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ABSTRACT

This thesis presents a computerized scheme which detects the

sence of phase to ground and phase to phase stator faults on power

tem generators. The fault/no-fault decisions are based on the amplltude
io of the '"fault' and "average-through' currents from a selected

erator phase. Techniques for fast amplitude extraction from sampled

uts are evaluated. The proposed protection scheme is amenable to a
e-shared digital computer approach.

An analog input data pre-processor, used to reduce the sampllng
nirements of the digitizer, is described. An input data monitor is
luded to activate the more sophisticated software only when required.
t acting software is included to restrict subsequent calculations to
data from the faulted phase Special attention is directed towards |
ing valid amplitude comparisons during the transient period 1mmed1ate1y
lowing fault incidence. A data logging function, which retains and

urns information from any conditions analyzed by the software, is |
luded to permit reconstruction of the pre-fault and post-fault currents.
operation of the hardware and software is also reported. The results
extensive tests, performed on single and three phase versions, were

d to evaluate the performance of the scheme. Approximately 800 case
dies including internal and external faults using a three phase
erator, are presented.

This research was financed by a National Research Council bursary
grant No. A7249.
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1. 'INTRODUCTION

Protective devices, as used by electrical utilities, avert
further deterioration of the system which might be caused by a prolonged

deviation from the expected behaviour of its components.25’43’45

The
history of automatic protection began with the development of fuses.
-These isolate the source from its load when an abnormality, current in

excess of the rated value, is present. In power system applications,

fuse¢s have been!upplantedby‘improved devices. This can be attributed to
the |inability of fuses  to discriminate between various malfunctions
and |their (the fuses') required replacement before the isolated element can
be restored to service. |

The first major improvement on fuses was provided by automatic

cir¢uit-breakers with trip coils energized by system currents and voltages.
Soon afterwards, the selective functions of automatic‘switchgeér were .
transferred from the breakers to separate protective relays, whose cohtééts
initiated tripping. The first relays, designed to respond to short-circuit
conditions, were'attracted armature devices. Some of thése operated only
after a time delay provided by a pre-set dashpot mechanism. As powerfsfStehs

increased in size and complexity, relays with more precise operation and

inverse-time characteristics (operating time inversely proportional to
fault severity) were developed. Relays based on the induction disc prinéipie,
componly used in watt-hour meters, provided a viable solution in the eérly
192()'5.43 As requifements for greater sensitivity, selectivity and»spéed'
incxeased further, a trend towards the ﬁse of fés; differential relay§ for
primary protection developed. By the late 1920"s, the iﬁduction disc

relgys had been replaced with balanced beam and induction cup types.4$




Since these piéneering developments, many improvementé have been
selectively incorporated but power system relaying has, until recently,
‘been slow to implement electronic fault sensing equipment. In their early :
stages of development, electronic protection schemes relied on the operatiqn
. of vacuum tubes as comparators, amplifiers, logic switches and pulse
generators. Designs incorporating phgrmiqnic emission devices could

not | be extensively implemented, in practice, due to their fragile con-

struction and unreliable operation.39 The advent of solid state (semi-
conductor) devices enabled the present trend towards electronic relays. Many
designs of phase and amplitude comparators have since been developed for
use |in power system protection. The demand for improved protection and
control techniques has continued to increase. This is due to the growth of
generating capacities and interconnections of individual systems to form ,
regjonal power pools.

Continuing rapid advances in digital computer technology have .
proTpted a re-evaluation of protective devices and techniques. " The use

of real-time digital computers for system protection was advocated in 1966
by Last and Stalewski.21 In 1967, Rockefeller discussed the use of on-line
digital computers for substation protection.27 Mann and Morrison demonstrated
the |feasibility of the digital computer application to transmission line

22,23

protlection in a labdratory environment. Rockefeller and his associates

have subsequently applied a digital computer to protect the Tesla-Bellota,

230 [kV 1ine. 1228

41

E4

Computerized transformer protection has also been
proposed.
The digital computer protection of generator stators, as reported in
thig thesis, is a new application in the power systems area. The project

was undertaken to realize two distinct but closely related aims. First,
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work was to provide much needed experience in digitizing and pro-
sing power system variables. Secondly, it was to demonstrate the
sibility of providing generator differentia} protection using a real-
e computer.

* The dynamic behaviour of a generator stator, while it is experiencing
ault, must be understood to appreciate tﬁe operation of both the con-

tional electromechanical relays and the proposed alternative. A suit-

¢ qualitative examination of stator fault currents and the resulting

b briefly described to relate percentage differential current relays to

overall plant protection philosophy.
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Two digital techniques, advanced by other researchers and used to
elerate power system data processing, are examined in chapter 3. The
lysis for both, the cycle to cycle comparison of input parameters and
instantaneous sample to peak value conversion, are presented. These

eessing techniques are examined, with particular emphasis on the

requirements of the digital protection scheme described in this thesis;

the

analysis is generally applicable to other digital protection and controll

problems in power systems.

adv*ntageously used in protection schemes, are outlined in chapter 4.

Ana

dig

computer approach are discussed. Several alternative design concepts for

the
(1)

mon

The general characteristics of digital computers, which might be

log pre-processing of input data is proposed to alleviate analog to
1tal conversion problems. The advantages of the multi-use digital
proposed scheme are also explained. Included in the descriptions are,
parameter selection and data processing considerations for the fault

itor, (ii) the requirement for and a description of, software to




determine the most probable originating phase of the fault symptoms and
(4ii) a method to modify input parameters to permit evaluation of data
in the immediate post inception period.

Implementation of these and other concepts, to obtain a viable
digital percentage differential protectidn scheme, is described in
cthter‘S. Relevant characteristics of the hardware selected are outlined.

The operation of the analog pre-processor, and the fault monitor, phase

alllocation and fault verification segments are described in detail.

The performance of the digital percentage differential protection
scheme is evaluated in chapter 6. The reactions of a single phase and

a three phase software version to controiled D.C. and A.C. inputs from an}
analog computer are described. A three phase generator was deliberately%
faplted in the laboratory to provide the data required to evaluate the
performance of the complete protection scheme. Some 800 case studies of
both internal and externél faults were examined. The reaction of the
protection scheme has been reconstructed for typical examples of each
type of fault. Important details, concerning scheme's reaction to the

fault data, are explained with the aid of these examples.




2. PRESENT PROTECTION TECHNIQUES

This chapter is included to acquaint the reader unfamiliar with
power system protection to the philosophy and techniques commonly appliéd.‘
Genprator protection is discussed with particular emphasis on differentiél
current relaying. The transient characteristics of stator fault current
and| differential relay response are qualitatively examined.

2.1} Protection Philosophy

Switching and fault sensing devices are provided in a power

system to limit -equipment damage during faults and overloads, and

25,43,45

to minimize their effects on the remainder of the system. This

is accomplished by dividing the system into protective zones separated by
cirguit breakers as shown in Fig. 2.1. The protective equipment is
deplloyed such that a faulted‘zone is isolated from the serviceable system
elements. This divides the protection problem into two components. One
is the problem of circuit-breaker selection which primarily consists of
specifying its performance characteristics for proper application at

each location. The second component is the application of relays which
detect a fault in a protective zone and initiate appropriate measures
ranging from alerting an operator to isolating the faulted equipment.

The relay’s>decision making criteria are provided by currents, voltages
and| their derived functions. Relays based on power, power factor, current
comparison, power comparison, impedence, reactance, modified reactance,
current ratio, and sequence components are available. Relays may incorporate

time delays before initiating breaker operation.; An auxilliary source

proyides the energy required to initiate circuit-breaker operation. In

power systems, the continuity of supply is an important consideration and
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under no circumstances can excessive unwarranted isolation of system

elements be permitted.

2.2| Generator Protection

Alternators employed by electrical power utilities are provided withz
separate protective zones as indicated in Fig. 2.1. The equipment in these
zonges is protected for all contingencies likely to cause serious damage to;
either the generator or the system‘to which it is connected. Adequate

measures must be employed to protect alternators which are susceptable to

many types of faults. 1In this respect the generator protective iones are
rather more complex than other zones such as transmission lines, transe:
former, motors, and bus bars. Two types of conflicting demands must

be balanced to achieve the aim stated previously. The expected damage
to the machine, caused by operating under adverse conditions, must be

balanced against the disturbance which its immediate removal from the

system might cause. To achieve the most favourable trade off, variousi
techniques havé been adopted which allow continued operation‘at reduced
'sysiem capability in contingency situations.9;45 This variability in
operating configuration leads also to variety in the protection schemes
employed to detect these contingencies. The situation is further com-
plicated by the different types of prime movers presently évailable. An
attempt will be made to describe the more usual situations with the
realization that the situation will vary in particular applications.

2.2 a) Ground fault protectioh

Many electrical faults involve ground return loops. Generators are,
thenefore, provided with protective devices sensitive to the flow of current
~in the ground path. These relays are also sensitive to some ground faults

outgide the protective zone.25 In addition, third harmonic currents could

I




in gone and out of zone ground faults is not inherrent in the system, the

. ‘ ' . . o .
alsp cause undesireable relay operation. Where discrimination between

- ground current relays are provided with an adjustable deléy so that théyv

may

schemes. High frequency filtering is employed to 1limit the relay's respons

to the third harmonic currents. In addition,the time delays also reduce

the
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ponent in the rotor causing its temperature to rise. If the unbalance

per

~asy$metrica1fau1ts are normally due to conditions external to the generator

protection against these faults is provided as a back-up function. Relays,

who

emp

breaker tripping with the operation of protective equipment in other zones.

sists, the rotor may deform due to excessive heating. Because

loyed. Suitable time delays are incorportated to coordinate the

be used as back-up protection in conjunction with primary protective

ir tendency to operate during fast transients. In many European

tallations, where lightly grounded generators are used, ground fault
rents are allowed to flow for considerable periods of time.9 The relays
n an operator of the presence of the condition. The affected generator
lisconnected from the system with minimal disturbance after its ioad is
nsferred to other units. Though no serious malfunctibﬁ is expected whil
rating with this contingency, the‘development of .a second ground fault

ld cause serious damage.

2.2 b) Unbalanced faults
Negative sequence currents flow in the alternator windings for
siderable time when the protective relays in other zones fail to operate

. 45 . .
an asymmetrical fault. These currents induce a second harmonic com-

5e operation is based on the negative sequence current component, are

2.2 ¢) Overload protection

Current-overload protection is also required as back-up for the




failure of protective equipment in other zones.45 AIEE Standard
specifies that "a machine shall be capable of withstanding without
injury a 30 second three phase short circuit at its terminals when
oberating at rated kva and pgwer factor and with fixed excitation at

5 percent overvoltage'. Voltage regulators increase the excitation to
‘maintain the terminal voltage, and significantly higher currents are

experienced during a fault. An inverse time, overcurrent relay, set at

120| percent of rated full load,can be employed. The terminal voltage

collapse, which is iﬁherent in overloads due to faults, is quite often
used as an additional criteria for relay operation. The voltége controlled,
invefse time, overcurrent relays allow operation when overcurrent and
undervoltage.conditions are simultaneously present. The time delays,
incprporated in these relays,ére also coordinated with the other

protective elements.

2.2 d) Overheating protection

Many factors can contribute to overheating of the generator
windings. Thermocouples and thermistors, imbedded in the stator, give'

a reasonable indication of the winding temperature.45 The output from
these devices is arranged to indicate the temperature, actuate an alarm
and/or operate a relay.

2.2 e) Overspeed protection

Two types of overspeed protection are available. A detector

based on the centrifugal action of a rotating device, mechanically coupled
to the shaft, may be provided.43 Alternatively, an overfrequency device
excited by the generator terminal voltage, may perform the same function.
Thesé relays can be adjusted to operate at différent overspeed levels,

and| protect the rotating equipment from mechanical damage.




machines increases the reactive power drawn from the system. Since the

prime mover continues to supply power at the pre-fault level, the.
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it may be tripped by a loss of excitation relay.

even the losses of the generating unit and the deficiency is then suppliéd

by the systém. In many cases, serious damage to the prime mover may result.

For

unburned fuel in the exhaust while in hydraulic turbines the reverse power
. flow can result in serious cavitation of the turbine blades. Motoring of

an alternator is detected by a relay which operates on reversal of power

flo

tec

fai

cur

asymmetries. A balanced bridge technique,depicted in Fig. 2.2,is used

to

10

2.2 f) Loss-of-excitation protection

Loss of excitation (either partial or complete) of synchronous

erator power output remains essentialiy the same.45 The reduction
excitation is compensated by the reactive power drawn from the system.
machine will continue to operate as an induction generator if the
tem is large and éble to supply the required reactive power. This
¢ of operation is inherently hazardous. Depending on the system, eitheﬂ

machine may be taken out of service through operator intervention or

2.2 g) Protection against motoring of a generator

Motoring results from the inability of the prime mover to supply

example, in diesel engines an explosion hazard may exist due to

w. Limit switches and temperature sensors are used for back up pro--

tion.

2.2 h) Field ground protection

A serious fault condition exists when two or more rotor insulation

lures are present. Such faults cause local heating dﬁe to the flow of
rent in the core and excessive vibrations due to the resulting magnetic

45

detect the presence of the first insulation failure in the field

25
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Fig. 2.2 A field ground fault detector using an unbalanced brldge
technlque
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circuit. The excitation for the bridge is provided by the field SUpply
itself. The bridge, as such, does not exist until the first insulation
failure. When it doeg occur, the bridge will oﬁly be balanced if the
failure is located at the electrical center of the field winding. This
is nmot a likely occurrence and the resulting imbalance manifests as a
difference in potential across the detector. An alarm warns the operator

who|takes remedial action in due course.

2.3 Differentiallprotection of Generator Stators

The generator stator consists.of three individual windings which
deliver power to the system. The three phases are identical except that
2they are symmetrically displaced around the rotor of the machine; All
other differences are‘usually.incidental and of negligible consequence

to the electrical characteristics of the individual stator phase. A_
stator winding consists of a number of turns of conductor', électricaily
insulated from, bﬁt physically imbedded in an iron core which is, under
normal circumstances, connected directly to ground. Should the insulation
bétween a conductor and the iron core fail, a serious fault condition

will exist on the generator.9’25’43,46

This fgult establishes a new
current path from the stator winding, through the iron core to ground.
The| new current loop is closed through any neutral point grounding impe-
dance, which may be presént, to the shorted stator winding. Significant
amounts of this current, flowing for a given period of time, will result
in Jocalized heating of the stator core. This can cause irreparable
damage to the generator. An obvious method, to detect the fault, is to
sense the presence of current in the described fault loop. This approach

has| been successfully employed for many years as a matter of standard

practice. The problems associated with measuring the current flowing in




13

' i the fault loop, which is not directly accessable, have been solved.

Thel method used, in effect, treats each phase of the stator winding as 2
a node with three branches.  Any difference between the curreﬁts entering \
and leaving the node by the two established routes is taken te be the
ampllitude of the current flowing in the fault loop. Most relays react
to jsignificant amounts of this current at speeds which make the action
dependent on its root mean squared value. |
The severity of the stator ground faults, as previously described, |
tends to increase with time and may eventually involve additional phases. 1
The| most effective protection afforded against irreparable damage, ceused

by such faults, is differential current protection.25’43’45 In these |

schemes, current entering and leaving a winding is compared in a differentgal
circuit and the dlfference is used to operate a relay Differential pro- |
tection as applled to one phase of a generator is deplcted in Fig. 2.3.
“During normal operatlon, or for faults outside the two current transformers,
the|current, Il, entering the winding is equal to the current, IZ’ 1e¢v1ng{
the|winding if leakage and tfansducer mismatch is neglected. The operatingi
current? which is proportional to (Il-Iz), is small and the restraiht may
be adjusted such that this difference does not operate the_relay. When |
an in-zone fault occurs,.one of the.currents will increase while the
other will decrease. The increase of the relay opefating current will
depend on the severity of the_fault.
External faults produce an increase of the same magnitude in both 1
I1 and 12 but the asymmetries in the dlfferentlal circuit and the trans- |

dgc%rs produce a considerable change in the magnitude of the difference

current. Undesirable trippingimay still be avoided by increasing the

|
. |
|
[
i
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Fig. 2.3 A differential currenf protection scheme for one phase
of a generator.
mechanical restraint of the relay. This desensitizes the protection scheme,
a consequence which is quite undesirable. To overcome this disadvantage,
a method of electrical restraint, whereby thée restraining torque is‘provided
by the currents,I1 and 12, is employed. The restraining windings are
polarized to provide torque proportional to the vector sum of the two
currents, I1 and Iz. As the amount of current passing throogh the
stator winding increases, either due to chaoging‘load conditions or
exterﬁal faults,vthe_magnitude of the restraint increases proportionally.
Thils type of protection is referred to as percentage differential pro-
tection and a singlé,phase connection of the relay elemeots and current

trapsformers is given in Fig. 2.4. Two types of percentage differential

protection schemes are available. One is a fixed percentage type, while
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all but the most extreme cases. The variable percentage relay is, due

its greater speed, inherrently more susceptable to misoperation caused

.

by d-c transients. Specific measures, such as including high-pass filters,

are

2.4

-

therefore employed to ovefcome this difficulty.

-

Transient Characteristics of the Fault Current

An understanding of the transient behaviour of the fault current is

essential to appreciate the dynamic performance of a percentage diff-

erential relay. The analysis of a short circuited generator is well under-

O , ' oeiT, 2 kol
{ — A0
: [ et
OPERATING
ELEMENT
A
RESTRAINING FLEMENTS
Fig. 2.4 Connection diagram of one phase of a percentage
differential protection scheme.
. A ) 45 ~ .
other is of variable percentage (greater percentage at higher current§).
fixed percentage type is slower and is able to overide the d-c transients
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 stopd and documented.43 The following can be assumed to obtain a describidg

fungtion for the fault current:

i) the capacitive components of the difference current are
negligible,

ii) the speed of the generator remains essentially ‘constant durlng
the interval being considered,

iii) the mutual inductive effects are ba}anced,

iv) the excitation remains constant during the interval being
considered.

This describing function, If, may be written as:

Ig = (Fi(0) - Fy(t) + Fo(t) - F,(t)) Ult-t ); | (2.5)
where t-t t-t
o] (o]
-7 R
F.(t) = Ae 1 ; Fz(t) = Be 2 5
Fo(t) = C Sin (wt-¢) ; F,(t) =D Sin(wt+8)

and A=¢G Sin(mto) - C Sin(wto-¢) ; B =G Sin(wto) -D Sin(wto+9) 3

to‘is the time of fault incidence

| Fg(t) = G Sin(ut)

The| restraining current Ir may be similarly described as:

= (F (£) + Fy(t) + F(t) + F,(t)) U(t-t) (2.2)

The| function Fl(t) is the exponentially decaying offset component of

the current in one portion of the shorted stator; Fz(t) is the exponen-
tially decaying component of current in the otﬂfr portion of the shorted
stator; Fs(t) is the alternating current in the first portion of the
stator; F4(t) is the alternating . current flowing in the other portion

of the stator; and Fs(t) is the pre-fault steady state current in the

*
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stator. These currents are exemplified in Fig. 2.5.

Both the time constants and phase angles of the post fault stator
curnents depend upén the inductance to resistance ratios of the statbr
and [the system. The current in the shorted portion of the stator will
usually exhibit the longest time constant and the greatest deviation

~in phase from the prefault stator current except for marginal fault

conditions. During marginal faults, when only a very small portion of
the |stator is shorted or when a large impedance (usually resistive)
existsfsomewhere in the fault current loop, the time constant of the
offset in the shorted stator winding is quite small. 1In addition,
practically no change would be experienced in the load current and the

fault current will be nearly in phase with it.

2.5 | Percent Differential Relay Response

A qualitative analysis of a percentage differential relay will
establish its deviation from the ideél response due to the transient
behaviour of the stator.

As was previously indicated, present relay schemes rely on the
fault current to produce the operating torque and on the through current
to provide the restraining torque. An additional torqﬁe may also be
proviided by a spring to slightly bias the relay in the restraint

direction. The torque equation may be expressed as:

T =T. - Ts - T (2.3)

o f T
wherle To is the net operating torque and Tf, Tr and”Ts are the torques dﬁe ﬁo
"~ the fault current, restraining current and spring respectively. |

Although a certain amount of variation exists from one manufactufer,

to amother, the torques acting are normally derived either as a direct or

as a second order proportionality to the currents indicated. A qualitative




Fig. 2.5 Typical current describing functions encountered
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first order proportionality treatment is presented to pérmit comparisén
between the schemes used at present and the one proposed in this thesis. -
In relays employing first order proportionality, a relatively ,. 3
uniform magnetic field in which the other elements may act is provided.
Full wave rectifier circuits are provided in series with the relay eléments
to gemove the polarity characteristics from the applied currents. The
operating torque given by equation 2.3 may be expressed as a function of

time in the following form:
T, (1) = K |I(8) | - K [L.(8) | - T, (2.4)

K1 and K2 are constants of proportionality relating the currents and
torques. If(t) and Ir(t) are the fault and restraining currents respectively.

These currents are defined in equations 2.1 and 2.2 and may be expressed as;

i t—to t-to
T, - T, ~ ‘
I.(t) = (Ae - Be + Csin(ut -¢) - Dsin(ut+6)) U(t-t ) (2.5)
i t—to t-to
T, B T,
L.(t) = (Ae + Be + Csin(wt-¢) + Dsin(wt+6)) U(t-t ). (2.6)

The |sinusoidal portion of these functions may be reduced to a single
sinysoid. Equations 2.5 and 2.6 may be modified as follows:

t-t t-t
o]

(o]
Ty - T,
If(t) = (Ae + Be ' + R1 sin(377t + al)) U(t—to) (2.7)
t-t t-t
. __9° . _.°
T Ty
I_(t) = (Ae * Be ¢ R, SIn(377t + 0))) Ut-t)  (2.8)

Several approximations are customarily made to determine the
operating characteristic of a percentage differential protection relay.

The|transient portion of the driving function and the restraining torque

‘*
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of [the spring are usually neglected. The remaining sinusoidal functions
defline the long term tendency of the relay. The following balancing

equation gives the ideal relay characteristic:

1 1\: ;
TSTf(t) dt = TSTr(t) dt. (2.91
t +21/w t +21/w ‘
. (DKI ° (.OKZ o / |
or 'jz;QSI If(t) | dt =-Eﬁ;<%>| Is(t) | dt (2.1Q)
t t 5 !
o 0

This equation indicates that the operating characteristic is defined by

""the ratio of the steady-state average values of I_ and Ir is constant."

f
This ideal characteristic is depicted as in Fig. 2.6. .Had the fesfraining§
spriing constant been included in the equation, the characteristic would havé
to be modified as also shown in Fig. 2.6. This approach, however, neglects
the presence of the transienté and the phase displacements between the
operating and restraining sinusoidal currents.

The transient, if it is slow enough, may be described as a variable
D.Cl. added to the sinusoidal cycle. The absolute value of the fesulting
function may be used to describe the generated torque for any cycle as

follows:

T(6) = K | sin(®) + x |. (2.11)
where |
K is proportionality constant including the amplitude of the siﬁusoi&,
x is the ratio of fhe D.C. offset to the amplitude of the sinusoid,

X <. 1.

An average value of this torque is given by:
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Fig. 2.6 Percentage differential protection characteristics
illustrating the effect of spring restraint.
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m
-¥ T+ ¥ !

e ¥ = arc sin(x)

indicates that the transients always provide additional torque. With
realization that the fault current must always start from zero, and

for marginal fault conditions the fault current transient will always
elatively more significant than the transient on the through current,
s evident that the transient will reduce the criteria required for

y operation. Further, the effect of the transient is not consistant.

2.7 illustrates the reductibn in the precision with which the relay
acteristic can be defined when the transient and other effects are
udedL One factor, which makes the operating characteristic even
obscure, arises from the difference in phase which may exist between
fault current and the through current. Any phase displacement will
roduce another element of inconsistency of relay operation. The |
:ct of the transients on relay operation is small in cases where
raging movements are used. In fast acting schemes, these effects can
juite significant.

A brief survey of the important protection requirements of generators

1y operation 1is particularly stressed to provide a reliable means of

strating the results contained in chapter six. In addition, the

ride background information useful for understanding the principles on
h the operation of the digital protection scheme, presented in this

5is, relies.

T+ ¥ 2r - ¥
T(8) = §;S> (sin(8) + x) d6 - §1%>(sine + x) de. (2.12)

ent
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Fig. 2.7 Percentage differential protection characteristic
including the faulted stator transient current -

effects.
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3. ON-LINE COMPUTER PROTECTION TECHNIQUES

Practical application of on-line digital computers has been

fined to data.logging7’24, distance protection of transmission

(12,22,23,28

e and differential protection of transformersél. System

tection by on-line digital computers requires that sufficient infor-
ion, which is available in the analog form, be digitized and used in

22,23
a

ision making. The systems adopted by Mann and Morrison nd’

12,28 . . . -
crest, et al,” "’"" consist of estimating the peak squared values from
samples of instantaneous voltages and currents. The presence of a

tem fault is detected by cycle to cycle comparison. These techniques,

d for extraction of information from sampled parameters, form the

[

of the protection schemes developed to date and are examined in

s chapter.

Cycle to Cycle Comparison

~Mann and Morrison23 utilized this technique to provide distance
tection for a three phase transmission line using a digital computer.
this scheme, voltage and current data is sequentially sampled fifteen
forty times per cycle and is stored in the compﬁter memory for at least
electrical cycle. The sampled values of the line current are compared
h those stored during the previous cycle. Any deviations of sufficient
nitude cause the program to enterAa mode where it suspects the existence
n possible fault. The program attempts to classify the fault while the
puter continues to update the transmission line parameter information.
table calculations then determine the validity of the suspected fault
dition and an appropriate action is initiated.

The technique.appears attractive but it does have several drawbacks

differential protection applications. For adequate differential
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ection sensitivity, the protection scheme must be able to distinguish

- between faulted and non-faulted conditions with cycle to cycle differences

in t
must
syst

syst

he order of one percent. To achieve this sensitivity, the sampling
either be carried out at high speed or it must be synchronized to.the
em frequency. For instance, in a non-synchronized data sampling

em, the reciprocal of the maximum rate of change of the sampled

parameter ,multiplied by the maximum allowable error in absolute terms,will

yiel
one
exce

prac

zero
be s
valu

Alte

reta

d the maximum permissible time between samples. For an accuracy of
percent on a sixty Hz sine wave, the time between samples should not
ed thirty microseconds. Because this sampling rate is excessive for
tical systems, a synchronized scheme should be considered.
The emphasis now shifts to the problem of accurately determin%ng_the
crossings of a parameter for synchronized sampling. The data may |
amﬁled at any rate and suitable corrections computed to relate its

e to fixed times with respect to the zero crossings of the parameter.

rnatively, suitable synchronized sampling would insure that each sample |

ins a fixed orientation to the zero crossing. This method will make

no additional demands on the computer if the required sampling control is

prov

appl

cond

i114

data aquisition. The stator current would generally include a D.C. transient

comp
seri

suit

ided externally. 1In either case, synchronization would have to be
ied to each parameter separately, especially where unbalanced fgult}
itions may be experienced.

For the system under consideration, the fault current has such"‘

defined zero crossings as to render it unsuitable for synchronized

onent and any synchronized sampling scheme would be susceptible to - -

ous error. On these grounds the synchronized sampling scheme is not

able for differential protection.




est

currents. The technique is based on the trigonometric algorithm,

Sinze + Cosze = 1. This equation may be expressed as (Asin(wt))2 +

(Ac

The| sampled value of the sinusoid at time,tl,provides the term, Asin(wtl).

The

at

ability to generate the derivative of a given parameter.

this technique depends on the sampling rate. This aspect is not fully

26 |

3.2| Computation of Peak Values

Gilcrest, Rockefeller and Udren12 and Mann and Morrison‘zz’23

imate the peak values from the samples of instantaneous voltages and
2 2 . . . . '
os(wt))” = A" in terms of amplitude, frequency, and time variables.

term, Acos(wtl), is computed from the rate of change of the sinusoid

t1 and the angular velocity, w. The technique relies on the computer's

In theory, the algorithm works fine except that the accuracy of

repprted in the published literature. The accuracy of the generated time

derivative and the computed peak squared values were investigated.

vat

The

lat

The following assumptions were made for computing the time deri-
ive of an input sinusoid:
i) The sampling frequency, Fs’ is constant.

ii) The input function is an undistorted, constant amplitude and
frequency sinusoid.

samples are subscripted such that the lowest subscript denotes the

est sample as illustrated in Fig. 3.1.

The algorithm used to calculate the latest value of the first

differential, fé, was based on the equation,

£
n

(£ - £ ,)F + 0.5((f - £ IF - (f - £,5)FS)

n n+l

1]

(1.5f - 2.0f , )F . (3.1)

s

1 + O.Sfn+

2
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Sin(ut+8)

ff*zf' TIME

d Sin{wt+8) . 1

dt

Fig. 3.1 A typical segment of an input parameter and its first
difference.

3.3 | Evaluation of Computation Technique

An input function, 10 sin 377t, was generated in the digital
computer. The sampling frequency was increaéed from 100 Hz to 10 kHE
and equation 3.1 was used to compute the first derivative at each
sampling time. The first derivative of the input, (3,770)Cos 377t, was
also| generated. For each sampling frequency, the computed and generatéd
first derivatives were compared and percentage errors were calculated.
The maximum percentage error as a function of sampling frequency is |

shown in Fig. 3.2. This study indicates that sahpling frequencies of

2 KHz or higher should be employed.
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Fig. 3.2 The maximum percentage error of the computed first
derivatives versus sampling frequency.
The accuracy of the peak values computed from sampled data was
then examined. An input of 0.5 Sin 377t volts was applied to the computer

thr

pea

Sub

ough an analog to digital (A/D) convertor as shown in Fig. 3.3: The
k squared value of the input was calculated using equation 3.2.
fr 2 '
2 _ 2 n

A=) e G (

stituting th value of fﬁ.from equétion 3.1, equation 3.2 becomes
F_ 2
S a2 2 ' 2 .'s
AT = (fn) + (l.an -'2.0 fn+1 + 0.5 fn+2)' (a—a . | (

F 2

9 ,
A sampling frequency of 8.5 kHz was used to make (BEJ equal to 27, a

nat

at

hematical software convenience. The peak squared values were calculate

each sampling time for about tworcycles of the input voltage. These

3.2)

3.3)




29

'SINUSOIDAL ANALOG TO SIGMA 2
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Fig. 3.3 Equipment ¢onfiguration to cbmpute the peak squared value
of a 60 Hz sinusoid.

ies were stored in the computer memory and printed at the end of
test period. The calculated peak squared values are plottéd as a
ction of time in Fig. 3.4. The input wave form is also shown to
relate.the errors with the sampling points on the wave. The digital
puter program'writfen in extended-symbol is given in'Appendix I for

erence.

The excessive errors, those ploted off séale-in Fig. 3.4; resulted
m missed samples. This was attributed to the sampling frequency being
fast for the digital computer to handie at times. The missing sample .
sed a pseudo—discontinﬁity in theAinput function,,Which illustratesv
erious inadequacy of the technique. This method is based on the
Jmption*that the input is a single frequency function which, of course,!
not true for mosf power system parameters, especially duringvfault

nsients. The technique may be used in cases where the frequency

ponents can be separated and handled individually, or where action
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‘ Fig. 3.4 Correlation diagram of the 60 Hz input sinusoid and the
computed peak squared values.
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can |be delayed until all fhe undesirable frequency components have
attengated. In view of these difficulties, this technique was not used
for [differential protection of generators.

The - perusal of Fig. 3.4 shows that the errors are of two levels
of gignificance. The smaller errors are due to the inaccuracies of the
| A/D |convertor used. The error associated with the least significant bit
is two percent of the peak value of the applied input voltage. It is

noticed that the errors of the calculated peak squared values are

’ relatively greater when the rate of change of the input signal is maximum.
This is‘due to the input signals being quite small near the zero crossings
whenh the error associated with the least significant‘bit becomes increasingﬁy
important. The solution té this problem lies in optimizing the conversion
rate¢s and in using a more accurate A/D convertor.

The cycle to cycle comparison concept for fault detection has been
examined. A method for célculating the peak squared values from sampled

information has been presented and investigated. Both techniques proved

to be unsuitable for differential protection of generators."

—
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4. ON-LINE COMPUTER PROTECTION DESIGN CONCEPTS

Several possibilities were examined to efficiently harness the
rent digital computer characteristics. Those important to power
em protection applications, are outlined. A time shared concept is
ented as an alternative to a dedicated digital protection approach.
ntages of analog pre-processing of input information are also |
ussed. The adopted organization of the stator protection schemé is
ented along with various conceptual options applicable to on—iine
tal computer protection design.
Digital Computer. Characteristics

A digital computer is a device which manipulates numbers according tQ
blished rules. Recent developments have increased the data handling
d\and it is now possible to process a large number of parameters as
are generated. A system may be controlled by an bn-line digital
uter using outputs derived from these parameters. The input information
ling capability and the control function generation is limited by. the
utation and conversion speeds. Although there is no basic difference
een the digital computers used on-line and those used off-line,
ations do exist in the form of number ‘and éypes of input devices
ided, the relative sizes of the direct access memory, and the speéd
flexibility of the central processor.
The major advantage of modern electronic digital computing machines
heir inherent flexibility which arises from an ability to perform

itional branches. Conditional branching, b%sed on the comparisohv

rities in executing different functions in a plant. Digital computers

also able to choose the events for analysis based on decisions made
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I

using the criteria provided.‘A digital computer is not limited only to

performing manipulations on numbers according to established algorithms

based on conventional mathematics. It may, therefore, be able to

gen

Another advantage of considerable importance is the computer's ability

to

selectively store information and subsequently reproduce it in various

hard and/or soft copy forms. Off-1line analysis may also be incorporated

to

provide a more sophisticated output.

The computation and conversion speeds, as already mentioned, are

finite and it is, therefore, impossible to generate all conceivable

- ‘
control functions within the time available ih an on-line application.

How

an

The

potherwise complicated function to reduce the computation requirements.

operating environment. Some means of communication between the computer

and

the plant is required. The information processing rate is now also

erate control functions which may not be realizable in analog devices.

ever, a very simple technique may often be used to approximately generate

computer may have to be located away from the plant to provide a stab1¢

governed by the communications facility provided. Also, the exclusive use!

of

a digital computer for power system protection may not be economically

justifiable and a time shared approach has, therefore, been advocated.

4.2

Multi-purpose Computer Rationale

Protection systems are required to operate only occasionally. The

flexibility of digital computers enables their application to power

Sys

capability is required during faults. On other occasions, a major part

of

this capability could be assigned to other on-line and/or off-line

applications. Also, communication between the various computer tasks

could be advantageously implemented to improve system operation. The

tem protection in a time shared mode. A considerable amount of computir

g




design of the protection scheme should, therefore, be such that it can
be adapted to a time shared computer. Fig. 4.1 shows a protection scheme
based‘on this multi-purpose concept. |
4.2 a) Executive program

The primary element linking a protection program to the computer
software will be a control sequence. It should select the various tasks
on the basis of their importance to improve the system performance. The
decijsions should be made by considering the information, provided by an
operator, calculated by the computer and/or provided by the protected
system. Since the protection function will, of necessity, be the highest
. priority in the computer hierafchy, the control sequence must be closely
linked to the various fault monitors.

4.2 b) Fault monitors

The monitors should be continually called upon to examine pertinent
parameters to determine the possibility of the system being abnormal. -If
so detected, the controller would execute the required fault determiﬁing
routjines. This technique would be modified to adopt a system's approach'
as the technology develops. The controller should also communicate‘useful
information between the monitor and the other programs in the computer -
memory., In addition, it must save the data which may be required by the
monitor on a subsequent pass.

4.2 c)_Zone and phase allocation

In case of an abnormality, a routine to localize the fault condition
would be initiated. The zone allocation routines should determine the
most) likely involved element and the affected ﬁhases. These‘routines‘

can receive data from the system at much higher rates than would be advisable
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Fig. 4.1 The logic organization of a digital protection scheme
. in a time shared mode:
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the monitor. The allowable decision making time will be the main

eria for this speed. Allocation routines should simplify

fault monitors and improve the overall computer efficiency. ' o~
e the disturbance is being allocated a zone,the proteétion of other

em elements should not be completely neglected. The allocation should

ndicated to the control which will then activate the appropriate fault |

fication routines.

4.2 d) Fault verification

The fault verification routine must establish whether the cbndition
ants any action. A large variety of verification routines will havé

e incorporated to provide for all possible faults. The routines relatiﬁg

evere faults should reside in core memory while others could be stored

agnetic tape and/or disc for transfer to the active memory as and when
ired. The continuity of protection provided for all elements must Be‘
red while a particular possible fault is being verified.
The Hybrid Computer Rationale

Employing analog computing techniques could simplify the overall
ection scheme. This would be an especially. important consideration -
pnitor design. The operating functions of protection schemes shqqld
erived from the available system parameters. For example, the reiay
ating current in a differential protection scheme may either be
uted or derived using analog methods. If it is digitally generated,
error will result. On the assumption that the system is operating
put a stator fault, the line and neutral end currents, of a particular
or phase, have the same amplitude and phase angle. The minimum error is

lar to that due to sequential sampling of a single sinusoid. . The
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sampling frequency would have to be greater than 100 kHz for accuracies

bett

€T than one percent. The percentage differential protection schemes

have| operating characteristics which demand such accuracies. Using sampling

rates of this order will not leave sufficient time for computation. A

samplle and hold circuit used in conjunction with the A/D convertor is one

possible solution while a parallel A/D conversion system is another. An

analpg device could also be used to process the line and neutral end current
in pprallel. The phase delays are similar for both channels and as such
do npt result in significant errors. Analog devices may, therefore, be used

to rieduce the sampling frequency requirements.

4.4

apprpoach by structuring the organization as shown in Fig. 4.2. Various

Design Concepts Applied to Differential Protection

The digital stator protection scheme was adapted to a time shared

operating alternatives ranging from parameter selection to data processing

were examined for the fault monitor, the phase allocation and fault

verification sequences. The explanations, which accompany the selected

alternatives form the theoretical framework for the digital protection

scheme.

as small as possible. Several options were available when the monitor was
being designed. The most basic option was the choice between parameters

on which to base its operation. Only two parameters, stator currents and

i

be hased. Several different combinations of bdth the current and voltages
were also possible. For example, either the terminal voltage of each:

individual phase could be checked periodically or the instantaneous sum

terminal voltages, were readily available on which a‘simple monitor could

4.4 a) Fault monitor

As already discussed, the monitor sequence execution time should be

S
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Fig. 4.2 The logic organiiation of the proposed
differential protection scheme.
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he three terminal voltages could have been used in a detection-scheme.
generator terminal voltages will include a zero sequence component

ng unbalanced faults. A sample to sample comparison technique or an
itude threshoid detection system migﬁt be employed. Balaﬁced faults

faults involving only a small percentage of the winding will have

a sﬁail zero sequence component. In addition, exfernal unbalance
d have similar effects. The individual phase voltage variation would
be experienced due to internal and extefnal changes. Also, using
ageé as the detecting parameters would involve digitizing more signals.
parameter was therefore rejected for fault incidence detection.
The methods using‘the stator currents for deteéting the incidence
fault were then examined. Using the currents at the line and neutral

of the generator winding which are both available, the following option

Uy

possible for the monitor design.

i) The,instantaheous sum of the three phase currents (equal to
zero for normal balanced conditions) at the line end, the
neutral end, or their sum could be monitored as one parameter.

ii) The currents in each phase either at the line end, the neutral
end, or their sum, could be periodically examined.

iii) The instantaneous difference between the line and neutral end
currents, in each phase, could be checked.

iv) The instantaneous sum of the three difference currents measured 1
in option iii) could be periodically examined.

1) and ii) above are sensitive td changes internal and external to
generator. fhis could be used when a monitor is required to detect
rnal as well as internal disturbances. In this aﬁplication, the

tor will initiate checking even when the system load changes. To avoid

» the detection criteria will have to be increased thereby compromising

sensitivity of the scheme. Method iii) ,employed in percentage differen

protection schemes, overcomes this difficulty and is more suited to
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requires only one operating parameter instead of three as for iii): but
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from other phases. While most faults will involve ground, a distinct
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tect against stator faults. The principles of this scheme have already}
n discussed in ChapterVZ. Its basic operation‘is similar to that of
ifferential amplifier. The principle of instantaneous summation of

three difference currents, iv), has some merit because it is as sensiti

stator ground faults as is method iii). 1In addition, the monitor

is insensitive to faults not involving the ground loop. This problem

it be solved by making the currents of each phase artificially different

5ibility exists that the generator may experience a two phase fault.

these reasons, method iii) was implemented in the monitor design.

was noticed that, though it has been used in transmission line protectiog

is not suited to stator differential protection. The change of differen

current between consecutive samples could be an alternate detection prin-

cip

tim

le. The increase of this current at the inception of a fault may be
£

quite small. ‘Should the terminal voltage be passing through zero at the

e, the change in the initial difference current will be difficult to

detect. The condition is alleviated somewhat because the parameter will

-und

was

ergo its maximum rate of change four milliseconds later. The technique

1tion time .was found to be variable and depends on the incidence angle and

fau

It severity.

The monitor could also be based on the amplitude of the difference

current being in excess of a software threshold. This technique is also

sub

fun

ject to delays due to the nature of the stator fault current describing

ction presented in Chapter 2. However, these delays are significant

A cycle to cycle comparison technique was discussed in paragraph 3.1.

tested to examine its ability to detect the onset of a fault. The detec-

Ve

ce
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i

only for marginal fault conditions. The estimated maximum delay would be

similar to that in the operation of a monitor based on the first differencé

of

the fault current. The software threshold technique is simpler and was |

therefore adopted for the monitor design.

At

4.4 b) Phase allocation sequence
In generators, capacitive coupling exists between the stator phases.

the inception of a fault, high frequency leakage currents flow in all

stator phases while the capacitors discharge. These currents bear a pro-

portional relationship to the severity of the fault and the first evidence

of

P

a severe fault may, therefore, appear on a healthy phase. By simply

allowing the first sample which exceeds the monitor threshold, to indicate .

the |[possible faulted phase, verification may .commence incorrectly.

to

of

- the

A fault allocation sequence was included -in the protection package
improve the.utilization of computer time by ihCreasing the probability
gorrectly selecting the faulted phase. This’sequeﬁce, beginning with

first sample of difference current that exceeds the monitor threshold,

compares consecutive samples from the three phases. In each set of three,

the

is

on

the

exe

the

fau

wer

largest sample is taken as an indication that its originating phase
faulted. The first phase to indicate the largest difference current
two occasions is selected as the phase most seriously involved in

fault.
4.4 ¢) Fault verification

As indicated in paragraph 4.2, the fault verification sequence vw”’iQ?
. # &
i ®E

cutes the sampling and calculations necessary to adequately determine ' %

existence of a fault. The difference current, which represents the ]
1
1t current, and the restraint proportional to the average through current

e/ used to verify the presence of stator faults in view of the advantages%
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this approach discussed in Chapter 2. While designing the computerized%

percentage differential protection scheme, techniques to minimize the

errors due to fault transients were incorporated. In addition, the

decfision time for serious faults was reduced as much as possible. It was,

therefore, essential to process as much of the frequency spectrum of a

faullt signal as possible.

in

The transient response analysis of the fault current, also presented

Chapter 2, indicates that, while the difference current must rise from

zero with a rate restricted by machine and fault parameters, the sum current

(I1 + I2 of Fig. 2.4) does not. A modified function was generated from the

sum current to match the transient response of the difference current.

Thijs function enables a comparison of the operating and restraining

currents even during the transient period. An approximate first order

The desired transfer function may be written as G(s) =

transfer function was used to generate the modified sum current parameter.

_17’_1’?' For a

given sampling rate, R(n), the sum current modified by the transfer

function at the end of the nth sampling interval, for the input, I(n),

is |given by:
R(n) = R(n-1) + K(I(n) - R(n-1)) =n=0,1, 2,3, ......
=0 : no< o0 : 0<K<1 (4.1)
If |a step input of amplitude A, is applied at n = 0, the output, R(n),

may be expressed as:

R(n) = A.+ (P'é) R(n-1)

; P =
i

§

1 .
X P>1 : 4.2)

This function is depicted in Fig. 4.3 for a sampling interval of s seconds

andg

| for P = 2. It is apparent that the output approximates the exponential,
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"(///// INPUT STEP FUNCTION
A -

’,.c.::‘j"
/"\
V4
//
p » IDEAL FIRST ORDER OUTPUT
/
/
l/ \
I’ — DIGITAL APPROXIMATION
-1 o 1 2 3 4 5 6 7 s
' n .._*

Fig. 4.3 The digital and ideal outputs of the first order system
for a step input.

sn

A(l<e " ). The time constant, T, depends on the sampling rate and the
value of P used. It may be derived by equating the output at n=1 and the
. value of the exponential at t = s and is given by

T = —5—
ln(ﬁifa

The generated transfer function is very easy to implement and its accuracy i
is gpverned by the sampling rate and the time constant required. The |
difference current accuracy is also governed by similar factors. Errors -
in the difference current and the simulated function tend to cancel because:
they are of the same type and are governed by the same factors.

The technique, advanced above, will allow the processing of stator
input data without waiting for the transients to attenuate. Fig. 4.4
illustrates the modified sum and the difference currents for a marginal

fault. The sum current is also shown for compafison with the modified

function.. The modification of the sum current is provided to overcome the
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MODIFIED SUM CUK
ABSOLUTE VALUE OF |
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i, . .
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! >

Fig. 4.4 Sampled and derived functions for a faulted stator as
used by the protection scheme.
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deficulties présented by transients.generated during marginal fault
conditions. For more severe‘faults, the fault current transienfs'

do not influence the cbmputer‘s decision.

Time sharing the facilities, either among the various protection
funcfions,required by a power system,or among on-line protection and
control functions, may economically justify the application of computers %o
system protection. Analog pre-processing the input information may stilﬂ

bT needed to reduce the digitizing capability of computers appiied in thiE

area. A judicious blend of both types of information handling will ultimé—
tely provide an attractive computer package for on-line power system
protection and control. The‘proposed organization for the stator protection
sgheme is conveniently adaptable to the time shared hybrid concept. The |
adopted fault monitor design is simple yet efficient. Its sampling rate

and detection threshold may be adjusted to meet the eventual needs. The
design principles of the phase allocation and fault verification function%
willl commit more computation capability to the protection function as the;
need arises. In addition, these sequences have been conceived to take
adyvantage of digital computer data processing sﬁeeds to ascertain the

exiistence of stator faults faster than conventional relays.
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5. DIGITAL PROTECTION SYSTEM DESCkIPTION

The purpose of this project was to examine the feasabiiity of
using general purpose computers for percentage differential protection of%
alternators. Secondly, it was to provide experience in digitizing and |
processing power system parameters for future on-line computer applicatioﬁs.

The SDS Sigma 2/AEI TR-48, situated in the Control Engineering Laboratoryj

wajs employed and is described in this chapter. Concepts, presented in

Chapter 4, are explained in terms of the hardware and software used in
their implimentation;

5.1 Digital Computer Faciliﬁy

The SDS Sigma 2 was selected for the work reported in this

thesis. This computer is located in the Engineering Building and includes
a multi-channel, 11 bit, signed, analog to digital convertor. The maximUﬂ
A/D conversion rate. is 15 kHz_and'the converted information is accurate to%
one part in a thousand. The digital computer, SDS Sigma 2, is a sixteen
bit machine able to handle programs on a priority interrupt basis. It is |
also assoéiated with an analog computer, the EAI TR-48, which was used

. to|pre-process the input information. Technical advice on operating the
computer facility was copious and readily available. All these features, ;
contributed towards the selection 6f the SDS Sigma 2/EAI TR-48 hybrid
fagility, for this work. | , i
5.2 Analog Pre-Processing System

The main function provided by the analog computer is the derivation
of the sum and difference currents of each genefator phase from its line
and neutral end currénts. The analog circuit for a single phase is shown ﬁn
Fig. 5.1. The circuits of the other two phases are identical. AﬁplifiersL
Al land A2 in conjunction with potentiometers,l and 2,comprise the variaﬁle}

|

—é
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Figr 5.1 Analog pre-processor schematic diagram.




géin amplifiers to compensate for any imbalance in the current trans-
former circuits. The amplifiers also provide full utilization of the
dynamic range to improve the signal to noise ratio. Amplifier, A3, is a

summing amplifier whose output is proportional to the difference current.

Any

compensated by integrator, AA6, in'conjunction with inverting amplifier,

A7.
for
cur
amp
and
fre

.31

Figl
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tendency towards a D.C. offset error at the output terminal of A3 is

Integrator, A8, and inverting amplifier, A9, provide a similar fuﬁctidn
summing amplifier, AS. Amplifier, A4, inverts the phqse of the
rent, Iz; to facilitate its addition to the current, Il’ in the summing
lifier, A5. High and low frequency roll offs are provided‘at 1.59 kHz
0.318 Hz by the 0.001 uF and 10 uF capacifbrs respectively. The
quency response for both the sum and difference currents is flat between
B Hz. and 1.59 kHz. and rolls off at 20 db per decade as depicted in |

5.2,

Gain (Ab ) e

© Yoo o G5 ROR TR UR S G W D R . -
LI LK TR SRR R g "

Fig. 5.2 Frequency response for both the sum and difference
currents generated on the analog computer.
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The maximum signal swing, that the analog computer and the A/D .
canvertor can handle, is from -10 tb +10 volts. The gain setting is
'relatea tb the maximum sum and difference currents for linear signal
processing. The worst case internal fault condition will depend to a

certain extent on the system to which the generator is connected. The

tqtal differénce‘current is the sum of the fault currents contributed

by the generator and the system. For zero impedance fault just outside
the differential protection zone, the sum current is twice the current
cantributed to the fault by the generator. In addition to the A.C.
cﬂmponents D.C. offsets of comparable magnitude may also be present.
This could double the maximum current which might otherwise be expected;
The géin in the analog computer must be set so that this peak amplitude
does not exceed 10 volts to avoid saturating the analog computer‘elements;
TWe error in the A/D convertor is based on the maximum value which it

can convert. In absolute terms, it cannot distinguish between voltages
differing by less than 10 millivolts. Failure to use the full dynamic
range of the A/D convertor will decrease the signal to noise ratio and,

therefore, adversely affect the performance of the protective schene

e

n

peciaily for marginal faults.
5.3 Digital Fault Monitor

The fault monitor issues read directs to the A/D convertor to sampﬁe
the three difference currents from the analog pre-processor sequentially |
at|15 kHz and handles this'information according to the flow chart of

Fig. 5.3. These samples are used to update a table contaihing the 32 1at§st
samples of the difference current of each phase so that the conditions |
imTediately preceding a fault may be reconstructed to determine what actually

happened. The absolute value of the sample just received is stored in
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memory location PHASDET and is compafed to a provided threshold. Should
the amplitude of the sample exceed the threshold, the monitor relinquishes

control to the phase allocation sequence.

If the sample is within the threshold limits, control determines
whether it was taken as part of the phase allocation routine. If not, the
monitor remains active. The next difference current sample “is read and tﬁe
procedure described above‘is.repeated for the ﬁeXt stator phase. After
once processing the difference current samples of the three phases, the
difference current storage location index is incremented. Every time

the location index is 32, it is reset to zero, an action which establishe$
a |circular storage pattern.

5.4 Phase Allocation Sequence

On acti?ation by the monitor, the phase allocation sequence, described
by the flow chart of Fig. 5.4, determines the faulted phase (A, B orﬁC).
The monitor could have relinquished control if the.difference current was
in excess of the threshold in a phase, say phase B. This would activate
the phase‘B’segment of the allocation sequence, fhe phase allocation

sequence issues a read direct to the A/D convertor to sample the difference

current of the next phase, C. The sample is placed in the circular storei
and its absolute value is calculeéed. The difference current sample of tﬁe
next phase, A, is similarly processed. The absolute values of the three
samples are compared and the‘originating phase of the 1argest.is determined.
Sequentional sampling continues and the procedure described above is
repeated for the next set of samples of the three stator phases. This

is| continued until the largest samples from different passes twice indicate
the same phase as probably faulted. The phase allocation sequence then

branches to the appropriate fault verification routine. It is possible




F16. 5.
5.3 F16. 5.3

A/D -
! A/D 101FFC R
j st1 o SET FOP mgnc“xlgc
! IDIFFC 1D17FA . THEX
! 1 Y
STORE 1K
e I
MEM CELL MEM CELL
i : '
CALC 07~
ABS VAL -
A VAL ibIFeC
IDIFFB
STORE . .
A8s VAL 1 CIe
‘“‘?NVAL e ", “puasDET $TORE
PHASDET ’ $UDEY
STORE INC CIRC SToR
85 VAL STORE ity
puasoe Ipex e CEL
: i
Y CALC
IBIFFC STORE' IN ABS VAL
SET FOR IDIFFC IDIFEA
1DIFFA “EM CELL Y '
SET
i STORE
l INDEX = 0 ABS VAL
N
STORE_IN caLe PHASDET
IDIFFC ABS VAL w
MEN CELL JIBIFFC (&)
/0
STORE 1N
IDIFFB
1D1FFC ME% CELL
CALC T
A8
ot o s ey
WEN CELL 485 AL DIFFB ABS VAL
1plceh “EY CELL 1DIFFB
LOAD ACC 1
:m{ ¥
FLAG CALC
- At Ase AL ABS VAL
R l IDIFFA Aps v > PHASDET
LOAD ACC
unﬁ Ih¢ ABS VAL LOAD ACE .
CFLAG AFLAG PHASDET WITH LOAD ACC
5 BFLAG WITH
T -’ : CFLAG
L0AD ACC LOAD ACC i
e WITH WITK ine
CFLAG AFLAG BFLAS
CFLAG
1 i
INC INC
CFLAG = 2N N CFLAG AFLAG
?
¥
\
i
+
] . 5.8 £15. 5.5 » f16. 5.5 ' B
) g 6 5.5 N f15. 5.5 16, 5.5 .
FI5. 5.3 Fi6. 53 o 53
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that the difference current of a particular phase, say B, was detected to

- be greater than the threshold by the monitor and this is also the largest

value detected by the phase allocation sequence in the first pass. If the

first sample of the second pass, which is also of phase B, is less thanvthe

threshold value, the phase allocation is aborted and the monitor is re-

activated.

Inclusion of this option reduces the scheme's detection

sengitivity for high frequency transients.

The three phase allocation routines are similar except that the

order of sampling and the point, at which the circular store location index

is incremented  are rotated. Incrementing the circular store is consistantly

carnied out just prior to sampling the phase A difference current.

5.5 | Fault Verification Sequence

The verification sequence decides whether the generator stator is

actually faulted or not. It is presented in the logic flow charts of Figs.

5.5and 5.

6. One verification sequence is provided for each phase and each

sequence is only slightly different from the others. On commencement of

sequence,

verification the sampling is aligned with the phase chosen by the allocation

if necessary, by using dummy read directs. Sampling is restricted to

the |sum and difference currents of the phase selected. The difference

curyent samples are still stored in the circular tables as discussed in

paragraph

5.3. Three additional circular storage arrays are included for

the |sum current samples. Presetting the control parameter, COUNT, and the

modified sum current function, SUMSAMP, complétes the initialization of the

segment.

Thig sample is placed in the circular store and its absolute value is

computed.

memaory location IBCKUP for possible later use in the verification sequence.

The difference current sample is then read from the A/D convertor.

This latest absolute value of difference current is stored in
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T*e additional bits provided to extend the accumulator are set to zero

d the absolute value of the difference current.sample is then.multiplie%
128 using an érithmetic left shift of seven bits. Now the contents of
e accumulator are temerafily stored in an available register and the
lue of the last sum current sample is retrieved from the appropriate
catioﬁ in its circular storage table. Using thé algorithm described
pafagraph 4.4 c), the new modified sum current value is computed. Next,
e sum current sample is read from the A/D convertor. In the initial feﬁ
sses, the value of the modified sum current could be small and any
vision by this number could generate register overfloﬁs. A deadband

, therefore, provided and divisions are not allowed unless SUMSAMP exceéds
threshold; Should SUMSAMP'be less than the calculationS'governing |

reshold, called "calculation threshold", the sequence returns for the

xt difference current sample. If the threshold is exceeded on any pass

subsequent to the first, the least significant part of the difference

current sample, which had previously been stored in a temporary storage

register, is returned to the accumulator. The contents of the extended

ac¢umulator and the accumulator, 128 times the absolute value of the last

difference current sample, is then divided by SUMSAMP. The result is

CO

pared with a percentage threshold. Should the threshold be exceeded,

the trial is evidence of a faulty stator and the counter, COUNT, is

ingremented. Should the result not exceedbthe threshold, the counter is

dedremented. After COUNT has been either incremented or decremented, it

is

of

compared with a positive and a negative threshold value. If the value

this counter is between the two threshold values, the issue is undecide@

and the sequence returns for another verification pass. Should COUNT be

less than the negative threshold, it is concluded that the allocation
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and verification routines were triggefed by some transient condition.
The sum’ currént storage is initialized and the monitor is reinsfated.
If| the positive threshold is exceeded, by COUNT, the system is indicated
to| be experiencing a fault and an appropriate trip command is issued.
Inclusion of the counter provides evidence averaging and reduces the
possibility of an incorrect conclusion from the verification seduence.
The iﬁformation in the computer indicating what transpired ié printed.
For the purposes of testiﬁg the program even in the case of transients
the informgtion contained in the appropriate memory locations was
returned. TheAactions ensuing from a fault decision are presented in
fhe flow chart of Fig. 5.6.

With the inclusion of the calculation threshoid feature, a
possibility for error was introduced. In-zone faults are conceivable
where the contributions to the fault current from the generator and the
connected system are in phase and approximately equal in magnitude. For
theée rare occurences, the sum current would be small while‘the difference
current would be very large. - This condition, if present, could prevent
the modified sum current from ever exceeding the calculation threshold and
therebyhang up the verification sequence. A second counter, COUNT B, is
therefore incrementedand checked if the absolute value of the difference
current exceeds a back up threshold. Should the ensuing check of the
counter reveal that it has exceeded an wupper 1imif,.the verificatién

sequence concludes that a valid fault condition exists.
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6. TESTING THE DIGITAL PROTECTION SCHEME

The concepts and designs, as presented in the previous two chapters,
were implimented in two versions of the aigital percentage differential
protection scheme. A single phase version, constructed primarily as a
developmental stage of the ensuing three phase version, was used to evaluate
the| viability of the concepts. Tests using both D.C. and A.C. input

signals are described. The reaction 6f the subsequent three phase version

to similar inpﬁts is also presented. In addition, this version was tested
with simulated generator faults. The reaction of the proposed percentage
dififferential protection scheme is reconstructed for several simulations, to
évaluate its performance during system faults.

6.1 Single Phase Version

. A single phase version of the digital differential relay, based on

the| concepts discussed -in Chapters 4 and 5, was prepared. Since single

phase inputs were to be handled, phase allocation segment was not included

and| the monitor and verification segments were simplified. The analog coméuter
‘was| used to generate the sum and difference currents. This version was |
tested with D.C. and then with A.C. inputs to gain some experience in thisg
technology and to examine the incorporated concepts and logic.

6.1 a) D.C. tests

Variable D.C. voltages were applied to the A/D convertor for input
to the digital computer. The input voltage representing the difference
current was varied from 10 to 150 millivolts. The information received

by the digital computer ffom the A/D convertor was found to be within %5

milllivolts of the analdg input. The monitor threshold was also checked

using the same inputs and found to be functioning satisfactorily. This soft-

ware variable was set at 10 millivolts for the remaining single phase tests.
|
%




For fixed values of difference current, the sum current inputs were
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grddually increased and the minimum restraints required to prevent

operation of the protective device were determined. This' study was

conducted for 0.8, 1.6, 2.3, 3.1, 3.9 and 4.7 percent relay settings.

Thel observed relay characteristics are shown in Fig. 6.1. The calculationi

thrieshold was set at 0.625 volts while the constant P, defined in

pa

o]

agraph 4.4 c), and the inter-sampling time were 16, and 70 microseconds;

respectively. The evidence averaging counter, which stored the results ;

of

calculations until a sufficient number had been shown to indicate a

deflfinite bias, had thresholds set such, that a count of minus five or

less indicated a valid non-fault transient condition, while a count of

six| indicated a verified fault condition. The difference currents were

step functions while the modified sum currents were similar to the output

shown in Figure 4.3 with a time constant of 2.16 millisecs. This transient

at

of

misTatch caused the increased sensitivity of the characteristics especially

increased values of the sum current. The reason that restraining inputs

amplitudes near the calculation threshold give sensitivities approaching

the|ideal, is that for such cases the transient component of the modified

sum|current is severly attenuated before the calculation threshold was

exceeded. The nonlinearity of the characteristic is caused by the discretq

steps in which the parameters are converted to digital form.

by

These results indicated that the scheme was workable as shown

the nearly linear, if not properly oriented, characteristics. Further,

the |analysis of these results indicated that the situation could be improved

by

adjusting the software variables, like P, for anmple.

6.1 b) A.C. tests

The system used for D.C. tests described above, was now subjected to
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A.C. inputs! A fault simulator was prepared usiné the TR—48 analog |
\
computer to provide the required A.C. inputs. A single phase genefator i
: : 1
-winding with its associated load and transmission line was modeled as L
in|Fig. 6.2. No attempt was made to represent an active load or to include
mutual effects from other stator phasés. ‘Thermodel is very simple and‘thQ
change of reactance, witﬁ the duration of a fault, is ngglected. Theb
model, as constructed on the analog computer, is depicfed in Fig. 6.3.
'Its.most prominent féature'is that the incidence of the fault isvcontrolleh
by uSing_fﬁe sweep circuits of an oscilloscope. The delayed trigger
permitted the relative amplitude of the transient to be fixed and enabled
easy viewing of the geﬁéfated waveforms. The mainvcomponents ofvthe,faultk
siTulator are: | |
‘)i) a»triggered monostable multivibrator,
ii)’a sinusoidal exéitation source,
iii) an oécilloscdpe with a variable delay.trigger Output,
iv) an analog computer.
The gating, accomplished by the multiplier, is governed by the multivibratbr.
Duning the timé the multivibrator is in the quiescent state, the stator is
represented in its non—fauited condition. With the excitation of the one ?

shoat, provided from the delayed trigger output of the oscilloscope, the

ch'nglng conditions at the output of the mu1t1p11er 1nd1cated the onset of
a ‘fault. The multivibrator output had to be designed to be at zero volts
when it was in fhe excited state. A wave éhaping limiter provides this
function. The multiﬁibrator and the limiter were built from discretes and.
th ir‘schematic‘diagrams are presented in Fig. 6.4. ’These two circuits'we%e

powered from the reference supplies provided in the TR-48. :
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Fig. 6.2 The representation of a single phase stator and its
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The generator stator parameters, which were represented and

itched by the TR-48, were modeled using an algorithm based on Kirchhoff'

laws. The difference between the normal and faulted condition of the

st
mnu
by
Du
th

fu

ator is controlled by a coupling voltage, Vo’ the output from the
Itiplier shown im Figure 6.3. The zero impedance fault is simulated
multiplying V0 - with the gating function provided by the multivibrator.
ring normal operation the phase and amplitude of Vo is adjusted so that
e difference current is zero. This arrangement generated suitable

nctions to determine the validity of the protection principles. Two

sample fault conditions, generated in terms of the difference current,

ar

ci

Th

e presented in Fig. 6.5.

a) b)

Fig. 6.5 Difference current generated for fault incidence during
(a) the negative half cycle and (b) the positive half
cycle of the prefault current.

While the amalog computer model was sufficient to simulate short
rcuit faults, it could not adequately simulate marginal conditions,

ese conditions were, therefore, represented by detuning thec coupling
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voltage, Vo,and removing the delayed trigger supplied by the oscilloscope.
This technique did not simulate the transients of marginal conditions at

their inception. Marginal faults for different values of sum currents wer

sinmulated for different relay settings. The observed characteristic for the

4.7 percent setting is shown in Fig. 6.6. The characteristics for 3.9, 3.
2.3, 1.6 “and 0.8 percent relay setting are similar including the
"aTbiguity” for marginal faults. The protective system parameters describ

in |paragraph 6.1 a) were left unchanged.

e
1,

ed

The A.C. tests did not demonstrate the sharp delineation between
faylted and non-faulted decisions as was desired. This was due to the
method chosen to simulate the marginal conditions for analysis by the

computer} Though there was some uncertainty of operation for marginal

faults, the more serious faults and the healthy conditions were correctly

discriminated. Any ambiguities for the marginal faults were eventually

scheme on automatic reactivation of the monitor for non-fault decisionms.
6.2 Three Phase Version

A three phase version of the digital differential relay was then
prepared based on the concepts discussed in this thesis. This version was
tested with D.C. and then with A.C. inputs before applying it to a physica
machine. Again, the analog computer was used to generate the required

sum and difference curfents. All the software parameter settings were
adopted from those of the single phase version without change. |

6.2 a) D.C. tests

Input data for the D.C. tests was generated and examined in a
manner similar to that used for the single phase version. In addition to

locating software errors, these tests were conducted to check for bias in

removed due to subsequent re-evaluations of the situation by the protectioﬁ

1
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the phase allocation sequence. ﬁominal sum currents were applied to
eath of the three verification sequences but controlled difference
currents greater than the ten millivolt monitor threshold,were provided
for each phase. The smallest difference current was inéreaséd until its
originating phase was selected as the one most seriously involved. Then,@
while the magnitudes of the difference currents wefe maintained, they werd
reapplied with their phase sequence rotated. In all six such proceduresi
were attempted, three with clockwise rotation of the phases and three witﬁ
coﬁnter clockwise rotation. In all cases, the phase allocation segment
selected the appropriate phase for fault verification. The software was
therefore demonstrated to be unbiased.

The three phase version of the program was also tested to determine
if |the inclusion of the phase allocation routine affected the operating
chdracteristics derived earlier. These tests were also conducted using

the method described in paragraph 6.1 a) and indicated no change in the
characteristics of the protective system.

6.2 b) A.C. tests - analog model

Two methods were used to provide fault data for testing the three
phalse version. One of these utilized the TR-48 analog computer while the |
other used a representative machine to generate the required input curreﬁté.
The single phase A.C. .fault simulator described in paragraph 6.1 b)

was| again employed in the first series of three phase A.C. tests. The

two| sum currents of the healthy phases were maintained at their prefault %
levels while the difference current signals of these phases were fixed at
zerp potential. Five zero impedance ground faults involving 20%, 40%, 50%%
60% and 80% of the winding were simulated. These faults were introduced oé

|
different phases by rotating the sequence of the input signals. The computer

i
|
|
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rellay sensitivity setting was again varied from 0.8 to 4.7 percent as in

the previous tests. Other software parameters remained unchanged. All

marginal faults were, then, simulated by detuning Vo" The results

indicated that the sensitivity change, due to the inclusion of the

6.3 System Tests - Selection of Equipment

Until digital percentage differential protection is actually
implemented in fhe field, laboratory tests, which can only appfoximate
the true operating conditions, must be employed to evaluate the relay
performance. The tests, described in this and the following Section,
were devised;to‘represent the actual circumstances as closely as was

reasonably possible. The considerations involved in selecting the test

equipment and its configuration are discussed in this section. Some facto

affecting the accuracy of the test system are also examined.

6.3 a) The generator

ambitious an undertaking. Telemetry of the required current signals from
a generating station also seemed very complex. In addition, an alternator
operating in a power system could not be used expressly to simulate internal

‘faylts. As a compromise solution, a small machine was selected to appro-

xiTate the behaviour of larger units. The particulars of the alternator

chosen and its driving motor are given in Appendix III.

\\

thL simulated conditions were correctly identified and decided. Eighteen

ph%se allocation sequence in the three phase version, was insignificant.

of |the hybrid computer facility to a typical generation plant seemed too -

The TR-48 analog computer is not large enough to accufately represeht

the characteristic behaviour of alternators during stator faults. Relocation
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The selected machines are located in the Electrical Engineering
ergraduate Laboratory where suitable D.C. power is available for the

br generator unit. The 5kVA alternator is provided with split stator

se windings which may be connected either in series or in parallel. For

system tests, the windings were connected in series as shown in

6.7. When the generator is operated in this configuration, its rated

ful] load current is 13 amps. With the winding terminals all brought out

‘to a front panel, simulation of internal faults was facilitated with

minimum risk to personnel and the equipment.

and

6.3 b) The current transformers
Six current transformers (C.T.'s) were required to convert the line

neutral end currents from each generator stator phase to a suitable

voltage signal. The Saskatchewan Power Corporation made seven suitable

C.T

's available. Three of these were of the 9JS 1HAR3 type, manufactured

by General Electric, and four were of the H15 model, manufactured by‘

Packard Electric. Both types were operated at the 100/5 transformation

ratio. Linearity and excitation specifications, which are important in

applications where the C.T.'s are used in a differential mode, was lacking.

To gain some insight into their performance, the excitation characteristics,

shown in Fig. 6.8, were plotted from lab tests, for both the General Eleétrﬁc

and

Packard Electric transformers.

Reasonably light loads (5 ohms) were provided in the‘secondary_of

each C.T. to ensure linear operation for the largest anticipated alternator

currents. With this loading, one per unit curfent was now represented by

|

3.25 rms volts across the load resistor. For symmetry, two General Electric

C.T{'s were installed in one alternator phase while the remaining four

Packard Electric C.T.'s were installed in the other phases as is also shown
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Fig. 6.7.
.673 ¢) The tape recorder
The selected rotating equipment as indicatéd in paragraph 6.3 a),
still located remote from the Sigma 2/TR—48vhybrid computer fécility.
ocating either of the two test equipments couid be avoided if suitable

ns to transmit the six signals from the alternator to the TR-48 analog

available with the Cardio- Pulmonary Laboratory at the University Hospital
could be used for this work. This analog recorder consists of a multi;
ed tape transport assembly with optional, interchangable, record/playback
ctrbnics for each'speed. Eight channels (seven signal and one voice) cén
simultaneously reéorded or played back. The séveﬁ‘signal channels have
andpass from zero to ten kHz at the 60 inch/sec tépe speed. ~ As listed ;
the instruction manual,:the input and output impedances are 600 ohms
h and the signal to noise ratio is specified at 44 db. Record/playback
ctronics was not available for other suitable tape speeds.
The recorder's dynamic range is specified from -2.5 to +2.5 volts

h one percent linearity in this region. Consequently, the signal outpuk

from the C.T.'s had to be reduced in amplitude. A voltage divider, consisting

a 150 ohm and a 47 ohm resistor, was employed.’ This reduced the rep-
entétion of one per unit generator current from 4.6 volts peak across

C.T. load resistor to approximately one volt peak at the input of the
e recorderf This maintained the line and neutral end current signals
hin the linear operating region of the tape recorder, during the simula%ed
1t conditions, but reduced the signal to noise ratio from 44 db. to
db. As stated in paragraph 5.2, the frequency response of the analog

-processor rolls off at 20 db per decade below 0.318 Hz and above 1.59 kHz.

|
|
|
|
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ming white noise, this reduction in bandwidth effectively improved
signal to noise ratio of the system by about eight db.

The test equipment configuration, depicted in Fig. 6.7, shows that
D ohm resistance is inserted in the neutral ground return of the
erator. Dry runs preceding the actual tests indicated that fault
rents of eight per unit could be expected during the simulation. Fault
rents of such magnitudes are far greater than the three to four per
- maximum fault currents expected from generators employed in power
fems. The neutral grounding resistance was, therefore, included to
It the fault currents to less than two per unit. This may appear as

rastic step but the inclusion of this impedance reduces the difference

between the faulted and healthy states of the stator and consequently

inca

6.4

accy

sche

reaq

typs

Fouz?

the

reases the demands on the protective system.
System Tests-Results

The equipment, described in paragraph 6.3? was used to provide more:
irate fault data to test the digitgl percentage differential protectibn:
sme. The types of faults simulated and the protective system's
ttion to this information are presented in this section.

The operating portion of the digital scheme was tested with four
s of faults simulated by using the alternator:

i) internal single phase faults involving 50 percent of the
stator winding, <

ii) internal single phase faults involving 100 percent of the
stator winding,

iii) internal two phase faults involving 50 percent of the
stator windings,

iv) external single phase faults. h

rty-five type (i) internal fualts were simulated. In twenty of thése,
47

inception of the fault was controlled by using a synchronous switch
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in|place of the circuit breaker of Fig. 6.7. Four groups of five faults,

O

each were recorded with incidence delayed approximately 0%, 30°, 60° and

(

D . . ) L .
90| from the zero crossing of the terminal voltage waveform. The remaining

twenty-five type (i) simulations were recorded without incidence control. .
Twenty-five each of types (ii), (iii) and (iv) faults were also simulated?
in|this manner. In the two phase fault simulations, the 50 percent point§
of | the stator windings were shorted through a 6;5 ohm current limiting
resistor. The line and heutra1~end currents in the three phases during

the faults and in pre and post fault periods were recorded on magnetic tape.
The fuﬁctional organization of the equipment used in the system
tests ié presented in Fig. 6.9. After a particular type of fault had beeq
simulated and recorded,the tape recorder was relocated at the hybrid |
compute; facility and the playback procedure began. Tﬁe tape drive was
started in the playback mode. The digital computer software was initiated
by | the operator after an eight second delay, required to permit the

re¢order outputs to stabilize. With this action, the monitor segment of the
protection program began to execute. It continued to operate until its

difference current inputs, derived by the TR-48 analog computer from the

information supplied by the magnetic tape recording, dictated that the

monitor should do otherwise. At the moment the digital computer indicated
that it had‘arrived at a decision the tape transport was manually stopped:
The pertinent information, stored in the appropriate circular storage érriys,
was then automatically printed for reference. At the termination of the
print out the computer was put into a wait condition either by an operatoﬁ,
or, in the event of a fault conclusion, by the software. The tape transpdrt
mechanism was then restarted by the operator. ﬁeactivation of the software

wa$ delayed until the fault simulation data from the concluded case had
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cleared the tape reading heads. The fault monitor then awaited the

next

prey
mod 1
The
whig
gain
repy

to 2
prot
and

the

the

possible fault indication.

For these tests, most software variables remained set as they were
iously. The exceptions were P, the parameter which governs the
fied sum current transient's time constant, and the monitor threshold.
monitor threshold was set at 50 millivolts while P was set at two,
h is equivalent to a 202 microsecond time constant. The analog computef
s were adjusted so that one per unit generator current, which was |
esented by 1.0 volt peak output from the tape recorder, was amplified
.5 volts peak.

6.4 a) Type (i) faults

The data from each magnetic tape recording was examined by the

ection scheme several times. All the type (i) fault simulations were

examined with the software relay sensitivity set at 2.3 percent, 3.1 percent

3.9 percent. In addition, the orientation of the phase, which carried
fault data, was rotated to facilitate testing of all the software with

same simulations. This phase sequence rotation permitted the examination

of flaults, which were only simulated on one phase of the generator stator,

as i

25 f

f they had been duplicated on‘the other two. In this manner 75 caSes,

or each sensitivity setting were examined as.faults on each stator

phase. A total of 225 case studies were therefore derived from this one

tape

recording.

The scheme's reaction to one of the type (i) faults as recon-

structed from the printed data, is represented in figure 6.10. All

funda

tions are plotted in the time sequence in which they are sampled or

gendrated. The reconstructed difference current function indicates that

the

fault probably occurred just after the second sample shown, and
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exceeded the monitor threshold in sampling interval 3. With such a

large difference current, this sample was the largest of the three
compared in the first pass through the phase allocation sequence. The
second post fault sample of the difference current was again determined

as the largest and the phase allocation sequence then called the proper
verification routine. The next sample of difference current was taken

as part of the fault verification sequence. During the first pass through
this routine, the modified absolute value of sum current was generated

as zero because no sum current samples had been read prior to the first
calgulation. The difference current was multiplied by 128. No comparison
between the modified sum current and the difference current was made since
the |former had not yet exceeded the calculation threshold. On the

second and subsequent passes, through the verification sequence, the
modified sum current does exceed the calculation threshold and subseduent
comparisons, between this function and 128/3 times the absolute value of
the |[difference current, supported a fault decision. Every time a fault
decision was indicated, the evidence averaging counter was incremented.

On the pass where the counter reaches the fault threshold, printing was.
initiated. In a power system application a trip command would be issued at
this stage. The fault and transient thresholds shown bear no relationship
to the voltage scale. A voltage increment of b.675 volts is chosen fbf
convenience.

In all the 225 cases mentioned above, the phase allocation sequence

of the protection scheme correctly selected the faulted phase for verification.

The |decision making in each of these cases was #orrectly concluded in less
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than three milliseconds. The various sensitivity settings did not affect

the

decisions or their timing.

Attempts were also made to determine the protection scheme's

performance at 1.6 percent sensitivity. Voltage spikes, which at times:

exceeded one volt in amplitude,were discovered at the tape recorder

outputs. While these were correctly diagnosed as transients at the 2.3

perdent and higher sensitivity settings, some were verified as faults at

the

the

1.6 percent setting. Degaussing and re-recording the data to remove

spikes failed. Similar conditions were also encountered with a second

magnetic tape although the frequency and severity of the spikes, concluded .

to be caused by abrasions on the tape surface, diminished somewhat. The

difficulty encountered in distinguishing between decisions concluded from

the

1.6

spikes and the fault simulations invalidated the test results at the

percent sensitivity setting.

The twenty type (i) faults, in which the incidence of the fault was

controlled, were examined with similar relay settings and phase rotations.

The

90°

(o)

. . -0 o
reaction of the protection scheme to one each of the 0, 307, 60 and

incidence angle faults is shown by Figs. 6.11, 6.12, 6.13 and 6.14.

These illustrate the change in the transient response of the fault current

with the angles of incidence. The reconstructed data also demonstrates

the

accuracy to which the sum current is modified to match the transient

response of the difference current. It is apparent that for alternators,

whose fault current will contain fast transients (characteristic behavior

for

be

small machines), some additional modification of the sum current might

advisable. The significant error in these cLses is caused by the delay

associated with executing the phase allocation sequence. The controlled

inc

idence simulations provided an additional 180 type (i) cases in which
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ification was correctly initiated. All fault simulations were verified

faults in less than two milliseconds irrespective of the relay setting

the phase orientation of the particular case.

6.4 b) Type (ii) faults

The relay settings employed for the internal single phase faults at
line end of the étator were 2.3 percent, 3.1 percent and 3.9 percent.
se rotation of the simulated faults, similar to that used for the previous

els, was again used. The protection scheme responded to these relatively

more serious fault simulations as was expected. All faults were

corriectly verified in less than three milliseconds. Typical responses are

Trec

onstructed in Figs. 6.15 and 6.16. The response of Fig. 6.15 shows the

incrieased time (2.3 milliseconds) required to verify a fault when incidence

occurs just before a stator current zero crossing. This figure also

ind

icates that the phase displacement between the sum and difference current

is reduced if the modified sum current function is used. The reconstructed

response, shown in Fig. 6.16,illustrates the relatively shorter time (1.5

mil

sta

cha

liseconds) required to verify a fault when its incidence occurs near a
tor current maximum. Again the close correlation between the transient

racteristics of the restraining and operating functions is evident. These

simylations provided an additional 216 cases which were verified without

err

act

oar. One case was rendered unsuitable because a noise spike consistently

ivated the verification sequence just prior to the occurrence of a valid

simulated fault. When the computer had completed verification of this spike

as
dat
tas

fau

d transient, the print cycle was initiated to output the 'desired"
3 as described earlier. Because the printing was executed as a foreground
k before reactivation of the monitor, the incidence of the following

1t was missed. In a power system application, printing would be
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gated to a lower priority and the monitor would be reactivated
diately after thetransient's verification. The tape recorder and
tal computer could not be restarted in such a way that the transient

d be missed. The case data drived from this simulation was, thereforé,~

disqualified.
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6.4 c) Type (iii) faults

Two phase internal faults formed the last catagory of simulations

é a positive fault verification was the desired response. The previous
s had demonstrated the invariability of thq result with relay setting;
efore, the type (iii) simulatians were all examined with 2.3 percent
itivity. The phase sequence was again rotated to further test the

of the phase allocation sequence. Seventy-five cases were therefore
ined with the type (iii) fault simulatiéns.

Two typical reconstructions of the protection scheme's response are
ented in Fig. 6.17 and 6.18. Again iﬂ Fig. 6.17, the modification to
current decreased the phase displacement between the restraining and
ating functions. For these cases, the time constants are not as
rately matched as for single phase in-zone faults. The increase invthei
constant is undoubtedly due to the change in the inductance to

stance ratio provided by the different fault configuration and the
ction in the current limiting resistance.

Some bias was shown in selecting the faulted phase. Consideration
he symmetry of two phase faults indicates that the fault current

ing in each phase should be equal but in opposing directions. No
erence should therefore, exist in selécting bne of the two phases for
t verification. One phase was selected nintéen times while the other

allocated 56 times. Since the bias rotated with the phase sequence, it
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nals of the three phases. As was previousily indicated, 75 fault

simulations were examined and all were correctly verified as faults on-

one
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or the other of the involved phases.

6.4 d) Type iv) faults

External faults were simulated and examined to test the protection
eme's ability to descriminate between in-zone and out of zone faults.
indicated earlier, one generator terminal was short circuited to ground
ch is a very severe external single phase fault. The operation of the
tective scheme, using‘the sensitivity settings of 1.6, 2.3{ 3.1 and
percent, was tested. The reconstruction of a typical case‘isbpresented
Fig. 6.19. As‘indicated by the recbnsfructed response imperfect
cellation provided some error signal. When the relay-senSitivity was
at 2.3 percent, all 25 cases were correctly verified as transients not?

‘ ) ‘

ranting trip initiation. Predictably, the cases examined with 3.1'pérc§nt
3.9 percent relay settings were also correctly verified. When the
sitivity setfing was decreased to 1.6 percent, nine of the 25 cases.

ulted in an erroneous, faulted stator, conclusion. If better discrimination

n that offered by the 2.3%relay setting is desired, equipment with béttér

parity will have to be selected. In all cases verification was executed
the correct phase. The test provided 91 correct conclusions out of 100
ple cases.

The results of the tests using the fault data provided by the

generator definitely prove the fault detection abilify of the proposed

tection scheme. Of the 796 fault cases examined, an overwhélming 787

e correctly decided. As indicated in Table 6.1, the nine erroneous

clusions resulted when the discrimination limits of the test equipment
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6.19 Reconstructed protection system reaction to a type
(iv) fault.
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Table 6.1

Summary of the

MACHINE TEST RESULTS

FAU

TYP

ii

iii

iv

NUMBER |

LT | RELAY NO. OF | I\rriaTeD ERRORS NO. OF

E | SETTING | TRIALS | CORRECTLY |Undesired | Failure | CORRECT

: - | Tripping to Trip| DECISIONS

3.9% 135 135 o 0 135
3.1% 135 135 0 0" 135
2.3% 135 | 135 0 0 135
3.9% 72 72 0 0 72
3.1% 72 | 72 0 0 72
2.3 | - 72 | 72 0 0 72
3.9% 25 25 0 0 25
3.1% 25 25 0 0 25
2.3% 25 25 0 0 25
3.9% 25 25 0 25
3.1% 25 25 0 N, 25
2.3% 25 25 0 A 25
1:6% 25 25 9 16

wer
-are

The

e probed. These errors were of the '"unwarranted tripping'" type which
undesirable from the power system operation and reliability viewpoints.

discrimination limits for the test equipment was affected by three

factors. First, the fault simulated was of a very serious nature.

Secondly, no attempt was made to match the characteristics of the C.T.'s.

Thirdly, the tape recorder introduced additional non-linearities. All these

factors tend to decrease the discrimination ability but the linearity

des

current signal may be reduced by careful equipmentimatching in future

misTatches of the C.T.'s and the communications channels are controlled

ign parameters. As such, their error contributions td the difference
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applications. As also indicated in Table 6.1 no "failure-to-trip"
error was encountered throughout these tests. All verifications were
properly initiated on a phase, which was involved in the fault, and all
decisions were ﬁade less than three milliseconds after the incidence of

the| fault.
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7. CONCLUSIONS

The percentage differential protection scheme, as presented in
this thesis, provides several significant improvements over available
eledtro-mechanical devices. This digital system is based on many para-
meters whiqh can be easily varied, and is, therefore inherently more-
flexible. Programming the computer to modify the software variables, based on
changing generating conditions,provides an é§ditiona1 dimension to fault
detection and verification. On this basis, the‘traditionalArelatively

fixed relationships, between the protective devices and their associated

' generator, can in future be replaced by dynamic interaction.

Adjusting the various thresholds and time constants, manually for

the digital scheme presented in this thesis, demohstrated that a large
variety of relay operating characteristicé are possiﬁle. The siﬁg1e phase
D.C, tests described in paragraph 6.1 (a), illuStrateithat the operating
characteristics depend on the time constahf éf the modified sum curfent
transient. It is obvious that the verificétion time can be altered by»
adjusting the evidence averaging limits.. The,monitor threshold‘determines

the |amplitude, which must be exceeded, before a more detailed
examination of the conditions is initiated. Increasing the number of times§

a fqulted phase must provide the largest of three difference current sampie#,
increases the probability that it (the faulted phase) will Ee correctly
selected for fault verification.

In the machine tests, described in paragraph 6.4, a fault/np fault
deciéion was rendered in less than three milliseconds for almost 800
examined cases. This is significantly faster than the operating time of
conventional devices. Continuing re-evaluation of marginalcases reduces

the jambiguity in defining the operating condition although decision times
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will be increased.

The relay performance, as evaluated by faults simulated on a

machine, demonstrated the effectiveness of analog pre—pfocessing the input

datd. As explained in Chapter 4, sequential digitizing of the line and

neutral end currents could result in significant errors. The maximum

sampling frequency of the SDS Sigma 2 computer, 15 kHz., would result

in 4 maximum error of 7 percent in calculating the difference current.

Thes

e errors were avoided by pre-processing the input information in parallel

as described in Chapter 5. The resnlting simple monitor design is further |

evidence of the effectiveness of the techmique.

The organization of the proposed protection scheme lends itself

to 4 time shared approach. The fault monitor only uses 40 percent of the

avajlable computation time between sucessive A/D conversions. Lower

priogrity tasks could be executed during the remaining time. In addition,

the

execution of each pass of the monitor sequence could be intersperced

with fixed intervals allocated to processing other programs.

The project also provided valuable experience in digitizing analog

power system information for protection purposes. It demonstrated that

digi
stat
the
geng
varj
ope1

comj

tors and it supported the case for digital protection generally. When
digital protection scheme, déscribed in this thesis, is applied'to a
Prator operating in a power system; the settings of the software
lables will have to be défined. To achie?e accurate and efficient

ration of the monitor, its threshold will have to be set as low as

ponent mismatch and other noise will allow. The calculation threshold

l . ;
should be adjusted low enough to commence fault verification without

€XC¢

2ssive delay but high enough to prevent register overflows during divisi

ital computers can be applied to provide improved protection for generator
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ts, to ensure that decisions are made quickly but with certainty.
Several means to improve the operation of the digital percentage
'erentialbprotection scheme might be examined for future‘applications.
computer can be programmed to adjust the monitor threshold. Means |
t be employed to make the monitor threshold dynamically dependent on
oneht mismatch and average noise. Evidence integration could bev
rporated instead of evidence averaging. This may be implimented by
racting the relay setting threshold from the quotient genefated from
division of the amplified difference current by the modified sum current.
result could then be added to COUNT for each pass through the verifi-
on sequence.  In this way the rate of approach to the threshold will
roportional to the weight of the evidence of each pass. Such a feature
permit fast reéction to serious faults and improved analysis of
ihal conditions.
In the software used to test the proposed protection scheme, no
ision>was made to reactivate the monitor while the desired data was
téd after a verified disturbance. The return branch to the monitor
simply delayed until printing was completed. In a power system time
ed application, printing will have to be relegated to a lower‘priority }
ine. Establishing a hierarchy of execution priorities could be examined
e extending the scope of digital protection for application to powqr:'
1ts. |
Analog pre-processing of the input Signals simplified the monitor
improveh its accuracy and efficiency. This concept might be exten&ed

rovide an analog monitor with a digitally controlled threshold.
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Sém;ling and digitizing data will not be required for stator protection
unless the monitor indicated that a fault might be present. This

solytion would increasé the efficiency of the digital computer assigned

to generator protection and still permit the flexibility and speed of

the tested scheme.

The concepts ihcorporated in the proposed digital percentage
differential protection scheme are quite general. Future development couldj
be directed to provide similar schemes to replace existing transformer
and bus protection equipment. In transformer applications, the restraining:
fundtion may have to be modified further to include an additional component;
proportional to the second and-higher harmonic currents. The additional
restraint could be provided eitheriin the fault verification sequence or

in the analog pre-processor. Bus differential protection is conceivable
with suitabie adjustﬁents to the software variables already provided.

Of course, some duplication of the software and hardware will be required

to process the additional inputs from the various transmission and feeder

lines connected to the bus.
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APPENDIX I
A listing of the program used to determine the viability of
computing peak squared values from a sampled input sinusoid follows.
* DIFFERENTIAL PROTECTION PROGRAM FREQUENCY ANALYSIS
* IN XSYMBOL '
HIS IS RUN WITH PROTECT OFF
DIFFSQ COMMON 256
COMMON 256
REF M:WRITE,M:TERM, L : DUMP
BEG[N RD *EAD
| BNO Co$+2
B $-2
LDA =X'FFFO'
RCPY 7,3
RD *EAD
BNO $+2
B : $-2
RAND 3,7
STA - 1+2
RD *EAD
BNO $+2
B $-2
RAND 3,7
‘ STA 1+7
RECS AMP RD *EAD RECURRENT SAMPLING BEGINS
BNO $+2
B $-2
RAND 3,7
STA I
LDX COUNT
STA ISAMP, 1
LDA 1+2
STA 1+3
LDA 1+1
STA I+2
LDA I
STA I+1
SARS 1
ADD I+1
STA IP+1
LDA I+2
SALS 1
STA IP+2
LDA I1+3
SARS 1
SUB IP+2
ADD IP+1




COUNT

1P
EAD

YEOD

STA
MUL
SALD
RCPY
STA
LDA

- MUL

RCPY
ADD
STA
LDX
STA
M
LDA
SUB
BAZ

RCPYI

DATA
ADRL
ADRL
RCPYI

DATA
ADRL
ADRL
RCPYI

RES
RES
RES
DATA
LPOOL
END
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Ip

1P

9

6,7

1p

I+1

I+1

6,7

1P

1P
COUNT
DIFFSQ,1
COUNT
COUNT
=250

$+2

RECS. AMP
1,2
L:DUMP

. X'5000'

DIFFSQ
DIFFSQ+249
1,2

L :DUMP
X'5000!
ISAMP
ISAMP+249
1,2
M:TERM

1

4

3

X*AAOL!

BEGIN
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APPENDIX II

The following is a listing of the three phase version of the

ital percentage differential protection scheme proposed in this thesis.

sofgware variables are set at: -
i) monitor threshold - ‘50 m.v.,
ii) sensitivity setting - 2.3 percent;
iii) calculation threshold - 0.625 volts

iv) P - 2, equivalent to an imposed transient with 202 microsecondj
time constant,

v) back up threshold - 3.75 volts,

vi) back up counter limit - 10,
vii) evidence averaging counter limits - +6 and -5.
LIS[TING
REF . Me TERM, Me WRITE,Ls DUMP
IDIFFA C BMMBN 32 ‘ -
IDIFF8 C BMMAN 32
IDIFFC C OMMEN 32
ISUMA C BMMEN 32
ISUMB C BMMBN 32
ISUMC COMMON 32
BEGIN RCPY 0, 4
SHY RCPY 0,7
STA © IDIFFA,1
RCPY b, 7
cP =191
» _ BXNO ZSET.
PROTECT RD *EADDA
: BNO $+2
B $-2
RCPY 0,4
RCPY 0,7
STA AFLAG
STA BFLAG
PTECTA RCPY 0,7
STA CFLAG
RCPYI 4,7
cP- - =32
BXNO $+42
RCPY 0,4
RD *EADDB

BNO 42




FLAGCKA

ALLACA

CHEST A

AMBST A

BLARGERA

R
STA
BAN

REPYT
STA
cP
RMB

nGPY
cpP
RNA
cpP
BNA

R0
BNO
STA
B AN

RCPY1
cP
BNG

RD
BNO

STA
BAN

RCPYI
cP
BNO
LDA
M
cP
BNG
RCPYI
cP
BXNO
RCPY

LDA
M
CP
BNG
RCPYI
cP
BXNA
RCPY

STA
RO
BNG

STA
“BAN
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§=2
IDIFEA,D
€42
$+2
*7,7
PHASDET
=X *00AD "
FI.AGCHKA
ALLACA
0,7
RFILAG
A BCA
CFLAG
ALLBCA
PTFCT B
*ADDC
42
4 -2
IDIFF8, 1
¢+2

E42.

*7,7
FHASOET
42
BLARGERA
*EADDA
$+2

$-2
IDIFFC, 1
$+2

$+2

*7,7
PHASDET
AMBSTA
CFLAG
CFLAG
=1

PTECT A+?2
b, 7

=32

$+2

0, b

VERIFYC

AFLAG
AFLAG

«1

PTECT A+2
4,7

=32

$+2

0, b
VERIEY A
PHASDET
*EADDA
42

¢-?
IDIFFC, 1
42

§+2




AM

P1

FL

aSTA

ECTB -

AGCKB

ALL 6CB

AM

TR

RCPY1
cP
BNO

LDA
™
cp
BNG
RCPY I
cp
BXNO
RCPY

RCPY
STA
RD
BND

STA
BAN

PCPYT
STA
CP
BNG

RCPY

cP
BNO
ce
BNO

RO
BNO

STA
BAN .

RCPYI
CP

~ BNO

cP
BXNO
RCPY
RD
BNG

STA
BAN

RCPYI
ce
BNO
LPAOL
LOA
M

RCPY1
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*1,7.
PHAS DT
BMRSTA
CMASTA
BFLAG
BFLAG
-1
PTECT A+y
b, 7

=352

$+2

0,4 .
VERIFYR
0,7
AFLAG
*ECADDC
§+2

$-2
INIFFR,1
42

$+2
*7,7
PHASDET
=X'00A0"
FLARCKB
ALL 5CB
0,7
CFLAG
ALLACB
AFLAG
ALL 8CB

- PTECTC

*CADDA
$+2

$-2
IDIFFC, 1
t42

$+2

PHASDET

CLARGERB
4,7

«3?

$+2

0,4
*EADDB
¢+2

$-2
IDIFFA,1
$+2

$+2

*7,7
PHASDET
BMBSTHB

AFLAG
AFLAG




. BMASTB

CLARGERB

CMOSTB

ATECTC

ALAGCKC

ALLoCC

cP
BNO
RCPYI
cp

BXND

RCPY

L DA
M
cP
BNO

STA
RCPYI
cp
BXNO
RCPY
RN
BNG

STA
BAN

RCPYI

cP

BNG

LDA
M
ce
BNO

RCPY
STA

BNO -

STA
BAN

RCPYI
STA
cp
BNO

RCPY
cpP -
BNG
cp

BNB

RCPYI
CP

BXNO

RCPY
RD
BNO
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w?

PTECT B+2
4,7

=32

$+2

0,4
VERIFYA
BFLAG
BFLAG

-
PTECT B+?
VERIFYRB
PHASDFT
4,7

=32

$+2

0, 4
*£ADDB
¢+2

$-2

"IDIFFA, 1

§+2

$+2
*7,7
PHASDET
CMASTR
AMES TB
CFLAG
CFLAG -
-l '
PTECT B+7
VERIFYC
0,7
BFLAG
*EADDA
£+2

t-2
IDIFFC, 1
$+2

§+2
*7,7
PHASNET
=X"00A0*
FLAGCKC
ALL 6CC
0,7
AFLAG
ALL BCC
BFLAG
ALL BCC
PTECT A
4,7

=32

t+2

0,4

*C ADDB
t+2




BMOSTC

CunsTC

EAl
F Al
EAT

DA
0B
ne

CATS A
FAISR
EATSC

ALA

AMO]

RGERC

STC

B

STA
B AN
R
RCPYT
cP -
BNO
B

RD
BNG

B
STA
BAN

B
RCPYI
cp
BNG
LOA
IM
cp
BNO

RCPYT -

cp
BXNG
RCPY
B
LDA
M
cP
BNS

B

DATA
DATA
DAT A
DAT A
DATA
DAT A
LPafL
STA
RO
BNG
B
STA
BAN
B
RCPYI
cpP
BNO
8
LDA
M
cp
BND
RCPYI
cp
BXNO
RCPY
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¢-7
INIFFA,1
$42

t47

1,7
PHASDFT
$+2
ALARGERC

- *EADDC

$42

§-2
IDIFFB, 1
$42

$+2

*7,7
PHASDFT
CMBSTC
BFLAG
BFLAG

-1
PTECTC+2
b, 7

32

$+2

0, 4
VERIFYB
CFLAG

- CFLAG

=1
PTECTC+2
VERIFYC
X*AADD
XTAAOYY
X" AAO2 *
X*TAAD3'
X*AAOY"
X*AADS'

PHASDET
*EADDC
$+2

$-?
IDIFFB, 1
$+2

$+2

*7,7
PHASDET
AMBSTC
BMOSTC
AFLAG
AFLAG

-1

PTECT C+4
b, 7

=3?

$+2

0, 4




FPIFYA

NDEFS A

JFFSA

RD
BNO

RCPY
STA
STA
STA
PO
BNE

STA
BAN -

RCPY1
STA
RCPY
SALD
RCPY
RCPY
RCPY
cp
BNO

ADD

- SUB

RCPY
LDA
RCPY
BAN

RCPYT
SuB
S ARS
ADD
STA
RD
BNG

STA
RCPYI

.CP

BXNO
RCPY
LOA
cp
BNG

LOA
cp

- BNO

M
LDA
ce
BNO

RCPY
DIV
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*EADDA
$+2

$-2

0,7
CBUNT
CAINTB
SUMS AMP
*EADS A
¢+7

t-2
IDIFFA,
t+2

¢+
*7,7
IBCKUP
0,6

~

7
1,:
Y

4,2

N

’
«1
t+2
$+2
=32
=1
7,4
ISUMA, 1
2,k
§+2
§+2
*7,7
SUMS AMP
y
SUMS AMP
SUMS AMP
*CADDA
42
¢-2
TSUMA, 1
by 7
=32
$4+2
0,4
SUM MP
«X'0800°
UNDEFS A
DEFSA
IBCKUP
=X'3000"
VERIFYA+7
COUNTB
COBUNT B
=X'000A"
VERIFYA+T
FAULT A
3,7
S .UMS AMP
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cP =3
BNEO ~ [DFECRA
TM: CRUNT
LDA =5
cP CAUNT
BNO FAULTA
B3 ' - VERTIFYA47
DICRA LDA © CHAUNT
SUR .. =1
STA CAUNT
RCPYT . *T,7-
cP 5
BNA VERIFYA+7
: B TRANS A
VIRIFYB RN *EADDB
BND 4P
R 4
RCPY 0,7
STA - COUNT .
STA COUNTB
STA SUMS AMP
R0 *LAS B
BNO T4
B t-2
STA IDIFFB,1
BAN 442
B 47
- RCPYI *T,7
STA IRCKUP
RCPY 0,6
SALD 7
RCPY 7,3
RCPY b, 7
RCPY L2
cp =1
BNG 42
B $+2
ADD =32
SUB =1
RCPY T, 4
L. DA ISUMB, 1
RCPY 2,4
BAN $+2
B §+2
RCPYI *7,7
SuB S UMS AMP
S ARS 1
ADD S UMS AMP
STA SUMS AMP
RD *EADDB
BNG $+2
B - 4-2
STA ISUMB, 1
RCPYI b, 7 :
cp =32
BXNA ¢+2
RCPY 0,4




=

NDCFSB

EFSB

F.CPB

FRIFYC

1.DA
cpP
BNO

L.OA
ce
BNB
M
L DA
ce
BNO
RCPY
Ry
cp
BNO
M
LDA
cp
NG
LDA
SuB .
STA
RCPYI
ce
BNG

LPROL
rD
BNG

RCPY
STA
STA
STA
RD
BNO

STA
BAN

RCPYI
STA
RCPY
SALD
RCPY
RCPY
RCPY
ce -
BNG

AGD
SuB
RCPY
LDA
RCPY
BAN
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SUMS AamP
=X'0800 *
. UNDEFS®
© DFFSR
18CKUP
«X'3000°
VERIFYP+7
CRUNT B
CAUNT B
=X"000A"
VERIFYB+7
FAULTB
3,7
S UMS AMP
=3
DECRB
COUNT
ub
COUNT
FAULTB
VERIFYB47 .
CBUNT
=1
CBUNT
*7,7
-5
VERIFYR+T
TRANS B

*EADDC
§+2
t-2
0,7
CAUNT
COUNT B
S UMS AMP
*EAISC
$42

$-2
IDIFFC, 1
42

$+2
*7,7
IBCKUP
0,6
7
Te3
4,7
4,2

=1

$+2
$+2
LY
-1‘
7,4

S ISUMC, 1
2,4
$+2




113
R C§42
RCPYT 1,7
sSuB S UMS AMP
S ArS )
ADD S UMS AMI?
STA S UMS AMP
RD *EADDC
BNB 42
R .
STA ISUMC, 1
RCPYI b, 7 '
-CP =32
BXNO $+2
RCPY Oy 4
LDA S UMS AMp
cp =X'0800"
BN UNDEFSC
B DEFSC
UNDLFSC LDA I1BCKUP
CP - =X'3000°
BND VERIFY C+7
™ CAUNT B
LOA COUNT B
cp =X"000A"
RNG VERIFYC+7
B FAULTC
DEFSC RCPY 3,7
DIv S UMS AMP
cP =3
BNG DECRC
L COUNT
[.DA =5
cp CAUNT
BNO FAULTC '
‘ B VERIFYC+7
DECRC L.DA CBUNT
. SUB =1
STA COUNT
RCPYI *1,7
cp =5
BNG VERIFYC+7
B TRANSC
LPAOL
FAULT A L DX =l ISTAF
' RCPYI 1,2
B M: WRITE
LDX ={_ISFDA
RCPYT 1,2
B Me WRITE
RCPYI 1,7
B Ls DUMP
DATA X'5000°
ADRL IDIFFA
ADRL IDIFFA+31
L.DX = ISFSA
RCPYI 1,2
B - MeWRITE




TRA

TRANS A

FAULTB

NS B

RCPYI

DATA

ADRL
ADRL
RCPYI
LOX
RCPY]

LOX
PCPYT

RCPYI

DATA
ADRL
ADRL
L DX
RCPYI

RCPYI

DATA
ADRL
ADRL
L DX
RCPYI

L DX
RCPYI

LDX
RCPY1

RCPYI

DATA
ADRL
ADRL
L OX
RCPY1

RCPYTY

DATA

ADRL
ADRL
RCPYI

LPaaL.

LDX
RCPYI

LOX

RCPYI
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1,2

s DUMP
X*5000°
ISUMA
ISUMA+31
1,7

Me TERM
=L ISTAY
1,2

Me WRITE
={_ISFNA
1,2
MeWRITE
1,7
LeDUMP
X*'5000°
IDIFFA
IDIFFA+31
=l ISFS A
1,2
Me WRITE
1,7

© LeDUMP

X*'5000°
ISUMA

ISUMA+31

=L IST
1,2
MeWRITE
BFE GIN
=_ISTBF
1,2
MeWRITE
« ISFDB
1,2

Me WRITE
1,2

Ls DUMP
X's000°
IDIFFB
IDIFFR+31
= ISFSB
1,2
MeWRITE
1,2
LeDUMP
X's5000°
ISUMB
ISUMB+31
1,7 :
Me TERM

~LISTBT
1,2
M s WRITE
=LISFDB
1,2




. ™

BULTC

RANSC

RCPYI

DATA
ADRL
ADRL.
L DX

RCPYT

RCPY1

DATA
ADRL
ADRL
L DX
RCPY]I

L.DX
RCPYI

LDX
RCPYI

RCPYT

DATA
ADRL
ADRL
L OX
RCPYI

RCPYI

DATA
ADRL

'ADRL
RCPYI .

L DX
RCPYI

LDX
RCPYI

RCPYI

NAT A
ADRL
ADRL
LDX

RCPYT

RCPYI |
CLeDUMP
- ISUMC

- DATA -
CADRL
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M WRITE
1,2

L:DUMP
X'5000°*
INIFFB

- INTFFB+31

<LISFSH
1,2

M2 WRITF
1,2

L+ DUMP
X*5000 "
1SUMB
ISUMB+31
= IST
1,2

Mz WRITF
BEGIN
=LISTCF
1,2
MeWRITF -
=L ISFDC
1’2 |

Me WRITF
1,2

L+ DUMP
xX's00n
IDIFFC
IDIFFC+31
= ISFSC
142
MeWRITE
142

L< DUMP
X'so0n
ISUMC
ISUMC+31
1,2
MeTERM
«LISTCT -

X*'s000°
IDIFFC
IDIFFC+31
=L ISFSC
1,2 |
Mz WRITE -
1,2




LISTAF
MES S
LISTBF
MHSS?
LISTCF
MESS3
LISFDA
MESS 4
LISTAT
MESSS
LISFSA
MEES6
LISTBT
MERS7
LISTCT
MEE SR

LIST
MEF SO
LISFOB
MF$S10
LISFSB
MFES11
LISFOC
MF$S12
LISFSC
ME$S13
COUNT
AFLAS
RFLAG
CFLAG
PHAS DET
SUYS AMP
COUNTB
IBCKUP

1E6D

ADRL
LDX

DAT A
TEXT
DAT A
TEXT
DAT A
TEXT
DATA
TEXT
DAT A
TEXT
DATA
TEXT

DATA

TEXT

DATA

TEXT
LPBAL
DATA
TEXT
DAT A
TEXT
DAT A
TEXT
DAT A
TEXT
DAT A
TEXT
RES
RFS
RFS
RES
RFS.
RES
RES
RES
LPBOL
END

PCPYI
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ISUMC+31

= IST

1,?

Me WRITF

REGIN

X'2005°, 'CC*,MFSS1, 18

'OA STATAR FAULTEDY'
X'2005", *CC*, MFSS2;18

‘OB STATOR FAULTEDY®
X*2005°, *CC*, MFSS3, 18

*0C STATOR FAULTFDY!
X*'2005", *'CC*, MFSS4, 40

'ODUMP F T DIFFERFNCE A SAMPLES FBLL BWS!®
X'2005°, *CC*, MFSS6, 30 ' '
‘DNUMP OF T SUM A SAMPLFES FoLLOW!®
X'2005°, "CC', MSSS, 32

'OTPAMSItNT CAUSED DROP INTO A VFPIFY"
X'2005°*, *CC*,MFSS7,38

*OTRANS TENT CAUSFD DROP INT® B VERIFYY'
X' 2005°*, 'CC*, MFSSR, 38

‘OTPANSIFNT CAUSFD DROP INTH C VEPIFY"

X'2005°, *CC*, MFSS9, 38

"ORETURNING T0 MBNITOR SYSTEM OKAY?777°
X*2005", *CC*, MFSS10, 40

"ODUMP OF I DIFFFRINCF B SAMPLFS FOLLOWSY®
X*2005°, 'CC*  MESS11,32

"ODUMP 6F 1 SUM B SAMPLES FoLLOwW!®
X'2005", *CC*, MFSS12, 40 |

"ONUMP 8F T DIFFERENCE C SAMPLES FoLLOW!®
X'2005 ", *CC*, MFSS13, 32

"ODUMP OF 1 SUM C S AMPLES FBLIOW"

1

P NI W N G G N Y

BEGIN
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APPENDIX TIII

The name plate data for the A.C. generator and motor used in the
machine tests are as follows:
-a) Generator

kVa 5 CYCLES 60

VOLTS  110/220 RPM 1200
AMPS 26/13 EXC. AMPS 3

P.F. .90 ' EXC. VOLTS 125
PHASE  1/3/6 SO 53N157

SERTIAL 6-53N157
MANUFACTURER WESTINGHOUSE

b) Motor - varying speed, compound wound.

HP 7.25 PPM" 850-1200
- AMPS 2.7 HOURS 24
VOLTS 230 STYLE 53N158

SERIAL = 6-53N158
.MANUFACTURER WESTINGHOUSE
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