By the use of set theory as well as
- methenatical logic it is possible to use a suitable controller
to switch zutomatically the circuit breakers and power operated
isolators in a network or substation. TFor the purpose of this
paper 2ll circuit brezkers and isolators reguired to be operated
by an automatic controller will be. referred to as switches and
the theory will be developed in <terms of a single substation.
Extension of the method to networks is possible provided adequate
telemetering facilitiesare available. ©Since automatic switching
will e only one of the functions required of a system or station
controller, the method developed using .set theory here is applic-
avle to digital programming of a central control computer with
peripheral input - output eguipment.

2. Application of Set Theory Set theory is applied in the
development of +the method of control and the switches of a
substetion are considered as elements of a set. The elements
connected %to any one busber form a subset and the set of all
possible switching combinations of this subset forms a Boolean

algebra.

lix+ Cory and lir. Hope are in +he Depertment of Electrical
Engineering, Imperial College, University of London.
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witching stotes are presented inKarnough lizp form (2)| with 211
{easible switching combinctions represented in coluxnes. Al eXample
of o Karneugh kap representaition for four switches (w, x, ¥, z)
is as follows

y
AN

V4 N

0000 | 0001 | 0011 | 0010
0100 | 0101 | 0111 | 0110
1100 | 1101 | 1111 | 1110
T1000 | 1001 | 1011 | 1010

v

A4
2

Fié;ure 1. Karnaugh Map for four switches -

In this map the sixteen possible ways the four switches can be
switched are shown. Using '1l' to denote closed and '0O!' to denote
oven, position 0000 represents all switches open, position 0111
represents switches w open and x, ¥y, 2 closed, position 1010
represents switches x and z open and w and y closed. The two
rows indicated by w denote the positions in which w has a value
of '1'. These positions are similarly indicated for x, y and z.
A more convenient representation in Karnaugh Map form is as
follows

vz
00 ol 11 10

wx 00 1l

0L | l T
=(w*'x°*'y*z2)v(w*'x°*y*z)
11
V(w*'x°*y°2) =1¢F
10 1

Figure 2. Karnaugh liap representation of a function

This representation gives a function. Of all the switching
possibilities presented by the mep the three given above are
chosen. The Karnaugh lMap form that is used to develop the
mathematical model for the controller is shown in Figure 3.
In this representation elements x1 x2 forma subset 2s mentioned
in the first paragraph of this section. The inputs, which are the
switching combinations of these two elements, form & Boolean
algebra, The switching combinations are columns in this DEPe -
Switching states are given by each position in the map. For
example, switeching combination 10 given asa column of x1 x2 has
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xi x2
Input
00 o1 11 10
00 1
Secondary =
o1 1
State
11
vyl y2
10 1

Figure 3. Xarnaugh Nap representation of switching states

" four possible switching states of which 10 of yl y2 is the term
" given. A switchingstete is different froma switching combination
in the following way. A switching combination is a representation
of a given number of switches each either opened or closed and this
combination changes with +the opening or closing of one of the
elements . - Fach switching combination may be represented by
several: switching states dependent upon whether each switch hes
.been opened or closed to form the switching combination being
considered. Representation of the switching states enables the
controller to operate switches in sequence. The switches yl and
y2 form four secondery assigmments used +to determine switching

states.

The methematical map of switching states is stored in Boolean
matrix form in +the switching controller. The mathematical map
" will be in a form similar toa Switching algebra (3) as distinct
from 2 Boolean algebra. - Although a Boolean algebra (4) may be -
represented in matrix form, in this papera Switching algebra on
which a Boolean matrix multiplicaetion is defined will be used.
Basically a Switching algebra has 'group' properties whereas a
. Boolean algebra does not. Since it is unnecessary to understand
the full implication of this to follow the paper the definitions
of both slgebras will be omitted here but they can be obtained
from references 3 and 4. '

Each position of a Xarnaugh liap gives one possible switching
state and it is possible to represent each position asa term in
a polynomial. By assuming a rank order of all polynomial terms
and then giving a position in a binary word to each polynomial,
a prefix 1 ox O may be used to indicate if the term exists in an
ecvation of a function. The order of terms in & polynomial is
different from the order in a Karnaugh liap for convenience in
presentation.

As an illustration of this method refer to the switching function
given above. In polynomial form this can be written
(L w*x°"7°2) V(0w Xy " 2)V(O°"W*x* Y *°2)
V(O*w x°y° " z)V (O”EF‘SE‘y‘z)’V(e'bc.) = f
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1 000 010 000 000 010) (wxyz) = f.,

or (
vhe octal eguivelent of this binary representation is
(1 0 2 0 0 2) (wxysz)
Zeeh OO"‘I’lOI"'lcl is represenved as & word or group of words and
the process of Joolean mevrix rmltilplicotion basically gives
nE inrut occurs,

cccess To Lne polynomiel reguired wnena.change of
3. OfZ I ne Calculations end Logic Decisions The methematical
nodel o the system to be used in the Comiroiler mmust Le conplete
voth in the incut conszidered and in the number of svwitching stotes
wosgivtle. hlego all constreints, secuences and preferences mist
e complete. To guarantee this the model is developed by 2 large

off line co*'lputer.

Informetion on coch element of the subset is punched on & cerd.
Tor exzmple, eszch switch connec ted to tne busver can hc.ve a card.
¢n this card is punched the switch neme, say L26, and the con-
streints relating to it, such as swrcc--es which ceannot be closed
vhen L26 is cloced, = well as switches which must ve cloced

Ny _

vefore or after it, etc. DBGuch cards form uhe input data of the
PLOSTEIINE o

(L. Development of the liathemotical liodel The first step in the
development the methenatical model 1s o form the set of all
~ossible switeching comvinetions of the elements of the subset To
be controlled. By the proper selection of elementc of the set
of switching conbinctions dengerous and undesirable r~\nl‘l,culva,,
comvinctions can be avoided. Trheaet is, constrcint can be bullt
into the model by the eliminztion of elernents of the set. It is
impossible for these switening combinations to occur in the
svostetion vecause ‘bhey no longer exist in the mathemetical model.

ke =

The next step is to forma primitive flow table. This consists of
forming all the different switching steotes which give all pocssible
operations of the switches to arrive at a switching combinction.
C\.'t’Jb'tS can be cosigned o these sw:.’ccu ing stetes., IT is poscsible
to nave different outputs Ifrom the same input decpending upon
Cifferent states., In this wey it is poscsible for +Le controller
t0o performa switching oncre tlon to cnc,nce fromanexisting circuit
errengement to a required arrengement -end to initiate only tlle
ovtruts recuired Ior this change.

Swiitching stetes are considered to e cither stable or unsteble
depending upon the cgreement of whe input condition with the
outovv periormec, If the existing switching stete is diflferent
from the recuired switching state, the existing cwitcning state is
nstevle, but if the existing and rec_uired ctetes are the seme the
existing switching stute is ctuvle. Core must be token that the
rrogrerzie does not introduce redundent stoble states. '

The next step is to form the flow tuble. This is done by modifying
the primitive flow table. WHows in the primitive flow table may
be merged together if the s’cu’ces in ecch colunmn are not unegual. .
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FTor example, the Lollowing rows of stotes can be merged

o0 o 11 10 - ,
T 3
I 2 4 .
bhut ,
12 3
5 1 2 | 3,
L L - - -———-L.-.‘— 4-.-!--...”--—-—’

- connot te nerged since tie two stotes in column one are unecual.
o recognise rows thet can ve merged the lattice theory of sets
is used (6) by considering the switching states to be elements
of 2 et and ecch row to form & suovset wiaich hes an ordered
gogociation. If ecch stecte is considered a least upper bound
cnd 1f tie other elements of the set are considered grectest
lower bounds, suvcets can ve merged to forxrm a lettice between
reletive elemcnts of eech subcet vnder the ineguality reletion
as & group or az € foolezn clgebhra.

Cnce all vnccsible mergible rows are found nmerging can bvegin,
Since the munver of choices-available to foxm meérged rows is very
large a method in which the merging is optimal is required.

~— ~

Figure 4. Cptinzl merging of rows
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sor this purpase the following method is adopted. Consgider cach
row to form an element of a set and consider euch element in all
the possible ways it can form & member pf a group. The eJ_.emen‘t
<het is most often the greates‘_c lower bounad r;usz't repestedly be
clirinated from the elements which least q’ften foxrm '“che lowgst
upper bound until the greetest lower bound is empty. ©The merging
is then completed and by this procedure a new set \:m.th newv elements
is formed., . Tigure 4 is tn excnple of <the merging of 5 elenents
into 2 where clements of <the set are rows 1, 2y 3, 4 and 5 and
lines joining elements forma group. The Z_Loops_x orm lea§“§ upper
wounds which erc the elements to be considered ior convinetion
to form clements of anew set, The intersection of the loops form
the greatest lovwer bounds. 1In this exemple element 3 is most
often the greatest lower bound since it occurs most often in the
intersection of loops. It must be eliminated from group 3 - 4
which is lecst of ten the lowest upper bound. That is, group 3 - 4
is cut by loops three times which is thie maxiimum nmunmber of tires
cny group is cut. |

vhe next step is to assign secondary steates by giving +to all
stcvle stetes within ¢ row the same secondery state esssignment.
L11 urstoble stotes are given the same essignment as their equiva-
lent stavle stotes or as other equivalentunstable stetes. TFigure 5
chows &n exanple of a flow table with letters assigned to each
rov &5 the initisl stage in the assignment of secondary stutes.
Inall the following figures & signifies that the switching stete
is stoble. S .

Input
00 o1 . 11 10 L .
a 1s 2s 4 3
v | & | 2 | 9 | 3s
Secondary .c 6 6“‘. 48 7
State a’ i 1 6s 4
Aosignment e 5 6 9s 7
f &s 2 .|" 10 3
& € 6w 10s 7

iMgure 5. Tlow tcole -with initiel cecondary state acsignment

ilthough it is not elwoys necesscry, it is convenient to have +the
secondery stute repgresentction such thetall unstovle stetes zre
tdjecent in their binary essignment form +to the next decired
gsecondary stute. It is undesirable to change secondary stotes
through znother stoble secondery stete since this nay result in
seltling. VWith t..e proper choice of secondzry state essignment
rny tendency to settle is avoided. The cecondery state assignment
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for the exempleé cbove is shovn in Pigure 6, which assigns a binary
nuxioer to each letter reprcuenu..nb e row. Shown in Figure T is
tne secondary mev. obizinced by placing the secondary state assign-
pent in the Tlow tavtle of Figure 5 as ouwtlined aoove.

~

00 ONR 11 10

0 al 22 d c

.-

1 T 0 e g

- ——h s —— A mren— > el

FMigure 6. Xermeugh llep of secondary stete assignmentd

Figure 5 indicates ‘thet rows b-c-d-f should be adjacent to row a.
Thig is achieved by .'Low:mb row & to have two a2ssignments, as
chovm in Figure 6, only one ‘of which is steable.

Input

00 ol 11 10
2l 000 000 000 010 100 .
e2 001 000 011

¢ o011 | 001 | 011 | 010

g 110 100 | 010 110 111

e 111 | 101 P o1l | 111 | 111
v 101 | 101 | 100 : 111 | 101

£ 100 100 } 000 110 101

Mevre 7. Secondary mav

An out:ut repic now formed: oy gubstituting the desired ouvtput in
the .esition ».he¢e stedble stutes occur in fthie flow 'te.ble. Each
strole st te he correunon\lim, cutzut vhich is indicated by thre
primitive flowv -‘,ole end this is illustroted in I*le;ure . The
outsut velues chovm in ecch ciobtle state represent come desired
ot ut. Tor exemple, t..e value 000 in zow 1 colvrm 1 nizht
renresent a eignel to open 3 switeches. Unsteble positions in
tuic mepare Ccsj.bnec. tor cor'venlence. iAn individuel oinory bit
inean intermediate unctiile state must not chenge in tlie ftrensition
vetween svetle £tctes if it is the sane in both tre steble stotes.
Jdlowever if  tle bin‘ rw bit chenzes vetween stable stotes eilther
represcntetion unay ve chocen Ior the inftermedicte unstable stote.
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. Input . -
00 01 11 0
000 000 | 000 »
001 , '
011 010
010 o1l | o

110 ’ 111 T
11 |, 001 | 000 o
101 010 011
100 .| 110

Figure 8. Output map for stable stades

If switching‘combinations are called x and sec?ndary states are
called y the complete output map is shown in Figure 9. .

-

Input - o
x1 x2 y o
y1y2y3 00 01 11 10 o
- 000 000 | 000 | O-~ | O~~
001 0-0 | Omm
o1 | o-0 | ol0 | oi-
010 -1- | 01~ | o011
110 ° 11- | =1- | 111 | ==
111 0-0 | 0—- | 001 | 000
101 010 | 0-0 | 0-1 | o11
100 110 | —0 | 11- | — §

Figure 9. Output map completed

5. Boolean Expressions Boolean expressions may nowbe formulated
for each or whe dinary oits in the secondary svate representation
and for each of the output bits in the output map representation,
Output maps can also be called 2 maps since the Boolean expression
of the switching function of +the map is often called Z. The
secondary and output maps shown above are each a contraction of
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~
three mays Y., T2
for the ouitpus map

and ¥3 for the secondarymep and Zl, Z2 and 73

> the above maps are

e}
H
[0
0
w
e
Q
,.5
[O)]
Hy
H
1]
¥

The Boolean ex

Y1 = (x1 °X2)V(zl*x2°yl)V(yl° y2" y3)V(xl* %x2"°yl)
V(ZL°X2°F1°y2°¥3)

Yo = (YLl y2 T3V (x2*y2) V(xL *x2)V (xl"yl"y2)

Y3 =(yl y2° y3) V(X1 X2yl y3)Vv(xl ¥l y2" y3)
V(XL *x2*yl*y2)V(xl " x2°"FJ2° y3)V (x1"%2"*yl)

zl = (y1°¥3)

72 = (XL y2) V(XL "yl)V(x2°FJLl*y2)V(x2 " y2°*7¥3)

4

23 = (1 x2) V(XL yl°y2°¥y3)
viith each position represented in Karmaugh Map form the prefices

10 or '1' - of each term in the polynomial are determined. The
octal form of these polynomials from the above map is as follows

(11533242517) (x1 x2 y1l y2 y3) = Y1
(02175610467) (x1 x2 y1 y2 y3) = Y2
(00411016657) (x1 x2 yl y2 y3) = ¥3
 (01703600000) (x1 x2 yl y2 y3) = Z1
(01256605474) (x1 x2 yl yé v3)

zZ2

(02204212421) (%1 x2 yl y2 y3) = 23

These solutions can be stored in the controller which would be
able to change switch positions when an input signal is received,

6. Characteristics of the Controller The purpose of the stored
nathemsztical model 1s To0 enesble an appropriate reconnection To
be mzde upon the application of an input signal. This signal may
originate froma protective device, & manuval operation or another
system controller. Its immediate effect on the switching convtrol
prozramme would be to indicate that anunstable state of switching
exists and to proceed To the nex?t permissable stable state. This
nexyv state is then made to operate the appropriate ouvsput device
to0 alter the swivtching configuraition of the substation. In most
cases this will involve the operation of one switch, bui in the
case of a busbar foult, for example,it could involve many switch
operations To achieve a satisfeacitory new switching configuration.
1% is the purpose of the method which has been outlined to dedermine
accepitable rerouting of essential supplies so that sysiem security
is enhanced. It is hoped that this can be achieved by entering
such rerouting constraints for each switch on the appropriate card.
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chenges in the desired switching of ell substations can be made
without any change in the physica]_. arrangement of ?he controllgr.
1% is simply reprogramned, [.ore mpo.rtarl_t, redesign or extension
of - & substation reguires no modification %o the controller.
connections between the local controllerand equipment for operat-
ing switches will pe reaquired. Interlocks and interlock re:_Lays
chould not be required since the switches are protected against
pol-operation by the mathematical model of the system., All
ceneral switching, such as that required for access or maintenance,
could be done through the controller. If a switch is open oxr
refuses to close the controller could be made to reroute the .

cupplye.

The operating time required depends toa large extent on the speed
end size of the controller togethexr with the speed at which the
gwitches canbe signalled to operate. Using present supexrvisory
technigues and on-line control computers it should be possible
to match the +time scales associated with the transients on the
power network which limit the speed at which switches can bve
operated-to re-route supplies, ,

It is hoped that by the development of switching theoryas outlined
in this paper, the security of power networks canbve kept as high
as possible by purely automatic means.,
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