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ABSTIL.CT 

With the introduction of the 400 kV network 

it is anticipated that the occurrence of substation 

bus bar faults will increase in number. The planned 

increase in short circuit capacity of this network 

rec,uires fast fault detection to limit damage to 

ecuipment. Increased switching will Le required to 

maintain the security of the network and any 

mLloperation would have severe consecuences over a 

wide are. 

The development of a network simulator to 

include transient :1-1CL S121)- transient terms so that it 

is especially suited to short circuit study is 

described. The simulator is used to produce current 

and voltage waveforms for healthy and faulted 

substation busbars. Application of short circuits is 

from a loaded network condition. Two transmission 

line simulations for long and short lines are 

developed. 

A method of logic switching suitable for 
high voltage aabstEtions which supervises manual 

switching and performs automatic reswitching to 

maintain security on substation bus bar faults is 

developed. The Karnaugh map representation of states 

in a switching alL;ebra is used to develop the ecuations 

in Boolean algebra form which are the basis of the 

switching operations. An off-line computer program 
is developed to give a convenient method of determining 



these equations in a foru suitable for programming a 
real — tine switching controller. 

The problems associted with present busbar 
protection schemes and a technicue based on sampling 
and analogue to digital conversion using a digital 
summator are discussed. The basis of a busbar 
protection scheme using switching variables and logic 

is developed and this method is proposed for further 

study. 

A proposal for a centralised high voltage 

substation controller to be used for all substation 
functions is discussed. 
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LIST OF SY=OLS 

The most comi,_only used symbols and notations 
are defined below. Synbols, which are not listed, are 
explained in the text. 

In general, instantaneous values are denoted 

by lower case letters and phesor Quantities by upper 

case letters. Values, el:cept ,here stated, are in per 

unit. 

Main Symbols 

Instantaneous value of current 

I 	Pha.sor value of current or primary 
net,,ork instantaneous current 

e Instantaneous value of voltage 

Constant or phasor value of voltage 

-p Resistance of detection circuit 

✓ Resi:,tance 

x 	Reactance or in:out to logic controller 

g Conductance 

c 	 Capacitance 

X 	Total reactance 

or 1 
	

Leah Lge inductance or transzissiOn line 
inductance 
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Total self inductance or primary 

network inductance 

t Time in seconds 

T 	Torcue or time constant 

p 	Operator TT  

P Power 

Z 	Inpedance or output logic variable 

Admittance 

H 	Machine inertia. constant 

N Total number of priuu.ry feeders 

J Koment of inertia 

Operational impedance relating id  to 

Operational impedance relating is  to 1-.c.t  

Operational cuantity relating ef  to Na  

Coefficients defined in Section 3.2.2 

Angular velocity of infinite bus in 

radians per second 

Angular velocity of rotor in radians per 

second 

Load angle of synchronous machine with 

respect to bus 

adl' ad2 

Adl' Ad2 

Bdl' Bd2 
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Phase angle of 0 at zero time 

Flux linkLe 

Y 
	

Logic variable for present state 

y 
	Logic variable for secondary state 

f 	Function of a switching algebra 

and (binary operation of algebra) 

V 	or (binary operation of algebra) 

not (unary operation of algebra) 

s 	Stable state 

Sub scrl2La 

a 	Phase a 

Phase b 

c 	Phase c 

a 	a components 

p components 

o 	Zero component or non. transformed value 

d 	Direct axis 

q 	Quadrat-Luce axis 

Field winding 

e 	Electrical or transmission line 

m 	Mechanical or maximum 

t 	Turbine or primary network or transposed 



	

s 	Secondary network or gendinCend 

and 	Direct axis mutual 

	

mq 	Quad attire axis mutual 

	

R 	Independent 

nth value 

	

r 	Receiving end 

Superscri.ots 

Transient 

I I 
	

Sub - tiEnsient 

Modified value or conjugate tensor 

Computer Symbols 

Multiplication operation 

D 	Division 

S 	Summation 

RES 	Resolver 

EEG 	Negation 

AT 	Arctan operator 

I 	Integration 

IR 	Relay or switch 

XE 	Transmission line reactance 

LE 	Transmission line inductance 

15 
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RE 	TransE:ission line resistance (negative) 

	

RA 	Machine resistance 

	

WO 	314.16 radians per second 

	

EF 	Field excitation 

	

XD 	Direct axis reactance 

XQST 	Quadrature axis sub - transient reactance 

TQOST 	Quadrature axis open circuit 
sub - transient time constant 

	

XQ 	Quadrature axis synchronous reactance 

Cl, 02, 03,04 	Constants 

	

TT 	Turbine torque 

inertia constant 

	

G 	Transmission line conductance 

	

C 	Transmission line capacitance 

	

IT 	Time 

	

EM 	1.4142 

0.0 

LAE 	Machine load angle 

	

RR 	Resistance of relay circuit 

	

RS 	Resistance of secondary 

HALF 	- 0.5 

ROOT 	0.866 



17 

CHAPTER 1  

INTRODUCTION 

1.1 Present Practices in Substation Protection 

1.1.1 Busbar Protection by Circulating Current Schemes 

In general, busbar protection schemes use 
Kirchoffts first law as their principle of operation. 

Although this basis is sound, difficulties in operation 
occur as a result of the application of techniques and 

the physical limitations of the equipment used. 

Protection systems have evolved by the modification 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 eaual — 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 zone the sum of instantaneous currents into the 

zone is zero and therefore no relay current flows; 
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however on an internal fault the current in the relay 

is proportional to fault current (4, 5, 66). 

1.1.2 Current Transfolmer Saturation 

The difficulty with this type of protection 
is that CTs are not perfect sensing devices and 
circulating current schemes have been modified with an 
aim to giving the required primary fault setting and 

through fault stability. The equivalent circuit for 
the arrangement of Figure 1.1 is given in Figure 1.2. 
This arrangement works well provided one or more CTs 

do not saturate. When a CT saturates it acts as a 
parallel path to the relay with an impedance equivalent 
to the secondary winding resistance, rs, and its 

leakage inductance, Zs. The voltage across the relay 

is therefore the product of the sum of currents from 
unsaturated CTs and the impedance of the saturated CTs. 

The maximum possible relay voltage under through fault 

conditions is therefore 

Vr  = 	 Is  R 	 (1.1) 

where 1 11 
r = Y 	7--  sl 	s2 

(1.2) 

if Is is the current from unsaturated CTs and rsl' 
r „. ... are the resistances of saturated CTs. 

To achieve stability on a through fault it 
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is necessary that the voltage setting of the protective 
relay be grey ter than the value of Vr. To obtain this 
required setting a stabilising resistor is connected 
in series with the relay current coil. The setting of 
the relay can be determined as follows: 

m 
If I =  .Iii n n=l 

(1.3) 

where there are m feeders each taking In  magnetising 
current at a voltage of Vr, the primary fault setting 
of the protection is given by 

If = k(Is 	In) 	(1.4) 

where k is the ratio of turns of the CT from the 

secondary to primary side. Is  is the relay current. 

High impedance relays are used in this 
scheme and difficulties arise during an internal 

fault. The CTs try to force a high value of current 

through the stabilising resistor and relay coil, and 

the high peak voltage Which occurs may damage eauipment 
by exceeding the insulation level. This can result in 

operation failure. Consecuently the peak voltage is 
limited to an acceptable value by connecting a 

non-linear resistor in parallel with the operating 
circuit. To ensure satisfactory operation it is 

necessary to employ CTs with a high saturation voltage. 
The criterion used in practice is to specify knee point 

voltage of CTs as the ratio of secondary open circuit 
e.m.f. at 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 internal faults to give a voltage of 

twice the relay operating voltage (12). 

If a low primary fault setting is required 
the relay must have a low current setting and will thus 
have a high inductance. The result is that the relay 
coil voltage setting will be much greater for a.c. than 
d.c. component. Singe the relay must not operate on the d.c. 

transient component the coil inductance is tuned out 
by a capacitor or the component is 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 a constant 

ratio up to the maximum external fault current (i.e. 
it must not saturate). Also the d.c. component tends 
to cause saturation, which produces an unbalance in 

the protection circuit during transient conditions. 

1.1.3 The Prevention of False Operation 

Schemes have been devised to prevent false 

operation of relays during external faults despite CT 

saturation by providing restraint. Biased percentage 
differential relays (31) and harmonic restraint (7 ) 
have been used; however these result in a delay in 

speed of clearance on internal faults. Differential 
biased relays take advantage of the fact that for 

through faults there are large secondary currents 
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flowing between CTs and that large secondary currents 
also flow when a CT saturates if the protection relay 

has a reasonably high impedance. Thus a percentage of 

this current is applied to a coil (56, 58) which operates 
against the tripping coil and will restrain tripping 
when external faults or saturation occurs; but there 

is no restraining action on internal faults. Harmonic 
braking is based on the difference of the harmonic 

content of the current waveforms in the protection 

circuit. For a fault in the protected zone detection 

euipment current waveforms are nearly sinusoidal; 
however an external fault introduces higher harmonics, 

particularly third harmonics, in this circuit. This 
r• 

is shown in Figure A-1-3-. 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 — sectional area to avoid 

saturation from d.c. transients with long time constants, 
special types of CTs have been developed. One type has 

an air gap in the core (68), another has no core at all 

(24) and is known as a linear coupler. The secondary 

voltage of the linear 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 and for maximum transfer of 

energy it is necessary to match the relay impedance to 

the secondary impedance of the couplers. When operating 

a relay coil from linear couplers connected in parallel 

it is necessary to employ secondary branch impedances 
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of almost ecual value if the current from each branch 
is to be proportional to the primary current. On a 
through fault the differential current caused by 

resistance imbalance may cause tripping. The secondary 
a.c. and transient currents which flow during a through 
fault add to the problem. Consequently the series 
arrangement is preferred (45). 

1.1.4 Phase Differential Busbar Protection 

Another principle in busbar protection is 
based on the phase difference between currents flowing 
into and out of the busbar. The principle was used by 
Steele (64) and also in the Casson-Last system (43) 

which is shown in Figure 1.3. Basically, 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 and 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 connected between a negative protection bus and 

common. Each bus is connected through diodes to all 

the CTs of one phase. On an external fault current 
flows through the diodes to energise the positive 

bus and negative bus together. On each half-cycle 
the coils of A and B, also C and D, are energised 
together so that their contacts move together. In 

this way the coils of relays P and Q are never 
energised. However on an internal fault the positive 

protection bus and negative protection bus are 
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enerGised Eaternately, 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 protection bus (x) and the 

negative bus (y) can be considered to be two logic 

busses. If x and y signify that they are energised, 

and 3E and 7 signify that they are not energised, then 
Boolean expressions (see Appendix 2) can be written for 

the tripping of breaker on the protected zone. If a 

and 71: are used to indicate the forward and back contact 

respectively of relay A, etc., then the Boolean 
expressions are as follows. 

TRIP = 	q 
	 (1.5) 

P = (a • E) V  (b • 6) 	 (1.6) 

Q = (c • 7) v (d • -6) 	 (1.7) 

A or C c x and A or 7 7x- 	(1.8) 

B or D 	y and 1-3.  or 7 -C.- y 	(1.9) 

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

TRIP = (x • 7) V (3Z ' 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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to prevent maloperation when unavoidable differences in 
relay pick-up settings cause one of the pair of relays 
to close before the other under through fault 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 a 
condition of through fault occurs which operates only 
one relay in a set the other set blocks maloperation 
and ensures stability. 

 

i-et be- 

 

zystea-aa-w&11, If, under heavy 
through fault conditions, saturation occurs one of the 

protection busses will not be energised and the 
protection will be unstable. 

1.1.5 Earth Fault Busbar Protection 

If a busbar fault at a substation involves 
earth the fault current flowing in the earth path can 

be used to detect the busbar fault. This is achieved 

by insulating all primary ecuipment from earth and 
providing only one path to earth. Detection of current 
in this path indicates a busbar fault. Systems using 
this method are called frame leakage protection. The 
Forrest Flashover protection scheme is completely 

dependent upon this principle whereas many schemes 
use frame leakage in conjunction with other principles 
of protection. Examples of such schemes are the 
Translay System and the Reynolle Dualock System as 

outlined by Naylor (43). High voltage substations are 
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not easily insulated and detection times are many cycles 
long for this system (63). 

1.2 busbar Protection System Principles  

1.2.1 Location of Fault 

When a fault occurs on a transmission line 

some distance from the protective eeuipment there is 

great difficulty in differentiating between this fault 
and transients arising from other causes such as 

switching. Fault resistance and balance point shifting 
are among the factors which interfere with the detection 

of line faults. For a fault that occurs adjacent to 
the protection ecuipment the problem is reduced to 

determining the direction of the fault. When a busbar 
fault occurs the problems encountered are different 
from those of line fault conditions. The greatest 

problem caused by a line fault, that of determining if 
a fault exists, does not occur on a busbar fault where 

the protective ecuipment is adjacent to the fault. But 

the problem of determining the location of the fault, 

which is relatively easy for line fault protection 
equipment, is difficult for busbar faults with the 
greater number of boundary points which require 

monitoring. When using the phase difference principle 

of protection basically each feeder connected to the 
busbar 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 requires flow in only one feeder 

to be out of phase to energise the other protection 

bus and to block operation of all busbar feeder 

breakers. 

1.2.2 Through Fault Stability 

An example of a circulating current scheme 

with three feeders is shown in Figure 1.6. A supply of 

unit amperes is connected to feeder number 1 and loads 
equal to one — half unit amperes are connected to 
feeders 2 and 3. During normal operationary 
current flows into the busbar on 	1 and flows 
from the busbar on feeders 23g,...m4—t The sum of the 
currents on the feeders is zero. If an external fault 
causes fault current to flow in feeder 1 and 3 and 
sataration of CT2, for a typical case the induced 
secondary current from CT1 is shown in Figure 1.7. 
The induced secondary current for CT1 on a normally 
protected internal three phase fault is shown in 

Figure 1.7 also. 

A current summation of protective circuit 

current for different values of stabilising resistance 

is shown in Figure 1.8. When an internal fault occurs 

the current in the protection relay, which is shown in 
, 

Figure 1.9, exceeds tker setting chosen from Figure 1.8. 

If the circulating current scheme and the 

phase difference scheme both have their monitoring 
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de-vices enclosing a true node (that is, the monitors 
must not bisect the busbar to be protected) outward 

flow of power on one feeder will block operation of 
the protection circuit. The circulating current scheme 
has the added feature that if two monitors bisect a 
busbar, tripping will not be blocked by outward power 

flow on one of these monitors provided that there is an 

inward flow balance on the other monitor. This feature 
is used when a check loop or confirming back up 
protection is required. 

Although Kirchoff's law is a criterion for 
determination of busbar faults in the primary network, 
as shown in Figures 1.7 and 1.8, this law cannot be 
simply mapped onto the secondary or protection circuit 
of a substption because of the CT characteristics 
involving non-linearity. While the operating 

threshold on the primary side is zero current, the 
threshold on the secondary is determined by the stability 
requirements. Some tolerance must be permitted in the 
protection circuit and the corresponding primary circuit 
unbalance is not determinable. 

1.3 Dusbar Fault Characteristics  

1.3.1 Detection Time  

There is, at present, a need to shorten the 

detection time for 400 kV busbar faults so that the 

damage, which is possible because of greatly increased 
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system capacity, may 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 characteristics (15, 57). 

Although fault detection times are now about two cycles, 

operating times of from. 3 to 6 cycles have been common 

and the operation of protection equipment has been 

explained and tested for sustained fault conditions (67). 

CT transient characteristics are usually studied by the 

application of 100 percent offset current and are 

devoted to the application or improvement of CTs. 

1.3.2 Busbar Fault Transients 

A transient condition between normal and 

sustained fault must occur rapidly after the occurance 

of a fault on a network. If detection time is to be 

decreased it is necessary to determine the first 

instant at which the fault can be detected. In order 

to develop a method of detecting a fault a precise 

representation of the primary and secondary current 

and voltage weveforms are needed. The recuirements are 

as follows: 

a) The current and voltage wr,veforms in all 

network feeders over the first cycle after 

the occurance of a busbar fault 

b) The waveforms for a fault applied at any 

desired point in a cycle 
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c) A method of obtaining, from primary waveforms, 

the operating instant of present types of 

protection equipment 2nd of proposed schemes 

d) A representation for a typical substation 

bulbar 2,nd feeder network 

1.3.3 Transient 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 solved. A physical 

model is then built in which the complete theory can 

be represented and the mathematical solution is compared 

to the result obtained from the physical model. In 

this way the effect of the assumptions can be determined. 

However if the solution of the equations do not involve 

making assumptions the only purposes a physical model 

serves are to auard against calculating errors or it 

must give an easier method of solution. If the only 

physical model which can be built involves more 

assumptions than other methods of solution it becomes 

impractical. Some problems dealing with specific 

equipment in a power network can be investigated by 

building a physical model but they require a simplified 

representation when either detail or size must be 

greatly 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 metLods are reeuired. 

The values of current Lnd voltage have been 

determined by the solution of the differential equations 

of the network. i'.owever network eeuations are, at 

present, unsolvable without a large number of assumptions 

which are too sweeping to give a precise reproduction 

of instantaneous values over the first cycle after a 

fault. To reduce the number of assumptions these 

equations can be solved on an analogue computer by using 

the transforms of two—axis theory of electrical machines, 

first developed by Park (48) and formulated by Adkins (2). 

The transforms can be extended to the power network and 

protection system and this greatly simplifies network 

and protection system calculations. This method of 

solution might be compared with an iterative method 

where the (n + 1) value, obtained from the nth value by 

feedback through an analogue loop, is found by 

iterating around a numerical loop. 

There are nine multiplier units in the 

Electrical Engineering Department's analogue computer 

which limits the number of differential equations which 

can be used as an integral part of the representation. 

The MIDAS program (51) has been written to allow a 

digital computer to be used in the same way as an 

analogue computer. The scope of calculations is greatly 

increased because a subroutine referenced by a call 

statement replaces each operational amplifier, multiplier, 
etc. 
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1.4 The Switching Controller 

1.4.1 Development of the High Voltage Substation 

The function of a substation has changed 
greatly since its conception. Originally substations 
were used only to convert voltage and frequency to that 

suitable for utilisation (21). The first electrical 
networks were direct current. The advantages of static 

equipment led to the adoption of alternating current 

for transmission. Substations were required for 
conversion since generators and loads were direct 

current. An operator's function 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 the 
circuit breaker. Electric railway breakers were 

converted by installing overcurrent devices. These 

breakers were used at the supply end of transmission 
lines. The first circuit breakers used in substations 

were 'reversed current circuit breakers' which were 

complete with tripping devices built in. Breakers were 

specified for either generating or substation use (65). 

This arrangement made it theoretically possible to 
localise faults, limit damage and increase security. 

The power network of today consists of a large 

nuuber of individual or parallel feeders connected to 

substations which require a great deal of complementary 

equipment. This equipment has become very complex, and 

the operator requires aid to adequately control the 
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modern network. With the new high voltage substation's 
increased capacity the operator will be faced with 
increased problems. 

1.4.2 Switching and Interlocking 

Large substations usually have a control room 
in which a mimic diagram of the substation switching 
arrangement is displayed. Hand dressed switches provide 
remote control of the isolators and circuit breakers. 

Interlocking of the primary network is used to prevent 
undesirable or dangerous operation and supervision of 
the secondary network is used to detect faulty protection 
equipment (3$  46). 

Supervision is used on circtlating current 

protection since open-circuits or short-circuits on 
CTs or the secondary wiring circuits would upset the 

balance of current causing unwanted relay 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 
relay. The presence of current due to secondary defects 
operate this supervision relay. The removal of 

protection is delayed to prevent maloperation when 

faults occur. However it has been known for supervision 
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 

primary network. Intexcennection becomes extensive on 

double busbars and improper connections can result in 

open — circuit CT or unbalance because the protection 

includes a CT on a feeder disconnected from the primary 

network. To avoid the inadvertent tripping of busbar 

breakers two complete protection circuits are used. 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 distinguish between faults on different busbar 

sections. Both the check relay and the section 

discriminating relay must operate before section 

breakers are tripped. 

In future more switching of the primary 
network will be required to maintain high security, 

thus more complex switching operations will be attempted. 

Switching operations must be considered to operate all 

switches in one feeder and even groups of feeders from 

one command. An increase in supervision of system 

switching will be reeuired as will methods of handling 

more information 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 unusable 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 failing can be eliminated. 

1.4.3 Logic Methods 

Over the past few years devices using high 

speed logic have been developed and applied to many 
industrial processes. The use of these devices has 
increased with the greater understanding of optimum 

control methods and the design of fast operating and 
reliable coalponents. Computers are being used to 
monitor variables, perform calculations, display and 
store information; and control equipment and output 

of power stations (59). Electrical transmission and 
distribution system control has consisted largely of 
automatic load forecasting dispatching, plant ordering 

and frequency control (47). However one method of 
using mathematical logic to describe the switching and 
interlocking of power system networks and equipment has 
already been described (16). 

A centralised system of substation control 

would be a desirable development. If this system were 

complete with a memory unit and a calculating unit 

capable 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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arrangements suitable for system switching and 

monitoring for use in control and protection of 

electrical networks is developed. 

1.5 The Purjose of the Study 

The need for high security and reduced fault 

detection time of the new 400 kV power networks 

initiated this study. 

The thesis describes the development of a 

digital computer method for the study of busbar fault 

protection schemes. The results obtained by using 

this method to study different protection systems for 

a typical high voltage substation busbar is given. 

Also a method of determining a simulator, based on 

logic, to be used for high voltage substation automatic 

switching is described. 
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CHAPTER 2 

SUDSTAIION DIFFEREETIAL EQUATIONS  

2.1 General  

The differential ecuations of this chapter 

form the basis from vvhich the ecuations for the numerical 

solutions of busbar and protection circuit waveforms are 

developed. These equations are rearranged in Chapter 3 

for power network simulation by the MIDAS method-(51). 

The theoretical basis for these equations is as follows. 

2.1.1  The Operational Equation 

The operational eauations give the relationship 

between voltages, currents and flux linkages in a 

machine. They are the general eouations based on 

two - axis theory. Generally these equations are used 

for the solution of problems involving symmetrical 

voltages, however a and p components as given by 

Concordia (14) have been applied to this type of 

representation to give a new technique for the 

determination of variables in an asyrnetrically faulted 

network. 

2.1.2 Transformed Equations of Transmission Lines  

These equations have been given by Aldred ( 6). 
For long transmission lines the differential equations 
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Liven by Johnson (29) are transformed. 

2.1.3 Protection Circuit Equations 

The differential ecfaatione %/hich describe the 
bus-oar protection equipment for a substation are 
transformed to two - axis theory equations.  

2.2 Per Unit System and Sign Convention 

For ease of handling and comparison between 

generators, loads, transmission lines and protection 

equipment all primary circuit quantities are reduced to 

a per unit basis so that the same order of magnitude 

between Quantities from different nachines exists. 

This also Greatly reduces the calculation difficulties 

since, by this arrangement, the complete inductance of 

a coil is obtained by adding the mutual end leakage 

inductances. The per unit system adopted is given by 

Rankin (53). With this definition the unit of power 
corresponds to unit r.m.s. voltage and r.m.s. current. 
The unit of speed is given as the radian per second. 

Thus the unit of torque becomes the torque which produces 

unit power at nominal speed (54). 

Sign conventions ore adopted so that the 

following correlation between electrical and mechanical 
quantities is followed. Voltage is applied to the 
terminals and toraue is applied to the shaft. Therefore 
positive voltage and current mean motoring action, and 
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positive torque and speed mean generating action. 

2. 3 Assumptions 

Park (48) has developed the two - axis theory 
for an ideel machine with the following generally 
accepted assumptions. 

a) Per unit mutual inductance for all the coils 

on one axis are equal. 

b) Complete windings are represented by single 
coils on each axis. 

c) Zero sequence cuantities do not flow in the 

machine. In this snalysis zero sequences in 
the network are taken as proportional to a 

components. 

2.4 Transformation Formulae  

The idealised three phase machine is shown in 
Figure 2.1. If differential equations are set up for 

this arrangement inductances vary with 0, the angle of 

position. The two 	theory, developed by Park (49, 
makes these differential equations less difficult to 

solve by replacing phase voltages and currents, ea, ebl 
ec' 1a' ib' i, by the fictitious quantities ed, eq,  

eo'd'o by the following transform. 
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(2.1) 
This is the transform from the time plane to 

the two - axis plane. The parameters ed, eq, id, iq  are 
associated with fictitious coils located on the direct 
and cuadrature axes as shown in Figure 2.2. 

2.!: Induced Voltage EQuation 

The equation 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 
equivalent of this equation which forms the basis of the 
two - axis theory. The se ecuations are as follows. 

ed = Vo. 	(Pq ra id 

ra io e q_ 	yid P ± 

The quantities e0  and io  are related to each other 
independently of the axis cuantities. The voltages ed 
End 	can be physically interpreted as impressed 
volta,;es on The direct and cl uadr,::,ture axes coils of 
Figure 2.2. With this interpretation, the two - axis 
machine in Figure 2.2 can be regarded as the equivalent 
of the three phase ;.machine in Figure 2.1 in the two - axis 

ed, 

eqs 

eo ,  

id  

i0  

2 
7 

cos 0 

sin 0 

1 

cos(0-) 

3 	) sin( 	- 

cos(0--4i-1; ) 

sin(0 

1 
7 

1 
7 

e i a' n 

ib 

Cc' is 
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plane. 

2.6 Direct and. Quadrature Axis Equations 

The ecluations for the system of stationary 

mutually coupled coils of Figure 2.2 can be written for 

each axis in tends of their individual currents, flux 

linkages and mutual and self inductances. 

The direct axis eQuations are as follows. 

lid 74 Lind if + "'rad ikd ( Lind + 	) id 
	(2.4) 

of = [rf + ( Lmd_ + -6f ) pJ  if + Lmd  p ikd  + Lmd  p id  ( 2 . 5 ) 

ekd = Lind p 1f 	 ( rkd Lkd.p ) ikd Lmci P 1d 
	(2.6) 

Similarly the quadrature axis equations are 

as follows. 

kPci = Linq 1k c, 	( Lin 	) jo 
	(2.7) 

ekq = ( rico  + Lkcj.  p ) 	+ Lac.  p 	(2.8) 

The damper windings RD and KQ are short • 

circuited as in Figure 2.2 and therefore 

ekd = ekq  = 0 
	

(2.9) 
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2.7 The Operational Impedances 

By eliminating if  and ikd from the direct axis 
e(,uF.tions yid nay be expressed in the following form. - 

1+(T4+ T5) p 	4 ri2 6 

1+ (T2.  + 12 ) p + TI.T3  d. 

which can be put in the form 

x (P) . 	G (P) 
tpd  = w  id  —77— of (2.11) 

Similarly by eliminating ikc,  from the quadrature axis 
ecuations 91  is expressed in the following form. 

1+ T" p 
- 	 L i 

'-`• 1+ ci"0  
(2.12) 

xc  (13) 
(2.13) 

  

The functions xd  Hand x (p) are called operational q 
impedances. 

The time constants are defined as follows (2 ). 
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1 
f 

T 	d 1 - -T1  o car = —(xmd +x  f  ) 

direct - axis transient open - circuit time constant, 

1 
T - 	kx 	), xkd 2 curkd  rad 

1 	Xmd Xf  T 3 = redo = 
	X

kd 
 4' CO rkd 	xa  + nd 

direct axis subtransient open circuit time constant, 

1 	xmd xa  T = = 4 d 717  I:
rad 

+ X
a  

direct axis transient short - circuit time constant, 

Xmd Tr  = 1 ---- wrkd  X + kd 	xmd + xa 

X X X 1 LiCt.  f a x 	.1- 

"kd 	kd ' x x + x x + x 1110. a 	mad f 	a f 

direct - axis subtransient short - circuit time constant, 

xkd T - kawrkd 

direct-axis damper leakage time constant, 
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X X 
M 	 mq  
q 	(or 	1L,  o 

+ 	
x kq 	xmc., a 

civadrati,..re - axis subtransient short - circuit time constant, 

1 T" 	(xl 	x ) Q0 wrkq xcq 

quadrature - axis subtransient open- circuit time constant. 

The general method of obtaining the solution 
for these equations is to assume that since T1  is much 
greater than T2  or T3, T2  can be taken as equal to T3  (2). 
Since T3  may e aproximately equal to four times T2  
this method has not been used here. T

2 is approximately 
10 cycles and covers the duration of the proposed study. 

Sindlarly T5  is generally taken as equal to T6. T5  
covers 1 cycle. The method used here enables the 

instantaneous values to be found without the assumptions 

required in the analytical technique. 

2.8 The Torque Equation 

Power in a machine represents ohmic loss, rate 

of change of magnetic energy and output -cower 

corresponding to electrical torque. This torque is 

developed 'Dy the interaction of flux and current which 

is given by the following equation. 

P = ( 	9v ) Pe 2 qd dq (2.14) 



Per unit electrical torque is given by 

Te = -Pe 4v2 	g. 1d) 
	

(2.15) 

It differs from t.e externally applied mechanical 
torque by an acceleration component. 

By introducing a 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 

ar wt 	 (2.16) 

The rotor position is 

a = 	- b aX 	(2.17) 

Speed is obtained by differentiating this equation 

51 

(2.18) v = w pb 

The acceleration is 

d2 , - - p2 0

dtC 

The acceleration torcue is 

J d2 

dt2  
• 

(2.19) 
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In the per unit system the moment of inertia of a machine 
is expressed by the inertia constant denoted H and the 

following relationship exists ( 2). 

H J = 2  
LO 

(2.20) 

So that the acceleration torque becomes 

2ti 2 
P 

The mechanical torque (Tt) of the prime mover 

or load is affected by the speed governors and speed 

torque curve, however over one cycle it is assumed that 

this tort,ue will be constant. The program is arranged 

such that this torque can be easily modified. The 
torque equation is 

77")H P
2 
	-21j. 	d 	 d ) 	Tt 

	(2.21) 

2.9 Transmission Line Equation 

If transmission lines are included in this 

power system network representation, it is necessary to 
transform the differential ecuations describing the 

lines into two axis components to conform with the 
rewesentation of machines and loads. The conventional 

representation of a transrilission line used in stability 
studies consists of lumped parameters and is shown in 
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FiEnre 2.3. 

The transmission line equations are as follows. 

(2.22) er = 

Y er 

With the assumption for short lines that 

Y = 0 

the ecuations become 

is  = it  

er = es 	Zit . 

If 	Z = re  + ve  p 

then 	er = es — re it — e p it • 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

Transforming this equation for phase a, b, and c the 
direct and Quadrature aa:is components are as follows. 

(2.29) 

eq 	r 1 — 	+ x 	+ e e 	e 	e d 	q. (2.30) 
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Aldred (6 ) has neglected the transient term 

of -6e p id and -6e p iq. However for this representation 
the transient terms are required. 

The above representation is used for short 
transmission lines, however for long lines the shunt 
branch is not neglected. The shunt branch is included 

by the following representation. 

Y = g + c.p 	 (2.31) 

The line equations with this substitution are as follows. 

s =ir  +ges +cpes rg 1s-rop1 -g,&p s -c-e; p
21 (2.32) 

and 

er  = es  - rir -6 p ir r g er (rc + g.6)p er c p
2 er 	(2.33) 

Substituting Ecivation (2.1) into Equation (2.32) and 

expanding with the p operator this equation becomes 

ids cose  + qs sine = idr cose + ior  sine + geds cose 

+ geas  sin 0 + c p eds  cos e - weeds  sin e 

+ c p e cis  sine + wceqs cos 	rgids cos 	rgiqs  sin 8 

- (rc + gz)P ids cos 0 + (rc + g-6)wids  sin 

- ( rc + g-6)p ials  sin e 	(rc + g&) wigs  cos 0 
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. c p2  a.as  cos e + 2cZwp jar,  sin e+c6w2  ids  cos e 

c Z p2  icis  sin e 	2cLwp 	 case + c C w2  sin 0 

(2.34) 

Similarly Ec,„_uF,tion (2.33) becomes 

edr  cos 3 + ecir  sin e = eas  cos e + eas  sin 0 - r iar  cos 6 

- rclr sin -Zpidr  cos 0 + w idr sine 

- Zpigr  sine 	(J) ici.r  cos - r g ear  cos e 

r g e
cir 

 sin e 	(rc + g-6)p edr cos e +(rc + &Ow edr sin 0 

- (rc + 	eqr sine - (rc + g.&) eqr cos 0 

2 
c  P idr cose + 2 cZwp ear  sin 0 

+ c.6 u2 edr cos@ 	c.6p2
eclr 

 sine - 2 cZurpeqr  cos 

+ c 	w2 e
cir 
 sin e (2.35)  

2.10 Circulating Current Protection System 

The impedance to the e.m.f. of a CT secondary 
in a circulating 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 fox the current in each 
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CT is given. In this section the differential equation 
in terms of all primary and secondary current in one CT 
only is developed. 

A simplified circulating current system with 
two current transformers is shown in Figure 1.2. The 
equation for the nth current transformer currents is 
as follows. 

N 
• p In  + (rs  ++ 	i B. = 0 n n=1  n 

where 

• = L + 

The (n+ 1th ) current transformer equation is 

(2.36) 

(2.37) 

L  P In+1 	(Ins ZP)in+1 + 	R = 0 
n=1 n  

(2.38) 

Subtracting Equation (2.38) from Equation (2.36) gives 

Lp (In  - 	+ (rs + -4)(in  -  -n+1) = 0 	(2.39) 

Continue by substituting all remaining n current 

transformer equations in Equation (2.38) and adding 

equations of the form of Equation (2.36) to obtain the 
following equation 
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N 	 N 
L p N In  - E  L p In  ( rs  + Zp) ( N in  - E.  in  ) (2.40) 

N 
and solve for E.  1., 

n=1 

N 
N 	Lp TAI_  n 	

L p in 
in 	(rs+4) 	

n 
(r  
1 
+ZpY Nin n=1 

(2.41) 

Substitute Equation (2.41) into Equation (2.36) to get 

N 
RLpN In 	LP In 

	

n=1 	 L p In  + (re  + Zp)in  + (rs+ 4p) 	(rs  + 4p) 	Rin= 0 

(2.42) 

This is the equation for the nth CT in terms of its 
secondary current End the primary currents. 
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C: _PIER 3  

SUBSTATION SIHULATICN EQUATION S 

3.1 General  

It has already been rloted in Chapter 1 that 

the assumptions made for an amalytical solution to 

detel-mine current and voltage waveforms are difficult 

to justify for a transient study. In the method explained 

in this chapter the number of assumptions is limited to 
those inherent in the basic theory. This method also 

has advantages over the laboratory model method in that 

it is much more versatile in the representation of 

individual coi:iponents and operating conditions and 

permits accurately timed switching o-,:erations in the 

development of short - circuit waveforms. 

3.2 Formulation of the Equations 

The forlli of the ecuctions derived in Chapter 2 

must be modified for the I IDAS method of solution. In 

this program differentiation in a loop causes instability 

in iteration as do loops without an integrator, therefore 

all loops imst include at least one integrator. The 

MIDAS form of the foregoing two - axis ecuation is as 

follows. 

3.2.1 Fundamental Equations  

By substituting Equation (2.13) in Equations 



Pd1 - Ld(Adl P id + ccd1 Bdl Of )  
p + adl 

( 3 4 ) 

and 

Ld (Ad2  pid  + d2 Bd2 e,) 
d2 - 	P + ad2 

(3.5) 
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(2.2) and (2.3) and rearranging, the following form is 
obtained. 

13 (I/ = ed  - ra  id  - to rig  +p b 
g. 

p Si" q 	ea - raq + 	5eid -L-a b) 

( 3 .1 ) 

(3.2) 

The HID.:J,S representations of Equations (3.1) End (3.2) 
are given in Figures 3.1 and 3.2 respectively. The 
three left hand terms in each of these figures give a 
modification developed in section 3.2.6 for the inclusion 

of a transmission line. With RE, XE and LE equal to 
zero the figures give the solution to Equations (3.1) 
and (3.2). 

3.2.2 Direct Axis Current Equation 

The o_ferational iLpedance eauation, Equation (2.10), 

can be expressed in the following form (42). 

frd 	Ld id + 'dl 	Yld2 
	(3.3) 

where 
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FIGURE 3.1 Fundamental Equation for Direct Axis with Transmission Line 
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Ecuation (3.4) can be e::panded by division as follows. 

B Ld dl adl of  = %Ada  + 

Ld adl (Adl P id ± adl Bd1 of )  
P(P adl)  

p 

(3.6) 

Thus substitutinL Euation (3.4) in Equation (3.6) 

adi(  kld1 Ld Bdl 
Ld Adl 

  

(3.7) 

  

Similarly Ecuation (3.5) can be expanded and 
resubstitution di-ves 

 

ad2"°d2 - LdEd2ef)  
1/d2  La  Ad2  id  P 

 

(3.8) 

By adding Equations (3.7) and (3.8) and substituting in 
Ecuations 
obtained. 

dl +d2 

(3.3) 

= 

and 

xd (P )  

(2.11) 

xd 

the following ecuation is 

G (p) 	(3.9) w w ld 	w 	of 

xd -L  (p)  G(p) 	x (p) 
Alternative forms of ----- 9 	and 0.) 
by Malik (42) and are as follows. 

are given 

(3.10) 



A= dl 	x (a 	) + 
d'-d1 °"(1.2 L difikd.(c''d1 ad2)11T3 

_2 1  
(xd -xN)adl 	 md rf  rkd)  (3.15) 
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(P) 	
 r + -o 

	

kd kd- 	L 	(3.11) ),2 
rfrkd (rkc1,If rfikd)P (-gfLkd 6kdismdflj  

x (P) 	L2 p MQ  
(,) 	rkg. ± ('ekg +1'111OP 

( 3 .12 ) 

Dividing the denominator of Equations (3.10) and (3.11) 
by (ZfLka  + -&kaLina) and equating to zero 9  the following 
expression is obtained. 

r,„ r 2 	(rkdLf 	rfLkd) 	kd 	= 0 	(3.13) P 	TT 	z 	P 	(./. T. t 
f kd ka 	-f-kd + "ka."-md)  

which can be factorised. From this the coefficients of 

Ecuations (3.7) and (3.6) are as follows. 

a, ad2   al'  

 

(T1  + T2) 	+ T2  - 2T1T2  + 4L2  / rade rfrkd)  
4/2  

(3.14) 
2T1T3 

 

Time constants are defined in erection 2.7 

v2 ( 
(xd 	xd) ad2 	-md`'

,  
f  rkd)  A= d2 xd(adl ad2) wxdrf rkd( -77T1.13 

( 3 .16 ) 



x (- a and. - 	d2 Tic.d +1)  
Ede xd( adl 	ad2)TiT 3ad2rf (3.18) 
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xmd(adllkd  - 1)  B al T1T3adlrf xd.( adl 2-7—)ad2 
(3.17) 

'RearrLnging Ecuation (3.3) the direct axis current 
eql1Ltions can be written 

id = - Td1 - Clid2 )  (3.19) 

Substituting Equations (3.7) and (3.8) in Equation (3.19) 

= 1 	lad  adl+ ad2 	adlad2  
a 1+ Ad2 + 	Ld 	Ld P

2 

id - (ey 	) -dl-d2' 2 
e4„ 

- ( adl 	)(T ) -(12' _2 (3.20) 

   

DifferentiatinG Ecuation (3.20) end eliminating the 
closed loop term 

Yl d  
Ld  

to obtain the rate of change of current rec,uired for 
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network representation the rate of change of direct axis 
current is as follows. 

1 	
tp* 

-9  d , adl ad2 
P id 	 ze 	Ld 	Ld 

( adl ad2 Adlccd2 + Ad2ad1)id 	(adlBea ad23d2)ef 

	

d 	ef 

	

(adlad2)-5- 	 àdlad2)(3d1 Bd2)  p (3.21) 

where p 	differs from p d  of Equation (3.1) in the 
term ed'  which is developed in Section 3.2.6. 

The LIDAS representation of this expression 

is given in Figure: 3.3 and 3.4. 

3.2.3 Quadrature Axis Current Equation 

Substituting Ecuation (3.12) into Equation 

(2.13) the operzr.tional ec,untion of the crJadrature axis 

is as follows. 

1 + Ada_ + Ad2  

 

Lm
2 p c 	 

Lq r 	(L + )--r) kg. mg kq 

 

cl (3.22) 

   

   

Again dividing numerator and denominator by (I,ma + Zka) 
and then expanding by division with 
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rkg 
+ mq  

Ecition (3.22) becomes 

„.....L 

	
limo 	rkq 	1., p mq  

ci 	(Lzaq + .6,7 + -a,inQ ±zkci)p r.kg  + (1, + -&-KO )p mg  

(3.23) 

By definition 

L - 	 
L4 	

+ 	 Lmq
6kg_ 

=  

	

71,ma + '61te!) 	a 	(Lnei  + 6k—e7!  

x I 
= 	( 3 . 2 4 ) 

By addition and subtraction of the term 

rk a_ 
-713 rag + kg_ 

and Eubstituting in Equation (3.24), Equation (3.23) 
becomes 

n" 	Nq  iq  Vd  
(I; I
g

I 	-0  a = 	 - -o 	
o

12 
(3.25) 

Rearrangement of this equation gives the auadrature axis 
current eauation. 

P+ 
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+ 	 
ia  

G  =  xi, 	x 11 10 	x" T" p a qo 
(3.26) 

Since the rate of change of quadrature axis current is 
recuired, differentiating Ecjuation (3.26) gives 

     

1  
P q 	 e 1 + :Frr

cl  

 

x 
;&* 	 x" 	- p  C 4-  X " " 	ViCt

-L 
 X " " 

	

ci CIO 	Ci0 

 

(3.27) 
yaw.* 	 4111M, 

 

where DY` differs fron tne closed loop term p Y  of 
Equation (3.2) in the term ec,  which is developed in 
Section 3.2.6. 

The MIDAS representation of Ecuation (3.27) 
is given in Figure 3.5. 

3.2.4 IoEd i_ngle Equation 

ciae torc-Je ecomtion, Eauation (2.21), can be 
rearranged to give the machine load rnr;le 

2 
P
2 	

41( d 1. 211 -t (3.28) 

See Figure 3.6 for the MIDAS representation of Ecivation 

(3.28). 
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3.2.5 Power, VARs and Power Factor 

Machine power is given in Equation (2.14). 
This relates to the busbor of Fignre 2.3 by Equations 
(2.2), (2.3) and (2.18) to give 

P = 1 (ed d  e q) 2  (3.29) 

The equation for macnine VARs for constant speed, 

Equation (2.18), is as follows. 

VAR =L( 	Vii) e 	2 	d d 	q q (3.30) 

with busbar VARs again obtained by Equations (2.2), (2.3) 
and (2.18) to give 

1 , VAR = 7- k ea  q e g  id) (3.31) 

Power factor at the busbar is obtained from 

Ecuations (3.29) and (3.31) as follows. 

PP = cos( c.'..xotan(VAR/P) ) 	(3.32) 

3.2.6 Short and Long Transmission Line Eouations 

The fundamental equations, Equations (3.1) and 
(3.2),oan be combined with the short trcnsmission line 

equations, Equations (2.29) and (2.30), to obtain s. 
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modified fundamental equation which includes the 
transmission line. The overall eauations are as 
follows. 

P Ydd ed (ra + re ) id. 6e P id - xeiq u)Pq+  Pq P 	(3.33) 

and 

P 	= eci  (ra  + re) 	P 	xe  id.  w Y'd - Yid P b 	(3.34) 

since Le p id and &e p iq are closed loop terms they have 
been eliminated under Section 3.2.2 by using attenuation 

terms. See Figures 3.1 and 3.2. Equations (3.33) and 

(3.34) become 

p ifr a. a +re )id —xeici —w q + q 135 
	

(3.35) 

and. 

p ri*q  e 	( ra  + re )ia +xeid -i-  Pd  yid  p 	(3.36) 

For long transmission line equvtions the terms 

for each axis voltage are collected from Equation (2.35) 

and dividing by p2 to obtain 

1 e dr -67 
ds e 	 idr 	e„ 

— 	( e66J2 	re,-) 	r 	( ro + g-6) 
P 	P' 

  

idr 	,Nedr 	p + 	(4)1, 	+ goi 	l; v w •"'"'""-* (3•37) 
P 

and. 



cir (rc + gZ).-2: -a 	2 - p 	+ 2ezt.0 pr idr (3.38) 

e = 1  
qr 

eqr i 	ed, 
cLus2 - 1 - 	ar r 	(re + gZ) w 2 	2 
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The computer representation of these equations is 
shown in Figures 3,7 and 3.8. 

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

ids, 	 2iar + (c-w2 - 1 --rg) ids - 	+ g eds (rc + &Ow qs 
cc 	 2 

104 

and. 

d + we
e
Ts + c -- ( rc + 	ds 20,6w d 

104' 
(3.39) 

1 

qs &c --2--"r1
2 

+ ( c•&('02 - 1 - + 
P2 

ids (re+g~)w - 
P 

 

    

eds —wc 	c eps (rc + 	2oZw 
lap (3.40) 

  

Figures 3.9 and 3.10 show the computer representation 
for determination of the busbar current. 
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L r 	+ Lip   2I + (r2 + r p 	p2 )  s pin in + Rrs N in 

3.2.7 Circulating Current Ecuation 

To obtain the time Ctomain equation for the 
circulating current, Equation (2.42) is multiplied by 
(rs  +-bp) to become 

80 

N 
+ R.6 Np in  + RL Np In  - R E.: L pin  = 0 

n=1 
(3.41) 

dividing by p2 and solving for in 

2 - rs  1n NH 	in R 	In RN In 2rsn in = 	2 2 —--ors 	+ n=1  p 	p 	p 

- NR in  rs  In T 

p p 'n (3.42) 

For a CT with low lealv-Ige such as a through or bar type 
(33, 66, 71), 

3.3 Tra- nsforma..tion of Symmetrical Waveforms 

3.3.1 Busbar Voltage  

The voltage of phase a ainusoidally applied 
at a frequency of (...)/27t can be expressed as 
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ea  = Em sin( wt + X ) 
	

(3.43) 

If X is chosen so that ea =0 when t= 0 it is 
possible to transform all networks to the same instant 
in the time domain by relating; them to the bulbar voltage. 
From zauc.tion (2.17) 

wt-Ex=e+ b 	 (3.44) 

where X=0. Substituting Equation (3.44) in Equation 

(3.43) gives 

ea = Em sins cos 0 E cos b sin e 	 (3.45) 

The inverse transformation of Ecuation (2.1) relates ea  
to ed and eq  as follows. 

ea = ed  cos° + eq  sine 	 (3.46) 

The 

ed = Em  sins 
	

(3.47) 

e
q 
 = E

m 
 cost 
	

(3.48) 

The MIDAS circuit for symmetrical voltages is given in 

Figure 3.11. For normal operation Eri = 1.4142 as defined 
in Section 2.2. For a three phase fault Em = 0. 
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3.3.2 Primry Circuit Currents 

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

la 	ia.  cos O + 1g_ sin 0 	 (3.49) 

The transform of currents is given in Figure 3.12. 

3.3.3 Linear Coupler 

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

es  = 	Lp it  + ((L+ 6s)p + rs)is 	(3.50) 

es 	- R is 
	 (3.51) 

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

R(ids  cost) + icis  sine) = - L cosep 	L idt w sin°  

- L sine p 	wL 3qt  cose + (L + 6s)p ids  cosh 

(L + 6s)w ids sine + (L + 6s  )p icis  sine 

+ (I+ s)coiqs  cose 	rsids cose + rsqs sine 

(3.52) 
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Gathering terms and dividing by p the axis equations for 
the linear coupler become 

	 q 	
—

t {R+ rs  ids ids -- 	+ 6c,) dt +  (L + Z) p 	{L + 	w p 	p 	(3.53)  

idt 	(R+ rS )  i" + w ids 	(3.54) ±cis (Z+ 
	 icit  (L OL 	

p 	(Li" 65)  

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

The current equations which have the same 

waveform as the voltage equations are used to reduce 
scaling problems on the computer plotter. 

3.4 Transformation Using a 	(3 Components for 
Asymmetrical Waveforms 

The following relationship between the two—axis 

field and a and p field for the reference axis is the 
inverse of that used by Concordia (14). 

m111, 	omille 

NE. 

ea'  1a 
en, 1(3  

cos 0 sin 

—sin 8 cos  

ed'd (3.55) 
ea' i c 

between phase values Clarke (13) gives the relationship 

and a and (3 components for phasors from which the relation 
for instantaneous values is as follows. 
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With these relationships the c.symmetrical wavefolaB 
for faults can be developed. 

3.4.1 Line-to-Line Faults 

Phase quantities for a line - 	line fault 
on phases b and c are as follows. 

a) Phase Currents 

From Equations (3.55) and (3.56) currents in 
phase b and c are as follows. 

b = 	 7 
[1 	3 - id 4- 7 1(1. cos 0  1 . 	3 , +- q 2 d sine (3.57) 

IC  r
1 	3 • 

id + 7  lq  cos 0 44- 	+ id] sine 	(3.58) 

The MIDAS representation to determine ib and 

c is shown in Figure 3.14. When eb =0 at 
t= 0 then by the argument of Section 3.3.2 

= wt-+ 27t 
	

(3.59) 



S 45 S 60 

• >  Neg25 

q Sin 0 

88 

M61 16 

1 3 

Neg24 

T 
RES 3B 

—.), 

	> M 53 

T 
RES 3C 

RES 3B 

.1. 
id  sin 0 

-1> 

S 22 

M 84 

5 44 P M 89 

id  cos 0 

-0.5 
.•••••=w1ILM••••• 

I  a 
---* M 86 	 

1 

1 6 M 85 

i 
RES 3C  

.866 

iq  cos 0 	ROOT 

FIGURE 3.14 Line to Line Fault Current Transform 



89 

b) Faulted and Unfaulted Voltage 

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

eG  = Ern sine cos e + En, cos b sin 	(3.60) 

Transform (3.55) gives the following relation. 

ed - ea cos y 	e, sin 6 	 (3.61) 

e = ea sine + e
P 
 cos 0 	 (3.62) 

Since ea = ea and e,=0 for a phase b — to - c 
fault 

ed = Em  sin b cost e + Em cosb sine cos e (3.63) 

eq. = Em  cosb sing e + Em sin b sine cos 0 (3.64,) 

The circuit for the application of this fault 
is shown in Figure 3.15. 

c) Protective Circuit Transformation 

Combining the linear coupler equations, 
Equations (3.53) and (3.54), and the current 
eauations, Equations (3.57) and (3.58), the 
coupler voltage waveforms for phase b on a 
line—to—line fault for the components of a 
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and p along each axis is as follows. 

	 ( 1  -; 	3 4 	\ 	(=-11 	( 	iqt 	iat)  
ibds 	+ s ) 	2 dt' 	""qt' 	+ Zs) 

(R r ) s  ibds 	ibqs 
(1-J + •6s) 	P (3.65) 

1 . 	3 • \ 	wL 	(- 	idt-4 	)  
ibqs 	Zs) (- 7 1qt +7 	 (L 

s) ibas 	1bds 
(L + Zs) p -f 61-7 

(3.66) 

and similarly for phase c. 

3.4.2 Line - to -Ground Faults 

Phase quantities for a phase a-to-ground 
fault are as follows. 

a) Phase a Current 

The current in phase a for a line - to - ground 
fault is obtained from Equations (3.55) and 
(3.56) for the condition where (13) 

is  = 2 io 
	 (3.67) 



92 

and is as follows. 

• 3 = 7  a 	(id  cos e + i sin e) (3.60) 

b) Two-Axis Voltage 

The busbar voltage for unfaulted conditions 
is given in Equation (3.45). Since ea = - e0  
for line-to-ground fault and ea  = 0 the axis 
equations are derived from Equations (3,45), 
(3.55) and (3.56). 

e d  = Era  sine sin 0 - Em  cos 5 cos e sine 	(3.69) 

oci = 	Em sine) sin 	Em  cosh cos 8 cos 8 (3.70) 

The simulator circuit for this fault is shown 
in Figure 3.16. 

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

SYSTEM BEHAVIOUR DURING FAULTS  

4.1 Power and VAR Flow 

During normal operation of an electrical 
network, infeed and output of both real and reactive 
power at the busbar are equal. In this net1A,ork 
simulation each feeder is examined individually and the 

real and reactive power of the feeder is set to a 
predetermined value which is fixed by preliminary 
computer runs • 

4.2 Method of Determination of the Primary Circuit 
Waveforms 

To comply with the requirements outlined in 

Section 1.3.2 each feeder is represented by a machine 
connected through a transmission line to a substation 

busbar. The simulation is run for a number of network 

operating conditions. The real power at the busbar is 
given by Equation (3.29). Tt, shown in Figure 3.6, is 

varied to give this required value of power at the 
busbar. The busbar reactive power balance is regulated 

by varying the value of EF, shown in Figures 3.3 and 
3.4, to the required output as given by Equation (3.31). 
This method is used to determine the simulator initial 
conditions which represents the network under its 
loaded or operational state. The simulation is run 
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for a number of network operating conditions. 

AU variables are obtained for unfaulted 
steady state conditions, and current and voltage 
waveforms are obtained for the three types of faults. 
The application of the short circuit is from a normal 
or loaded network condition at maximum instantaneous 
voltage and not from the unloaded network condition. 

Each feeder is simulated separately by changing the 

parameters and determining the required variables over 

a desired range of the independent variable. All 
primary waveforms are determined in the two 	field 
and then transformed to the time domain. 

4.3 Methods of Determination of the Busbar Protection 
Circuit Currents 

When the secondary or busbar protection circuit 

has an impedance which is independent of primary current, 
the simulation of the secondary is included with the 

simulation of the primary in the two - axis field and 
then transformed. since the secondary current of a 
circulating protection scheme is a function 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 program is used for the simulation of the 

circulating current protection scheme. The parameters 
of this simulation are the circuit values given in 

Equation (3.42) and the primary circuit currents obtained 
from the network simulation. 



96 

The reference axes chosen do not permit 
addition and subtraction of the two - axis quantities 
unless they are first transformed to a field with the 

same reference axis. The sinusoidal variation of the 
currents in the time domvin, which makes calculation of 
instantaneous values ir4)ractical without transform 
methods, gives increased difficulty in the determination 
of initial values for this representation because of the 
short tines possible between successive iterations. 

However the reduction in the number of parameters required 

in the input is considerable. Therefore the secondary 

currents are determined in the time domain but only for 
the circulating current scheme sipulations. 

4.4 Substation Parameters 

The substation used in this analysis is based 
on the configuration and power flow of a substation in 

Southeastern England but it is intended as an 
illustrative example*  of a substation and not as an 
exact simulation. The network -parameters and the 
parameters obtained from the solutions of Equations 

(3.14), (3.15), (3.16), (3.17) and (3.18) for each 
feeder are given in Appendix Sections A.1 and A.2. The 
network arrangement for this substation 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 practical significance. 
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Figure 4.1 Substation Network 
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4.5 Normal Substation Operation 

The instantaneous values of per unit current 
and voltage for phase a at the substation busbar are 

given in Figure 4.2. The real value of feeder current 
can be obtained from the per unit instantaneous current 
by the following equation. 

It = 600 X TEG i a 	 (4.1) 

The value of EEG for each substation feeder is given in 
Appendix Section A.3. Also included in this section 
are the values of real power in MW and reactive power 
in MVA for the desired operating condition. The per 
unit values used to simulate this condition are given 

as well as the values of torque and excitation required 
to obtain this balance. The computer constants of 

integration required are given in Appendix Section A.4. 

4.6 Circulating Current Scheme Stability on External  

Faults 

The general method of determining the value 
of stabilising resistance is given in Section 1.1.2. 
The solutions of Equations (1.1) and (1.2) give the 
stabilising and relay resistance (RR) for an operating 

current of .2 per unit amperes. Since the phasor 

representation used in determining RR  is incorrect for 
functions not varying sinusoidally, the instantaneous 

values of relay current over the first 3/4 cycle after 
occurrence of a fault, are determined. For comparison 
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Figure 4.3 gives the fundamental relay currents for 
values of relay branch resistance of RR/14, RR/2 and 
RR. These curves are for an external three phase 
fault which saturates the CT on feeder No. 10 and are 
obtained from the simulation of Equation (3.42). 

4.7 Three Phase Fault Waveforms 

The definitions of many terms used in this 
description a:2e based on the phasor representation of 
current and voltage and these definitions become 
meaningless during a fault. However for purposes of 
discussion a cycle will be taken to mean the period of 
oscillation of the steady state, non—faulted system. 
Real and reactive power flows are not balanced on the 
busbar feeders during an internal fault. 

Since fault studies are for one cycle only the 
speed governor and voltage regulator will not be 
considered. 

4.7.1 Primary Network Waveforms 

Figure 4.4 gives the primary circuit current 
for each network feeder for an internal three phase 

fault which occurs at maximum instantaneous voltage. 
This voltage waveform is included in the figure. 

Figure 4.2 which is for the normal operating 

conditions shows that at all instants of time there 



1 / 

4.%4---'-- .,. 	t 
.01 

1.6 

1.0 

co 

0 

•rt 

0 

ri 

0 0 
cz; 

0 
H 

-1.0 

.02 

103. 

Time in Seconds 

Resistance Symbol 

RR/14 

RR/2 
	0 

RR 

Figure 4.3 Relay Current During CT .. 
Saturation on External Fault 

Fault Occurs at Tine .005 Seconds 



102 

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 

is a region of polarity change in which both polarities 

exist. 

4.7.2 Circulating Current Waveforms 

The CT secondary instantaneous current values 
and protective relay instantaneous current for this 
fault occurring on the busbar is given in Figure 4.5 
for a stabilising resistance of RR. The relay current 
however is limited by a parallel connected non-linear 
resistor as outlined in Section 1.1.2, which may alter 

the wavef,;rms of Figure 4.5. This voltac,e limitation 
is high enough to retain the resistor in the linear 
range on an external fault. 

The protection shceme is dependent upon the 
saturation voltage of the CTs and the resistance of 

the relay circuit. If the ratio of CT inductance to 

relay resistance is too high saturation causes false 

operation on external faults. If this ratio is too low 

then a higher proportion of the current is required for 
CT magnetising current. A comparison of Figures 4.4 
and 4.5 indicates that the Dick-up current of .2 per 

unit amperes specified in Section 4.6 has put this ratio 
on the low side of the permitted range. Thus Figure 

4.6, which gives the CT and protective relay instantaneous 
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current values for an external fault, shows a scheme 
with high stability. 

4.7.3 Linear Cauzpler Waveforms 

Figure 4.7 shows the linear coupler output 
for a three phase fault with the resistance of the 
coupler circuit equal to RR. Figures 4.8 and 4.9 are 
also waveforms of linear coupler output for three phase 
faults but with coupler circuit resistances of RR/l4 
and 1 megohm respectively. For convenience these values 
of linear coupler current are given on different per 
unit base values. Because the power output of a linear 
coupler is limited by the magnetic circuit Figure 4.8 
is of interest for comparative purposes only. Figure 
4.7 shows that there is no practical difference in linear 
coupler circuit waveforms for an increase in resistance 
to limit power output over this range. However Figure 
4.9 shows the increase in phase shift as the circuit 

resistance increases which at infinite resistance or 
open circuit is 90 degrees ahead. 

4.8 Line-to-Line Fault Waveforms  

Figure 4.10 gives the primary instantaneous 
current for phase b of a line - to - line fault between 
b and c. Since the transform which gives the current 
in the time domain is 120 degrees ahead of the a phase 
transform the first Quarter 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 parameters of the 
power source and the impedance of the network to the 
fault location. However for a line-to-line fault, a 
busbar voltage revains and the primary current is 
influenced by it. The primary current in line c after 
the occurrence of this fault is approximately the 
mirror image of line b current. But some power flows 
on the faulted lines as well as on the unfaulted line 
associated with phase a. For a three phase fault the 
convention given in Section 2.2 for motoring and 
generating action is maintained for the instantaneous 
voltage and current of all phases. But for a line - to - 
line fault this convention is maintained for phase b 
and not maintained for phase C. 

The current transformer and operational relay 

secondary waveform on phase 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. 

4.9 Single Line-to-Ground Fault Waveforms 

Figure 4.13 gives the primary current for a 
single line - to - ground fault at the busbar of the 

typical substation. The waveform of the faulted phase 

for a single line-to-ground fault resembles the 

waveform of phase a of the three phase fault of Figure 
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4.4. The behaviour of the network is similar to a 
three phase fault since the single line-to-ground 
fault divides the network into four parts each operating 
independently. 

The circulating current operational relay and 
current transformer wavel:orms for the faulted phase 
of a single line - to - ground fault are given in Figure 
4.14. The linear coupler output waveform for this 
fault is given in Figure 4.15. 

4.10 Sampling and Integration 

If it is possible to obtain an accurate 
sample of instantaneous primary current from each 
feeder, bt.sbar protection can be achieved as outlined 

in Section 1.1.1. Since the difficulties of accurate 

transducer operation occurs when it is attempted to 
provide power through the transducer for protective 
equipment operation a transducer which does not require 
maximum power transfer is investigated here. In order 

to have a minimum of power transfer by the transducer 
its output is sampled by a digital device. The sum of 
the values sampled for each phase from all feeders 

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 required. If this impedance is very large the 

voltage across it is not proportional to primary current 

as shown in Figure 4.9. 
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In order thc- t the effect of propagation of surges 
between points night be inVe t iga t e d the long line 
represent,: tion developed in Sections 2.9 and 3.2.6 is used. 
Figure 4.16 gives the busbar fault waveforms for this 
representation. A sampling method which integrates linear 
coupler output over variable lengths of time is used to 
deter line the value to be fed to rn analogue to digital 
convertor. Values from the convertors are summed and this 
magnitude is used for protection according to Kirchoff s 
second law. 

The values used for line simulation are given in 
Appendix Section A.5. The simulation time constant Ta.  is 
very large compared to one cycle over which the sanmling is 
done. The increased calculation required by the more complex 
line simulation can be offset by greatly reducing T1  without 
loss of accuracy. Thus other parameters are used for this 
simulation for ease in determining the network initial 
conditions. The primary parameters for this simulation are 
given in Appendix Section A.5, the calculated parameters and 
those determined from Ec!uations (3.14) , ( 3 	) 9 (3 .16 ) 

(3.17) and (3.18) are given in A-'i_.endix Section A.S. 
Parameters associating real and reactive power flow and 
the recruired initicl conditions are given in Appendix 
Section A.7. 

4.11 Eethods of Current SumDation 

Pusbar protection is now almost ecc2.-c.sively 
of the circul;-  ting current type because this method is 
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well suited to the conventional type of CTs and relays. 

The development of this method is associated with the 

reliability of the ec,uipment available, its sturdy 

construction, and use of components with ,,ihich the 

operJ.tional and maintenLnce staff are familiar. As the 

system developed many of the feLurep inherent: in a 

circulating current scheme have become with time to be 

regarded as desirable features for b'csbar plotection. 

With the advancement of technology, improved materials 

and components could lead to a better application of old 

techniques or the introduction of new methods. 

It has been proposed (17) that tae time for 

detection of busbar faults cc_n be reduced by the 

introduction of a protection scheme using integrated 

samples of primary network currents and analogue to 

digital conversion with diital summation. The criterion 

for tripping of busbar breakers is based on Kirchoff's 

second law. Using this method to detect busbar faults 

a technicue is reciuired to control substation reswitching 

operations automatically so that security of supply is 

maintained during busbar fault conditions. This 

technicue is developed along with methods for 

supervising manual switching instructions in Chapters 

5 and 6. 
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CHAPTER 5  

LOGIC PROCEDURES  

5.1 The Purpose of Logic 

In order to control substation busbar 
switching it was stated in Chapter 1 that methods based 
on logic would be investigated. In this chapter the 
theory of some of the logic applied to substation control 
is outlined. In the subsec,uent chapters this theory (27) is 
applied to substation control. 

5.2 The  Logic Forms 

To determine and store the information required 
by a substation controller so that it performs the 

desired operations safely z nd intelligently, it is 
necessary to develop a method of manipulating logic 

arguments and of storing the logic for these o;perations. 

Logical arguments are not possible without a 
form of language of which there are two generally 

accepted forms. The calculus of propositions (20) deals 
with logical connectives linking propositional variables 
and, strictly speaking, should be formalised language 
sentences. This language is useful for switching 
problems because it can be used to transform expressions 
into their conjunctive and disjunctive forms (11). The 

algebra of classes, which is frequently referred to as 
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Boolean algebra, is the symbolical study of relations 

between classes. In Appendix B the definition of Boolean 
algebra is given. 

Switches are like bounds of a Boolean algebra, 

that is, they can be 'on' or 'off'. Because of this 

analogy, problems in stitching have been solved using 
some of the principles of Boolean algebra. The 

application to switching problems is generally attributed 

to Shannon (61), but it must be noted that he favoured 

the calculus of propositions rather than Boolean algebra. 

Since the elements used in switching are limited to two 

possible and exclusive values, 0 and 1, a switching 

algebra (38) will be constructed here in terms of 0 and 
1. 

Using the Boolean operator 	two elements x 
and y will have an output table as follows. 

x y output 

0 0 0 

0 1 0 

1 0 0 

1 1 1 

Table 5.1 

The distinction between a Boolean algebra (8 ) and a 

switching algebra must be kept clear. The definition 

of a Boolean algebra, given in Appendix B, shows that 

its elements are not restricted to two states, whereas 
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the elements of a switching algebra are. In a switching 
algebra the terms x 	y are meaningless unless the 

accompanying table of values is given. In Table 5.1 
these values are given in columns 1 and 2. Then column 
3 must be added in order to describe a function. In 
Booloan algebra form the output of Table 5.1 can be 
written as x • y. 

The purpose of introducing switching algebra 
is to develop a simple way of representing functions of 
more involved combinations of Boolean operators (69). 

5.2.1 Boolean Binary Operation 

Figure r 
• -1- shows a double busbar substation 

with three changeover switches xi, x2 and x3. Each 
switch can be in either of two states (xl or HT, x2 or 
7.79  x3 or H7). For example, if fl represents the input 
to the substation and if switch xl is in the xl state 

power is supplied to busbar M, and if it is in the -a) 

state power is supplied to the busbar R. An expression 

in Boolean algebra form can be obtained for feeders f2 

and f3 when the following conditions are satisfied. 

f2 = (xl • x2) V (xi x2) 

f3 = (xl • x3) V (1.:1 • Fc7) 

In switching algebra these equations can be written in 

the form of the following table. 



M 	 R 

fl 

f2 

2 --- —77 - - 

f 3 

  

Figure 5.1 Switch Arrangement 
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xl x2 x3 f2 f3 

o o 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 xl, x2 and 
x3 are given and switching functions of these values 
are described for f2 and f3 in columns 4 and 5 
respectively. Obviously this table will soon become 
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 becomes important. The method of 
assigning 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 



xl x2 

x3 00 01 11 10 

0 

1 mitimi 
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[xl x2 x3] 

0 
1 
2 

3 
4 

5 
6 

7 

The following tables give another method (20) 
of showing when f2 and f3 are enerc;ised, 

El in 0 
III 0 
1 

0 

Table 5.3 

xl x2 

x3 00 01 11 10 

0 
f2 

1 

f3 

Table 5.4 

In these tables the exclusive values of xl and x2 are 

listed horizontally. By listing values of x3 vertically 



00 01 11 10 

111111 0 0 
0 0 1 111 

00 01 11 10 

1 0 0 0 

0 0 1 0 
( 5 .3 ) 

xl x2 
x3 00 01 11 10 

0 

1 
o l o 

111 0 111 0 

1 1 0 0 

0 0 1 1 
11110111 

0 1 1 

0 
1 

(5.4) 
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the eight Co- orinc.,tes obtained can be used to represent 

the eight rows of Table 5.2 in a matrix. The elements 

of the matrices in Tables 5.3 and 5.4 are equivalent to 

columns 4 and 5 respectively of Table 5.2. With this 

notation the order of the exclusive values again becomes 
iliportE%nt. 

The switching algebra representation of f2 'f3 

is 

This represents the conditionwhenboth feeders f2 and 

f3 in Figure 5.1 are energised at the same time. In 

a similar fashion it can be shown that the solution of 

f2V f3 is 

xl x2 

x3 CO 01 11 10 
	

00 01 11 10 
	

00 01 11 10 

This represents the condition when either f2 or f3 in 

Figure 5.1 is energised. 

Equations (5.3) and (.4)  show how the Boolean 
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operators can be afiplied to 	switching matrix, however 
there now arises E.nother distinction between a Boolean 
algebra and a switching E.16ebra. The Boolean operators 
do not form groups whereas the elements of a switching 
algebra under a new operf-tor shown below form an ordered 

group. The definition of 2 group is given by McCoy (39). 
The following section gives the use of this new operator. 

5.2.2 Matrix Product Operation 

If the values of f2 and f3 given in columns 
4 and 5 of Table 5.2 are transposed to form rows, and 
the values of xl, x2 and x3 given in columns 1, 2 and 3 
of Table 5.2 are considered to be an ordered progression 

Table 5.2 can be written as the following matrix equation 
using the new operator. 

where 

"-1 
1 
0 
0 
0 
1 
1 1 
0 0 

xl 

x2 
x3 

0 
1 

0 
0 

1 
1 ] 

xl 

x2 
x3 

f3 (5.5) 

is the transpose of Exl x2 x3] given in Section 5.2.1. 
In regular matrix form Ecuation (5.5) becomes 

EBJH = 

 

(5.6) 
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where 
[BI  is the matrix of coefficients given in Equation 

(5.5) oxid Ex,j and [f] are vectors representing the terms 

respectively. 

If the binry progression 

0 

[

0 

0 

1 

0 

0 

0 

1 

0 

1 

1 

0 

0 

0 

1 

1 

0 

1 

0 

1 

1 

1 

1 

1 

Table 5.5 

is written in the form 

xl 

x2 
x3 

 

f2] and 

  

   

xl xl HI xl 7;-1-  xl 71 xl 

x2 x2 x2 x2 x2 x2 x2 x2 

H7 H7 H7 77 x3 x3 x3 x3 

Table 5.6 

it can be combined with each row of B 

IN" 

1 0 0 1 1 0 0 1 

0 1 0 0 1 0 1 

to ob-a:in the following Boolean expressions. 
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(1 • 5;:l • x2 ° 75) v (0 • xi • 7f • .77) v (0 • 	x2 • 77) 

V (1 ' xl • x2 • 77) V (1 71 • x2 • X3) V (0 • X1 • X2 • X3) 

✓ (0 • -1(7 • 	• x3) V (1 xl x2 ' x3) = f2 	 (5.7) 

snd 

(1'xi • 7.-2: • 75) V (0 ° 	• al' • -x-3") v (i • HT • x2 • x73) 

✓ (0 • xl • x2 • x3) V (0 • xl 	' x3) V (1 xi HT • x3) 

✓ (0 • 7-I • x2 ' x3) V (1 ' xl• x2 • x3) = f3 	(5.8) 

Each set of terms v/ithin brackets represents a row in 
Table 5.1 and is equ,ivE.lent to the a-epropriLte 

descriptive vale (col in 4 for f2, column 5 for f3) 
and the first, three colanns. In this way Equations 

(5.7) [11]. (5.8) Ere used to give the fully expanded 
Boolean algebra forms of the switching algebra of 

Equations (5.5) or (5.6). To interpret the meaning 

directly from Eccnations (5.7) and (5.8) in Boolean 
algebra form the definition in Appendix B is followed 

strictly. From the bound pzoperty for 	given in 
Appendix Section D.3, the following substitutions can 
be made. 

	

(1 ' RI • x2 • x3) = (-37 ' x2 • .7.7) 
	

(5.9) 

and 

(0•xl • 	• X73) = 0 	 (5.10) 

Also, from the bound property for V, the following 
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substitution cL.n be made. 

(E1 • ±2-  • 743.) v 0 = 	• x2 ' 727) 	(5.11) 

Using the complementc-xy law for V given in Appendix 
Section B.4, 

(7e7v x3) = 1 	 (5.12) 

and the bound - roperty for • as illustrated above the 
iollowing substitution can be made. 

(71.3:2.57)v (3-:.T. • TT, • x3) = (xi • x2'1) = 	x2) 

(5.13) 
By this method it can be shown that Equation (5.7) is 
equivalent to ET„tation (5.1) and similarly Eouation 
(5.8) is equivalent to Ecii_ation (5.2). 

Vector representation of a matrix leads to a 
further simplification_ in the use of this operator. 

5.2.3 A Convenient  rethod of Matrix Re:presentation 

In order to specify the matrix representation 
of Equations (5.7) and (5.8) given in Ecuation (5.5) 
method of vector representation is employed (26). Vector 
representation can be given to the Boolean matrix [B .] 
by legarding each column of the matrix as binary numbers. 
The decimal equivalent is obtined from the binary 
representation by taking the value in the top row as the 



0 0 1 1 0 0 1 
(5.14) 

0 1 0 0 1 0 1_ 

0 2 1 1 2 0 3] (5.15) 

1 

= 1 

the vector 

B = [3 
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leLst significant clirsit. For example, froril the matrix 

is obtJ:dned. 

A vector “3) is eQuivalent to the binary 

pro6ression of minimal polynomials in a Boolean alGebra 

as illustrated by Table 5.6. Thus for a three element 
matrix. 

--4 
2\(3) = [0 1 2 3 4 5 6 7] 	(5.16) 

The ecuivalent Boolean matrix is 

 

= —0 1 0 1 0 1 0 1 

%(3) = 0 0 1 1 0 0 1 1 

0 0 0 0 1 1 1 1 

 

(5.17) 

   

llote -die relationship between this Boolean matrix and 

the progression of xl, x2 and x3 in Table 5.2. 

With the addition of the vector 2.(n) 

Boolean matrix multiplication can 	defined 
and the properties of identity and inverse can be 
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demonstrated. This is shown in Appendix C. 

5.3 Karnaugh  Hap hethod 

The table, Table 5.3, of Section 5.2.1 can 
be called a map. This nap was developed by Ksrnaugh (30) 
as a convenient method of representing switching functions. 

In order to illustrate the use of a Karnaugh 

map four variables, which can be designated w, x9  y, z, 
are used to form elements of a Boolean algebra. By 

the complemcntEry law given in Appendix Section B.4, each 
variable h.,7c_st have two elements in the set. The variable 
w has elements w and 7175  and similarly variables x, y 
and z have elements x and H, y and 7, z and 7. Sikteen 
possible combinations of these four variables are 
determined by the Boolean algebra expression of the 
binary progression developed in Section 5.2.2. Each of 

these combinations is assigned a position in accordance 
with Figure 5.2. 

)x 

Figure 5.2 Element Assignment 



0000 0001 0011 0010 

0100 0101 0111 0110 

1100 1101 1111 "1110 

1000 1001 1011 1010 

W 
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In this figure rows 3 and 4 are assigned to the element 
w, therefore rows 1 and 2 are assigned to the element 
W. The accompanying exclusive values of wxyz (see 
Section 5.2) can be placed in the appropriate cells of 
Figure 5.2 to produce a switching algebra form as shown 
in Fire 5.3. The two rowe inaio:,ted by w in Fibure 
5.3 denote the positions in which w has a value of 11f. 
In a siuilar manner these positions are indicated for 
x, y and z. 

y 

z 

Figure 5.3 Cell AsEignment 

Tuis map method can be used to illustrate a 

method of simplifying a function. By adopting the 
representation of Figure 5.3 given in Figure 5.4, 
switching functions of w, x, y, z can be described in 

the manner used in Equations (5.7) and (5.8). In Section 
5.2.2 Equation (5.7) was simplified to the form of 

Equation (5.1). This process is aluch easier to follow 
when done by the Karnaugh map method. Simplification 
in this map depends upon the ease of observing adjacencies 
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y z 

w x 	00 01 11 10 

00 

01 

11 

10 

Figure 5.4 Karnaugh Yap 

in the map. To make these adjacencies easier to see, 

'0' is usually dropped from the cells in which it 
occurs. The Karnaugh map of Equation (5.7) in this 

form can be obtained by modifying Table 5.3 and is 
given in Figure 5.5. 

xl x2 

00 01 11 10 

il ) l 

a 

1 	1 1  
. 

I 	I 
i 

14,1 

'I 	i 

1,..1 1 

Figure 5.5 Function Representation 

The cells are grouped into rectangles, squares, 
rows, columns and pairs. In the nap 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 that there is an entry for both states 

of x3. Therefore it can be omitted from the Boolean 

0 

1 
f2 
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algebra expression for that colunn. By this arcument 
both states of x3 can be o=ited for column 3. Tile 
Boolean equation in xl and x2 representing Figure 5.5 
can by inspection be seen to be 

f2 	(1.7 • x2) V (xl ' x2) 	(5.18) 

which is the same as Ecluation (5.1), the simplified 
expression. 

Using the principles described in the sections 
above switching maps can be developed. 

5.4 StabilitzLILaiLaLly 

One of the features of the switching controller, 
mentioned in Section 1.4.3, is that it utilises a memory. 
That is, time is an element and the untputs are functions 
of the present input and also of past switching 
arrangements. Inputs for circuit memory (55) are called 

primaries, and their states are represented by x's. 
Outputs are represented by Z's. The memory of these 
circuits are called secondaries and their states are 

represented by y's. Since there is a time delay before 

secondaries change to a new state their next state is 
represented by Y's. 

When the next state of the secondary is the 
same 	the present state the secondary is stable. When 
the next state of the secondary is not the same as the 
present state, the secondary is unstable. Stable 
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conditions are then olotoined when 

y = 1 and Y = 1 
or 

y= 0 and Y = 0 

and unstable states are obtained when 

y = 1 and Y = 0 

or 

y = 0 and Y = 1 . 

5.5 The Formalised Procedure  

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

5.5.1 Primitive Flow Table  

The primitive flow table is constructed from 

the arrangement of substation feeder switches and 

constraints. The constraints determine the columns 
that occur in the map. A different state number is 

assigned to each stable switching s.tate which is 
determined by the relevant information for each switch. 
Since this is a preliminary step in the assignment, the 
number is assigned by convenience. Distinction can be 
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made between different permitted orders of switch 

operation by assigning different numbers to them and 
undesirable orders of switching are avoided if they are 
not given state L:ssignments. For example, a breaker 
and en isolator in the sE- me feeder must be operated in 
the correct socuence. The 7,)rimitive flow -L7.ble for the 
switching of this feeder is shown in Figure 5.6 and is 
developed as follows. The inputs are called xl, which 
is assigned to the breaker, and x2, which is assigned 
to the isolator. since there are no 46traints all 
elements in the switching algebra are permitted as inputs. 
The inputs are listed as colLmn hoadings in Figure 5.6. 

xl x2 

00 	01 11 10 

2 3 0 

2s 4 0 

5 4s 1 
55 

3s 

Figure 5.6 Primitive Flow Table 

The heading for column 1, which is 00, means that an 

input signal which recaests that both switches be opened 
has been received. The heading for columnZle, 01, means 

that a signal which recuests that the isolator be closed 
and the breaker be opened has been received. 
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In the output column, hoaded Z, the signals 
to be used to control the breaker are listed. 0 means 
an output signal to open the breaker and 1 means to 

close the breaker. The output column for the isolator 

is not given. 

Each stable state is assigned a seperate row 

in the body of the table. The letter s is used to 
signify stable states. With both svritches open the 
stable stn to is exists. Prom state 1 the next step 

is to close the isolator, x2, moving horizontally in 
the table from state is to state 2 when the input 
changes from 00 to 01, and then in the column to stable 
state 2s , and so on. Vacant positions indicate 
situations which cannot occur. Therefore from stable 

state 35 in which the breaker is closed and the 
isolator is open the only next possible state is 1 and 
the isolator cannot be closed. 

.5.2  Primary Flow Table 

In the development of the primitive flow table 
it is possible to introduce more stable states than are 
needed. Two stable states becoe redundant if they 
have the same inp-ut and output states and if each input 
change causes the same or ecluivalent change in stable 
states. To produce the primary flow table all stable 
states which can be assigned the same secondary state 
are determined. This reduces the number of secondary 
state assignments required. The difference in state 
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with the same secondary assignment is determined by a 
difference in input. Stable states which can have the 
same secondary state assignment are those wLich have no 
conflicting state numbers for any change of input. A 

vacant position does not conflict with stte assignment 

because this 2osition can have any convenient assignment 

since it has no output ( 9). To illustrate this by the 

example in Figure 5.6, rows 1 and 2 can be combined to 
form the following row 

00 01 11 10 

because no conflicting states occur between rows in any 
one column. However rows 1 and 4 cannot be combined 
because state 2 and stable state 5s in column 2 have 
conflicting state numbers. 

In a primary flow table with a large number 
of stable states, generally, there are a large number 
of ways in which this assignment of secondary states 

can be accomplished. The method adopted in Chapter 6 

of this thesis is to consider the different Possible 

ways of assigning stable states and to test for the 

assignment which allows the largest number of primitive 
flow table states to be given the same secondary state 
assignment. 

A primary flow table can be formed from the 

primitive flow table of Figure 5.6 by combining rows 1 



141 

and 2 to form a new row and rows 3, 4 and 5 to form 

another new row. The resulting primary table is shown 
in Figure 5,7. 

00 01 11 10 

is 2s 4 3 
k- 
1 5s 4s 3s 

Figure 5.7 Primary Flow Table 

An assignment for rows a. and b in this table 
is now reouired. 

5.5.3 Secondary State i'ssignment Table  

To assign secondary states to the stable 

states in the primary flow table, the state - to - state 

transition must be examined. For a direct transition 

between stable states, it is desired to limit the number 
of transitions in the logic variables as much as possible. 

For example, if the secondary state assignment of a more 
comlex table is to be accomplished by three logic 

variables, yl, y2, y3, a transition in these variables 
from 011 to 101 is to be avoided if the states 111 and 
001, which are intermediate or transitional, represent 

other stable states. The assignment of states is 

accomplished by examining the flow table for states 

which are logically adjacent. The stable state number 

a 

b 
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can now be given more than one logic variable assignment 

when this does not increase the nuinber of logic variables 
resuired. Only one of these assignments can be used as 

a stal)le condition but in this way the number of 

adjacencies (see Section 5.3) can be increased which 
permits a choice of transition routes to avoid this 
difficulty. 

5.5.4  Secondary swaps 

The secondary map is determined from the 

primary flow table and the secondary state assignment 

table by substitution. First the corresponding 
secondary state assignment is substituted for each 
stable state of the flow table and thus each stable 

state becomes the same as the present secondary state. 

Then each unstable state is given an assignment 

corresponding to the next secondary state. This entry 

should be the same as the correslponding stable state or 

may have a transition through an unstable state eventually 

terminating in the stable state. Assuming that rows a 
and b of Figsre 5.7 have been given secondary state 
assignments 0 and 1 respectively, Figure 5.8 gives the 

initial substitution where stable states only are 

replaced by present states (see Section 7,.4). 

The map is completed by giving unstable states 

the assignment of their associated stable states. The 

completed map is shown in Figure-5.9. 
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xl x2 

yl 00 01 11 10 

0 

1 

Figure 5.8 Present State Assignment 

xl x2 

yl 00 01 11 10 

0 0 1 1 

0 1  1 1 

Figure 5.9 Secondary Map 

5.5.5 The Output Ma 

The output map is obtained from the primitive 

flow table, the primary flow table and the secondary 

state assignment table. The output for each stable state 

is defined in the primitive flow table. To determine 

the output map the output for each stable state is 
substituted in the stable state location found in the 
primary flow table. Figure 5.10 shows the output map 
determined from Figures 5.6 and 5.7 for the yl 
assignments of rows a and b. 

0 

1 
Yl 



xl x2 

yl 00 01 11 10 
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0 

1 
z 

Figure 5.10 Output Map 

5.5.6 Boolean Expressions  

By the method given in Section 5.3 the Boolean 

equation equivalent to Figures 	and 5.10 can be 
written as follows. 

Y1 = xl V 	• x2 yl) 

Z = 	• X1 

This can be used to program the state of logic variable 

Y1 in tie :witching controller and the controller output 

Z. 

To make the determination of this function. 

much simpler the computer program of Chapter 6 has been 

developed. 
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ChLPTER 6  

THE DEVELOPTaTT OF THE SWITCHING PROGRAL 

6.1 The Switching Controller  

The purpose of the switching controller is to 
perform ref_iuired network switching in a real - time 
system. It is intended that the controller should 
consist of a number of logic variables so that it can 

be progranmed to control any desired network 
cenfizuration. Since the controller circuitry would 

consist of only a small number of elements, the 
assumption is made that controller reliability can be 
provided by duplication or by error checking end 

correcting codes. In this way controller security 

would be improved (23). 

The operation of the controller wo,ad be either 
by manual instruction by the uabsttion operator or 
automatically by protection circuit input signals. All 

switching performed must be supervised by the controller. 
If the (nen:tor finds that he is unable to perform a 
desired operation, rather than bypass the controller, 

he can reprogram it with the aid of an off - line program. 

The pror_fram for the controller and the functions 
provided by it :could be the reeponsibility of the 

substation operations staff. 

The program which follows illustrates the type 

of off-line program reouired for controller programming. 
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6.2 Program In;  

The input to this program is in the form of 

cards. Each card contains all the information concerning 

one switch. The name of the switch is entered in the 

first five columns of each card and all switches which 

cannot be closed in parcalel with it are listed in 

columns 6 to 25, five columns for each switch. The 

remaining columns of the card provide space for the 

listing of switches which must be closed before this 

switch. There is no recuired secuence for presenting 
these cards to the program, but a ca,rd, denoted IXX in 

the first three columns, must follow the last switch 

card. 

6.3 The Generation of Input States 

Figure 6.1 t,ives the flow diagram for the 

determination of input states. Each switch cord is 

read and the information concerning the network is 

stored. Each switch in the network is assigned a binary 

variable equivrlent. With this assignment the 

switching algebra notation given in Se,:tion 5.2.2 can 

be rsed for denoting input states. For example, if a 

system consists of five a,.; itches the notation 5 

represents the input (see Equation (5.17)) 

xl x2 x3 x4 x5 

1 0 1 0 0 



read 
switch number 

and 
restraint 

check 
for I as t 

card 

find next 
input 
state 

check 
for correct 

assignment 

assign position 
and decimal 

equivalent 

write error ( 
and 

stop 

start 
	 147 

FIGURE 6.1 	Input State Generation 
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Therefore it is important that the listed order of 

switches be referred to when inter-oreting the mecning 

of any sy,itching algebra decimal integer. An initial 

input state is chosen by the computer program. Then the 

restraints for the network are checked against this 

input state by comparing the binary digits which form 

the input state number. For example, input state 5 

represents switches :mil and x3 closed together. In-out 

states which are not permitted must be omitted from the 

input state generation. 

Once any one state is formed all input states 

can be determined. Each permitted input state is given 

a decimal integer equivalent to facilitate storage in 

the computer. 

When the in-out state generation is completed 

the primitive flow table generation starts. 

6.4 The Generation of the Primitive Flow Table  

Figure 6.2 gives the program flow chart for 
generation of the priyLitive flow table. The theory 

followed in determining this chart is m_tlined in 

ection 5.5.1. In order to obtain a starting point a 

network switching arrangement is assumed. The input 

state columns of the flow table, which are described in 

Section 6.3, are scanned to find the inut which is 

equivalent to this network switching arrangement. Since 

the input state is equivalent to the network arrangement 
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FIGURE 6.2 	Primitive Flow Tab le Generation 
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this is a stable state. In the primitive flow table each 

stable state is assigned a row. The row number is used 

as a state assignment number in the body of the table. 

Therefore the row number is entered in the row under the 

input column which was located in the scan above. When 

the row num:ber .ncl the st,te number nre the same in the 
primitive flow table -ale state number represents the 

present state (see Section '7.4) and is therefore the 

stable state. 

Once a stable state is determined the network 

arrangement can be systematically teted to determine 
which switches in the system can be operated. This is 
done by determining the input which is required by each 

sAdtching operation, and then the state input columns 

are searched to find the equivalent column. If no such 

input exists the switching arrangement tested is not 

permitted and cannot be Liven an assignment. If such 

a column does exist it is then possible for it to 

oecome a next state or unstable state (see Section 5.4). 

Such unstable states are given state assignment ec,uivalent 
to their own sta-ple state. A change of input causes a 

change from stable state to next state which in a flow 

table is a horizontal movement or change within a row. 

Then the next change is automatically from next state 

to its own stable state which in a flow table is a 

vertical movement or change within a column. This means 

that any states which are stable or unstable, with the 

same assignment always occurs only in the same column. 
To determine if a stable state ec,uivalent to the next 
state already exists in the primitive flow table a 
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sec rch is recl:,.lred. Since the state input has already 

been determined this search can be limited to that 

c.olumn. In a primitive flow table a search for stable 

states is :one by equating a state assignment number to 

a row =Corer. i-owever once a stable state is found it 

must be te3ted to determine if it is eal:ivcaent to the 

next state by comparing network changes. If both states 

represent the same net,:ork change they are eouivalent. 
Therefore the network change associated with a stable 

state is recorded. If an eQuivalent stable state is 

found the next state must be given the stable state row 

assignment. If no equivalent stable state is found a 

new row must be taken for a stable state assignment. 

The next state must be given this assignment end the 

network change which involved this next state recorded. 

The generation is tested to determine if all 

possible unstable states have been obtained. The process 

is continued until all unstable state generation is 
complete. 

When the number of rows End the number of 

states are ecuivalent the flow table is complete. An 

incomplete primitive flow table can be finished by 

systematically searching for all stable states and 
continuing with the procedure outlined above. 

A shift routine to print this table in an 

intelligible manner, called subroutine PRIFLO, is 
described in Section 6.9. 
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',Then this table is complete a routine is used. 

to combine lows to rer_uce the nia-lv!Jer of assignment 

variJT tiles re claire d 

6.5 Row Merging 

Figure 6.3 gives the program flow chart for 

the process of combining rows in the primitive flow 

table to form the primary flow table. The theory for 

this is outlined in Section 

Since in the primary flow table there is no 

relationship between the row number and the stable state 

the primitive flow table is scanned and each stable 
state must be indexed for future reference. 

When there are a large number of restraints 

associated with a switching n3t';iork the number of rows 

with which any one row can be combined is greatly 

increased. Since this increases the working space 

required in the computer with no reduction in the number 
of variables recl.)_ired for assignment, the number of rows 
considered is limited to save space. 1.s rows are 

combined the possible remaining combinations are reduced 

and therefore more rows must be considered in any 

subsequent merging operation. Rows in the primitive 

flow table are examined individually in a systematic 

manner and the num'.)er of each row with which it can be 
combined (see Section 5.5.2) is stored, until either the 
storage space is filled or no more possible combinations 



set number 
of rows 

considered for 
merging 

determine 
next row 

momm••••••m• 

no 

does 
storage space 

exist 

no 

is 
merge 
search 

complet 

yes 

are 
enough rows 

considered 

yes 

call 
subroutine 
SECMAP 

  

call 
subroutine 
POSMAP 

check 
if all rows have 
been conside 

yes 

close up 
table to 
eliminate 
zero rows 

find merge which 
gives least no. of <  
rows and merge 

eliminate rows 
outside 

considered 
group 

	F 

153 

FIGURE 6.3 Row Merging 
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exist. When the working space is not filled the number 

of rows e:Lamined is increased until eventually all rows 

in the table are e;v2mined at one time. 

In the initial s-6ages of combination, 

examination of the rows in the manner chosen results in 

combinations of rows which are outside the group being 

recorded. Since this combination is not in the optimal 

group the row number thus recorded must be eliminated 

from it. 

Rows are now combined by putting the states 

which occur in all the rows into only one row and 

replacing each state in the other rows with a zero. 

The table is closed up by eliminating all rows containing 

only zero elements. 

As in Section 6.4 a subroutine, called SECHAP, 

is used to print the privary flow table. The subroutine 
is described in Section 6.9. 

When the primary flow table is complete each 

row is given a secondary state assignment (see Section 

5.5.3). To do this an assignment table is provided by 

the subroutine PO IAP which is described in Section 6.10. 

With the assignment table, secondary state 

assignment can be given to the flow table to form a 

secondary map. This is described in Section 6.7. 
However, before describing this the process of optimum 

combination of rows is dealt with in greater detail in 
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the following section. 

6.6 0,Dtimum Row Combinations 

Figure 6.4 gives the program flow chart for 
determining the optimum combination of rows which is 

referred to in a flow chart block of Figure 6.3 as 

'find merge which gives least number of rows and merge'. 

The general idea in this optimum row combination 

is T.)sed upon grouping (9 ). Starting with one row, call 
it the initial row, all the rows with which it can be 

combined are determined by the method given in Section 

6.5. If the rows with which it can be combined can 
themselves be combined they are within a group. But, if 
one of the combinable rows has a further possible 
combination with a row with which the initial row cannot 
be combined this combination is not in the group and is 

indexed with a cut line. For example, if each row in a 

primitive flow table is represented by the circled 

n=bers in Figure 6.5, the straight lines represent 
possible combinations. That is, row 1 can be combined 
wiIh row 2 or row 3, row 2 can be combined with row 1 

or row 3, row 3 can ;:Je combined with row 1 or row 2 or 
row 4, row 4 can be combined with row 3 or row 5 and 
row 5 can be col2bined with row 4 (19). 

If row 1 is considered as the initial row 

one of the loops around rows 1, 2 and 3 indicates that 
this is a possible combination. This loop cuts the 
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FIGURE 6.5 Cut Lines 
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straight line between rows 3 and 4. Therefore there 

will be a cut line recorded for that combinEtion. 

Considering row 2 as the initial row another loop 

around rows 1, 2 and 3 results in another cut line 
between the combination of rows 3 and 4. When row 3 is 
considered as the initial row the loop will surround 
rows 19  2, 3 and 4 resulting in a cut line between rows 
4 and 5. If row 4 is the initial row the cut lines will 
occur between rows 1 and 3 and rows 2 and 3. The cut 

line for row 5 is between rows 3 and 4. 

By counting the number of cut lines the 

following totals are obtained. 

Number of 

Cut Lines 

Straight Line Between 

Row and Row 

0 1 2 

1 1 3 

1 2 3 

3 3 4 

4 5 

The combination of rows 3 and 4 has the greatest number 
of cut lines and therefore this combination of rows is 

eliminated. It can be seen by inspection of this example 

that if rows 3 and 4 were combined there waald be three 
rows formed in the resulting grouping. But with this 
combination eliminated the rows can be combined to form 

only two new rows. 
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This procedure is followed in the program flow 

chart shown in Figure 6.4. The initial row is chosen 

and from it one of the possible combinable rows is 
selected as an adjacent row. Each row listed as 

comldnable with the adjacent row is e=mined to determine 
if it in turn is combinable ;A.th the initial row. If 

not the cut line index number which is assigned to 
represent the branch from the adjacent row is increased 

by 1. Since the combination represented by the branch 

is listed in two storage locations, once for each row, 
the index is increased in both places. If there are a 
large number of loops, all cobinations with more than 

15 cut lines are eliminated. Eelow this number only 

one branch line is eliminated t each step and the cut 

line index is then reset to zero. 

When one row has only one possible combinetion 

this must be Lone first and then any rows which form a 

group can be com'oined. The redundant rows which were 

used to form the new row are eliminr.ted from the table 

and also removed from any list in which they appoer. 

The optimum combination of rows is then complete for 
one cycle in the procedure described in Section 6.5 
which continues until the primary flow joble is complete. 

When the table for secondary state assignment, 
which is developed by subroutine POSLAP, is complete 

state assi8nment be,ins. 
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6.7  Secondary State and Output Assignment 

Figure 6.6 gives the program flow chart for 

the process of assigning secondary states to the cells 
in the - )rirlry flow tble to iorn the secondary and 
output mDT)s. The theorzr for 'alio is outlined in Sections 
5.5.4 and 5.5.5. 

Before the rows were combined each stable state 
was indexed so that stable states can be found in the 
primary flow table by scanning for this index. When a 
stable state is found in the flow table the ecuivalent 

cell in the secondary map is examined to determine if 
the secondary assignment has been made. Where it has 
not been made the proper assignment is obtained by 
reference to the assignment table determined by subroutine 

POSMAP. By scanning the column in the primary flow table 
in which the si.able state occurs associated unst2ble 

states are found. If there is no secondary map 

assignment for the unstable sate the secondary state 
assignment for the row in which the unstable state 
occurs is compared with the secondary state assignment 
for the row in which the s',;able state occurs. If these 
assignments are logically adjacent (that is, if in a 

Karm.ugh map these two assignments would appear in 

adjacent cells, see Section 5.3), the unstable state 
cell in the secondary map is given the assignment of 

the stable state 'ow. If the assignments are not 

logiclly adjacent the unctEible state is indexed. When 
',11 unstable states have been found a check is made to 

see if the unstable state assignment is complete . A 



no 

write 
unassigned 

states 

stable state 

find next check 
if assignment 

made 

continue 

all 
nstable states 

considered 

assign 
non—adjacent 

unstable 
state 

is 
map 

finished 

find 
unassigned 
unstable 

state 
call 

subroutine 
COMPAR 

are 
more adjacent 
assignments 

possible 

161 

yes 
search for 

secondary state 
assignment and 

replace stable state 

assign 
secondary 

state 

find next 
associated 
unstable 

state 
index 

unstable 
state 

check 
if assignment 

made 

find stable 
state 
assign 

output 

FIGURE 6.6 Secondary State and Output Assignment 
N. 



162 

subroutine COLPAR 9  described in Section 6.0, is used to 

deterlAine the assign lent for the unassiLned unstable 
states. Then the asiEnment is complete the out:;ut map 

assignment is made by replacinL, each stable state in 

the primary flow table with the output for the stable 

state vaiah is doterrlinea from the primitive flow table, 

Each unstable state is replaced by zero. 

Subroutine COLPAR which is used to assign . 

secondary states to unstable states is described in the 

following section. 

6.0 Subroutine COEPAR 

Figure 6.7 gives the program flow chart for 
the process of comparing secondF,ry assignments to 

determine the best assignment for unstable states in 
the secondary map. 

Within the selected column each row is scanned 

in turn to determine its unstable state assignment in 

the -7)rimary flow table and whether it has been given an 

assignment in the secondary map. All such secondary 
map assignments are compared with the secondary map row 

assignments for unassigned unstable states in the primary 

flow table to determine if the two secondary map row 

assignments re-present adjacent cells in a Karnaugh map. 

If they do the unassigned unstable state is given the 

assigned unstable state secondary state row assignment. 
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ljhen a flow table or map is -orinted, an A 

field is used to avoid printing meaningless O's which 
might lea d to confusion. This is accomplished in the 
following wc,y. 

6.9 Mcp  Printout 

All calculations involved in the Octermination 

of the above maps are done in an integer field. That 
is, only integers and -oositive and negative signs are 

used. since there Pre no blanks in this field, blanks 

in t'he flow table or DC 1) are represented as zeroes. In 

the development of this method a zero and a blank are 

Quite different. Therefore a method of writing blanks 
when blanks are meant is described here. 

Figure 6.8 gives the program flow chart for 
writing a single row of a flow table or map. Since 
writing subroutines vary slightly with the information 
recuired in different tables or naps three separate 

subroutines, called.PRIFLO, SEC :AP and KARKAU, are 

available. However the basic flow chart described is 

used in all three suroutines. 

The general idea of this flow chart is to 
change from a writing code which permits only numerics 

to a new writing code which permits all recuired 

characters. In the in:;)erial College IM 7090 digital 
computer a ,ord -ler an integer field or an alpha—numeric 

field consists of 36 bits. Therefore an integer constant 
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cL:n consist of up to 11 decimal digits and be as large 

as 235 -1 (28). This means that blanks cannot  be 
written in this field. The bits in an integer field 

are 'filled' starting with the least significant digits 

and beginning Et the right - hand end of the word. 

In an A (alpha - numeric) field a source program 
exists which is capable of interpreting different binary 
decimal codes as numbers, 

punctuation characters as 

each \;ord is divided into 

each. (The integer field 
digits.) The word starts 

the right. To transfer a  

letters, arithmetic and 

well as blanks. To do this 

six characters of six bite 

is divided into 11 decimal 

the left and proceeds to 

number into the A field its 

code must be changed and the position of numbers must 
e moved from the right -hand. end of the storage word 

to the left - hand end taking into account the difference 

in the number of bits occupied by a number. Blanks in 

the output must 'cc represented by the code for a blank 

which in octal form is the six character word 

60 60 60 60 60 60 

In the flow table each integer is dealt cdth 
separately. 17irst it is examined to see if its value 

is zero. If it is, the storage location in a new array 

ecuivalent to its location in the row is replaced by 

octal 606060606060. (humbers which are true binary 

zeroes are represented in inteer form by 2n  where n 

is the number of logic variables. Modulo 2 of this 

number repeated n 	results in a string of n binary 
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zeroes.) If the nunber is not zero, and if it lies 

between zero and 10, •the num-Jer is Alulti,Dlied by 218 

which positions it three characters to the left. Each 
cheracter to the left of this :Just be replaced by octal 

60 to produce a -olank ehar:etel for this location. In 
inte.ger fora 46 rereserits octal 60, therefore 40s224  
will place a code for a blank in this location. Since 

the charcter at the e:ztrem.e left of a :ord has a bit 

for a positive or negative sign, 48)(230  will place a 1 

in this bit which will be interpreted by the print 

source program as a negative sign. Therefore the 

character at the extreme left is formed by octal 20 

(integer 16) and then the negative is taken to produce 

the octal 60 or blank character in the location. 

Integers from 10 to 99 inclusive must be 

considered in two stages. For example, the integer 48 

cannot just be shifted since the resulting octal 60 

would be interpreted as a blank character in the A field. 

For this integer, first the 8 must be multiplied by 218  
and then the 4 must be Multiplied by 224 to produce octal 

10 and octal 04 respectively. The first character in 

the word is formed in the manner given above. 

To form the code for a nuyabc,,,r greater fl= 99 

the shift nuay_bers are 218 224 and 230. To difficulty 

is incurred with the negative sign since the largest 

octal number which can occur is 11 which avoids the 

troublesome bit. 
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The secondary state assi6nment table subroutine 

referred to in section 6.5 is described in the following 

section. 

6.10 Subroutine POSIJAP 

Figure 6.9 gives the -,Drogrcm flow chart for 

the subroutine FOShAP which describes the formation of 

the table used to assign states in the primary flow 

table. The theory for this secondary state assignment 

table is given in Section 5.5.3. 

This table is set u in the computer as an 

array. The argument of the arra;: is used as the 

secondary assignment and the value of the array gives 

the row with that assignment. The dii.lension of the 

array is determined by increasing the number of 

secondary variables used for assignment until the 

number of elements is ecual to or greater than the number 

of rows in the primary flow table. The first row in 

the table is assigned the last array position. This is 

the decimal equivalent of row 1 in a binary progression 

(see section 5.2.2). This assi3nment permits entry 

into the loop in the flow chart. Once a Tow with state 

assignment is chosen it is used as a reference 

throughout the loop. The row is checked to see if the 

number of stable states is larger than the mean number 

of stable state assignments per row. If it is and the 

dimension of the assignment array is greater than the 

number of rows and the array is not filled, the row can 
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FIGURE 6.9 Subroutine POSMAP 
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be given a double -'ssignment. However if an assignment 

which is ecLuivalent to an adjacent cell in a Karnaugh 

map (see Section 5.3) is not available there is no 

advantage in this double assignment. Double assignments 

are mF,de by giving two elements in the array the same 

row number. The arguments of these two elements are 

retained for su'osecuont use. Therefore if a double 

assignment is not made both constants used in the 

notation are given the same value. 

After checking if the double assignment is 

made to the reference row, all unassigned rows which 

have unstable states ecuivslent to the stable states in 

the reference row are scanned. A count is kept and the 

row in which this ecuivalcnce occurs most often is 

given an adjacent assignment. With another row given 

assignment it can be established as a reference row 

and the loop continues until the procedure is complete. 

To illustrate this procedure the formation of 

variable ecuations re,„uired for programming a substation 

switching controller is given below. 

6.11 Substation Rcimary Flow Table 

The exam-  le chosen here is for six feeders 

L24, L44, L25, L26, L46 and L45 and the restraints on 

the system prohibit closing the following switches in 

parallel. 
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L24 and L26 

L44 and. L46 

Figure 6.10 gives the substation primary flow table. 

The input sttos of this table are given in 

the first row below the listed order of switches which 

is rec;uired to interpret the decimal integer (see 

Section 5.2). Since the switches L24 and L26 cannot be 

closed together the integer 9 does not appear as an 
input state as can be seen by the following 

representation. 

Binary Tumber 

L24 L44 L25 L26 146 L45 

1 0 0 1 0 0 

Integer 

   

   

    

Figure 6.10 gives the primary flow table for 
substation switching as developed by the off - line 
computer program. This table is the combined form of 

the primitive flow table which is not given here. In 
row 1 of Figure 6.9 stable states occur in columns 5, 

12, 17, 22 and 34. In row 46 stable states occur in 

columns 1, 2 and 22. These stole states can be found 

in this map by a comparison with Figure 6.12, the 

secondary map. In this figure the first coll-nn which 

is headed 'Y' gives the row assignment in decimal 
integer form. Row 1 is assigned the decimal integer 64 
and therefore the stacle Eitz:tes in row 1 of Figure 6.12 
have the number 64 as their state assignment. These 
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are in colulins 5, 12, 17, 22 and 34 as given above. The 
same procedure can be used to find the stable states in 
any row. In row 46 the row assignment is decimal integer 
41. The stable states (that is, columns in which the 

numiDer 41 is used as a state assignment) occur in 
columns 1, 2 said 22 as given above. 

Sin'oe there are 46 rows in the primary flow 
table, six variables are required to make the state 
assignment. Sixty — four is the maximum number of 

assignments possible with six variables. Figure 6.11 
gives the expanded primary flow table which includes 
the column 'Y'. The Y column gives the way in which the 

64 assignments are to be applied to the primary flow 
table. Row 1 is Liven assignment 64, row 2 is given 
assignment 12 and so on for the 46 rows with stable 

states. The 47th row is a duplication of the states 
in row 1 except that no stable state appears in this 

row (see Section 5.5.3). Also the 48th row is a 

duplication of the "states in row 5 except that no stable 
state appears in row 43. In this way the table has 

been expanded to 64 rows. 

A comparison of Figure 6.11, the expanded 
primary flow table, Figure 6.12, the secondary nap, and 
the out-put map shown in Figure 6.13 can be used to 
explain the sequence of changes through the map. For 

example, in column 1 of Figure 6.11 stable states exist 

in rows 5, 7, 9, 10, 15 and 46. An input request to 

close switch L24 results in a chanGe in input from 

column 1 to column 2 and an output to close switch L24. 
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The output map shows that in column 2 a signal '1' is 

given to close switch L24 in row 46. The secondary map 
shows that this location represents  a stable state. 
That is, the row assinnent 41 is ecuivalent to the 
state assignment in this location. Therefore the 

varibleG in the oeconde_ry map mus-b ch.7.n8-e to -this otcbe. 

If the initial stable state in column 1 of 

Figure 6.12 is state 3 the map location is row 5. The 

input signal causes a horizontal change in the map from 
stable state 3 to state 11. The secondary assignment 
for state 3 is as follows. 

Binary Number 

yl y2 y3 y4 y5 y6 

1 1 0 0 0 0 

Integer 

A change to state 11 results in the following variable 
values 

1 1 0 1 0 0 	[111 

which represents a change of state from 0 to 1 for 
variable y4. 

bince the variable then changes to state 11 
there is a vertical movement in column 2 of the 
secondary map from row 5 with assignment 3 to row 52 

with assignment 11. In row 52, column 2, the next 

state given is 9. The change is as follows. 
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.7:dnary runber 	Integer 

yl y2 y3 y4 y5 y6 

1 1 0 1 0 0 

to 

1 0 0 1 0 0 

This is a change of state for variable y2. With the 
vEriables in state 9 a vortical change in column 2 to 
state 9 in row 10 results, which in turn changes the 
wriables to state 41 as follows, 

Binary ITumber 	Integer 

yl y2 y3 y4 y5 y6 

1 0 0 1 0 0 	[ 9  I 
to 

1 0 0 1 0 1 	[413 

This is a change of state for variable y6. 

The vertical movement in column 2 to state 41 
row 46 results in a state in which the present state 41 
and the ne:zt state 41 are ec'ual thus no further change 
occurs and the variables settle in a stcble state. The 
output map of rizc.re 6.13 shows tLat at this state an 
output of 1 occurs. The binary representation of 1 is 
as follows. 
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Binary Erumber Integer 

124 144 125 126 146 145 

1 0 0 0 0 0 [1] 

This output closes switch 124. In Figure 	•6.13 the 

output to a tripping coil is given a hundred series 

nuffoer to distinguish it in the table from a closing 

signal. 

The example above is one of the more complex 

slAtching sec.uences. An example of a more direct sequence 

is shown by considering the change from stable state 9 
to sti-,ble state 41. Stable state 9 occurs in 20W 10 
column 1. Witt the same input as above the horizontal 

change in the secondary map is to column 2. This 

initiates a change in the secondary variables which is 

as follows. 

Binary Ntaaber 	Integer 

yl y2 y3 y4 y5 y6 

1 0 0 1 0 0 

to 

1 0 0 1 0 1 

The secondary map given in Figure 6.12 is in 

reality six Daps combined into one. That is, it is 

composed of the -,Binary states of six variables. The rasp 

for any single variable in binary form is determined bty 

testing the integer form of representction for the 
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presence of the a-,.),T)ropriate power of 2 in the binary 
progression (see Section 5.3). 

The secondary map for variable yl is Liven 
in Fi6lare 6.14 as an example of the re-,Drescntction of 
the R:rnaugh map forn of Section 5.3 from which the 
Loolean e::pressions can be seen more easily. This form 
representing the control for switch L24 is given in 
Figure 6.15. SiLnals to the tripping circuit of this 
switch are preceded by a 1 to distinguish them from 
closing circuit signals. 
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5) 	1.8 	 95 	148 	145 	144065146 94131 91 	92147 	107 	105053106 S3 
61 19 56 	• 18 	17086 20 	152 	21 	151 55 	149094151 	22 54 	53120 52 
23 38 40108 39 	41 	137 	135078136 	37 	138 	36 	35 	34 42 33093 
50 25 40103 39 	41117 	24 	23095 26168 	116166146165 27 	167113047114 	42115 
59 38 45 	44412 43137 	135148136 46 	ST 	138 	36 	35 47 	34 	33099 
54 31 56 	59101 57 	58143 40 	30 	29 	28130 32 55 	142 	140 	139167141 54 	61 	53106 52 
49 	73 	79143 	76148 76 	77 	60142 	140 69139084141 	68105 66 	67 
26 25 50 	24 	23072 26168 	49111 148 	51 	166136165 21 	167 
39 	45 	44111 43 	164 	148 46 	145 	144080146 	162129161147 47 	163 
la 	113 64101156102 86137 63123 62135087136 	85138 	65 	84113 81104 82 	83 
43 38 40108 39 	41 	73020 71 	72 	74 	160 	3715016157' 	36 	75 35159 	34 42 33007 
48 	45 	ok 	44117 43141.3 63134 62 	46 	110150 96 	97142 98140 65139092141 47 	99 
32 38 	73122.71 	72 	74 	37 	36 	75 35 	34 	33067 
40 	59124 51111 58143 60 	109076110100145 96112 97142 98140 	139075141 	61 	99 
3o 31 54 	7C 	11/ 	30 	29 49028346 32 51116 	69 	113159114 68128 66115 67 
38 	79 	)04 	152 78136 76 	77151 	80149098151162132161 	163 
37 	128 	73131 71 	72 	74 	160 	158144157 	75 	159107 	105155106 
52 	59134 5.7117 58 	60 	95 	 116 	94140 91 	92113154114 61 	115 93 
42 	124 	86122164423 89135 87 	88 	85 	90 	125 84141 81 	82 	83 
56 	130 	7314! 71 	72 	74 	 129 75127 	126153128 
35 13 	12164 14 	III 86 	15 89152 87109046110 98 	112 85 	90 	84147 81 	82 16 
34 1052 8 	124156 9 	122063123 95 	148 	10 	145 	144097146 94151 91125 92147154104153 	155 11 93 
41:01002 8 3 	9 4 	5 	148 10 6145 144166146 	147 	11 7 
1 25 50142 59 Ilk 57 	58 24 60 25 5 26 	148 49 10 46145 51144157146 	27 	147 	107 61105 66106 
2 13 2 12 ! 14 	4 	164 15 5 	6 	162139161 	163 16 	7  
4 I 45 8 Fl 	• 	4 79143 	78 29 76 10 77 	80142 	140 69139161141 	613 34 66 11 67 
7 13 40 12 39 14 41137 79 	15 95 	76 21 76 	77 	116 80 	94 27 91 	92113 8111h 	16 42115 93 
8 31 2 	3130 	' 	16 	5 	161 	6 	158112157 	129 	127159126 68128 	7 
11 19 2 	i 1056 17 4 20 	134 5 	21 	6 	131162132 	22154126153133155 	7 

	

.1/ 31  45 	6413C 44 9 43 	63 15 62 30 	29 46 28 6 37 	65129 	12T 47126163128 
14 25 50100 	86 24 	23 62 26 	49121 48 	SI 	85 	27 	84 35 81107 82105 42106 83 
21 38 5610! 64101 57142 79 	63 23 62 	78119 76 	77 37 55 	80 	36 65 	35 54104 	34 53 33 52 
22 38 401:18 51 	41 	.137 	185 relae 	37 	138 	36 	35 	34 42 33 93 
25 26 2 	313: 	111 4 	5 	168109 49110 6 	112166149165 	129167127 	120 82128 	7 
le 25 50 	24 	23 72 26168 	49110 48 	51 	166138165 27 	167 
31 14 45 	72 to 44 17 43 23 	152 	21 46 	151 	149165151 69 	22 47 	68 16 66 	67 
88 25 	103 	101 44132 	24164 23 PS 26 	100 37 96 	97 	98 27162125161 	104163 	99 
62 15 	le 	17 58 23 	134 89 3C 87 21 	121 86118158119 	90131 91132 	22 	133 	120 
10 13 	12 59 14 	86 	15 89 '26 87 	121 88118 51119 85 	90 	84 22 81 	82 16 	120 d3 
47 19 	7. id 	IT 73 2C 	152 	21 	1S: 	149 90151 69 	22 	68133 66 	67 
55 31 56 	54101 57 	58143 60 	30 	29 	28111 32 55 	142 	140 	139167141 54 	61 	53106 52 

FIGURE 6.11 Expanded Primary Flow Table With Row Assignment 
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SUBSTATION PAP 

5fCCHOARY PAP 

INPUT 51/0E5 

L24 L44 L25 L26 L46 445 

Y 0 I 3 2 6 7 5 4 12 14 10 8 24 28 20 21 17 16 48 49 53 52 60 56 40 42 46 44 36 37 39 38 34 35 33 32 
64 24 34 23 45 64 1 62 19 60 20 64 45 49 24 64 36 40 45 37 64 50 6 35 53 1 49 64 54 
12 8 4 35 8 13 12 27 34 12 16 3') 4 35 36 12 19 16 39 8 SO 10 12 36 
17 41 17 43 1 17 21 13 1 1 48 1 57 51 17 38 60 19 46 51 17 21 
6 2 7 6 6 2 58 48 5 12 50 7 6 38 60 43 38 61 6 30 48 16 6 63 2 7 60 7 
3 
27 

3 
II 

11 
5 

2 3 
31 

1 
17 29 27 

2 
27 43 

42 2 1 
35 11 35 

2 
31 25 27 34 

2 
31 

3 5 
31 50 

12.35 
9 2? 64 

11 
31 

10 10 9 2 11 16 11 10 11 ' 48 2 6 12 51 10 38 45 52 10 56 46 37 11 
19 17 19 17 52 17 46 19 63 18 57 17 54 19 53 34 38 39 40 57 11 19 36 17 59 
24 24 8 8 56 40 8 8 59 20 24 26 8 8 25 24 26 8 26 56 8 24 8 25 
9 9 41 11 8 10 1 63 10 30 9 1 8 25 36 10 9 8 41 
20 33 21 50 12 54 20 59 21 12 20 16 21 20 4 4 21 21 4 58 16 21 21 34 4 21 20 20 
15 14 14 2! 61 19 14 15 14 14 15 36 45 51 7 49 15 7 53 16 49 15 54 63 
58 9 50 54 58 59 50 62 5 63 36 58 19 62 58 64 61 58 62 48 36 34 23 
29 25 21 21 29 21 28 42 21 29 45 54 29 53 34 38 28 10 29 5 21 13 59 
33 33 41 41 41 1 41. 41 
541 5 4! 57 4 21 56 7 5 6 1 6 7 63 52 53 3 5 42 9 5 1 17 4 

60 58 17 40 52 32 60 16 62 58 58 60 58 61 43 28 16 60 63 51 60 20 
30 31 31 33 30 31 48 29 30 16 31 14 62 53 30 62 46 51 30 38 46 46 62 
45 3 6 45 64 61 13 29 45 16 15 44 53 45 53 51 46 49 45 6 24 27 61 63 
57 3 6 57 64 61 3? 12 42 57 38 53 53 57 58 51 26 49 57 6 25 27 61 63 
46 47 47 47 47 47 47 47 48 47 46 38 47 45 7 
53 10 17 16 27 53 43 48 6 45 54 53 53 57 

4 6  
34 38 51 53 38 45 52 53 t 76 1141 3f 61 ti9 	9 

63 33 40 16 39 32 63 16 59 20 63 26 29 9 41'63 31 59 29 55 15 52 63 56 5 37 20 63 
51 
6) 53 60 

23 
A 62 62 61 62 

50 
35 

49 
53 

40 
48 57 

37 51 50 
24 

61 
61 

51 
34 

30 52 :: 60  53  4 9 51 
60 

55 
61 

23 
60 

23 
50 

21 
18 

19 
19 

23 
53 6 

7 
58 48 

37 
'18 18 58 

42 
18 

23 
18 

22 21 
52 18 

22 
50 18 

21 
18 54 

15 
52 50 52 

21 ;: 
52 

23 

59 63 27 27 59 27 57 57 59 57 27 63 57 58 63 27 63 63 59 
54 58 17 52 54 52 62 56 52 62 58 58 54 58 55 55 52 3 54 42 60 19 55 54 20 
49 57 53 48 23 49 40 60 39 63 48 53 3 49 48 47 49 47 47 
26 24 34 18 18 26 28 24 24 26 18 18 25 26 27 18 18 
39 31 41 39 81 38 41 35 40 37 39 50 10 39 5 35 31 12 
16 20 12 20 16 20 15 3? 12 16 15 42 16 38 1 8 17 15 16 14 20 24 15 
43 59 19 43 6 58 47 43 63 26 57 63 59 30 43 iSt 59 40 59 36 59 15 59 43 
48 5 16 29 48 27 56 16 48 16 35 54 48 53 34 49 40 52 16 49 48 40 50 59 
32 33 46 32 63 26 57 28 58 40 15 5 20 32 
40 44 40 20 39 30 56 60 24 40 24 48 40 48 8 48 48 38 48 48 40 42 19 48 
36 9 34 4 52 30 4 24 36 36 19 44 52 4 52 36 52 4 36 4 52 32 
38 ' 53 42 46 22 38 40 6 46 39 46 38 34 39 38 39 39 
37 2! 46 37 63 26 57 63 30 37 64 40 36 53 49 37 54 
52 44 52 20 48 54 60 50 60 51 52 51 48 60 52 60 54 60 51 14 
42 
56 

40 
52 

44 
46 

34 
56 

42 
63 

16 44 
26 

42 44 
57 

58 44 46 29 
24 

44 
40 

42 
57 

44 
24 

44 
56 24 

0 
 

35 3 1 35 3 39 61 3 29 35 16 2C 35 26 58 9 5/ 46 49 35 6 24 27 63 
34 41 34 43 42 16 12 32 34 42 50 49 64 40 37 34 50 61 34 30 42 48 35 52 34 56 37 17 23 
41 41 41 43 9 12 9 9 49 64 9 43 37 41 39 39 17 43 
1 64 64 64 64 64 17 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64 17 64 64 64 
2 3 3 6 3 64 103 6 64  10 10 3 3 3 3 3 
4 5 5 5 5 12 20 5 6 5 6 64 6 6 5 5 5 3 5 5 5 5 64 5 36 
7 3 23 0 6 6 6 6 5 6 6 23 6 6 6 6 39 6 6 6 6 6 6 6 3 15 6 23 
8 9 9 10 24 13 64 9 12 9 9 64 12 24 9 10 9 12 10 

II 10 9 3 27 /0 27 10 43 10 3 10 12 10 10 10 27 10 10 10 10 10 43 
13 9 5 12 12 29 12 12 12 12 15 12 5 12 12 12 12 17 12 9 12'12 12 12 
14 18 18 15 15 15 18 15 18 18 15 15 15 15 6 15 15 6 15 16 15 15 15 15 
21 20 17 aa 2n 2) 20 20 53 20 20 13 23 20 5 5 29 17 5 20 17 23 17 20 . 5 17 20 20 
22 20 23 23 6 6 23 23 23 38 21 26 20 23 21 25 20 23 
25 24 41 9 24 24 9 24 24 24 24 26 9 9 41 24 27 24 26 57 9 24 24 41 
18 26 34 19 20 26 26 26 26 26 14 14 26 26 26 14 50 
31 27 27 47 27 29 27 27 27 35 27 35 47 27 27 47 47 47 27 27 27 27 32 
28 24 20 20 29 20 26 29 20 29 29 29 29 29 29 29 26 29 29 29 20 12 29 
62 30 33 30 33 3G 30 30 30 30 30 30 58 30 30 58 46 30 30 30 46 46 61 
44 45 45 45 45 45 12 45 45 45 45 42 45 45 45 45 46 45 1.585 45 45 45 45 
47 31 49 31 31 46 43 31 31 48 31 46 46 49 45 31 46 31 31 
55 54 54 54 54 54 54 56 54 54 54 54 54 54 57 63 54 54 54 54 54 54 51 54 54 

FIGURE 6.12 Substation Secondary Map 
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SUBSTATION MAP 

OUTPUT (21 MAP 

INPUT STATES 

L24 L44 L25 L26 146 L45 

Y 	C 1 3 	2 6 7 5 	4 12 14 10 8 24 28 2C 21 	11 16 48 49 53 52 60 56 40 42 46 44 36 37 39 38.34 35 33 32 

64 4 8 16 101 1 

12 4 8 16 108 

17 132 2 32 32 

6 111 16 32 1 

3102 2 2 

27 1101 104 32 

10104 
19 1C2 

4 
4 32 

104 1 
32 

24108 4 4 2 

9116 32 4 

20 1 2 101 1101 

15 102 132 4 32 

58 4 108 4 a 
32 29 2 116 16 

33132 
5 104 4 102 2 

60 8 104 , k 104 

30 IC2 8 '104 2. 

45 104 16 32 32 

57 132 16 16 102 

46 108 32 108 

53 116 101 	1 8 4 
104 

63 2 132 16 2 
2 

51 16 102 

61 132 16 116 
toe 

23 132 8 
50 
59 

104 
102 

132 
132 

8 32 
116 

54 101 132 136 102 

49 132 8 101 

26 104 104 32 

39 116 32 8 

14 
43 ? 

132 
8 

104 4 
lb 

. 101 
32 

48 132 132 108 4 
102 

32 102 
40 108 1 104 32 

104 
36 1101 116 

38 108 8 
104 

37 116 1 

52 132 104 102 

42 132 104 108 

56 132 101 

35 108 132 16 116 

34 116 4 4 110 32 

41101 1 108 

1 
2 
4 
7 
8 

11 
13 
14 
21 
22 
25 
18 
31 
28 ' 
62 
44 
47 
55. 

FIGURE 6.13 Substation Output Map 

100 series numbers 

Indicate tripping 



SUBSTATICh PAP 

SECONCAPY Yl MAP 

INPUT STATES 

L24 L44 L75 L26 L46 106 

183. 

N. 	C 	1 	3 	2 	6 	7 	5 	ti 	12 	14 	10 	e  $11  28 20 21 IT 16 48 49 53 52 60 56 40 42 46 44 36 37 39 38 
C001101 	0 	1 	0 	0 	0 	1 	1 0 0 0 0 1 1 0 0 0 1 1 1 
C 	0 	0 	1 	0 	1 	0 	1 	0 	0 	0 	0 	0. 1 0 0 1 0 1 0 0 0 0 
I 	I 	I 	I 	1 	I 	1 	I 	1 	I 	0 3 , 1 . 1 1 0 ,0 I 
0 	C 	1 	c 	0 	a 	a 	0 	1 	0 	0 	1 	0 0 0 1 0 1 0 0 0 0 0 1 ' 1 	1 	1 	0 	1 	1 	0 	0 	0 	1 0 0 I 1 0 1 	I 	1 	1 	I 	1 	1 	1 	1 	 1 	1 1 1 1 I 0 I 1- 0 1 
0 	0 	1 	0 	1 	0 	1 	0 	1 	0 	0 	0 0 1 0 0 1 0 0 0 1 	1 	1 	1 	0 	1 	0 	1 	1 	C 	1 1 0 1 I 0 0 1 0 1 1 1 o o 	0 	0 	c 	0 	0 	 0 	1 	() 0 0 0 0 I o 0 0 0 9 0 9 1 	1 	1 	I 	C 	0 	1 1 0 o 1 1 0 I 0 0 I 0 	1 	1 	C 	0 	0 	0 	1 	1 	0 	0.0 	1 	0 c 0 1 I 0 0 0 1 1 0 1 	C 	C 	1 	 1 	1 	0 	1 	0 0 1 0 1 1 1 I I I I 0 
0 	I 	0 	Z. 	0 	1 	0 	0 	. 1 1 0 0 1 0 0 0 I 0 0 0 0 0 ' 1 	1 	1 	1 	1 	1 	0 	0 	1 	1 	1 0 1.  1 0 0 0 0 I I I I 
1 	I 	1 	1 	1 	1 I 
I 	I 	I 	.1 	I 	0 	.1 	C 	1 	I 0 I 0 I I 0 1 I I 0 1 
0 	c 	1 	C 	0 	a 	0 	o 	0 	0 0 0 0 1 1 0 0 0 1 . 
0 	1 	1 	1 	0 	1 	0 	1 	0 	0 	1 0 0 1 a 0 0 1 0 0 0 1 	1 	0 	1 	0 	1 	1 	I 	1 	0 1 0 I I 1 1 0 I 1 0 o 
1 	1 	a 	1 	0 	1 	1 	0 	c 	1 	0 1 1 1 0 1 0 1 1 0 1 
0 	I 	1 	I 	1 	0 	1 	 1 	1 0 1 0 0 1 1 1 1 	0 	 1 	0 	1 	1 	1 	0 	 0 1 0 1 1 1 0 0 1 1 0 1 0 I 0 1 	1 	 C 	0 	1 	0 	1 	0 	1 	0 . 1 C 1 1 1 1 1 1 1 1 1 0 1 0 1 	1 	 a 	I 0 I 1 0 I I 0 0 I 1 1 	1 	0 	0 	0 	1 	0 	 1 	1 0 1 0 1 0 1 0 1 	1 	1 	1 	1 	1 	1 	 0 	1 	0 1 0 I 1 
0 	0 	1 	0 	5 	0 	0 	0 	0 	0 	0 	0 0 0 0 0 0 0 0 0 D  1 	1 	1 	 1 	1 	1 	1 	 1 	1 	1 1 1 1 0 1 1 0 	0 	1 	a 	0 	0 	0 	-0 	0 	0 	0 .0 0 0 1 1 0 1 0 0 0 1 1 	 1 	 1 	0 	 1 	1 0 0 1 1 0 1 I I 0 1 
p 	c 	: 	0 	o 	o 	o 	o o o o 0 1 o 1 o 0 
1 	1 	 1 	1 	1 	0 	 1 1 0 I 1 0 0 1 1 1 1 0 0 	' 	0 	0 	0 	0 	11001000 I 0 1 I 0 0 0 0 1 	I 	1 	1 	0 	0 	1 	1 	1 	a 	1 1 1 0 1 0 1 0 1 0 0 	1 	0 	1 	0 	1 	0 	0 	0 	0 1 0 0 1 0 1 0 0 0 1 0 0 0 0 	1 	 0 	a 	1 	J 	1 1 0 0 I 0 	 0 	C 	0 	1 	0 	0 	0 	 0 0 0 o 0 0 0 0 0 0 0 0 0 0 1 c 	I 	0 	0 	0 	 0 	0 3 0 0 I 0 0 0 0 0 0 0 
0 	 I 	0 	0 	0 	0 0 0 0 1 0 0 0 1 0 1 1 1 	1 	 0 	1 	1 	0 	1 1 0 I 0 0 0 I 
0 	0 	0 	C 	0 	0 	0 	0 0 1, 0 1 0 0 0 0 0 0 	 a 	0 	0 	0 	0 	0 	0 	0 0 . 0 0 1 0 0 0 0 
0 	 0 	a 	a 	1 	0 	1 ,  0 0 I 0 0 
I 	I 	I 	I 	I 	I 	I 	I 	I 	I 	0 	0 I 0 0 I I 0 1 1 0 0 0 	1 	0 	1 	0 	0 	0 	0 	0 	0 	0 	1 0 0 1 0 0 1 0 0' 0 0 1 0 0 V 1 	I 	1 	1 	1 	0 	1 	 1 	1 0 1 0 1 1 1 1 
1 	0 	0: 	0 	1 	0 	0 	0 	0 	a 	C 	0 0 0 0 '0 0 0 0 0 0 0 0 1 0 	1 	t 	c 	1 	0 	0 	1 	0 	C 0 0 1 1 1 
0 	1 	1 	1 	1 	c 	0 	I 	0 	1 0 0 0 0 1 1 1 1 1 1 1 
1 	1 	1 	0 	0 	0 	0 	0 	1 	0 	0 	1 	0 0 0 0 1 3 0 0 0 0 0 0 
0 	1 	1 	0 	a 	0 	 0 1 0 1 1 0 0 0 I 0 1 I 	: 	I 	110101 	0 	1 	0 0 0 0 0 1 0 0 0 1 	1 	1 	0 	0 	1 	0 	0 	0 	0 	1 	0 	1 0 0 0 0 1 0 1 0 0 0 c 	c 	0 	1 	 1 	1 	0 	1 	0 0 1 1 1 1 0 1 I 0 I 0 
1 	C 	I 	0 	0 	0 	0 	0 	1 	0 	0 	1 	I 	0 1 I I I I 0 I I i 0 
0 	C 	I 	I 	1 	C 	1 	I 	I 	0 1 ' 0 0 1 1 	0 	1 	1 	o 	0 	1 	 0 	0 	0 0 0 1 I I 0 1 0 0 1 I 0 
C 	C 	0 	 1 	0 	0 	0 	0 0 0 0 0 0 0 0 0 0 1 	1 	1 	1 	1 	1 	1 	1 	1 	 1 	1 1 1 1 1 1 1 1 1 1 0 	3 	0 	a 	1 	0 	0 	1 	0 	1 	1 1 1 1 1 1 0 1 1 1 0 0 0 	C 	 0 	c 	o 	a 	0 	Ca 	0 	0 	0 0 0 0 0 0 0 0 0 0 0 • 0 	1 	1 	1 	1 	1 	0 	1 	1 	I 1 0 1 1 1 I 0 1 1 1 1 1 	1 	1 	1 	1 	0 	1 	 1 	1 0 1 0 0 I 1 1 1 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0 0 0 0 I 1 0 0 0 0 0 0 

34 35 33 32 
1 0 o 
0 
0 1 1 1 
0 1 0 f 
1 	1 
I 0 	1 
0 1 	1 
0 	1 1 
0 	1 
0 	I 
0 I 0 0 
1 I 0 1 

1 
. 	1 

1 
1 1 1 0 

1 0 0 
0 	0 
1 	1 1 
1 	I 	1 
0 I 	1 
0 1 1 1 
1 1 0 1 
1 	1 	1 	1 

0 1 0 
1 	1 	1 	1 

1 0 
1 	1 1 

1 0 0 
1 	I 	1 

1 
1 	1 	1 	1 

1 
1 	0 0 

0 
0 0 0 0 

I I 0 
0 1 

0 
0 
1 	1  

1 	1 	1 
I 	I 

0 0 0 
1 	1 
1 0 1 0 

1  1  ° 1  0 	0 	1  
0 0 	1- 
0 
I 1 I I 
I I 0 0  

0 1 - 0  1 

1 1 	0 
1 

o 1 
1 	1 	1 
0 1 	1 

1 0 0 

FIGURE 6.14 Map of Variable yl 
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SUBSTATICN PAP 

OUTPUT 21 MAP 

INPUT STATES 

1.24 144 L25 L26 L46 L45 

Y 	0 
0 
0 
1 
o 

	

1 	io 
1 
0 10 
1 
010 
1. io 
o 
1 
a 
1 

. 	1 	10 
t 
0 
0 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
0 
1 
0 

0 
1 
a 
a 
0 
0 
0 
1 
o 
0 
o 
t 
0 

11' 
0 
o 

1 

10 

10 

10 

10 
I 

I 

3 

1 

10 
10 

0 

I 

2 

11 
0 

10 
10 

10 

6 
0 

C 

II 

10 

io 

- 

7 

1 

0 
0 

10 

. 

5 

0 

) 

10 

to 

10 

4 

11 
a 

10 

10 
10 

10 

12 

0 

10 

to 

10 

14 

o 

0 

10 

0 

10 

. 0 

10 

10 

8 
0 

10 

10 

10 

10 

24 

0 
o 

10 

10 

0 .  

28 

0 

0 

10 

o 

20 

0 

11 

0 

10 

10 

21 

0 

.:- 

• 

to 

1 

0 

IT 16 
0 	

0 

10 
10 

to 

10 

10 

1 	11 

48 

0 

0 

11,  

10 

10 

49 

10 
0 
0 

1 

0 to 

53 52 60 
II 

0 
0.  

0 

.0 
0 

0  

0 
o 

0 

1 

0 
,10 	, 

56 

10 

0 

0 

0 

40 

a 

0 

10 

10 

10 

42 

o 

10 

0 

0 

46 

0 

0 

a 

0 

44 

to 

to 
0 

a 

0 

36 

0 

o 
to 

11 

10 

10 

37 

1 

0 

0  

10 

10 

39 

1 

-0 
0 

11 
 

0 

38 

0 
• o 
a 

34 

0 

0 

to 

'11 

10 

35 
1. 

0 

a 

10 

33 

0 

1 

10 

10 

10 

32 

al 

la 

to 

io 

0 

10 

1. 
0 

a 
	 2 digit numbers indicate 

trip circuit signals 

a 

1 

FIPUItE CIS Control Mop for L24 
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CHAPTER 7 

A hETEOD OP D2VELOPMG LOGIC EQUATIONS FOR USE ON THE 

NETWORK 6INULATOR 

7.1 General  

In Section 1.4.2 it is sug3ested that the 

network simulator described in Chapter 3 can be used to 
test methods of busbar protection based on Casson-Last 

and the power flow principle. The Itethod of developing 

equations which may be used for such systems is given 
in this chapter. 

In the Casson-Last system described in 

section 1.1.4 the equations are given in Boolean algebra 

foam. However this systeu relies strictly on current 

direction flow, and although Equation (1.10) indicates 
correct operation for the three phase busbar fault 

given in _Figure 4.4, difficulty is encountered in 

-practical application particl:aarly for sectioned busbars. 

This condition arises when a check feature (see Section 
1.2.2) is provided. A busbEr fault is detected when 
the positive ,protection bus (x) and the negative 

protection bus (y) in t,lis system re energised 
alternately. This is shown in Ecuation (1.10). The 

following ectuation is a Boolen expression for the check 

loop protection buses for a sectioned busbar with a 

three phase fault on only one section. 

f = (x ' y)V( • 7,7) 	 (7.1) 
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This ecuation is developed by taking the waveforms of 
Figure 4.3 to represent the unfaulted section and the 
waveforms of Figure 4.4 to represent the section on 

which the fault occurs. Condition (x y) represents 
both buses energised and cond.ition (:7 '7) represents 
both buses de - enerL,ised. There±ore EeuLtion (7.1) 
shows that the protection buses are energised or 

de - ener,,ised together. This condition is identical 

to that for a healthy .)usbar or to that for an external 

fault as shown in Figure 1.5. Therefore the fault 

which is on only one section is not detected. No 

practical method which overcomes this difficulty has 

been developed. however the Casson-Last system 

represents an attempt to provide faster busbar 

protection by us in„;  instante_neous current relationships 

to overcome some of the difficulties in the circulating 

current scheme. 

Figure 4.5 shows that during a busbar fault 
all the OTs of c circIdating current scheme on the 

busbar push current through the relay operating coil. 

The accuracy of the circulating current scheme is 

affected bj 	magnetising currents of the Cr.'s and the 

varying impedance of the system with different fault 

levels. For an external fault the CT secondary 

associated with the feeder (Feeder No. 10) supplying 

the fault will 'De of opl:,osite polarity as shown in 

Figure 4.6. In effect this CT provides a shunt path 

for the relay and the voltage rcress the relay is 

reduced. 
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A conpL:eison of Figures 4.2, 4.5 and 4.7 
chows thct current transformation vith an independent 
non-varying b.-rden gives a more accurte representation 

of the primry network currents. If this signal is 

coded, the ,=- ccuracy can be retained ::md signal 

interference can be avoided. With a more accur,ete 
measurement a reduction in the time required to detect 
current unbalance con be made which should result in 
faster operetion then the circulating current scheme. 

For the reasons given above it is suggested 
that the linear binary digit coding system for detection 
of busber faulte proposod by Cory (17) be used. Because 

protection schemes using electronic circuitry generally 
are fast enough to be applied to instantaneous values 
and mechanical relay,--s usually operate on phasor 
czaantities electronic circuitry can have -1::uch shorter 
operating times. 

A scheme which provides busbar protection 
by a centralised controller must have a member of 
peripheral units to monitor substation busby feeder 

currents. These units would convert an analogue signal 
into digital form which is then fed to the arithmetic 
unit of a co :cater. The output siqncl. from this unit 
has only two possi'Dle values which form a decision 
either to trip or not to trip. The method of protection 
outlined here investigetes the possibility of eliminating, 
the analogue to digital conversion eceui-ement by utilising 

simale logic. signals which ore produced when specified 
threshold values o e reached provide the input to the 
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Protection systen. 

Since logic schemes are beginning to be used 

for irotection in power networks (40), E method of 

exanining logic technicues is useful. Although the 

particular e=m- le below is notir, 	 practical 

for protection of sectioned buses it illustrates the 

method. 

7.2 Restraint Conditions  

A simple scheme using logic circuitry components 

which compares the phases of the current at any one 

instant can 1.)e written using a function switch together 

with logic gates. Two inputs to a function switch 

consist of a setting value and a varible which in this 

case is instantc,neous =rent. The output which has only 

two 1possi'Jle values de Endo upon E conrison of the 

magnitudes of the inputs. If the magnitude of the 

instantaneous current is less than or ecual to the 

setting value the output has one value. The output has 

the other value when the magnitude of the instantaneous 

current is greater than the setting value. This switch 

cots as s logical ecuiNclent of a square wave generator 

with a choice of setting values. It can be used to 

produce an output  signal which gives the polarity of a 

current if the setting value is zero. If the function 

switches connected to -:)luse 'a' of all feeders on a 

bustor are coffoined through an 'and' gate a signal will 

be produced when the instantaneous currents in phase 'a' 
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have positive polarity. bimilarly, a signal can be 

produced 	an 'and' gate when phase 'a' of all feeders 
have neLEtive polarity. If the signals from these two 
'and' getes are applied to 	'or' gate 9  an output is 
produced vihen the -Jolari tiesof phase 'a' in all feeders 
are the sLI:le. This Lethod produc_es a protection scheme 

using logic ciro'citry which is operationally ocuivalent 

to the Casson—Last system. Since this scheme has 
limitations (see Section 7.1) e. system which provides 
restraint againat false operation is developed here. 

One method of busbar protection is described 
by Steel(64). This meti_od uses a directional relay in 

each feeder of the busbar. The contacts on the relays 
ra-e a.vranged to close tihhen the voltage and current 
relationship indicates a voltamp flow into the busbar. 

':Then the contacts on all relays close together a busbar 

fault is indicted. The vector addition of voltage 
derived fro,1 current and line voltge work to trip the 
relay. Restraint is o -,,tcined from the line voltage. 
when  current and voltage operate in the same direction 

',)ecolme larger then the restraining voltage and the 

rely operates. AP.aen the current flow is in the 

opposite direction the operating voltage becomes smaller 

than the restraint voltage holding the relay. This 

type of protection does not operate on a sectioned 

busbar. It is very slow and the large number of series 

contacts from relay to relay greatly increases the 

possibility of contact failure. Restraint on a 

directional relay is provided by the voltage signal but 

under short circuit conditions this relay may loose its 
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directional discriminating ability. i,hen the ratio of 
the current to the voltage ecomes sufiiciently large, 
the volt,,:e which opertes the relay er-coeds the restraint 
nd the relay will release. Restraints derived from line 
volt. ,e are ineffective when short circuits occur and 
it would seem 'oetter to use volti-es which increase 

rather t"an  decrease Ls restraint signals, if possible. 

Oa 

Wideroe (70) developed a nuEber of relays 
using valves and, in fact, some of these circuits are 

logic 'and'/' or' gates. In the high speed directional 

rel'_ly which he pro posedthe current signal was shifted 
7-*/s 

by 90 degrees and rectified. rIlite value is used as a 
tripping restraint (x3) except when it is very small. 

Under this condition the negative half cycle of current 
(x2) is added to the rectified voltage signal (xl). 
The tripping restraint ecuation for this relay can 

then be written as 

RESTRAINT = x3V(77 ' x2 xl) 	(7.2) 

Later Loving (37) -proposed a method of 
.flocking and passing pulses based upon the phase 

sequence relationship of three phase currents. Basically 
in this method prase 'a' is shifted 90 degrees ahead 

and nul. e. ,re formed when this -chase passes through 

zero (see Figure 7.1). The instantaneous currents in 

phases 'b' z-nd 'c' are syLlmed such that under normal 
operating conditions this waveform leads phase 'a' by 

90 degrees. When the instantaneous value of this sum 

is negative a positive pulse from phase 'a' is passed. 



phase 'a' waveforms and pulses 

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

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

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

FIGURE 7.1 Fault Type Detect ion 
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If the instntLneous vclue is 2ositive c positive pulse 
from phase 'a' is blocked. On line - to - line fault 
involving ithr:,ses 'a' J'ald 'b' the instantaneous sum of 
chases 	'c' have the opposite -;:olarity to the 
pulses nd all positive pulses are T):.-.ssed. However on 
a line -to-line fault involving phses 'a' and 'c' the 
instantaneous UUD of phases 'b' and 'c' have the sane 

polarity as a pl_ise 'a' pulse and all positive pulses 
are blocked. ',:hen Loving outliliod the elect-Ionic relay 
development in 1949 the e,1:Lipment 
expensive, unreliable, relativel-: bulky and not readily 
applicable to relL:ing apl:lication. It had no advantage 
over existing ec.,uipment. However with the develop:Dent 
of relirie high speed logic circuitry come of his 
ideas arc now applicable to logic  relays (40). The 
oasic principles ilLiLstrated by this method could be 
used to distinguish if a line-to-line fault is between 
lines a and c or 	and b. This is important because, 
as shown in Chapter 4, the conventions for direction of 
voltf.mp flow given in ection 2.2 are ItLintained except 
for phase 'c' on a line b- to - line c fault. Since the 
method above cLn Je used to deternine ihen the 

convention is not maintEined on line-to-line faults, 
a volt, „c E,iGnal is not rel,ired to determine if volta:a7Ds 
re flowing into the busbLr. however the method gives 

no indication of the clirection of power flow and also 
recuires a sunmtion of - )Lase Curren Gs. It can be 
modified to use signals obtained froill each phase 

individucaly to 1)rovide Tripping restraint and also to 
provide a Inienory ,  circuit similar to the Casson-Last 
protection ',uses 	and y) shown in Figure 1.3. 
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Since the derivation of The restraint sinal 
is pore involved than the power flow direction sinal, 

the flow diagram, the maps 	an outlet t tElole for the 

restraint are developed first. In this wc,y the same 
flow diaram emd e!aps ce,n .Jo used to produce e-n output 
table for tllo power flow direction signcl. 

The me-Ghod of deterfaininL restraints depends 

basically on the presence of neLative seeuence components 

durin a line - to - line fault (I). If a and p components 

(see Section 3.4) are used rather than symmetrical 

components, a method better suited to logic can be 

developed. for e:Lam:iae, durinL a line b- to - line .c 
fault with the reference axis on phase 'a', the maximum 

instantaneous fault current occurs on the p axis. TRo 

methods of detecting this increase in the p component 
of current are possilele. In one method the time 

interval between a pulse defi-ling The p axis and a 

pulse defining the maximuL current in line 'b' or 'c' 
can be ueed. On a line-to-line fault this time 

interval tends to zero. In the other method the 

instantaneous value of current in lines 'b' and 

under nornfl operation can be used to esteblish the 
approximate location of the p axis. Lariee differences 
in tese locations indicate aenorEal conditions. 

Lotually, - reference systel:i leading the a rd p 

components by 90 degrees is more convenient since 

pulsing c n  be arranged to occur T7hen the instantaneous 
value is sero. It is thi: secorid method which is used 

here as an illustrtion. 
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The pulsing conditions a-1'r_ maintained for 

other line — to — line fuults by shifting the reference 

:xis for each phase. This pulsing arrangement divides 
each cycle of current into twelve segments. It is the 
Pulsing se(uence which detects the presence of negative 

secucnce cor,lonents. Therefore 	L.ethod of detecting 

this pulsing seLience is proposed. By a state assignment 

procedure ainilar to that 1120a in Section 5.5.3 the 

se,3ments in which the restraint condition may exist are 
in  

7.3 'Basic Logic Signals 

A fornal :;roceLure (41) shown in Figure 7.2 

similar to that outlined in Chapter 5 is used as a 
method of developing the logic system for a busbar 
protection scherae. The pulsed signals provide the input 

to a logic controller which transforms the signals into 

an output suitable for hasbar protection. Each input 

signal changes the state of the protection circuit so 

that the seuence is step-.9ed along. This forms a type 
o± 'Llemory' circuit. 

The :Corn of imenoryi need is a logic variable 
having two EL le states, 0 c:nd 1. The in-Jut to this 
variable is in pulse foim. When the variable is pulsed 
on the set input, S, it chzn,ses from state 0 to state 1 
or retains state 1 if the initial state is 1. Similarly, 
when ;Juiced on the reset in- mt, R, the variable changes 

from state 1 to ,,tee 0 or retins slate 0 if the initiel 
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develop flow diagram of all 

possible protection system 

states with restraints 

J.  

form expressions for comparison 

variables 

form expression for tripping 

condition from output of 

restraint and comparison 

variables 

	1 	  
form expressions for restraint 

variables 

determine direction of current 

flow for each state  

develop a flow table for the 

above flow diagram 

assign variables to each row in 

flow table to form secondaries 

determine varia'ole maps for 

seeuential progression through 

secondaries 

Figure 7.2 Procedure for the Development of the Logic 

System 
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state is 0. Por convenience 61 Lna 	are taken to 
rL,]:,:resent te inputs to variable number 1, 71 and yl 
represent t_-x: two output states of variable number 1, 
0 and 1 resi,ectively. Sil:dlarly, S2, R2, y2 and y2 

refer to the inl)uts End outute of va_rible number 2. 
an inl,i)t p-Ilse from x this type of 'memory' has a 

sot 	S1 which is excited according to the following 
:;oolean ecuation. 

S1 	.i. * 577. 
	

(7.3) 

is, vi:riE:ble number 1 will bc set on a pulse from 
x if varicble numb-r 2 has an output of 77. Variables 
denoted by VS are secondaries which are used for state 
assignment. Voriales denoted by VR are used to provide 
the tripping restraint conditions. Vcriables denoted 
by VC are used to give current flow direction r.nd ore 
called comparison v=iables. 

The logic is developed from the figures of 
Chopter 4 to form c stable stte flow diagram. 

7.4 Protection Flow  Diagrams 

The principle of t_2e protection method is that 
from all ,ihaeee of a feeder pules are obtained which 
determine the restraint and current flow directions in 
each phase. Although the state essignments of the 

secolidries are always the sonic the restraints and 

direction signals char re for each phase. 
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Thepul,ses recldred from each ph'J- se are as 
follows: 

From 	9 

xl 	when the instantaneous current becomes 

greater than Q. 

HT 	when the instantaneous current becoues 
less th= 	

u 

 0. 

xa 	when the instantaneous current becomes 
greater than its normal value along 
the 3 oxis with :ohLse le' as reference. 

when the instantoneous current becomes 

less than its nor,Aal value along the 
R axis with phase 'c' as reference. 

In Figure 7.3 these pulses :.re shown for phase 'a' during 
normal operating conditions. For phase 'b' the 
corresTionding pulses are denoted by x2, x2, xb, Fir and 
for phase 'c' by x3, x3, xc 9  xc. 

A flow diagrf-aa consisting of all stable states 
is constructed. This flow diagram is snown in Figure 

7.4. Large eirele6 r=bers reresent stable states and 
small circled nunoers re-oresent restraint output. For 

an output of 0 triDI.%ing is permitted and for an output 
of 1 tripping is not permitted provided that the 
comLrison 	output given in Section 7.7 indicates 
that trip-,)ing is reired. 
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FIGURE 7.3 Phase 'a' Pulsing With Phase 'c ' 
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F IGURE 7.4 Three Phase Pulse Flow Diagram Showing Phase a Restraints 
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In "igure 7.4 possible coilhinations of input 

signals ar,.: given. Those combinations which result from 

a pulse se,j_ence Lssocited 4ith a line b- 	c 

f;_ult arc marked :ith a 0 inf:ide the small circle. The 

corabinations for the instarltaneous value when phase a '  

is positive c.;: C. shown to the riht of the phase 'a' line. 

In 	1 the instntaneous vr:lue of current 

in phase 'a' is negative. 	the value decreses a 
pulse, He., i received to indicate that one of the 

reference axes has oeen crossed and the circuit is 
steed to stc te 2. Then, 1,hen the instantaneous current 

in phase IFs.' becomes positive a change to s-JEte 3 occurs. 

V:hen the next reference phase is crossed signals are 

received from 'oath phase 'a' and phase 'c' and the paths 

through states 4 and 14 allow for either signal occurirxr 

first. Ilien the instantaneous current in phase 'c' 

changes from positive to negative the stEte change is 
from 5 to 6. This fiure is cyclic and can be followed 

through in this -lanner. When phase '0' returns from 
negative to -positive o change of stcte from 11 to 8 

occurs. The =owheads in this diagram are associated 

with the given chr,,es so thLt a change from stv.te 8 to 
state 11 indicL-,ted :,37 the arrow and the pulse x3 also 

implies a change fro-la s-Late 11 to state 8 kith the 
pulse signal x3. 

The flow diagram gives all the possible 

conditions or sty. yes which the circuit is reuired to 
detect. It is then used to develo7J the flow table for 

the state assignment. 
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7.5 St to J„ssinl-Lent Flow Table 

The flow tJ.ble contains the same information 

as -Lie flow diagram but it is constructed so that 
secondary states can be assigned. The rows in the flow 
table re7)resent the initial states and an element in a 

row reresents a next stste. If the output from a given 

state is 1, which is shorn in the small circle of 
Figure 7.4, it is labelled with a Z. 

To construct the flow table, Table 7.1, from 
the flow dii-gram, Figure 7.4, the following procedure 
is used. State 1 is positioned on row 1 and all the 

wssible next sta tes are entered in this row. That is, 
in Figure 7.4 there are two radial lines from state 1, 
therefore in rose 1 of Toble 7.1 there are two entries. 

These entries are for sates 2 and 9, the two next 

possible states from stte 1. Since they occur asp a 

result o± either Tmlse xa or HE they are entered in 
row 1 each under its appropriate pulse headinb. Similarly, 

state 2 is assigned to row 2. It has three possible 
next states. Therefore t_ere are three entries in 
Table 7.1, each in tie column for the pulse which causes 

the entered state to occur. That is, pulse xl causes a 
change to state 3, pulse 	causes a change to state 1 

and pulse 7E causes a change to Etate 13. In the flow 
diagram, Figure 7.4, a small circled 1 appears beside 
state 3. This 1 re-oresents an output and is entered in 

the flow table as a Z. Therefore in row 2 state 3 
appears as state 3Z. 



Stable 
State 

Pu I ses 

x I x2 x3 x I xa xb xc xa xb xc 

Logic 	Variable 
Assignment 

yl 	y2 y3 	y4 y5 x2 x3 

1 2 9 0 0 0 0 0 

2 3Z I 13 0 0 0 0 1 

3 2 4Z I4Z 0 0 0 1 1 

4 3Z 5Z 0 0 0 1 0 

5 6Z 4Z 14Z 0 0 1 1 0 

6 5Z 19 24 0 0 1 1 1 

7 10 8Z 0 0 1 0 1 

8 11Z 7 12 0 0 1 0 0 

9 I0 1 13 0 1 1 0 0 

10 9 7 12 0 1 1 0 1 

II 8Z 15Z I 7Z 0 1 1 1 1 

12 8 10 0 1 1 1 0 

13 9 2 0 1 0 1 0 

14 5Z 3Z 0 1 0 1 1 

15 16Z IIZ 0 1 0 0 1 

16 I8 I 5Z I 7Z 0 1 0 0 0 

I7 IIZ I6Z 1 1 0 0 0 

18 I 6Z 20 23 1 1 0 0 1 

I9 21 6Z 1 1 0 1 1 

20 18 22 1 1 0 1 0 

2I 22 19 24 1 1 1 1 0 

22 21 20 23 I I I I I 

23 22 18 1 1 1 0 1 

24 6Z 21 1 1 1 0 0 

Table 7.1 	Flow Table Showing Restraint 
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This )roces;, of construction is continued until 

all rows are copplete and then the variable assignments 

In this example a binary progression was chosen 

as an vssiGnIlent so that each entry in the flow table 

which is in decimal inteer form reprc.,sents its binary 

ec_uivalent minus 1 as shown by E(11,..ations (5.16) and 

(5.17). 

To assign sttes to the 24 rows of Table 7.1 

five logic variables are recuired and their assignment 
states are shown in the last column. L. variable map for 

each of these five variables for each of the twelve 

pulse in fists is necessary. 

7.6 Vari,7ble  

The next step is the development of the 

varible maps fo/ secondries. In this case variable 

map is developed for e,.ch inyat pulse together with 
each logic variable. This gives a total of siLty maps. 

However, only the maps for ink ut pulses xa, HF and xb 
Ere Given as examples. These maps are formed for five 
Possible entries I, 0, 1, 0 and a blank which are 

defined below. The variable state map represents the 

response to an input pulse when the vsriable is in a 

defined initial state. The map entries re as follows: 

a) 
	

If the logic variable is at state 0 
initially End the input -ffulse changes 

the state to 1, the map entry is an 1. 
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0 
	

If the logic vc.riable is at 1 and the 

pulse changes it to 0, the map entry 

is a 0. 

c) If the logic variable is at 1 and the 
pulse retains it c.t 1, the map entry 

is 1. 

d) If the logic variable is at 0 and the 
Pulse retains it at 0, the map entry 
is 0. 

e) An entry indicated by a blank means the 
pulse cannot occur generally or that 

the pulse calises no relevant change in 
logic variables. 

These entries are made in the variable maps as above and 
Figures 7.5, 7.6 and 7.7 are given as examples. These 
maps for five variables VS1, VS2, VS3, VS4 and VS5 with 

outputs yl, y2, y3, y4 and y5 for an input pulse xa are 
constructed from Table 7.1 as follows. First a Karnaugh 
map is constructed for the five outrut variables yl, y2, 

y3, y4 and y5 for each of the variables VS1, VS2, VS3, 
V$4 and VS5. This mcp has 32 cells. Each entry in the 

xa column is then transferred to the maps for pulse xa. 

In row 2 of the flow table, TLble 7.1, there is an 

entry of 1. This is entered in the rs- ps as follows. 

The logic variable assignDent for row 2 is 



y3 y4 y5 

y3 y4 y5 

y3 y4 y5 

000 
001 
011 
010 
110 
111 
101 
100 

000 
001 
011 
010 
110 
111 
101 
100 

yl y2 

00 01 

0 

0 0 
0 

yly2 

00 01 

0 
0 
0 I 

yl y2 

00 01 

203 
yl y2 

11 10 y3 y4 y5 00 01 11 10 

0 000 1 1 
1 001 0 1 

011 0 
010 1 

VS1 110 VS2 

111 

101 1 
100 

yl y2 

11 10 y3 y4 y5 00 01 11 10 

I 000 0 I 
0 001 

011 1 1 
010 0 

VS3 110 VS4 

111 

1 1.01. I 
100 

11 10 

   

000 	I 
001 0 0 
011 0 0 
010 
	

0 

110 
111 
101 
100 

VS5 

   

Figure 7.5 Vari,,Cble MEd) for xa Pulse 
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y3 y4 y5 

000 
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011 
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0 VS3 110 
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y3 y4 y5 

y3 Y4 Y5 

000 
001 
011 
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0 

0 

0 

Figure 7.6 Varic.ble Map for xa Pulse 
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y3 y4 y5 

yly2 

00 01 11 10 y3 y4 y5 

000 000 
001 001 
011 011 
010 0 010 
110 0 1 VS1 110 
111 1 111 
101 0 1 101 
100 0 0 100 

yl y2 

00 01 11 10 

0 
VS2 0 1 

1 
0 1 
0 0 

yl y2 yl y2 

Y3 Y4 Y5 

000 
001 
011 
010 
110 
111 
101 

100 

01 11 10 

 

0 
0 1 

1 
0 0 
0 I 

VS4 

00 01 11 10 y3 y4 y5 00 

000 
001 
011 

0 010 
1 0 VS3 110 

0 111 
1 0 101 
0 1 100 

y3 Y4 y5  

yl y2 

00 01 11 10 

   

000 

001 

011 

010 

110 
	

0 I 
111 
	

0 
101 
	

1  1 
100 
	

0 I 

VS5 

 

Fii;,ure 7.7 Variable ? ap for xb Pulse 
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O 0 0 0 1 

and fro;:L Table 7.1 the assignment for state 1 is 

O 0 0 0 0 • 

BY the entry 1Drocedure above the Laps 

VS1 VS2 VS3 VS4 VS5 

will each have assignments 

O 0 0 0 0 

Thus in mai? VS1 the KarnauzZh nap cell representing 
row 2, that is cell 

yl y2 y3 y4 y5 

O 0 0 0 1 

has an entry of 0 as has this cell in maps VS2, VS3 and 
VS4. However, this cell has an entry 0 in the VS5 map 
(this particular entry is ringed in Figure 7.5 for 
identification). 

Similarly the entries for row 17 and column xa 
is it 	below. The logic variable assignment for 
row 17 which defines the map cell is 

1 1 0 0 0 
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and in col= xa state 11 has the variable assignment 

0 1 1 1 1 

The entry for each of tlie maps 

VS1 VS2 VS3 VS4 VS5 

from the procedure outlined is 

0 1 I I I 

Thus locating the cell defined by 

yl y2 y3 y4 y5 

1 1 0 0 0 

the above entries in each rasp can be iiiade. 

By this procedure all the vari,: -ole maps can 
be completed to give the mr:p  representation of the inputs 
to each logic variable. 

Boolean expressions can be written for each 
logic variLI;le input by examinLtion of their maps. The 
expressions for the set inputs, S, are obtained by 
determining the Boolean function of all the I's, treating 
l's and blanks as optional and the reset inputs, R, are 
obtained b determining the Boolean function of all the 

0's treating.  0's and blanks as cyotionc.1. 



4. `)0° CI 

The 3oole: 	.ton:, for fic,ure 7. 5 7  7.6 and. 
7 • 7 	Live_ii )clo'v'e' 	e 	'1,10 	ignores 
the j]ooD_e, h t tci)1v'iio reLLirec4_ or other 
IDLlses. Locever e. 2re,  rion fi-ur Il the 	Lu'e 
deteriline in the Iollowin, 

ole= 	on Si tipdotez=nc,d 
ex:zrinl,14-; i."3 1r  S1 i.. 	zi 7 . , , 7 . 6 nci 7.7 . 	The 

a_ or eLch cell i 	r'rich I oconro is 
wiitten. for wi 	the 	ol 1 occalrs o:7,13 for 

- e in 	. the e:.1;,rebsion for tiie Cell 
whiell it oecrs 

y1 
	

• 
	

• 

corbiTlinL, the 	.ion .., 	CC11 with 6.  _ 	i5C 
the 	ii 	i 	S1 ifJ 

S1--- 	• 	• 	•3 
	• , ) 

The 	n 	oior, or la 

	

;IL 2 S1 in ea i f'.0J1L'o 	loc te the collie in high 
OC1,1722. 	0i L) 	iLl.La: 7•r 12o ,! in c 11 

• ."--5-* • 7--if" • 

	

, L'r 	„) 

7 . 7 

. 	• 

IhereZ ore 	 the cell 1:ot tion the 



( 7  
( 	(1'7 	T j17_ ) ) • \ " • 

ttr.-30 2T-T17, 

• L. • L. - • 	• • 

• -' • 

• 2 L., 	• 

, r• ; • 7 - • t 	• 

- • 	• 	• 	"CfT. 

• ri 11: 0 0 (Li  CUT n0 ITO 	UT ti  77 el 	ao 	UT 0 	12U 

• 

I100 rT 	3.77. 	aoT YL 0-r-I—T1 ITT 	nT 

	 • 17 	• -;T--7C  • i 	•  

ST 	F., 	Rio T izo -r_ 	c To." o-ir_R, 

• 

"ci:c. 0 LU 	TOY _- 

9 • t 	0.."--•tc?T.LT 	E.;..-7-10 r...) 	Lj 	in:7T T. 170 :0 	s_.', rtT. 	-c-c 	1I  

- - 	o ("2,1:2' 	.:r0 7: 7T.T.0 1.7 	D-too', of 

7.'1' • 11'. 	• 	' • 

• OTIOT 	'-j-c 	0 	U 0 T c.; 3 .7: 	Or}_  

6o 
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,4hel'efore the 	n 0::;:- )reoion for 	of r_2:2 VS2 io 

.= ()c.o. •• 	' 	• 	• 

V 	 a  ( .33- a 	a  V 3 	(:7-3 	75)) 	• 

-6he cLrlession :Loa:-  S3 cyan 	Leveloped rOm 
vs3. I LI.TeLirs in 	VS3 in fiLhure 7.'5 for i2u1se 

xa in three cells, ilamely 

• y 	 . 3  • 	 • 

511 	 • —77,-  • "--"rr _) 	41 	•L' 	 • 

	

d 	e 	for $3 c 11 be f ound 13-y oil o 
the liroce..ure ,iven in section T5.3. The 	expression 
for S3 is 

S3 = 	• 	• 	• ( -y4 • 17.1:) V c:4-  • 	• :y1) ) 

";',y this roocih _re the 1 	 io also 	ined. 

/ 	• 	• 7-7-1  • \ • / :/ 4  • --7-2H, 	• 	 . = 	 , 

fzol. 1 fo:'_ 
i- or three c ello is 

• "7-st7-  \ 
-% 

S4 of FiLure 7,5 

xa • yl 	2 • 	• 	v r 

Por n.cp 	(21' 	lo 7.6 	e.i._)reoio-f for I io 
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• • 	,z  • 	3  • 

c-zie. of 	re 7.7 t"Le 	ion -for I. tz:-.; 

':he_ el °le tho 	 or S41- 	irecl 	coiAbinin rr 
tho 	 1.;L..0E0 	lid is 

• 2 	( (173' ' 	( 3 • 	• 5) ) ) 

( 	• 
	

3 ' Y4 • 	• ((:1, • 	)v( 	• 	) ) ) 

	

-coo 	 J.c.)r 0 ce131-_, Liv.e 
the -2,00lo, 

114-= 	2 • 	• (((::• 47.3.)-V:KL') 	• -7) ) 

-v- 	=tcv • (,13 • 	)V(, 	• 13 • 	) ) ) 

-Ldie 	cc 	 -Gec f or ;J5 to 	in 

s 5 =(I-_  • 7-1 I • '• 	73.  ' ( (73.  ° 	) ) 

• 3 
• • (

( 
 

• • ( 

 

•-4-3 • 	1 • 	3))) 

11.2±22c2.1-:, 	 2, 

• ( 	(7 -Tv 	))v(„1 • -u 	. A ) ) ) 
, • 

	

( J 	) v „ 3 	) ) ) 
• -1 • 
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7.7 	1J 	G int ac t-, 

	

The restl - int cru.tnt 	orsicL fro Table 7.1 
u.t—ins the Loor(f_iL te oi 	cell in which a Z 

writin 	1Tooler,n ei_re.Lion for it. 

There ",re no Z ter:Fls in the fi=st low. 

ension 	.AD, 2 	fraL tho eoordinLte of 

cell 3'6. '_Cho 	-b is cell 	1:1 which is 

coulJinci: 	t:Le labia vri,lo assient to o'Dt:'in 

the ol.lti)ut ter 

• * . 
• 

11!ea:e cre t;/o cells in low 3 occnied 	Z terrts. The 

fol the ecordin'tos of Dc coil 

occlied 	4Z io co -)oHed of the 1-yn2se in:nt na cafbined 

with f . 	loLic 	 TIILE -LLe ol.- tz;nt 

of 4 io 

71' • 7F: • 	• - 
P  

This ter],. c. 	e o_1;.1,(2Led fu ialcn:7_0 the ccerLin,.tos of 

the cell occied 	lz,Z. The 	to this cell 

is 1-c:c: —nd it is co:T.:ino', 	other 	tera o, cove 
to oet,_in )67_e 	io:!: the mt:12,ut of row 3 

• 1/ 	• *-71: 	772-  • -5" • 	/ 

	

v 	 J 

terJle LoDt 	 c",y,Ti)loC]. in jiLL:, 
Diner. 
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fZhe t(3.71:1;11 iD. 	..Jle 7.1 wilich 	doiloteJ with 

Z f orn the set in_yclts , 5, for the o,i;-%se 	restrLint 

vcirir2.-ao .V -21 _SC: the toras v,ithet Z 0221 the reset 

, h. The 	fl orl h is z] or 	oh -c)hF se 

in E f ee dor re 'ire s 	loLio 	1e to inuicate when 

lestI, 

7.0 	U0:,,IL1'is on Gifel it no 52ab1e r rid T3oolean Ex-ore ssions  

Jevelc--vert of tLe _ 0°lecn ei,i?reL:sions for 

nie set nd re et ints to the L 	ris on 	s VO 

is cYeLtly sii a if io 	, usinc; the Wit; to 	ients 

1-VeY :1)1 J_ no 7 .1. Mc flo jiL3rz.-Li, 1 i,ua'e 7.4 Ema 

the flow 	T 'Jle 7.1, live l_v- A17 nu r:17.2)J,- 	s"-to s 

since onll sin s 	ire(_ to Jei ine the difIefent 

flow _ircotio-  s in 	thzee 	se line . iLowevor the 	tee 

in l'ic,uro l.1 o, n 	into 	,,hich Eire 

then used to de ino 	o%1 Lif-ecticns 	Thi, is 

odt_oin into 	7 .1 E. 	or.ch 

.011:-  se . On one side of -.,Lo Livid_ line the i=tL 

on .1).(, 	side it is 

One line I 	e,d;r.ce divides the ti :,'tes of FiLuxe 7.1 

into 	..)ince. the vE.ri 	rJsiLnlaont for 

set:, ond:.:cie 	seen 	do ica.these st,-  to „ 	since all 

the 	':aen e cu le tee'., 	is zsore 

convenient 	coon° 	to L'.,e ec ,:ci,..„n:,ents E1read; 

In 	e 7.4 the -;!If_se 'a' line 0.1VideS the 

,`.'qtr teeinto two 	-tt -Lies on the ceiiivo 
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of this line re t--w 	ued \Atli L n out:put „'hic.,2-1 

indic, tee -, -.)usitive 	 current nd the other 

sti tee are _L5ti ociai,e a with a ne,Lative Inctant, neous 
curl ent• Thereioye 	the s;... Tie state asEi,snnent 

end 	ale e 	.ions can 7)e 	outut ec_u„ tions 
are re j 2e d• '22h1s is ceeo-filished 	,co1L,1111aL new 
outlalts to each st -.to in the fim. t, 

Ine f_on.**,2icon circ-„At now 	ror pin se 'a '  

is ,,iven in 12LT)le 7.2. :'he only chune 1,etwe en this ta]Die 

and rial)le 7.1 ie in tLe 	tut 	 eh etate 

10 0 	d an out: rct P or ic in P,ccordanee with its 
rel{ tienshi-2 to the 	'a ' aiv idinL line of .PiC;k2C 

P 	tes 	instz 	nouns 	rent and I 111die:),te 

new tive iLlEtE 	.no Quo i:12.1Y 	nore-F ore the two state ',is 

2 and 9 ,,hich Occur ill 5:0W 1 have :In 	outimt 

Since they aye ioti1 on 'G. !G no five siae of the -.)h. se 

line , 	out:all; 	_ents are 	fol oth these Lt: 

In no. 2 thae cre the threc 	GE,'S 3, 	, 13. 

	

to 3 i2; on L 	 aide o rho 
etc to 3 	iven 	 -, 21-at P. Sta.tes 1 and 
13 are on the 	tive 	nd y o eL o' 	i on ol.t-: -Jut 

	

siLnyients 	In this azin.or 	(.2 is co-1-,i)letod. 

.Lny 	 - Ls t 	have the 	ut 

r.ssiunnent no _ -liter -.:.11c:i2c it cc el -s in the table . 

Once , eo-:=1.1,1eto sti to dir ur. 	1c dove -..eyed and 

the lobic 	assija -lent 	va.-riable nay..}s have 

been c oya-.)lete , the sc 	;le 	,ent an0 	tion 

ccii 	 used 101 	se • It is on 	the outzut 
nuents . nd the ou.t-,)ut 	ihich 
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Pulses 

xl 	x2 	x3 	xl 	x2 	x3 	xa 	xb 	xc 

3P 	 IN 

2N 	 4 P 	 14P 

3P 	 5P 

6P 	 4P 	I 4P 

5 P 	 19P 	 24P 

ION 8N 

IIN 	 7N 	 I 2N 

ION 	 1 N 	 I 3N 

	

9N 	 7N 	 I 2N 

8N 	 I 5N 	I 7N 

8N ION 

9N 2N 

5P 	 3P 

I6N 	 IIN 

I 8P 	 15N 	 I7N 

IIN 	 I6N 

16N 	 20P 	 23P 

	

2 IP 	6P 

18 P 	22P 

	

22P 
	

I 9P 
	

24P 

21P 
	

20P 
	

23 P 

22P 	I 8P 

	

6P 	2IP 

Stable 

State 

1 

2 

3 

4 

5 

6 

7 

8 

9 

I0 

1 	I 

I2 

I3 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

xa 	xb 	xc 

2N 9N 

13N 

Table 7.2 Flow Table Showing Comparison 
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he 	pion i o 	•,et 	ooct i. 	O to 

„ .1- iF;on V. 	V",)1 	-':ale 7 .2 is cle-v-elopec_, as 

ill the 	 stc -i;es 2 	9 

111 low 	•i -q-  %re 0-,-1-J.,)-ut 	 IT. .c.a-  to 2 the 

'„hiCh 10 	01- - in.C: 

-de 	i 	01 	cw 1 to o-i_Jt i in - 	c:L -22rcf,SiOrl 

• " -;'• • 
1, , • 

o:: 	-te 9 

to 0 	To ,.:0-fii,.10-Le 	 1 

rye 
	 ) ' 
	 e ..7"-.; • 	 • 

to 3 in .10,,r 2 i0 	 e 	 -,/:-1 -riz..1)1e 

nd. is 1 cm-ae 	 -L he 	 nd 

coi;LiiininL, 	 i_1 , e IOW 2 	v, 	 • 

I-i:, 

- 	/J 
• • 77 • -2- • 	

• 

io:, 

vTri, 

1 Lila 13 in -nis a:ow -C .c 

v 
	 • 	•• —7  .2 4" 	 • 

JU 	Lietr:.ce. 	 or -i;he 

, 	 -Jo Go-zolcteCi.. 	 °Li 

F 	10 I1E: Cl 	t 	PIL 9 of v<a it-2_ 

Vel 	 icr -for 	liEjed. o 

e 	e lr in1:0,,t F> 9  h 9  01 -V"; 	 11 	he cf,_-,•.6 	s 7  21. CT 

:Ile 	Live 	 •;o1.- 
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ilo , into a c.,ust:tion buri)ar 

c) 	!Je r or L'11 feedel 0 , .ae olt,t-;mt Iron all 
their auarison v Ki bles or -,hic 	the C,IT-faC 

t one ijri nt 	1Ien 	the restrc int v.:,riF 131es 

110t; act tho LJove c 	Indic OF L -)1:_0r fault. 

'2heloroc 	o. 	lion of siLn 	ccn e 1:10e a to  
inaiC ( 	of 	fe'a der ' -ze[.]:ers. 

If for cL., D -)le Ire 	lion 	slJar 21-'s four 

f eeder2 1-m1Z:el-ed. 7, 6, 9 J.216. 10 to C G 01.1.;*1 i Ofl W' I i, .)1C 

out.uto for 7)11ce 'a on these feeders can be ni.-1ered 

1, 	3 aid 4 res:-)ectival. The ou.t.,)uts .:.re all the 

sa:o.e \then either 

• -,-)2 	1)3 • :04 ) 

occurs or 

-03 

ocev.rs. 	Len no re striL.t OCC,1 	the rostr:,int v.  

s vhl aid . :J2lU VC o)uGo 	aid 	ce-oec 

I. 	tion 	r , ith e-cr fedora 	festr int 

yLri..',10 for 0, ch foode.:. on 	se 	' -for which the 

oiLt)ut2, \:1-,en DO 1-  ctr irhi occ-c_Ks 	Ke al, 	72:3 and -017 

re 71)0C 	y.bnee, re' oc: 	 does not occur 

on LifL,-  fecdur under 	r I nil coliditions [- 1] these 

is : et e )re-,ent to indict. to tri-i inc is re.ired, 

c,ivei the condition -.then rcy_.trc:.int 

does not -rloch the 	c,-ini 1 is 

ffj: • *:-ZT • -Z5 • 	) 
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OoLLI:ininL i, O Lop. rion Li,nr1s .nd 4 O l'estrr,int 

5iLn—ic the 	c_:prossion j_veL tLe eonditicn for 

phase 	r '"t 7_' 	netorh Hubst,tion 

feeder broke).s ic to JO tri17,7)ed. 

• ---r; ' • 17, 	• r „ 1 ' Zr. E2, 
1 13-4 ) ) • )Ar 

7.9 Cuzci,utel' A:plic -6ions 

Ihis Ylothod oi 	-)roteetion is developed 

er use iiiiii iii ,,h speed diL„itE1 con -c..ters. since the 

VC, 	ilOp devices they are 

the si:„,.de of storc 

lobic 	Finilr -co the iithatctie 	Ihus \iith a 

pro,zara 1..)ce on the 1,1cthod d..eveloped cove 	L;t.ncle,rd 

arithnetic unit .nd core store con 'oe used ‘iith suitc:i-de 

peyipllerca 	to p-rot-,ct 	sulistation 

MAlfjC2S. 

Ihe Lcole_n_ 	dc-volo-2ed for Joe 

-')*0 	E-,tr- ints, 	arl the con-)Lrison 

VG, eaLter the 	,'.ter in the 1 Oa 	 of 

softwr.re. 	c-,7.ex:tions ,ie )Gr-Zori:ed I.)! the 

eonz.lter 	tere ls little need to unit 

their Y-Irer. 

tht this uethod is likely to 

hove over otheY i.ethocls o 	-.:1:otection 	con-2,uter 

a.re 1..-1 the 	 y;li c. 	 ec,j ;,ent reLuired 

fl.el in the 	coi-e stoze. 1t is Loi these 
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recsonn It fv.xther stu 	o thiF, nethod is recom=lended. 

Zhe Cliodvnt:Le is in the d_if±ioult'i of 
estc.li;-,hinL 	st te J1c) 	DI.L'Lri.,rd (see l'iLure 7.3) 
1:;hioli Lives c co.7,zaetel ,j,e:3:1_,to description of ail 
.)os,Tible ctitioii ior:J.cLithy c,nd =healthy bribers. 
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uhLFTER  

coL()LLL,Iors  

8.1 Lase of tie Su' et, 	SiErL1,tion - =uions  

The develo-iiG,ent of the notork sirmL:tor in 
Chapter 3 follo 	the 1_IDAS (51) pro_raDminL riethods. 

hoever fol-  the s0112, t- ion of DIolael.,s, L,enori,11, the 

pro,rLls r:.re converted to L.J=C (!-', 2). The iIDAS ty-)e 
of flow 	is 1._efl..1 elrin the develo'Nient Et:Le 
Jut ti,eie 	C.isi:dvLnt:es in the 1-nLI,Le due to the 
fdecd of convergence 	jJ: the organi,-:„7tion of the 
cpcational blocks bocuse of the treat nunher of cards 
which Imst 	h(mdled. The converLence is E problem 
'Jocauoe the stop routine does not .cork av,tisfLctorily 
lAth the result thut non - convorbini proGrEn are 
unneceF,srily wLeteful of computer tike. The EMIG 

-.1)fom converz„es fc- stel-  thrn MIDAS and is ]:lore 
convenient since equations ore written in form 
similrr to I'ort= IV. 

,J2he e2,t,:)lishJaent of the 	net, or:: 
col:J:itions fol.-  the siclultor inteLr-tor S to represent 
load cone,itions is tine co=aiin,. however, 1,sinc; the 
wanes iven in A„,endi 	est_ )1ished by trii- ,1 11 

error, Duch of the C_iffic-,:at 	'pe reduced.  8iT;J1Ltor 
setting iL Lr-3 ,-)enent u-jon o.t,•blishinL the vlue of Er 
of Fiju,res 3.3 and 3.z, and the value OD TT of Fiuu.re 3.6. 
TT if,: varied to ohnLe the 	-_,(Der to the network 
to 	 the ray -  red or_tr)r,t 7Jower 7 ,1f-aace at the 
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station busbar. TIle two vLlt.es a-lifer by the [mo-crt 
of the oJer loss in the network. As the -EepreLentt7tion 
of the netuork becol:,cs nore col.P2lex the difficlaty of 
estJlolishinG the v-le of Ti. is increased. Changes in 
EP affect the VAR ilo 	iad dcteri_lininL this vLlue is 

Dore difficult be:cc:use the y2u,c,nitude of the ratio of 
out:,ut to in;ut 	!.petlieen 20 L-nd 100. For future 
work it is recoln:,!ended thct a feedack loop to 
automaticlly set tLese values be developed. 

With the trnsZor3.,Is of Ecfe_tions (2.1) and 
(3.55) the network sinuLltion progreLl developed in 
Chepters 2 and 3 is an excellent wL-, y of deterKaining 
instantaneous f_LuLntities. This alethod ecn he extended 
to study other network problems where instantaneous 
vLaues of current and voltage are recuired. 

The trnsform which is given in DiuEtion (2.1) 
was not applied to the siDulation of the circulating 
current scheme for reasons explained, in Chapter 3. 
From experience otained in worhinL with trcnsforued and 
tine doDLin values the superiority of transformation 
techniues hecane evident. A practical method of using 
two - axis tr:',nsferms for systems 7Jc:sed or different 
reference axes is therefore proposed. 

0.2 Rotational Reference Frames 

Pron (34) has outlined L. uethod of tensors 
using the connection D-trix, K, to foraslise the 



t=f,:foni:. tion of networks. The trnsorm of !+c-Liu.tion 

(2.1) is 12.ot 	tensor since DK is not zel'o. Eone the 

less, 	of t=sfortion does e:.ist c,nd the 

forriLlised csyi-Droch c,7:21 'De nsed. 

tion,a 	hJE a connection 1-ir,trii: K 9  

cos 91 	sin 81 
K = 

- in P, 	cos el 

r.nd a6c in 

3.<- 3/  0 

In tLe 	li•nced 

K = e-j81 	 (8.3) 

The 1,w of trLnsforn with 4. t:Lne dependent connection 

mt:J.-ix is E,iven l.jy (34) 

Z =Z 	Kt 	 (8.4) '-"t 	1 

,lith this t3chni:ue L11 currents at c, subst tion 

laus-bc,r could ":Je determined in a two - Llx.is field Niith 	e 

reference 	This technicue also - )rovides a 

D owe rf-ua Method of using Pa :IA s t.r::nsf 0/ for e ouplex 
7iusb;-:x oc.ur‘tions, 10 	rc.:1K)tion (3.41). 
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0.3 L.1)roved Power- ietwork Differential Ecuation 
.i:w„)resentation 

The .)roblem which Mill remain is to estLblish 
teehDi,_ue for ordering the simul:tor ec_w.tions so that 

the arrnLe;lent of the 13foLrc_m does not linit the 
si3fulL-, tion to one feeder t 	tine as is now the ease. 
Another Droilem, entirel:; C.ifierent, but which should 
-oe considered in -11c-, solution concerns 	transnission 
line siTATaJtion. 'i:rnsT2ission linc ecurtions 

fuu.ctions of tvvo -idel„)endent w.ril.bles, tine 	distance. 
the solution of the clifierentiLl e(:uLtion for One vcIriLc)le 
in the LaIc )ro,:,:::Ln is by the aLn,se 7:utta meti)od. 
Lu3ieric:'1 1:.ethods 10Y the solution of second ordr 

difrerenti,1 efv_mis (10) would give a nore 
of lonL,  tri-,nsisrion lines. 

The Lrrangement of the tall IC -.1..re_rr:m is for 
a more LenerJa solr..tion of 	differentL1 ecu,- tion. If 

--L-oLrL, of i,he LMIC type is to He used entirely for 
pol:;er net-yorh L'intion:;lore powerful :drobrayi would 

be Lchieved 	;friting uubroutines for machines, 
trmslaission line, transformers, etc. This has  t0 
sone der,rec now 7Jeen cone in this thesis. however, if 
the oiler. tors; of the pro,r-L] such vc iultiplicction, 

division, intec,ration, etc., were to be roplcced by 
olJnrJtors repreecntin3  the z,bove slThroutines, that is, 

iLv.chine, tr-Lnsrlission 	etc., power networks could 
r-D. This re:rr-ncent or develo:=nt into 

new 	is )3:0L,C, n soul(. )e written for the Polrtion of 
pertiJa difforentic:l 	:n: for 3,uDti-,:tle netvforks 
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This would 	:;:oew2m. which would be more effective 

for power network:. anal7si;). 

8.4 Controller Proji-a3's 

In ChaT)ters r and 6 a Jethod of IltilisinG r.ierory 
and logic is 	to sitchinL. These oho piers shwi 

the feasilJilit of the rpplication. The nethod in 
Chpter 5 liars 	liyutation in the computer development 

.ecaluse of the nuller of enpt? space5., redired in och 

)1e. If to disdv[-,nt,se f non-economy of vLriu:bles 

in lckj_c functions can e overco pie the method of Ohocoter 
7 would a.li)er ..;ore 	ctive. irowevel, this 

disTdvntage is not really very imi)ortnt in a controller 

(21)lic,:tion ,rid it is reca;.]:bended that future 
develoent 	alone; tl'e lines or.tlined in Uha-Qter 7. 
The :dvLnt3e of this nethod is the economy of liorking 

ace in the con,Ltel develo.:Lcnt of lo,:;ic varia'ae 
equations. 

8.5 Controller Coordin-tion and Fec.tures 

The controllei f_unctions Lealt with in this 

thesis are those of 1)usl)ar fault detection anC 

s- fitching. A 	controller could c -oro3rauued to 

provide these .a_neUens in conjunction with each other. 
The controller as 1; roposed here h s t]_e independent joo 
of s- aziervisinG swichin,3  to LIJJ- rd ,,s„il.h;t incorrect 
operLtion. In the event of a blst)c.r fault the controller 

detects the fault, clers the fulted sone ,nd reswitches 
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the substtion to aint„- in trans.,,dosion 
since it cont. 1112 the s\,itchins arranLement of the 
subot,-.tion the controller cL,n be used to select the 
feeders from which protection 	are recuired. 
V2hus it would eliain to supervisory and protection 

circuit switchi-,-). 	interlo,_;LinG as it e:idsts at 

present , 

Prof leKts in interlockinU a.ssocited with 
reurrc:ncencnts and e::telisions to tl.e su")station can be 
,reatly re uced 1;y the controller. L new -,;,roLram with 

a cliffs:Lent set of ms,trf:ints 	 secuences 
can be deterldined for any tera:orary condition of 
sultion ocirition thus similifng the procedures in 
providinc, safe coLditions auxin alter . i ion. 

In 	sutation, functions such 	feeder 
-croteotion, busLr protection, intellockinL,, alarm 
annunciation, checking for faulty ecui*oment L nd data 
recording rare at ._:resent carried out by sopr,rate items 
of ec:uipr,ent, eJch developed for reliability, low cost 

and easy lxintel)knce. however, the inteL;:cation of this 
eui-,)yient into a 	control syste3_1 often leads to 
-1,rnlems of incoon,ta,_:ility, 

uonidera-)le 	space and 
the contin-uous attention and tine of the cortors are 
regy,ired. 

centi,lised zystort of s-Lbst,tion control 
be 	desira,-)le development therein 	tie functions 

at present per,oriaed -epLratoly 	coaaponents 
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could !ic Lraued. together in 	centraa oontroller. 

would ena',1e ecui-9ent to be tine shared and automaticall:: 

checked and riairtined. The controller would have high 
speed logic units, 1-34- lory units, calculating facilities 
and the necess 	-Seri;:.herEa 

Method of progranning the (ontroller would 

provide 	s yster lith the de;:irble feature of flexibility. 

One of the functions of this controller would 

be the natoitic recordinL (nd checkinL of power and VAf 
flow volt:•ge level -nd other operi 	conditions. The 
control of transforer tap chLnge.:; would be ')rw_:,,ramy,ed 

and the control of load sheddinL by volt::„se reduction 

can be incorporated. Discrete operations such as circuit 

breaker and lightning arrestor ol:erations ./ould be 

counted. 

It is essentil that the controller can 
inforT,3ation to the control engineer. 

Printed information )-L-.1d 1)rovide 	pormanent record of 

opera tion. Tile 	trze r.nd ses_uence of .71Ern signals 

could be recorded. 	,owever, in addition, Jlarfts can be 

indicated both audibly .;iy horn and visibly by picture 

disy. It is possible that the printout be arranged 
not only to inicte the :asic cause, but 	the 
corrective action to e t: Len. 

A d=iy :ignal froD the cost_- oiler can be used 
to check perijhoraa rnd -;o:)c,tction ec2c.i)racnt. One 

:r:c',1aLeent can be to nake ecuipcnt ihich is seldoln 
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used -,)01Lrity sensitive. A elml.y 	of the opposite 

polarity would be used to check continuity of wirinc. 

l'et,,,ork Control 

_'Lip, thesis is intended to for-, part of an 

overall plan proposed by the Centrcl Electricity 
Generting 2c)rd (Y)) for an interated network controller. 
As the national grid increases its c;-,pacit: for energy 

transmission, more and more control functions will cc 

per 	at the transmission high voltIge utnstation. 
The substtion oper tor will be re',Lired to perform 
some novel and more sophisticated duties, as well as 

his conventional ones. This substation controller is 

intended as an aid so thit the oper tor will not find 

that more of his time is devoted to switching functions. 

With more work to do, the operator milst be provided with 

ever r possible nesns of increasing his productivity. 

8.7 Future -3usbar Fmlt Studies 

rxhe netork simulation eclutions of Chapter 3 

provide n e=ellent TJethod of Aie.odlcinL.c the 

inFtEnt,neous waveforms of t network rei-ired foY the 

stu.d_ of system disturbances. It is proposed 'chit the 

si311.2-tion he etended to include the features outlined 

in 3ections 8.1, L.2 and 6.3. It is also ,Droposed that 

the ecuitions in ChL)ter 7 be i]icluded in the network 
siylultion by use of the logic functions 'and', 'or' and 

'function switch' (see section 7.1) and the hybrid 
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function of 'flip - flop' 	c'-re avLila-ile in the 

proraF- The inclusion of these protection 

e.,L.tions 	:the i,imulLtion provides a method of 

testing rnd develcninA,s the pLlsinL; seLuence (see 

Section 7.4). 

The method of sanpling proposed. a Cory (17) 

n improvement in the ap_L,lication of Eirchoff's 

second lcw for bus'oa.r fault detection. It is recommended 

that an investiLL'tion into the availa'ole euiment 

-:)ro7a0-1-s of a 7)retieble install,- tion be undert-Ahen. 

8,3 Jew Developments Considered in This Thesis  

The lYarpose of the network simuli- tion of 

Chapter 3 is to provide a convenient method of modeling 

the widest ,ossi7Jle n:nbe of euipaLent involved in an 

electricl network. '1115 ;:rogrm used is -2)-olic;_-.ble to 

cmy s3steT2 d:iich can be desclied in differential 

et uction or logic ecultion form. 

The equations which a.re generall u_E,ea to 

simulate networks are J:p- lica.ble to the Pnalogue 

silaa.tion of stead state (.onditions. The digital 
conputer siu,a,tion used here is for trcnsient conditions. 
In previous 5i=1(.-6i0115 nelecting trc, nsient toms has 

led to great simplifications. These terms produce 

closed loops in the simulation which arc not permitted 
in the digit, "1 	-oroLI-Ps. Therefore all 
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machine ecuctions in ChLpter 3 which involve transient 

terns cY.e develoi)ed in a new form. This also 

to the simulation of short transmission lines. The 

ecuLtions for long trans:mission lines ,1-1d frotective 

circuits are ah oriinal development of this thesis. 

All asy:Tata.-ie:-1 wLvc2orzi ecuctions 	nd p 

components are new developments. 

In this thesis the use of transforms is 

extended to include 1,etork euuii)nent other than machines 

to provide E,  re)resenti.tion suitc.ble for ,..),,lication 

to itertive tecilnic.ues. 

The introduction of the use of switching  
alge-..Dra for solving proble!:_s in subutLtion switching is 

a new development in this thesis. In Chapter 5 a method 

of obtaining Doolean ex-3:,:essions from a switching 

1.gebra is given for -i)plication to automatic switching 

Of su7)st{tions. A digital co muter Ifrog=o based on 

this method is developed. Properties of group theory 

app lied to deterine the ol)tihium coJapination of rows is 

a new developrient used in this program. The wEy in 

which subst(tion ope=tors can use this -,)rogram is 

illustrlted. A 1)roJoscl is Liven in Ch,pter 7 outlining 

the w.a /  of 	switching algebra to substation 

us.Jr. protection. 
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AFFEi=  A 

4.1 	Priliry 

SUMI.LTION 	 ET-T,iiij  

2=Deters for SubstLtion Representation 

Feeder Number 

7 9 10 

yid 1.409 1.6 	1.35 0.7953 
,- „ci .35  1 1.72 	1.57 0.63 

, 
-d 0.235 0.203 	0.2/;r5 0.0763 
,,IT 0.136 0.14 	0.19 0.0572 

- : a 0.12 0.09 	0.16 0.0392 
ra  0.00219 0.00118 	0.00207 0.00057 
T'd  1.42 1.46 	0.61 0.8 
a: 
d  
ft 0.05 0.05 	0.02 0.019 

T" 
cl 

0.06 0.06 	0.021 0.0205 
H 3.375 4.33 	5.055 3.23  
Fl_tinG 50 120 	222 333 
--1,ci  0.141 0.1746 	0.2051 0.0709 

0.00566 e  0.0579 	0. 0.0204  
re 0.001 3 0. 	0. 0.003 

239 
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L,2 CLaculted Vc1,11:.es ReresentE,,tion 

xad 
xf  

xkd 
L Du 

rkd 
T1 
T, 
T3 
Tka  

4.MCI 

kc 
cio 
-di 
'd2 
Adl 

adl 
a , 

7 

1.209 
0.126 
0.0214 
0.00411 
0.000529 
0.00509 
6.53 
0.82 
0.01A6 
0.0134 
1.23 
0.0214 
0.00692 
0.577 
1742.8 
-12.118 
-0.0z,43 
-0.057759 
0.10777 
12.649 

Feoder Eumber 

8 	9 

1.71 	1.69 
0.219 	0.0895 

0.0673 	0.0465 
0.00544 	0.00538 
0.000663 	0.000923 
0.00819 	0.0163 

9.23 	6.14 
0.692 	0.34 
0.1015 	0.0258 
0.0257 	0.00909 
1.63 	1.41 

0.0673 	0.0465 
0.00309 
0.668 	0.161 
1442.7 	959.94 
-10.25L, 	-2.3787 
-0,85731 	-0.37146 
-0.064912 	-0.025336 
0.10179 	0.160132 
10.!C9 	40.746 

10 

0.77.66 
0.0391 
0.0334 
0.00241 
0.000303 
0.00r,',96 
8.37 
0,281 
0.0251 
0.012 
0.6408 
0.0334 
0.0109 
0.197 
3105.0 
-4.5066 
-0.90557 
-0.022555 
0.11732 
41.061 
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A.3 Power and VAR Flow for Subrtc. tion Jiepresentation 

7 

Feeder Number 

6 	9 10 

Power -35 -60 -185 300 
VARs -23.2 -35.4 0. 58.6 

It 0.70283 0.694555 0.634771 -0.897001 

EF 0.00111014 0.00109675 0.0014641 0.0006428 

pu Power -0.700005 -0.666624 -0.833333 0.899947 

pu VARs -0.461576 -0.295159 0.0008202 0.176096 

MEG 0.175 0.42 0.778 1.165 

A.4 Simulator Initial Conditions for Substation 
Representation 

7 

Feeder Number 

8 	9 10 

Il 0.00391726 0.00385152 0,00274346 0.00367325 

12 0.00226711 0.00275821 0.00357669 -0.00254999 

13 -1.06197 -0.099548 -0.936009 -0.542361 

14 -13.5132 -6.50612 -24.0229 -61.7628 

16 0.527599 0.503332 0.716101 -1.17808 

17 -3.59296 -11.6695 -0.0093904 -4.33569 

18 -3.66835 -3.70501 -4.05834 3.76627 

_r 
X 10 
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A.5 Primary Par meters for Long Line Representation 

xd 	0.9403 

0.568 

xa 	0.237 
-y- 1 

a 
1 	0.1451 - 

xa 	0.0996 

ra 	
0.007 

T' 	0.204 

T" 	0.022 

3.64 

x" 	0.1425 

xe 	0.045 

re 	-0.00483 

c 	0.00172 

g 	0. 

.6 or 1e 	0.000143 



A.6 Calculated Values for Long Line Representation 

xmd 	0.8427 

xf 	0.2124 

kd 	0.0383 

Lind 	0.000268 

rf 	0.00446 

rkd 	0.01465 

T1 	0.885 

T2 	0.2095 

T
3 	

0.046 

Tkd 	0.00832 

x 	0.4684 

xkg 	0.0383 

kg 	0.01465 
T g11 

o 	0.094 

Bdl 	136.07 

Bd2 	-7.381 

Adl 	-0.6982 

Ad2 	-0.14278 

adl 	1.651 

ad2 	25.922 
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A.7 8imulator Initial Conditions for Long Line  
Representation 

Fee der Number 

1 	 2 

Tt  1.01151 -0.96822 
EF 0.015691 0.015495 

3.97164 x10-3  0.00365711 
12 2.22955 x10-3  -0.00221609 
13 -0,692333 -0.705405 
14 -42.4612 -41.5334 
16 1.23317 -1.22575 
17 -1.44377 x 10-4  0.002127 
18 -3.65312 3.66309 
19 -1.19642 x 10-3  1.20597 x 10-3  
110 -9.90038 x10-5  -1.00674 x10-4  
Ill 2.13125 X 10-3  2.09897 x10-3  
112 1.76344 x 10-4  -1.75282 x10-4  
113 -9.32610x 10-5  -1.06663 x 10-4  
114 1.71087 x 10-7  -1.72453 x10-7  
115 1.66114 x 10-4  -1.85357 X 10-4  
116 -3.04769 x 10-7  -3.00153 X 10-7  
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APPENDIX B 

DEFINITION OF A BOOLEAN ALGEBRA 

A Boolean algebra B is a set of elements x, 
y, z, ... with the following properties. 

B.1 B has two binary operations, V and ', which 
satisfy the idempotent, commutative, 
associative and distributive laws. 

B.2 	B has a binary relation denoted by 	which 
is reflexive, antisymmetric, and transitive 

and satisfies the consistency principle. 

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

B.4 	B has a unary operation of complementation, —, 

which obeys the complementary, dualization 
and involution laws. 

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

V 	or 

and 

implies 

not 
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A symbolic representation of the properties 
of a Boolean algebra are as follows: 

Idempotont 

Commutative 

Associative 

Distributive 

x*x=x and. xVx=x 

x'y=y*x and xVy=yVx 

x • (y' z) --z (x • y) * z 
and 
xV (yV z) = (xVy) V z 

x ' (yV z) = (x ' y) V (x z) 
and. 
xV (y' z) = (xV y) ' (xV z) 

Reflexive 	 x 	x, for all x 

Antisymraetric 	x 	y and. y 	x then x= y 

Transitive 	 x 	y and y 	z then x 

Consistency 	x 	y, x °y=x, xVy=y 
are mutually equivalent 

Universal bounds 	0 G x 1 for all x 

Intersection 	 x= 0 and 1 • x= x 

Union 	 OVx=x and 1Vx= 1 

Complementary 	x • x= 0 and x V x= 1 

Dualization 	(x • y) =.5EV 	and (xV y) =3c.  • 7 

Involution 	 7=x 
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APPEITDIX C 

SOLE PROPBRTIES 02 BOOLELF YLTRIX  T.TTLTIPLIOATION 

Boolean matrix multiplication shovad not be 
confused with arithmetic and matrix multiplication. 
Boolean matrix multiplication is defined as follows. 

11(1 = fiD) 

where each column of matrix ED] is obtained by comparing 
the corresponding column of matrix [C] with those in 
matrix [x(n)J (see Section 5.2.3) and taking that column 
of matrix [3] which is in the same relative position as 

the column in [ (n)] equivalent to that of Eq. That is, 

column m of [D] = column s of [3] 

where column s of [X(n)1 is equivalent to column m of 

[C].  

To illustrate Boolean matrix multiplication 

consider the following example. 

[B] [a] = [D] 

where 

[ 0 	1 1 0 
LB] = 1 l 0 1 
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Jar 

1 1 0 0 

0 1 0 1 
1•11. 

0 1 0 1 

0 0 1 1 

[a] 

and 

Pnd = 

To obtain colurm 1 of [I], note that column 1 of [c], 

1 
9 

0 

is equivalent to col= 2 of 12.(n) and then that 
colulin 2 of [ L is 

1 

1 

This then is coluaim 1 of [D]. 	p 

colurin 2 of [D]= coluzm 4 of [B]  

3 of [D] = column 1 of [B] 

column 4 of [DJ 	oltuan 3 of [ 

Hence 
or 

[D] = 
1 0 0 1 

1 1 1 0 
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rt'Lkinb the docil vector ecivlents of the 

'DinLr-,y matrices ,iven above the illutration of Boolean 

matrix Dultiplici:tion is ',Lore esii underctood. The 

decimal vector ec,uivalents of the 'cinEry Laatrices B 

Lnd 	are 

[-,nd 

-4 

B = [2 3 1 2] 

C = [1 3 0 2] 
-----> 

1 2 3 

respectively. Then, followinG the Boolean matrix 
DI:atiplicLtion .L)rocedure, 

—* 
D = E C 

= [2 3 1 211 3 0 2] 

=[3 2 2 1] 

which is the decimal vector ecl- ivalent to the binary 

matrix [D]. 

Since 

= 	3 0 21 t2 3 1 2] 

= Co 2 3 o] 

is not ecy,z1 to D 2  

B  C 
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nd .-Dooler.n mE.trix =ltiplication is not commutative. 

Also, as 

-4 -4 

C C= [1 3 0 21[1 3 0 2] 

[3 	o] 

-* 
is not ecual to C , C C/C, the idenpotent law does 

not hold. 

The inverse of El matrix [A] with respect to 
- 

..Eloolean natrix 	[A1-1  , is defined as the 
natrix for which 

[A][11-1  = [x(n)] 

where pn)] (see Section 5.2.3) is the identity matrix. 

Using vector nottion, 

- A 1  

is the inverse of A if 

---4 
A A-1 = 

Since one of the columns of [X(n)] does not appear in [ 

in the above examl-,1e, the inverse of Ndoes not exist. 

]_o\reve.r, the inverse of matrix. [C] does exist c,nd can be 

found from 

CC] C0]-1 = [2,(n1 
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—* 
Dsins; the eivalent decimal vectors, the inverse of 
[1 3 0 2], is 

0-1 = [2 0 3 1] 

since 

o 	0-1 _,. r i  
L 	3 0 2] P. 0 3 1 

[0 1 2 3] 

= 7,(n) 

and X(n) is the decimal vector eu.ivalent to the binary 
identity matrix [X(n)]. 
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AUTOEATIC SWITCHING 

By B.J. Cory and G.S. Hope 

List of Symbols 

f function of a Switching algebra 

• and (Binary operation of algebra) 

✓ or (Binary operation of algebra) 

not (Unary operation of algebra) 

1. Introduction To achieve a reduction in the cost or electricity 
supply the present trend is toward the installation of large 
generating units which require automated controls to achieve 
maximum .effiCiency of operation. A start has been made in many 
countries to • apply some measure of automatic control to the 
transmission and distribution systems so that they are compatible 
with the large generating units and the reliability and flexibility 
demanded by electricity consumers. So far system control has 
consisted largely of automatic load forecasting, plant ordering 
and frequency control. As automatic control methods become 
established their extension to other aspects of system control 
will follow. It is the purpose of this paper to record the 
progress being made on a method of switching control which has 
application to areas of the transmission network as well as a 
H.V. substation. 

One method of using mathematical logic to describe the switching 
and interlocking of power system .networks and equipment has 
already been described (1) . By the use of set theory as well as 
mathematical logic it is possible to use a suitable controller 
to switch automatically the circuit breakers and power operated 
isolators in a network or substation. For the purpose of this 
paper all circuit breakers and isolators required 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 facilities are available. Since automatic switching 
will be only one of the functions required of a system or station 
controller, the method developed using -set theory here is applic-
able to digital programming of a central control computer with 
peripheral input - output equipment. 

2. A 'aication ' of Set Theory Set theory is applied in the 
deveopmen-tia the method 'a control and the switches of a 
substation are considered as elements of a set. The elements 
connected to any one busbar form a subset and the set of all 
possible switching combinations of this subset forms a Boolean 
algebra. 

.....M•.".1111•11•11•11. 

. Cory and Mr.  Hope are in the Department of Electrical • 
Engineering, Imperial College, University of London. 
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scratching states are presented in Karnaugh 
rectsible switching combinations represented 
of a Karnaugh Map representation for four • 
is as follows 

Lap form (2) with all 
in columns . An example 
switches (w, x, y, z) 

y 

z 
Figure 1. Karnaugh Map for four switches • 

In this map the sixteen possible ways the four switches can be 
switched are shown. Using '1, to denote closed and 'O'to denote 
open, position 0000 represents all switches open, position 0111 
represents switches w open and xv.y, z 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 

Y z 
00 01 11 10 

Figure 2. Karnaugh Map representation of a function 

This representation gives a function. Of all the switching 
possibilities presented by the map the three given above are 
chosen. The Karnaugh Map form that is used to develop the 
Mathematical model for the controller is shown in Figure 3. 
In this representation elements xl x2 forma subset as mentioned 
in the first paragraph of this section. The inputs, which are the 
switching combinations of these two elements, form a Boolean 
algebra. The switching combinations are columns in this map. 
Switching states are given by each position in the map. For 
example, switching combination 10.given as a column of xl x2.has 



Secondary 

State 

yl y2 

00 

01 

11 

10 

1 

1 

1 

12 

xl x2 
Input 
00 01 11 10 

Figure 3. Karnaugh Map representation of switching states 

four•poSsil6le switching states of which 10 of yl y2 is the term 
• given. A switching state is different from. a 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 . • Each switching combination may be represented by 
several switching states dependent upon whether each switch has 
• 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 switchee yl and 
y2 form four secondary assignments used to determine switching 
states. 

The mathematical map of switching states is stored in Boolean 
matrix form in the switching controller. The mathematical map 
will be in a form similar to a Switching algebra (3) as distinct 
from a Boolean algebra. • Although a Boolean algebra (4) may be 
represented in matrix form, in this paper a Switching algebra on 
which a Boolean matrix multiplication 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 algebras will be omitted here but they can be obtained 
from references 3 and 4. 

Each position of a Karnaugh -Map gives one possible switching 
state and it is possible to represent each position as a 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 or 0 may be used to indicate if the term exists in an 
ecuation of a function. The order of terms in a polynomial is 
different from the order in a Karnaugh Map for convenience in 
presentation. 

As an illustration of this method refer to the switching function 
given above. In polynomial form this can be written 

(1 • Wr •  57: " 7.7)v(o• ,,1•37.•7•15)V(0•Vi•X•Yre -g) 
V (0 • W • X • 7 •-i)v(o •Vi•i: • y • z) V (etc.) = f 
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( 	1 000 010 000 000 010) (wx y z ) 
The octal equivalent of this binary representation is 

( 1 	0 	2 	0 	0 	2) (wx y z ) = f 
:Leh polynomial is represented as a word or group of words and 
the process of Doolean matrix multiplication basically gives 
access to the polynomial rec,,:ired when achan,,:e of in_put occurs. 

3. Off Tine Calculations End Logic Decisions The mathematical 
mod= tne system beused in tie con.triler :cast be complete 
both in the ixnut considered and in the number of switching states 

i1so all constraints, sequences and preferences ralst 
be complete . To guarantee this the model is developed. by a large 
off line computer. 

Information on each element, of the subset is :punched on a card. 
Por example, each switch connected to the busbar can have a card. 
Cu this card is punched the switch name, say 126, and the con-
straints relating to it, such as switc_ies which cannot be closed 
when L26 is closed, as well as switches which must be closed 
before or after it, etc. Such cards form the input data of the 
programme. 

4. Development .. of the Liathenstical I.Todel The first step in the 
deveropment or-the matheryaical model is to form the set of - .all 
::ossible switching combinations of the elements of the subset to 
be controlled. By the proper selection of elements of the set 
of switching combinations dangerous and undesirable switchi 
combinations can be avoided. That is, constraint can be built 
into the model by the elimination of elements of the set. It is 
impossible for these switching combinations to occur in the 
s-c.bstation because they no longer exist in the mathematical model. 

The next step is to form e. primitive flow table . This consists of 
forming all the different switchingstates which give all possible 
operations of the switches to arrive at a switching combinr:tion. 
Outputs can be assigned to these switching states. It is possible 
to have different outputs from the same input dependinc, upon 
C_Ifferent states. In this way it is possible for the controller 
to perform a switching o- )cre.tion to change from an existing circuit 
arrangement to a reeuired arrangement -and to initiate only the 
outputs required for this change. 

:::witching states arc considered to be either stable or unstable 
depending upon the agreement of the input condition with the 
out-,;ut performed. If the existing switching state is different 
from the ml'uired switching state, the existing switching state is 
unstable, but if the existing and recuired states are the same the 
existing switching state is stal)le . Care must be taken that the 
-i;roE,rvrz.le does not introduce redundant stable states-. 

The next step is to form the flow table . This is done by modifying 
the primitive flow table . 'Rows in the primitive flow table may 
be merged. together if the states in each column are not unequal. 
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For exam:01e, the following rows of .states can be merged 

00 	01 	11 	10 

1 	2 	. 3 
•••••••.... 

1 	2 

-11••••••.••••••111 

1 	2 	3 

but 

2 

  

cannot be merged since the two states in column one are unequal. 
To recoL;nise rows that can be merged the lattice theory of sets 
is' used (6) by considering the switching states to be elements 
of a set And each row to form a subset which has an ordered 
association. If each state is considered a least upper bound 
and if tie other elements of the set are considered greatest 
lower bounds, subsets can be =reed to form a lattice between 
relative elemcnts of each subset under the ineouality relation 
as a group or as a Boolean algebra. 

Cnce all possible nergible rows are found merging can begin. 
Since the number of choices • available to foriii merged rows is very 
large a method in which the merging is optimal is, required. 

Fip,ure 4. Optimal merging of rows 
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'or this :purpose the following method is adopted. Consider each 
row to form an element of a set and consider each element in all 
the possible ways it can form a member of a group. The element 
thu.t is most often the greatest lower bound must repeatedly be 
cliz.:.inated from the elements which least often form the lowest 
ul..,)er bound until the greatest lower bound is empty. The merging 
is then completed and by this procedure a new set with new elements 
is formed. Fig-ure 4 is an example of the merging of 5 elements 
into 2 where elements of the set are rows 1, 2, 3, 4 and 5 and 
lines joining elements forma group. The loops form least upper 
bounds which are the elements to be considered for combination 
to form elements of a new set. The intersection of the loops form 
the greatest lower bounds. In this example 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 least often the lowest upper bound. That is, group 3 - 4 
is cut by loops three times which is the maximum number of times 
any group is cut. 

The next step is to assign secondary states by giving to all 
stcble states within a row the same secondary state assignment. 
4.11 unstable states are given the same assignment as their equiva-
lent stable states or as other equivalent'unstable states. Figure 5 
shows an example of a flow table with letters assigned to each 
row as the initial stage in the assignment of secondary states. 
In all the following figures X signifies that the switching 'state 
is stable. 	 5 

00 	01 . 11 10 

is 2s 4 3 
58 2 9 3s 
8 6 .4s 7 
1 -__ 6s 4 
5 6 9s *7 
8s 2 	, ' 10 3 - 
E 6 lOs 7 ....._ 

a 

b 

secondary ,c 
State 	d ' 

assignment 

6 

Pigure 5. Flow tale -with initial secondary state assignment 

lathough it is not always necessary, it is convenient to have the 
secondary state rel;resentation such that all unstable states are 
adjacent in their binary assignment form to the next desired 
secondary state. It is undesirable to change secondary states 
through another stable secondary state since this may result in 
settling. ;/ith t—e proper choice of secondary state assignment 
rtny tendency to settle is avoided. The secondary state assignment 



Input 
00 

000 

01 	11 	10 

000 010 100 

000 	011 

cm 1 011 	010 

110 	011 i 010 

100 Ono r 110 

101 011 

101 100 

100 1 000 	110 
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for the example above is shown in FiE:tare 6, which assigns a binary 
ni.u.aber to each letter representing a row. Shovm in Yip;u.re 7 is 
the secondary nap obte ined, "oy placing the secondary state assign-
ment in •i;he flow table of FiEure 5 as outlined a:Dove. 

00 01 11 10 

1 	al a2 d c 

f b e 
— g 

0 

1 

2ioare 6 

2igure 5 
This is 
shown in 

. Karnaugh i.:ap of secondary state assignment 

indicates that rows b-c-d-f should be adjacent to row a. 
achieved by allowing row a to have two assignments, as 
Fip,-are 6, only one rof which is stable . 

al 000 

a 2 001 

d Oil 

c 010 

g 110 

e 111 

b 101 

f 100 

2iFure 7. Secondary ma-c 

out :ut rat-  p is now formed by substituting the desired output in 
the - Josition where stable stu.tes occur in the flow table. Each 

to has a correspondinil; output which is indicated by the 
primitive .log! Table and this is illustrated. in Pig;-ure 8. The 
output values z...hown in ecch ctable state represent some desired 

or exami;le t__e value 000 in row 1 col= 1 rair;tht 
re:present a oir,:nal to o3.7en 3 switches. Unstable positions in 
this map are assigned 'for convenience. .1,n individual binary bit 
in an intermediate unstable state must not change in the transition 
between st...ble states if it is the same in both the stable states. 
•I:owever if t•Lle binary bit changes between stable states either 
representation Liay be chosen for the intermediate unstable state. 



000 000 

010 011 

.MIINminn••••••••••••••• 

010 

	••••••••1111111111111.111••••• 	 

001 000 

110 

Input 
xl x2 
00 	01 	11 	10 

000 
_ 

000 0-- 0— 

0-0 0-- 
. 

0-0 010 01- 

-1- 01- , 011  

11- -1- 111 --- 

0-0 0-- 001 000 

010 0-0 0-1 011 

110 --0 11- --- 

yl y2 y3 

000 

001 

011 

010 

110 

111 

101 

100 

Input 
00 	01 

Figure 8. Output map for stable states 

If switching combinations are called x and secondary states are 
called y the complete output map is shown in Figure 9. 

4 

11 

17 • 

10 

000 

001 

011 

010 

110 

111 

101 

100 

Figure 9. Output map completed 

5. 	Boolean Expressions Boolean expressions may now be formulated 
for Ta-cria"-1-7ne oinary bits in the secondary state representation 
and for each of the output bits in the output map representation. 
Output maps can also be called Z 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 maps Yl, Y2 and Y3 for the secondary map and Z1, Z2 and Z3 
for the output 

The Boolean expressions from the above maps are 

Yl = (xl • 5E2) V (z1 • x2 : -y1) V (y1 ° 72 • y3) V (71 • K2 • yl) 
V (5E1 ° X.2 ' 71 • y2 • 73) 

Y2 = (71 • y2 • 73) V (x2 • y2) V (xl • x2) V (xl • yl • y2) 

Y3 = (y1 • y2 • y3) V(xl •  :72 • yl • y3) V (1 • 71 • y2 • y3) 
V (7.1 • x2 • 71 • y2) V (xl • x2 72 ' y3) V (xl • :72 

Zl = (Y1  73) 

Z2 = (a • y2) V (21 • yl) V (x2 ° 	' y2) V (x2 • y2 • 73) 

Z3 = (xl x2) V (xl yl • 72 y3) 

With each position represented in Karnaugh Map form the pref ices 
'0' or '1' • of each term in the polynomial are determined. The 
octal form of -these polynomials from the above map is as follows 

(11533242517) 

(02175610467) 

(00411016657) 

(01703600000) 

(01256605474) 

(02104212421)  

x2 yl y2 y3) = Yl 

x2 yl y2 y3) = Y2 

x2 yl y2 y3) = Y3 

x2 yl y2 y3) = Zl 

x2 yl y2 y3) = Z2 

x2 yl y2 y3) = Z3 

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 
mathematical model is to enable an appropriate reconnection to 
be made upon the application of an input signal. This signal may 
originate from a protective device, a manual operation or another 
system controller. Its immediate effect on the switching control 
programme would be to indicate that an unstable state of switching 
exists and to proceed to the next permissable stable state. This 
next state is then made to operate the appropriate output device 
to alter the switching configuration of the substation. In most 
cases this will involve the operation of one switch, but in the 
case of a busbar fault, for exPrplel it could involve many switch 
operations to achieve a satisfactory new switching configuration. 
It is the purpose of the method which has been outlined to determine 
acceptable rerouting of essential supplies so that system 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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Changes in the desired switching of all substations can be made 
without any change in the physical arrangement of the controller. 
It is simply reprogramrmed,• Lore important, redesign or extension 
of• a substation requires no modification to the controller. 
Connections between the local controller and equipment for operat—
ing switches will be required. Interlocks and interlock relays 
should not be required since the switches are protected against 

operation by the mathematical model of the system. All 
general switching, such as that required. for access or maintenance, 
could be done through the controller. If a switch is open or 
refuses to close the controller could be made to reroute the 
supply. 

The operating time required depends to a large extent on the speed 
and size of the controller together with the speed at which the 
crutches can be signalled to operate. Using present supervisory 
techniques 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 be 
operated-to re—route supplies. 

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