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ABSTRACT

4

The classic arrangement of a direct driven d.c. exciter
has proved, in general, a reliable, economic and satisfactory
source of excitation supply fOr turbogenerators of moderate
output. With increa51ng rating of individual unlts, the
excitation power required exceeded that practicable for a
direct coupled'd.c. machine and gearing was introduced to
permit operation at a lower speed. These two factors, higher
output and lower speed, inevitably resulted in greater physiéal
size, with problems of_access for maintenance purposes. Econo-
mics dictate that larger base load uAits should operate for
the maximum period between planned shut down and provide a
stimulus to develop alternative sources of excitation power.
The rotating field a.c. exciter with statie rectifier has been
ext ensively adopted. Otler eXcitation;schemeé are in use only

- on smaller units or on special or prototype machines.

In this thesis,'é critical uptodate literature review
of ‘the different excitation schemes has been done. Application
of probability techniqueslis made for-reliability assessment . of
different excitation systems. Different possible alternative
designs have been considered and the reliability analysis of
these"design alternatives has also been done. At last, a
comparison of the basic system and the different désign
configurations has been ﬁade from reliability point of view

. in a tabular form.

Further information presented 1n this thesis will aid
in evaluatlng dlfferent excitation systems and assist.in -

specifying and predicting generating system performance.
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CHAPTER 1

INTRODUCTION

The excitation system has been considered an important
component of the large synchronous generators. So for each
new generator rating, a careful reliability evaluation of
alternative excitation systems should be made to assure that

advantage of technical improvements would be obtained.

Historically the shaft-driven exeiter has been the |
principal source of excitation for last many years. It is
relatively simple and straight forward in that excitation
power i1s generated physically close to the utilization point,
the generator field. It does not rely upon the plant auxiliary
systems for power and therefore, 1s not subject to electrical
disturbances on other equipment or the system-. The large
-inertia of the main generator rotor and the turbine provides
power to allow field forcing during system transients. The
shunt connected d.c._generator with commutator and carbon

brushes [62] has been used for many years in this application.

After careful study of reliability and economic factors,
the shaft driven d.c. exciter proved best each time. It is
' ﬁoted that as generator and exciter ratings inecreased, eéxciter
speeds have been reduced by the use of speed reduction gears.
Speed reduétion was necessary because of practical design
limits on 3000 RPM d.c. machines. The'Speed reduction gear
frictionllosses-result in about a one per cent reduction in

exciter efficiency, also the physical size of the low speed
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exciter and gear became quite large ih ccmparison fo the main
generator. The exciter rating pointed out the trend thaﬁ as
generator rating increased, the exciter size increased more
than proportionally due to the lower speed, With the large
speed réduction gears, the exciter required nearly as much

space as the main generator.

Although, in general, performance, reliability and
maintenahée 6f rofating-d.c. exciter have been excellent,
there have been instances, especially in industrial plants,
‘when maintenance has been quite troublesome [37], Many of
these plants have atmospherés contaminated by suéh gases as
802 R 803 and chlorine, which are detrimental to commutator
films. These contribute to excessive sparking, short brush
life, heavy carbon deposits in the exciter and brush rigging
and excessive or uneven wear of the commutator. In many cases,
a shut down of the synchronous generator has been necessary
to correct these difficulties. Thus there is a need for an
excitation system which can be maintained without shut -down,
and preferably one which completely eliminates rdtaﬁingv

comutators.

In-the last many vears, large quantity procurement of

- commercial,military and aircraft generators has concentrated
development activity on excitation systems for a.c. generators.
This'deveIOpment experience, coupled with new components and
materials has provided the excitation system designer with

better tools to produce new circuits and advanced techniques
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which have been already widely applied to a variety of exei-

tation systems for commercial generators.

The method used to convey current to and from generator
rotors, namely carbon brushes running on a slip ring on the
rotor shaft has changed during this century. Advances héve
been made in carbon brush materials and in on-load brush
changing but on today's iarge generators some hﬁndreds of
brushes may need to be inspected and maintained at»weekly
intervals to ensure reliable operation. The system works well
consideriné that we expect brushes to collect current from the
metal slip ring surface moving at up to 200m.p.h. with a minute
wear rate and good current division between brushes. Clearly

it is better if such technical and maintenance problems.may be

| avoided.

Upto approximately 1948, excitation for practically all
externally regulated generators was provided by Rotating
Exciters controlled by Mechanical RegulatOrs.. These regulators
are still being used to-day in many applications. Around 1948,
the development of square loop core materials and selenium
rectifiers made it practical to use magnetic amplifiers in
voltage,regulators and excitation systems. The cost of this
type of equipment was higher than mechanical regulators, and
while magnetic~amplifier type regulators and exciters were
used in military installations, air craft and electric utility
applications, general purpose usage of these devices was

slow in developing.
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Fbllowing are the difficulties met with commutator exeiters and

directly mounted main and pilot exciterss

1.

For vertical shaft generators, the constructional height
of the shaft is more and therefore the cost for thé
construction of the Power House is appreciably increased.
For low speed generators, the size of the directly coupled
exciter has to be‘larger and this results in their being
more expensive.

Also the exciters of low speed generators, have large
magnetic inertia, resulting in lower response ratio.This
is particularly disadvantageous especially in fhe case of
generators feeding into long distance transmission lines
in which case high exciter response is an essential
requirement.

The excitatibn and the regulation of large synchrohous

machines must comply with a certain number of purely technical

requirements, apart from any question of technology, or whether

we are dealing with thermal or hydraulic generators. The main

qualities of the regulation system as stated in f40]? which we

mast attempt to achieve, are the following3-

(a)

(v

Rapid Action of the Devices #- The high power alternators

must give an effective contribution to the maintenance of
system stability by their capability of supplying or
absorbing very rapidly the active power.

Independent Action of the Devices?t- While independent

starting of excitation systems is desirable in éll~cases,

ihdependence during operation is nearly always necessary,
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the potential over excitation of the alternator must in
fact be maintained when there is a fault followed by a
large drop in voltage in the sYstemn

(¢) Mamimum Safety in Operation:~ Since the satisfactory

behaviour in service of apparatus is a function of the

degree of'reliability given by -each of the constituent

elements, it is advisable to use,particularly for

‘control circuits, elementswhhalh are intrinsidally

strong when subjected to electric stresses, and this

can be achieved by adOpting very large factors of
safety or by 1imiting the stresses to which they nmay
be subjected.

In order to obtain rapid action in the éase of hydro-
electric machines, we have replaced the shunt exciter at the
end of the shaft, with 15w speed of response, successively by
a main exciter which is excited separately by a pilot exeiﬁer
combined with a mechanical regulatbr, then by systems with
positive booster of high spéed in series with the main exciter
or in series with the field magnet of the main excitér. The
positive booster was controlled by a régulator fitted with
thyratrons, with vacuum tubes or magnetic amplifiéré of bj
means of an amplidyne. Then the utilisation 6f mercury afc
rectifiers, very wide spread in some cOuﬁtries, made it
pOssible to achieve high speeds of response. Nov a days
sllicon rectifiers and thyristors are used which eliminate .
~the disadvantage due to éuxiliary'apparatus for the mercury

arc rectifiers and all kinds of maintenance.
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In the case of thermal machines, evolution has been
parallel, however, it should be noted that while it has been
easy to obtain high speeds of response with exciters at 3000RPM
and this upto a power of the order of 70 MW, the increase in the
powers of turboalternators to 125 MW, then to 250 MW and 500 MW,
" has resulted in a reduction of the speeds of exciters to
1000 RPM, then 750 RPM and‘this has reduced somewhat the
performance of these machines. Further the pfesence of iafge
pole pieces jequires, during transient conditions, a pulse of
eicitation current which is much higher than that ﬁhich is
necessary in the case of machines with laminated poles, and

this is even more so when the speed of excitation is high.

The design of control system hardware for electrical
equipment has undergone radical changes over the past few
years with- the introduction of relatively inexpensiv@ndn@orolbable
semiconductor. circuits and power electric components. In the
particular case of excitation systems for synchronous machines,
the rotating d.c. generators have been replaced almost entireiy,'
by SOlld state controll ‘rs with thyristor power control elements
Redundancy of components and c1rcu1ts has been used to meet the
ever 1ncrea31ng demands for reliability of these systems. The
relatively low costs of electronic components‘has made it
possible to do this. Since so many alternative variations are
possible with any basic system design, a consistent method is
required to assess the relative merits of sucﬁ alternatives

. from reliability and cost points of view..
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In 1951, a static excitatiOn'system was deveioped'by
H.F. storm [14] utilizing a.c. machine‘terminals, through |

current ‘and potential-transformers,to provide excitation

power to small generators on commercial and military air crafts

as well as for marine service.

Recent technological advances have made large ratings
of static excitation sysiem attractive. These edvances inelude
improved semicondnctor rectifiers, bétter steels for use in
magnetic—amplifiers3 saturable reactors and the introduction
of silicon zener diode references for voltage regulators.

The reliability of this system on military applications and
the enthu51asm with which it has been received, has stimulated
continuous study of this system for large ratings. In 1958

it was decided that the technology and economics of a macniné
terminal excited static.exciter had reached the point where
manufecture of an equipment for large generators should be
undertaken. . .

~ Control 01rcuitrv of an exciter use thousands of
electronic compOnents like tran51stors, diodes, thvristors,
re31stors, capa01tors and integrated C1rcuits ete. Although
electronic components are known for their unlimited capabili~
ties but they fail to perform con31stently and thelr failures
sre more and are almost always without advance Warning.. Also
~as the complexity of equipment . 1n electronic systems increases,
one can expect their rellabilities to decrease. Consequently,
systems using electronic equipments are more susceptible to

un-planned shut dowh which may have serious consequences in
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terms of cost, consumer confidence and saféty. Static exeiters
also display this trait of rahdom failures and low reliability
‘when compared to conventional exciters. Conventional exciters
provide a certain amount of warning to the experienced crew
before bresk down occurs, which is not in case of static

excliters.

Redundancy can be applied at any level in the system
i.e. at component, subsystem or system level: It can be either
active or standby redundancy. Therefore because of redundancy,
a system operates successfully eveh though certain components
have failed, thus increasing the reliability of operation.
Hence redundancy provides more than one means for accomplishing
a given task éuch that all means must fail before causing the
. system- failure. Redundancy increases welght, size and cost

of the system.

The major objectivé of system reliability analysis is
to investigate means by which a reliability requirement or a
goal can be achieved in the beét poOssible way. This means a
thorough analysis of‘the relationship of reliability with the
other important parameters of the system. It means selecting
a measure of system reliability effectiveness which may be
quantitatively manipulated to describe the consequenées of
alternate system designs, developing a definition of failure
which allows for reliability prediction and relating the level
of system reliability to be achieved to the cost of system
design. An important_part of design is the studies which
enﬁmerate and identify the potential effects of component

failure.
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This thesis illustrates how a reiiability assessment
of an excitation contrbl system can be carried out to provide
an information about the relative merits of alternative hard-
ware configurations. The approach commences with a basic
block diagram for the system and then proceeds to the reliabi-
1lity analysis through a reliability bléck diagram, a set of
reliedility equations and finally the use of suitable failure

rate data for the actual alternative system evaluations [881].

In Chapter II, description of different excitation
systems has been p:esented. In Chapter III, the description
of differéni?zggitation scheﬁes has been given. In Chapter IV,
some idea about the basic reliability models e.g. series model,

parallel redundant model and standby model has been given.

First actual system reliability equations are obtained
in Chapter V and then reliability analysis is done of different
static excitation systems according to the Computer Progranm
given in Appendix II having some design modifications. While

in Chapter VI, analysis of computer results is done.

At last in-Chapter VII, some important conclusion are
drawn from analysis of results and some suggestiors have been

given for further work irn this field.
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CHAPTER 2

DIFFERENT TYPE., OF EXCITATION SYSTEM

When an élternator is connected to a passive load, its
terminal voltage may be controlled by varying thé field current-
the excitation. In general, the excitation

. is adjusted in order to maintéin constant terminal
voltage as the load is varied. When an alternator is connected
in parallel with a much larger power system, terminal voltagé
is determined by the system and the level of execitation now
determines the power factor at which the machine operates. In
this case, the excitation is normally adjuéted to ensure that
the alternator accepts a share of the total reactive load.
Needless to say, there will be intermediate condition of
operation in which the excitation will affect both voltgge'and

power factor.

The excitation pcwer required for present large turbo-
generators is of the order of O.4% / of the generator rated
power and it approaches 1 ¥ for a short time during field

forcing [83].

The replacemerit of a d.c. éxciter and gear box by an
a.c. exciter and static rectifier involved a small cost increése
but this was largely offset by reduced maintenance and the
saving in cost of d.c. egciter brushes throughout the life of
the plant. It was also‘essential that, in making the change,
the highest reliability of the rectifier type of excitation
was ensured. Experience in last decade has amply shown the
reliability_of this type of excitation with no generator

outage due to rectifier failure.
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A great variety of excitation c¢ystems for alternators

'have been developed during the last two decades. There were

two factors which essentially affected these attempts to

improve the reliability and therefore the‘availability of

installation.-

The rapid increase in unit outputs, particularly of

turbogenerators, and the higher excitation requirements due to

greater utilization, caused the classic excitation system

using a directly-coupled or gear driven d.c. exciter to be

discarded. On the other hand, developments in the semi-

conductor field led to simple, robust, efficient and reliable

uncontrolled or controlled silicon rectifiers (diodes. and -

thyristors) which have now become the basis for all modern

excitation systems [61].

Disregarding thir control cha—acteristics for the

moment, these novel excitation devices can be classified in

three groups as far as their deésign is concerned =—

Te

2e

Purely Static Systems, i.e.,transformer supply with
transductor or thyristor regulating unit.

Combined Static and Rotating Systems, i.e., three phase a.c.

.exciters with statiec rectifier.

Rotating Systems, i.e., three-phase a.c. exclter with

rotating armature and rectifier.

The one thing that all three have in common is the

usc of a static rectifier instead of a rectifier with

mechanical sliding contacts (commutator). Although groups

1T and 2 still require slip rings to transmit the exciter
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current to the rotor field winding, gfoup 3 does not as the
semiconductor rectifier is mounted on the shaft and therefore
rofates af the same speed. The principle of this brushless
alternator with né slip rings has been kﬁown for a long time
but it could not be put into practice until the advent of the

silicon semiconductor rectifier.

The term "brushless excitation" encompasses a new type
of excitation for alternators, with silicon diodes; rotating
with the shaft, to replaée the commutator of the directly
coupled d.c. exciter used in the classic excitation system.
This system dispenses with brushes or friction qontacts of -any
kind and results in practically maintenance free, automatic

operation.

Today exciters from the smallest to the largést ratings
(4 MW and above) are beirz manufactured or designed without
brushes or slip rings. The rectifier part is usually uncontrol-
led and fitted with semiconductor diodes. An additional
condition for a controlled rotating rectifier system is =
positive means of transmitting the control pulses to the

rotating shaft.

The increasing importance of alt ernators with brushless
excitation stems from the increased interest in sutomated
installations where the main requirement is maintenance free

Operation.

Following are the reasons for increased applications

of static execiters:-



-13-

1. Static excitation system is potenticlly more reliable
than a rotating system.

2. Less maintenance is expected than on a rotating excitation
system.

3. Maintenance under load can be accomplished for all compo-
nents except for the power mégnetic components (i.e. Power
?otential Transforme:s, Saturable Current Transformers and
linear reactors). This may permlt elimination of the
usual spare rotating exciter. |

4. Generator rotof removal is simpler without a shaft driven
exciter.

5. The basic circuit of the static exciter makes the alter-
nator as much self regulating as possible.

6. The transient response is rapid and also well damped.

7. A short circuit on the alternator will not cause loss of
excltation but during a short circuif, the excitation
becomes several times normal, a feature desirable for
selective tripping of protective devices.

8. Since tﬁe exciter is not attached with the generator, the
length of the generator can be appreciably'reduced compared

with generator with integral exciters.

The static excitation system for a.c. generators is
better than usual conventional or rotating exciters as it
permits flexibility of installation, produces simplicity in
the a.c., generator design and provides excellent reliability

and performance.
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‘The other type of static exciter is electronie maih
exciter. In this system, ignitron type of power rectifiers
are used. Its use as maln exciter for synchronous machlnes
has been limited because 1t costs more thap a conventional
main-exciter. Also 1t needs costly control, ﬁrotectiVe and
regulating equipment. Further the ignitron and thyratron tubes

in the electronic exciter are éubject to deterioration and

eventual failure and replacement.

Modern a.c. generators are capable of continuous
operation over long periods without being shut down for mainte-
riarices It is necessary, theréfore that excitation system be
capable of similar operation and that wearing parts be replace-
able without requiring shut down or even unloading. The static
exciters possess the special advantage of being absolutely seif
contained and independent of separate energy sources, which in
starting requires neither switching nor any special attention
from the operator, which containing only sfatic components,
which rieeds no maintenanée, which has an almost unlimited life

and easily understandable circuit design.

One objection to the static exciter circuit is due to
high rectifier reverse voltage, whiéh can be caused by a light =
ning stroke; orn out of synchronlsm condition or a sudden short
cireciiit on the alternator terminals. However each diode is
shunted by a resistor and a capacitor to protect against

excessive voltage.
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Further, the oth .r reason for tl.e choice of the static
eXcitation system ié the transient performance. When a sudden
load surge 00curs,la magnetic flux component proportional to
the load current is also produced at the first instant, thus
causing a voltage of ample magnitude to build up the field
without any delay. This voltage forces the current in the pole
whee.. to increase rapidl,. The exciter current reaches its
neﬁ steady state value within a few cycles. The exciter
response achieved by this arranzement can not be obtained by
normal exciter equipment using mechanical or magnetlc regulators._
Recent technologlcal advances made in the field of improved
semi conductor rectifiers, better steels for use in magnetic
amplifiers saturable reactors and the introduction of the
silicon zenerdiode references for voltage regulators shall
further impréve the performance and increase the application

of static execiters.

AmplidYne,Main_Exciter ExcitatiOn Syst em

The initial objective in developing this system was for
application to generators of large rating, especially for cases
of unusually hlgh voltage response requirements. Recent
deveIOpments 1n control rlrcults and corponents and in ¢onven=
tional exciter design have extended the application of the |
more conventiohal commutator exciters with amplidyne type
voltage regulators. These conventional systems can be applied
t0 all generators, including the largest anticipated in the

near future.
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The amplidyne main exciter syste¢m, therefore will be

reserved for special applications requiring its characteristics.

2+1.1 Features of Excitation System

The amplidyne exciter resembles a conventional exciter
of similar rating in physical size and general appearance [31].
The present exciter is gear driven and rated W00 KW, 375 volts,

1200 RPM. The exciter also may be motor-driven.

A.C. Voltage Regulator: The main automatic voltage regulator

controlling the a.c. generator voltage consists of two stages
Oof magnetic amplifiers, a magnetic reference, and a rectifier
comparison circuit.

D.C. Voltage Regulator (Manual Control Means)* Manual Control

of amplidyne exciter direct voltage is by means of a d.c.
voltage regulator, similar to the main a.c. voltage regulator.
This regulator will permit adjustment as well as maintenance
of direct voltage for which it is set during system and station
disturbances if the a.c. voltage regulator is not in operation.

2.1.2 Other Features

A voltage droop circuit aids in paralleliﬁg with other
direct voltage sources such as a spare excitefu An alternative
means Of control, utilizing the station battery, is provided
in caseyboth a-c¢ and d-c¢ voltage regulator become inoperative.
This feature requires a low batterx'éurrent of about 1 ampere.
The accessories, controls and instrumentation to operate the
amplidyne exciter are similar to these required for a coﬁven—

tional rotating exciter and amplidyne voltage regulator.
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2.1.3 Advantages: Because of the high prwer gain of the

amplidyne exciter,; control péwer is materially decressed,
resulting in a simpler and smaller voltage regulator.
Although the system was designed to meet present
industry requirements, it is easier to provide inctreased
accuracy, higher exciter voltage response; and better dynamic
and steady state gtability than with a conventional system.
Reducétion in maintenance is expected with the static

magnetic voltage regulator.

The exciter field rheosﬁat, as we now know it, is
eliminated, providing reduction in losses and a saviig in space.
Also, with the new manmial control of the exciter voltage, it
is relatively simple to obtain low exciter voltage; necessary
for generator synchrdnizing and line charging. Zero exeite?

voltage can be obtained.

Thie adjustable direct voltage droop permits safer and

easier transfer of excitation to and from a spare exe¢lter:

Since power fequirements of exeiter control fields are
smell, COﬁsideration can be given to providing Spééial featires.
Fast reduction of generator field excitation can be accéompli=
shed with a generator zero field current or exciter zero
armature vdltage regulatbr. A degenerative field current or
exciter voltage signal is applied to an amplidyne control field.
If a épare exciter is not used, this may permit elimination of
generator field breaker. The main field discharge resistor,

as we now know it, thus may be eliminated. The high voltage
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impulsé, which is applied across the ma.hine field winding by
use of a discharge resistor, may be avoided, and more reliable
protection of the geﬁerator field results. Simila:ly, exciter

. field breakers, where ncrmally used, are not necessary.

Better commutation and less flashover also may be
expected with the system described. The laminated magnet
frame improves commutating ability under transient ponditions,
when load current is changing rapidly, by allowing commutating
flux to be proportional to the commutating current in magnitude

and phase.

The amplidyne exciter is less susceptible to flashover
from over voltage because.the voltage between commutator
segments is near zero at the quadrature axisAbrushes° This
tends to discourage the establishment of an arc, caused by

severe sparking under tre direct axis trushes.

2.1.% Description of Amplidyne Exciter: The amplidyne exciter

is an armature excited machine having a conventional rotor
winding. There are two effective flux paths in quadrature on
the stator,‘identified as the direct and quadrature axis. The
control flux in the d-axis produces a current in the g-axis
winaing which includes the rotor winding and a g-axis séries
field on the stator. The g-axis current is carried from the
rotor to the g-axis wiﬁding on the stator by a set of q-axis
brushes on the commutator. A gq-axis cbmmutating field on the

stator is included to allow commutation of the g=axis current.
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1

. The flux produced by fhe d-axis current generates
d-axis voltage which appears at the d—axisybrusheé. The mmf
produced by the d-axis load current in the rotor is in the
same axis as the control mmf. Compensaling fields on the
stator, therefore are required to produce an opposing mmf.

This will prevent the load current from inflﬁencing the control
flux, d-axis commutating fields on the ctator are included to

allow commutation of the d-axis current.

Of particular interest is the commutator brush rigging
in the assembled exciter. The cdmmutator design and size does
not differ from a standard d-c machine of the same rating,The

smaller brush rigging is the g-axis brush assembly.

Three features of the exciter afféct ﬁaintenance and
size =—

(1) Additional maintelance is requir :d because of the extra
set of brushes.

(2) The extra brushes, interpolar space required for g-axis
comnutating poles and the poles themselves result in
reduced utilization of the machines periphery for

~useful flux.

(3) Both axes use the same magnetic ~ircuit and output
voltage is subjected to saturation in each axis.
Therefore amplidyne must be designed for lower flux
densities than a conventional machine.

Because of the factors presented in the last two

points, the amplidyne exciter size (D°L) is from 5 ¥ to 10 Z

larger than a conventional exciter of the same rating.
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2.1.5 Operating Experience: The amplidyae main exciter is gear

driven ffom the shaft on the high pressure turbine generator,
while a conventional exciter of equal ratingiand speed is gear
driven from the shaft of the low pressure tufbine generator.

An amplidyne voltage regulator provides automatic control.This
arrangement provides a unique opportunity to compare maintenance
requirements, reliability,performance aund compatibility of the

two excitation systems.

Operating experience with the-ampiidyne exciter system
has beeﬁ most accéptable; Performance has been excellent,
judged by criteria such as transient response, accuracy and
stable Opération. Operator reports indicate ease and fine
adjustment of ménual direct voltage control, and ease and
assurance in transferring excitation bétween a spare excitation

source.

2.2 Alternator-Rectifier (Alterrex) Excitation System

The alternator-rectifier excitation system concept [62)
is a shaft driven excitation system, which consists of a
conventional solid rotor alternator driven from the main
generator shaft with stationary silicon diode rectifier banks
to accomplish the a.c. to d.c. conversion. The combination
has good efficiency, approximately 95 % for the alternator and
98 J. for the rectifier. Voltage regulator control is accom-
plished by controlling the field of the alternator in a manner

similar‘to a commutator exciter.
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Furthermore; thé system is adaptable to any future
rating of turbine generator because of the use of a solid rotor
alternator. Preliminary layouts indicated a reduction of 8
inches in the overall length of the cardinal unit as compared
to the length when using a commutator exciter. While exper-
ience with large rated units did not exist at the time of
evalation, each of the components of the system has had
considerable operating experience. The alternator is of the
type that has been used for normal, industrial, municipal and
station service application, having accumulated over 3500
machine yéars of service since 1946. The amplidyne voltage
regulator has been used on over 750 turbine generatora. The
rectifier section had considerable experience in excitation
service on smaller rated generatérn.

After weighing all these consierationg,the basic
system had been accepted as a standard by the Central
Blectricity Generating Board of the United Kingdom for nineteen
500 MW units. Since this excitation system was adopted by
Qardinal, 25 Alterrex system have been ordered by other users.
The normal evolution of a new concept'in excitation system
consists of progression of the.system from smaller to larger
ratings. This is generally done to prove the concept to the
higher risks associated with the larger units. In this case,
because of the sound engineering principles involved and the
substantial component experience accﬁmulated, this prototype
step was deemed unnecessary, particularly since the first

unit was to be extensivély tested at the factory.
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2.2.1 Development of the Alterrex System: While the components

Oof the system have been used>individually in other applications,
they have net been used together in an' excitation system in
this country. Therefore the major work in development has

been of the system rather than of the components. To coordi-
nate this development‘and to assure each party that the system
weu1¢-meet his requirements, close cooperation between manufac-
turer and user was required during the design stage.

1+ Ratings. of components

2. need for a main field breaker

3. protection of alternator and rectifiers

4. spare excitation.

2.2.2 Ratings and Description of Components: Fig.(21) shows a

schematic of the basie components of the Alterrex exeitation
system.

Alternator Exciter: The direct driven alternator execiter

contains a solid forging alternator rotor with a low voltage
armature. The alternator is air cooled and includes a comple~
tely enclosed frame w1th a top mounted air to water heat
exchanger for alternator cooling. The bearing are mounﬁed.as
part of the end shields in a construction similar to the main
generator. The rotor for the exciter is designed for rectifier
duty. Calculation indicate that the harnonice generated by the
rectifier will cause two loss components which are not normally
present in the alternator, an additional armature load loss

and an additional pole face loss in the rotor. Together

these amount to about 3 % of the exciter rating.
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Power Rectifier:The ac-to-dc conversion is accomplished by an

assembly of silicon diode rectifiers, consieting of 10 double
3-phase full wave rectifier bridges. Fach double bridge can
be isolated electrically by a disconnect switch while mainte-
nance and inspection are performed. The equipment is de31gned
to allow turbine-generator operation with oneé double bridge
removed from service. The switch can be Operated while the
main generator field is energized, since the current carried

by the switch transfers te the remaining parallel circuits.

Fig.(22 illustrates the complement of rectifier diodes
in each double bridge. There are three dicdes in series in
each leg. In the event of a short circuited diode, the
remaining two diodes jcan withstand the circuit peak reversev
voltage with normal design margins. In the event that all
three diodes fail, the fuse will open and protect the nonsho;t-

circuited diodes in the other leg of the rectifier bridge.

The diodes are water cooled using the watdr system of
the hydrogen coolersul The diodes are mounted on a heat sink
which ie insulated from the extrusion which carries the water.
Thus the water need not be of high purity. The water to each
double bridge can be shut off and drained for eervicing. The
water system is monitored by thermostate located on the heat

sinks.

In the rectifier assembly, four double bridges are
located in the centre cublcle, and three double bridges in
each of the outside cubicles. Suitable barriers have been

used to allow safe servicing -under load. The lights on the
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front of the cubicle indicate and identify open fuses. In
addition, each double bridge is provided with an accessible

terminal board for checking each diode in service.

Spare FExcitation Source: While a standby spare exciter which

could be switched into service by operation of a main generator
field breeker was deemed unnecessary, consideration of a back
up for the alternator was studieds The use of stationary
rectifiers in the excitation circuit would allow the connectiog
of a spare source of a.c. excitation in place of the alternator.,
It appeared that such a spare excitétion source could be
obtained for very little additional investment. After consi-
dering the cost of the alternative transformer supplies, the
connections to auxiiiary switch gear and the extra bearing that.
would be necessary if the machine were to be operated with the
alternator removed, AEP decided not to obtain a spare exci-

tation source.

With no commutator and gear, it was felt that the
alternator would be more reliable than the conventional

exciter.,

2.3 An Electric Utility Brushless Excitation Systeﬁ

In the evolution of power generation another major
step has been taken, the development of a brushless exeitation
system. Excitation current is furnished to the field of the
synchronous generator through a rotating rectifier from an
a«c. exciter, all of which components are coupled to the

generator shaft. With a permanent magnet generator (PMG)
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overhung from the a.c. exciter, the total excitation power
requirements including that for regulation is obtained directly
from the generator shaft. This excitation system also offers
the advantages of (1) improved reliability, (2) improved

maintenance and (3) improved performance.

Electric utility a.c. generator field excitation
requirements have been rapidly inéreasing during the past few
yearss Larger ratings of a.c. generators have been made
possible by the engineering development of more efficient
cooling methods and by the use of betterlmaterials. As a
result the excitation fequirements have increased from a
maximum of approximate 1000 amperes a few yeafs ago, to nearly
4000 amperes at the present time [29]. The excitation voltage
has increased from 250 volts to 500 volts during this period.
Exeiters of a 2000 XKW rating will be required in the near

future if the increase in a.ce. generator sizes continues.

Various types of'exciters have been used to furnish
these requirements,d.c. rotating exciters, electronic exci-
tation and in a few cases external dry type rectifiers have
been used. In any of these cases the power must be transferred
from the device to the field of the a.c. generator. This
requires collector rings and brushes. ' The design of large
capacity collector rings becomes more difficult as the power
transmitted becomes larger, since the rings must be designed
to cool properly and brush life must be kept’to a resonable
figure . Commutation and brushes are required if the rotating

d.cs exciter is employed. The commutator design and brush
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life problems have been resolved by the use of slow-speed-
geared exciters or motor-generator set exclters, but this does

not solve the collector problems.

Consequently, the greatest improvement in reliability
of this excitation system is the elimination of the commutator,
the siip rings, and phe associated brushes, which is, indeed,
a major step. The syétem is free of carbon dust and the
' maintenance of insulated parts is materially improved. The
brushless excitation systemﬁhas been in service 6n small
application such as air craft for some years. The smaller
applications have been quite successful up to the present,
however, this idea has not been applied to the electric
ufility excitation system which require large quantities of
d.c. power for excitation. The system consists of an a.c.
exciter and a rotating rectifier mounted on the same shaft as
the turbine generator field. Overhung from the a.c. exciter
is a small PMG whose stator output furnishes excitation energy,
as controlled by the regulating system, intc the stationary
field of the a.c. exciter. The a.c. exciter has a rotating
armature whose output is fed along the shaft to the r;tating
rectifiers. The output of the rectifier is then fed along fhe
shaft to the field of the a.c. generator. Thus, an ultimate
degree of reliability is obtalned by deriving all excitation
power including that for regulator control directly from the
machine shaft. The advarntages of ﬁhelpreViousiy used self

excited extciter-are retained.
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The brushless excitation system utilizes components of
such promising reliability and with'éuch margin éhat it should
eliminate the need for reserve (or spare) excitation. It would
therefore eliminate the requirement of the generator field
breaker, which was heretofore utilized primarily for the
transfer of excitation sources. It also would eliminate the
previously required exciter field rheostat with its mechanically

Operated contacts and space requirements.

S1x years of development work on the brushless excita-
tion éystem have proved that the system is reliable and may be
applied to electric utility a.c. generators. Selemium recti-
fiers were first tried and found not suitable for operation at
3600 RPM. Silicon diode rectifiers were then tested and found
to be ideal for the application. Rotation of the silicon diode
at 3600 rpm did not impair its operation in any way. This was
further proved by actual silicon diode applications on high

speed air craft generators.

The brushless excitation system provides good relia-
bility because each of its cdmponents is reiiable.v The silicon
diode has proved its ability as an efficient rectifiers that
may be rotated at high speed without sacrificing its operating
characteristics. It is a sealed unit that is not affected by
moisfure or chemical atmosphere céntaminants. The diodes are
applied on a very conservative rating basis so that with
approximétely one third of the diodes out of service the
rating of the diodes is not exceeded. The peak inverse voltage

requirements of the application are determined and the type of
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diode is selected on a conservative basis. Overload and fault
conditions must be considered before the number and arrangement

of the diodes are determined.

The a-c¢ exciter is also a reliable component since it
is -similar to many previous designs. The whdie fotating mass
is studied for lateral and torsional vibratioﬁ and is designed
to withstand 20 % overspeed. The regulator is a static device.
Similar components of the regulator have been proved on many
previous regulator applications. It can therefore be seen that
the brushless excitation system possesses the qualities of
reliability which are desirable in an electric utility

application.

The need for extensive maintenance, as may be seen,
has been greatly reduced by the elimination of mechanical and
auxiliary parts, the little maintenance still needed must be
easy to accomplish. A side from the normal maintenance of
sleeve-bearings and insulatibn, the only parts of the system
requiring-it one diodes and fuses, which demands oc¢casional
replacement, and which are so6 designed that'they-ﬁa§-be
replaced dquickly upon'shut downs The necéééiﬁy of cleaning
- 1s minimized since there is no conduéting carbon dust to

collect on the rotor or stator parts.

The ventilation of the brushless exciter presents no
unusual problems, it is similar to the present design of d-o
rotating exciters. The diodes are mounted in aluminium heat

sinks which are cooled by the ventilating air for the a-c
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exciter and rectifier. There is a possibility that in later
applications, the units may be cooled by the a.c. generator

hydrogen system.

The exciter rating is based on the d.c. output of the
rectifier, which in turn is determined by the requirements of
the a-c generator field. Silver quartz fuses are used since

then action is fast and dependable.

The a-c¢ exciter which supplies the rotating rectifiers
must natﬁbally have the ag~c winding on the rotor and the field
winding on- the stationary outer member as in s d-c machine
without commutator. To fulfill the requirements of a good
excitation system,the generator must Operate over the same
voltage range as have precious execiters and have a field time
constant low enough for g good speed of response. As the
time constant 1s reduced, the a.c. generator time delay becomes

the only major délay of the excitation system.

Improved reliability and improved maintenance were
achieved without sacrifice in exeitation system performance.
The performance of the brushless exciter is related directly
to its controls. To match the improvements of the brushless
exciter, the excitation regulating equipment must likewise
have the same high degree of reliability, the same freedom

from maintenance and the same high degree of performance.
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Five principles of regulator design have been followed
in the development of this excitation system. The system must
(1) be continuously acting (2) have fast response (3) be easy

to stabilize (4) have reliable components (5) have a good

"excitation limiter.



STATIC EXCITATION SYSTEMS

3.1 Introduction

Large turbogenerators comprise those machines producing
200 MW and more from a single shaft. Maximum unit outputs of
two pole machines are between 1300 and 1600 MVA, depending
on speed and type of cooling. With Y-pole machines, these

values can be increased by a factor of 1.5 to 1.7 [80].

The power supply to the exciter windings of .such
large machines can reach quite large proportions-because the
field current can be several thousagd amperes. In the interests
of economy, every effort must be made to keep this outlay as
low as possible and make the power supply equipment to the
simplest~possiblé design. At the same time, the main aim
must be to ensure that the heavy current source, together
with an efficient voltage regulator contributes towards full
utilization of the generator capacity under any operating

conditions, including unfavourable network conditions.

These considerations led to a general preference to
supply the field windings through controlled rectifiers. A
simple and reliable 'excitation system is achieved with a

rectifier transformer and an electronic voltage regulator.

Such excitation systems have been produced for a
number of years. Until recently, controlled mercury arc
rectifiers have been used as static converters, but today

over 80 7 of large turbogenerator sets are equipped with
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thyristorized excitation equipment as a result of their exce-

llent service record.

For the excitation of large turbo-generators, it is now
common to find a.c. machines followed by diodes or completely
static systems employing mercury-arc rectifiers or thyristors

[60].

Although the use of rectifiers has only been used on
any scale during the past few years for the.excitation of large
turbo-generators, the principle itself is quite old. TIn view
of the remarkable speed of excitation which can be achieved,
however, it has hitherto only been used for generators that are
required to cope with very steep load surges, such as are
encountered in networks supplying rolling mills. Subsequently
hydroelectric generators that have to cope with difficult
stability requirements, were equipped with controlied rectifiers,.
a notable example being a Power Plant in Canada. The excellent
results obtained with such installations, as well as the increa-
sing demands for excitation power made by large turbogenerators,
resulted in this system of excitation being adopted in thermal
power stations. Many of turbogenerators are being supplied

with controlled rectifiers..

3.2 Arrangement of Reserve Capacity

According to published statistics [68], the probability
of failure of rectifiers used for exciters ig p = 0.2 % per
annum. Using this figure, the probabllity of failure can be
calculated for an assembly of 2@ groups (in bridge connection)

of (n*1) units, each group containing one spare unit —



P = 2qn(n+1)p2
€ege if q = 3 and n = .5, the probability is
P = 2:3.5.6. 0.04% . 10-4 = 0.072 /. per annum

This result shows that in general a single spare unit

per group gives a completely satisfactory safety margin.

Curreht practice in Belgium is however to provide at
least 30 % of spares In the case of a design having a large
number of phases, the reserve .can be provided by the neighbour-
ing phases provided that dissymetry on different po-es is not

introduced.

3.3 Static Excitation System No.1

This system is used for industrial and utility steam
turbogenerators,. Fig.(3-1) illustrates the essential elzments
of the static exciter [37]. The excitation equipment consists
of a twin rectifier which receives a.c. power from the a.c.
machine terminals. The a.c. power to the rectifier is derived
from three single phase potential transformers (PPT‘S)9 three
linear reactors, and three saturable eurrent transformers
(SCT's) which include d.c. control winding: to modify satura-

tion of the cores.

These components are coordinated to utilize generator
terminal voltage and current and approximately provide the
required excitation to maintain generator terminals voltage
constant for all steady state geﬁerator loadings. Basically,
the PPT's and linear reactors provide no load excitation

for the generator, while the SCT's provide excitation for load
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changes on the generator. A valuable feature of this system
- is its ability to produce ceiling excitation for an extreme
fault condition such as a 3-@ short circuit at the generator

terminalse.

It is necéssary to trim the actibn of the power-
potential transformers and saturable current transformers to
provide exact compensation for load changes and for generator
field heating and saturation. This is accompliéhed by varying
the magnitude of the direct current flowing in the safurable
current transformer control winding; This control the magne-
tizing impedance of the saturable-current-transformer and
therefore controls the _SCT secondary cufrenta Increase in
. SCT control winding current will result in less éecondary
current of the saturable current transformer and ,thus, less
‘current in the generator field.- Decrease in SCT control
current will result in an increase in secondary current of the

SCT, and, thereby, an increase in generator field current.

The SCT control winding current is determined in one
of two ways —
(i) By an a-c automatic voltage regulator

(ii) By a d-c manual voltage regulator

Under control of the a-c voltage regulator, the SCT
control winding direct .current is automatically varied in
order to maintain constant a.c. voltage of the generator. The
a.c. regulator consists of two stages of magnetic amplifiers
and a comparison circuit utilizing a zener diode reference.

If the a.c. generator voltage rises above normal, a.c.
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regulator output is increaéed to indérease the SCT confroi
current and therefore decrease the excitation voltage and
current. If the a~c generator terminal voltage drops below
normal, the regulator will decrease the SCT control current.
This will increase the output of the SCT and increase excita—l

tione.

The d-c voltage regulator operates in a manner similar
to manual control of a conventional'rotating exciter excitation
system. The d-c regulator consists of a rheqstat connected in
series with the SCT control winding. This rhieostat and the

control winding are energized from the exciter voltage.

Fig.6;1) shows schematically one reéctifier diode for
each leg of each bridge. Each rectifier of the twin rectifier
combination actually consists of a 3-¢ bridge connection of
2% silicon rectifier dicdes with four rectifier diodes in
‘'series for each leg of the bridge. The equipment is designed
to provide for maintenance under load by isolation of one of
the twin rectifiers. The rectifie? diodes are also protected
from transients by thyrite resistors and transient suppression=
resistance-capacitance circuit. Thé rectifiers are water
céoled with the water pathfinéulated from the rectifier diodes.
This permits a normal suppiy of water to generator cooling

systems,

A start-up circuit is required to éupply a small
amount of power to the field for a féw seconds in order to

build up generator voltage.
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Features and Advantagess?

(1)

(2)

(3)

()

(5)

(6)

(7)

(83
(9)

(10)

This static excitation'system is potentially mofe

reliable than a.rotating system.

The generator shaft is free . from the possible mechanical
difficulties of a shaft driven rotating exciter.

Less maintenance is expected than on a rotating excitation
systemc}

Maiﬁtehance under load can be accomplished for all
components except for the power magnetic components
(PPT's, SCT's and linear reactors). This may permit
elimination of the usual spare rotating exciters.

The overall length of the turbine-generator is decreased.

‘For the initial application, the length was reduced

approximate 6 feet.

A foundation for support of a shaft-driven exciter is not
required.

Air ducts in the foundation for exciter ventilation are
not required.

Oiihpiping for shaft driven exciters is not requii'ed°

‘Generator rotor removal is simpler without a shaft

driven exciters,
The excitation system components can be arranged in
various combinations to provide flexibility of power

house arrangement.

Recent ycars have seen increased application of fast

response, high performance excitation systems to improve the

transient stability of synchronous machines. Many of these
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installation are at hydro plants where typically, long trans-
mission circuits connect the plant to the system and stability
is an important design consideration. Electronic Exciters have
become nearly the standafd for hydro installations. Today,
solid-state, controlled rectifiers have replaced the mercury

arc rectifier for such applications.

The short time constants of.electronic exciters have
made it possible to apply very effective positive damping of
machine oscillations with suitable supplemental signal. . Such
supplemental signals can provide positive damping with conven=
‘tional rotating exciters, but more effective damping can be
obtained with the faster responding, low time constant excita-

tion systems.

The application of faster excitation systems to steam
turbine generators has developed at a siower pace. Traditio=
nally, steam turbine generators have derived excitatién energy
from the shaft with a direct connected rotating exciter. The
Westinghouse brushless excitation system employs a shaft
driven alternator-rectifier exciter with rotating rectifiers
directly connected to the generator field. This scheme retains
the concept of a shaft power source, independent of power
system disturbances, and provides improved reliability and .
reduced maintenance by eliminating all commutators and colle-

ctor rings and associated brushes.
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3.4 The Statie Excitation System No.2

The system [88] chosen for the case study to illustrate
the application of probability techniques is a modern static
exciter used by Calgary Power Ltd. on Sundance Unit 3. It is

illustrated in Fig.(32).

The basic system as installed (Fig3.2) consists of
a main avr with a standby avr which will switch in automati-
cally if the main one fails; a power stabilizerj electronic
control circuitry and firing pulse generators; the three phase
thyristor bridges which supply the d.c. field powers the

associated transformers and switching equipment.

The main and standby avrs are identical (Fig3.3) and
both cdntain a number of functional units, each of which
contains a number of semiconductor devices and static electro-
nic components. Manual input points are identified specifi-
caily since the components associated with them are subject
to failure. The manual inputs of reference voltage level,_-
manual voltage adjustment (for operation in the non-feedback
mode), generator mvar and current limit settings are indicéted
in Fig.(3.3). The generator terminal voltage measurement for
the main avr comes from a potential transformer connected
directly to the generator while the standby avr samples the
voltage indirectly through the exeitation transformer and an
auxiliary potential transformer. The power stabilizer obtains
a generator power signal from the mvar circuit of the appro-
priate avr as selected by the change over switch 834. The

output of the stabilizer is fed back into the main signal
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summation amplif;er in each avr. Thé oatputs of the avrs go
| to the selector switch 434 which sélecfs the appropriate avr
to be used for control. The logic of the avr selection is
based on signal loads. A loss of signal from the main avr

results in automatic switch over to the standby avr.

Two electronic pdwer supﬁlies (not shown in Fig. 3.2
dr3.é) are used to proﬁidé operating power for a1l of the
‘electronic circuits in the avrs and in the conﬁrol»and firing
circuits. Either one of these two supplies has adequate
capacity to supply all of the power needs of the excitation

system.

There are four separate three phase thyristor bridge
rectifiers and each bridge is supplied by its own individual
control and firing circuitry. SynchronizatiOn signals for the
firing pulseé are’ obtained by transformers energized'from the
excltation transformer. A separate electric motor driven
cooling fan is~pfovided~for éach_of the foﬁf thyristor channels.
Redundancy is inherent in the thyristor bridges in that each
bridge arm contains five parallel thyriétors, any four of which
will ¢arry the full rated current fof that bridge. in addition
the ratings are such that any three of the-four separate
bridges are adequate for the full rated 6utput. The dec
rectifier outputs are paralleled and fed directly to the
generétop fielde A crowbaf circuit Qonsisting‘of a discharge
resistor and a back contact of the field breaker (H1b) is

uséd for field protection.
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Seven transformers are essential to the satisfactory
closed loop Qpération of the excitation system. These are the
3 winding excitation transformer, the two potential transfor-
mers feeding terminal voltage medsurements to the avfs, and
the four potential transformers which sipply synchronizing

signals to the firing cirecuits for the thyristor bridges.

For the purposes of this study, any component mal=-
function which results in a need to revert to "manual® control
.is considered to contribute a failure of the system. The
system is assumed to be in its useful life period of’apeﬁation

in which component failures occur purely by chance.

3.5 Brushless Thyristor Excitation System (Static Excitation
System No.3)

The static thyriéﬁor excitation system has attracted
attention because of the speed with which generator excitation
voltage can be changed. The term 'static' however is slightly
misleading as the excitation current must still be fed into
the generator rotor, involving an interface between the staﬁic
and rotating components of the system. Current collection at
this interface is likely to become an even more difficult
problem on the larger output génerators of the future, employ-

ing, perhaps, water cooled or divided win&ing rotors.

The idea of combining a brushless concept with -direct’
thyristor control of excitation is therefore attractive
deleting as it does the problem of current collection whilst
at the same time giving a system that can change the excita-

tion voltage rapidly. The approach [81] adopted is aimed at

Al
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reducing the essential electronic components on the rotor
shaft to a minimum whilst at the same time using the experience

gained with brushless diode systems to the fullest extent.

3.5.1 Brushless Diode Excitation Systems: Service experience

using statie diodes was very good and because the silicon diode
is mechanically very robust, and capable of withstanding high
'g! forces, it became entirely practical to prbduce, as an
alterﬁative system, an excliter consisting of a stationary

field system and a rotating armature diode rectifier assembly

solidly cbupled to the main generator rotor. This spproach

results in a "brushless" excitation system.

The most commonly used rectifier configﬁration is that
of the three-phase bridge which, in the 1ldeal case, requires
a‘supply capacity of only 1.05 kVA for each kW of d.c. produ-
ced. In the case of a 3600 r.pem., six bole exciter the
rectified output voltage carries a basic‘ripple frequency of
1080 Hz which, when applied to the highly inductive generator
rotor, causes a negligible ripple current to flow therein.
Thus the quality of d.c. produced is acceptably good. The
inservice 1life of a silicon diode 1s many years but statisti-
cally a very low fallure rate is still a possibility thus each
‘'diode 1s usually connected in series with a fuse which will
disconnect a failed diode without intefruption of excitation.
iEach bridge arm consists of several diode paths in parallel
and at least 20 % redundant rectifying capacity is built in
so that generator full load can be maintained until a planned

shut-down allows diode and fuse replacement.
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The design of the rotating armature and field system
follows well established machine design principles. The
choice of diode and fuse, and the overail design of the
rotating réctifier must meet the following conditions -—

(1) Maintain rated current, with the minimum number of arm
paths, within acceptable temperature limits.

(2) Survive surge currents induced in generator field as a
result of faults in or nearto the génerator°

(3) Survive fault current until fuse operation connects
the failed diode.

(4) Withstand the high inverse voltages that arise due to
the combination of pole-slipiing induced rotor voitage
and exciter armature voltage.

(5) Withstand centrifugal forces of at least 5500 g.

Brushless exciters incorporating these principles are
already in service, or on order, for generators of rating from
15 to 660 MW, The in-service reliability has been excellent

and the reduction in maintenance is valued by Station Operators.

Modern automatic voltage regulators (AVR), using solid
state components, are very fast acting and the only important
restraint on the rate at which the voltage of such an excitef
can be changed is that due to the time constant of the exciter
itself. BHconomic consideration set a limit to how short this
time constant may be made, but thyristor-operation also removes
this constraint hence the more recent intérest’in static
thyristor excitation even though it necessitates the use of

brushes and slip rings.
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3+5.2 Direct Control of Excitation Using Thyrisﬁorsi if gi¥§dbh

diodés are replaced by thyristors and suitable arrangements
made to apply firing pulses to theif gates, with the firing
angle under control of the operator, then it becomes possible
to change the excitation voltage over the whole range in 10 mS
or less. The input voltage to the thyristor converter has a
nonstant value equivalent to the celling excitation voltaoe
required by the generator. The thyristor converter performs
the dual functions of rectifiéation and ceontrol of the mean
voltage supplied to the generator field. This voltage can
usually be varied from full positive ceiling to a substantial
negative ceiling. The voitage, by its very nature, has a high
harmonic content but this is not detrimental to its use for

this purpése.

Static thyristor excitation systems are now in service,
usually drawing excitatioﬁ power from the generator terminals
via a.step-down transformer. The excitation voltage is
dependent on system voltage and will be reduced during system
faults. An alternativé arrangement uses a generator coupled
ac exciter as an excitation source to overcome this disadvan-

tage.

Static thyristor excitatlion systems are now being
supplied giving output powers suitable for the largest
generators; A necessaryfcorollary of the use of such éystems
is that some form of rotor current collectlon system is
necessary and in a sense this is a retrograde step from the

brushless concept, which should be retained if at all possible.
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It is possible to combine brushless and thyriéfor
excitation principles to give direct control of generator
field current supplied from a shaft mounted exciter. This \
supply is -independent of syspem disturbances and is automati-

cally available when the generator is run upto speed.

The brushiess thyristor system is st111 under develop-
ment and it is nof'yet possible to refer to opérational exper-
ience or costs. fThere can be no doubt that solid state devices
and techniques are findihg increasing use on rotating machines

and will play a more important role in the future.

3.5.3 Brushless Thyristor System: Developments are well

advanced towards combining the principles of thyristor control
and brushless excitation and thus also providing an excitation
supply which is independent of main power system voltage

fluctuations,

The technical problems are more difficult than-those
which have been overcome in the case of the rotating diode
system. This is because of the need to apply firing pulses to
the rotating thyristor gates whilst at the same time allowing
control of pulse tiring and thereby exciter voltage, to remain
in the operators hands. A control link between stationary
and rotating parts is therefore necessary and one method.of

achieving this is as follows =

At the simplest level, a brushless main exciter has
power thyristors substituted for diodes ahd a small rotating
armature generator having the same number of poles as the

main exciter, is mounted on the shaft. This is called the
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dontrol Exciter and its armature phase ends are connected to
the ‘thyristor gates thus providing firing pulses in synchro—
nlsm with the main exciter armature voltage waves. The phase
dlsplacement between the control and main excliter voltages is
determlned by the phys1cal angle between the statlonary field
systems of the main and control ex01ters; whlch in turn deter~

" mines the aVerage value of the exciter output voltage.

In fatt the control exciter field systems oontain fleld
windlnos on both the direct and quadrature axes, These wlndingag
are supplied independently with current automatically controlled
and proportioned, so that the net field mmf result;ng from both
Windingsvis constant but 1ts position in space can be changed,
thus varying the thyristor firing angle., A range of control of
main exciter voltage from a positive éeiling'to a negative.
ceilling of substantiai'amount is thue!achieved. The design of
the controi exciter allows it to Operete with an effective
tine-constant of less than 10 mS and it thus imposes only a

slight additional time lag on the control loop.

A further important refinement is that the control
exciter output voltage is not applied dlrectly to the power
thyristor gates but is shaped to a waveform Wthh glves the

necessary rate of rise.

Fig.(3%) shown in sehematic form, an arrangement
basically as discussed, having a control exciter with double
the number of phases of the main exciter. A pilot exciter,
not shown supplles a constant current to the maln ex01ter

field whidh therefore operates w1th a substantially constant
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flﬁx. Electrical connections are made from the numbered
terminals on the control and main exciters to the corresponding
numbers on the thyriétor bridge rectifier.  The number of
paralleled thyristors per phase could be greater than the tﬁo

shown without altering the principle of operation.

3.5 Operatlone As all phases operate in a 51m11ar manner, it
is necessary to consider only one phase, say the red phase
thyristors t, to t,. The windings 4~5 and 1~4 on the contrql
exciter are used to supply gate current to thyfistors t1,t2 gnd

t3,t4 respectively in the following manner ¢-

When the sinusoidal voltage across terminals 1-lt reaches
a certain Value, with such a polérity that thyristor tg is
forward biaéed, the zener diode Zd breaks over allqwing c¢urrent
to flow into the gate of the thyristor t, turning 1t on. This
then allows current to flow from the control exciter winding
1-% into the gates of thyristors t3 and ty, turning them on.
Thyristors t1 and t2 are turned on 180° later in time because
windings 1~n and 45 are arranged in antiphase. Then other
phase thyriétors are similarly fired in the correct Sequenee°
Gate current continues to flow until thyristor tg.is reverse
biased by the contrél exciter voltage and thus returns té the
blécking state. Diode d1 protects against reverse current in.‘

the gates of both main and gate thyristors t,. Diode d,

g
allow for a common return from the cathodes of a parallel set
of thyristors tc the control exeiter whilst keeping the

parallel phases isolated. Capacitor C charges up during the

time, thyristor tg is forward biased and before it fires.
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lTherefore when tg is turned on, capacitor C rapidly discharges
intp the gates of the main parallel thyristor sets. This
ensures fast rising gate currents, the rise time of which is
only limited by the turn on time of the thyristors tg, which.can
be in the region of 1 g sec. The gate current flows for at
least 90° of each cycle, thus ensuring positive firing and
simultaneous conduction of a positive and negative bridge arnm,
without which it would not be possibie'for current to build up
in the generator~field initially.

3.6 A Rotating Thyristor Excitation System for Hydroelectric
Generators (Excitation System No.l4)

Excitation system in service on hydroelectric generators
have been extremely reliable. Generator outéges due to failﬁre
of elements of the excitation system are rare. Reliability is
due to — |

(1) Conservative'réting of elements, excitefs, ete.

(2) Low generator speed, minimizing maintenance of brushes.

(3) Short direct connection of exciter output to the field
collector rings, minimizing exposure_of the excitation
power connections and eliminating mechanical switching
devices.

(%) Voltage control element employing mangnetic amplifiers.

(5) Isolation of excitation system from voltage variation
and transients in the A.C. power systems.

(6) Transfer to manual operation on failure of automatic

control, ‘avoiding loss of excitation for such reason.



48—

The use of solid state power components for rectifi-
catibn, amplification and control‘now affords opportunity to
further improve reliability and contribution to'power systen
performance Dby 1ncreased speed and more SOphlstlcated control.
The design objective for. the system described is to retaln the
proven functional features of the present direct- connected
excitation system, improving these as possible, and to better
provide for supplementary stabilising signals to improve power
system performance threugh excitation control. Recently,
improvements have been made on a piecemeal.basis, a solid
state regulator to replace the amplidyne or magnetie amplifier
control, a supplementary stabilising control fof addition as
a separate package, and a solid state exciter to replace the_

rotating exciter.

3.6.1 System Operation ¢ A block diagram of the excitation

system is shown in Fig.(35). The section enclosed by dashed
lines is the rotating portion of the system. The remainders

is divided into 2 independent regulating systems.

The exciter regulator maintains the exciter ac terminal
voltage at a nearly constant level corresponding to celling
voltage. The exciter output is then used to power the entire
excitation system effectively isolating its operation from -
outside disturbances. Voltage build up can ee accomplished
using only the residual exciter flux. ‘Fof convenlence and to
shorten the build up time, flashing frem the station battery

supply is also incorporated.
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The generator regulator operates to maintain the
genefater terminal voltage at a nearly constant level as
determiﬁed by the voltage adjustor setting and modified by the
under excited 1limit, line compensation (or droop depending on
_the desired connection) and a stabilising signal derived from

generator power.

The exciter has a rotating armature and stationary
field winding. Typical exeiter frequencies range from 16 to
30 Hz with a ceiling voltage to 1.5 P.U. based on generator .. .

rated field voltage.

&

The generator field rectifier is a double-way thyristor
bridge-circuit capable of inverting to reduce the generator
field current. Since the voltage supplying the thyristor
bridge is the celling voltage, the speed of response is.a

function of that,ceilinga

The power supply and rectifier control included as
part of the rotating element prdduce the necessary phase-
controlled triggering signals in response to a d.c. control

level supplied by the voltage regulator..

Generator field current measurement is obtalned from
current transformers:located in the ac side of the generator
field rectifier. The current level sensed is equivalent to
the de generator field current except for filtering losses
are typically less than 1 % of the rated fleld current.

Not shown in Fig.(3.5) is an over voltage protection
control which is combined with a Ffield discharge resistor to

protect the system in the event of out-of=-step operation. The
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control and resistor provide full protection independent of

the excitation system operation.

Self excitation power as well as control and measure-
ment signals are transferfed across the alr-gap by collector

rings and brushes sized for that application.

The éxéiter ac voltage is averaged, compared against
the exciter voltage refefence, and applied to the rectifier
control and rectified in such a manner as to maintain the
exciter terminal voltage at the desired level, Lag-lead
compensation is used to stabilize the voltage control. A current
1imit is provided in the exciter field control to protect the

system.

Standard potential and current transformers are used
for senéing the generator terminal conditions. The potential
signal is averaged and compared directly'with ﬁhe operators
voltage adjustment (voltage reference) in the automatic mode -
of operation. The poténtial and current signals are combined
in a set of transducers to produce the watt and Var signais
for the complimentary-functions. These domplimentary signals
are then added in proper phase and polarity to modify the

basic voltage regulation.

In the manual mode of operation, the generator field
current is compared with a separate manual voltage adjustment
(reference) and applied to the rotating thyristor bridge

through separate regulating elements.

1766466
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The generator regulater has 1ag—1éad compensation to
provide stable, reéponsive operation. In the automatic mode,
the power derived stabilization signal is added above a
minimum load (typically 25 % ) to assist in damping power

system oscillations.
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CHAPTER 4

RELIABILITY’MODELS

The most important aspect of. any Reliability Study 1s a
‘complete appreclatlon of the modes of failure and operation of
the, system under study [88). Once the system is completely
understood, it isApossible to create a Reliability Block
system. The functional elements can be represented.ln a block

dlagram by comblnatlons of three ba51c rellabillty models.

RESETRE S B

They are a series model, a parallel redundant model a:d a

standby model. The basic reliabllity equation for a single

component eperating in the useful life period where the hazard

rate A(t) is a constant, is as follows ——

B(t) o~ /% where A = failure rate

R(t) is the nrobablllty of the component contlnulty t0

‘perform 1ts intended functlon for a 1ength of tlme t.

A measure of how weil a system performs-0r>meets'its
design . objectives, is provided by the system reliability; SIf
successful operation is derived for a specified period of time, -
rellablllty is deflned as the probablllty that the system will
perform satlsfactorlly for- the required tlme interval. In
general rellablllty can be deflned as the probability of
successful systeit operation in the manner»and undef the
eQnditionS‘of iﬁﬁended use. Henee the reliability relates to

the frequency with which the failures occur and is closely:
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connected with system maintainability, availability and cost.
Due to the recognition of reliability as an importantvfacter
in all eystem engineering processes, a greater emphasis is
Being placed in the applidatiOn'of concepts invthe system
design.

“Systen definition consists of defining,'what the
system is required to do, what its subsystems are, its operating
environment, the functional relation‘hin between its components
and its basic de31gn. Once the initial system objectives and
Tequirements are established the main task is to explore the
design prOblem and to identify its elements such as parameters;
constraints and criteria, comsideration must also be given to

system reliability requirementss

» In reliability study, the distinetion. between: phy51ca1

and functional relatioishlns of various elements of a system

is an 1mportant one [7]. The system analyst should have a _
thorough knowWwledge of the functlons of the different components
andfﬁelr effect on the performance of the system., These rela-
'tlonshlpS can be represented by appropriate diagrams.

A diagram which depicts the‘phmsical relationships of

the system is known as system didgram and the one which showa

the functional relationships’ pictorially and indicates which

elements must operate suceessfﬁlly’for the system to accomplish

its intended,function is'knownaas'the logic diagram. The logic
diagram may consist of many blocks cornected either in series

~or in parallel or series-parallel. It has two ends, one
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de31gnated as IN and the other as OUT and shows the way or

ways in which the system can functlon successfullyo For

successful operation of the system, there should be at least

one continuous Qath between'IN and OUT terminals. The guanti-

tative reliability of the system can be easily evaluated using

Jiogio,diagrams.'4

The’first step in evaluation of the reliability is
therefore to prepare a loéio diagram. This requires the
knowledge of the ﬁunctions of the various pafts or components
of the system'andfthe varfous possible modes of failure of each
paft~or component. A failure mode which, when occuring, results

1n system failure is shown as a series element in the logic

dlagram.l A failure mode whlch when occuring, does not affect

the system Operatlon is shown as a parallel element in the

rellablllty\block dlagramo- Any alternatlve means of performlng
the function is also shown in parallel, while failure of an
element in the system dlagram corresponds to the removal of
the correspondlng block in the sectlon of thé block diagram

deplctlng that particular mode of falluree

'If two components are connected in series, the relia-
bility of the system (RS) is given by the product of the

individual component reliabilities. In the genefal case of n
series components —
o n

Ro = m R
S j=1 *

"

Qs "(1—35) is the unreliability of the system.

i
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"It is important to anpfeciete that two components'are‘
in series in a reliability sense if tne system requires both |
" components to Operete for.system'snccess. This-is not dependent
upon their electrical or mechanical (i.e. Physical) connection

in the system.

In the case of a general n compohent series system,

Rs%f) = o ¥V T ‘ | (1

'The simplest case of redundancy is two components

connected in parallel where only one component 1is required for

system success,

Rg = B 7 R - BB
et = A =C A A )t | |
Rg(t) = e 1 e (2o TT 0 TE (2)
" In the case of more components connected in parallel
where the criterion of success is a 31ng1e Operable component
‘tne rellablllty can be obtained from

n : ’
QS'=ig1 Q; and Ry =1 = Qg Y(3)

The case of an m out. of n system can be handled using
the Binomiai I&stribution or some other more general method;

The general equation for redundant components assumes that the

components are stochastically 1ndependent and that a1l failures

are in a p5331ve mode.
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The simplest case of a standby system is one containing

two identical components and a fully reliable sens1ng and

switching mechanism. In this case, the system rellablllty is

given by —

- It = Jt
R(t)

T+ Jtoe (k)
If the two components are non-identical i.e. A >+ A

the equatlon becomes — :
- - A5t
Ry(t) = LA [ At oA ] (5)

Components 1 and 2 are the main and standby components
respectively. If the sensing and switching clement reliability
on anh on-demand basis_;g RSS’ the above equation.becomes —

it At = A
Rsct)=e/|1 /. '[e/h -eAQZ[ ()

+ R
83 Ag /{1



-57-
CHAPTER 5

RELIABILITY ANALYSIS

The procedure for reliability anaiysis of a system has
been given in Chapter 1 of this thesis and it is well defined
up to the;point where suitable failure rate data is required.

At this point, such data for many components in power system
service are not available because the statisticé reduired‘to
generate them have not been kept. This thesis focuses attention
on tbe results that could be obtained if such data were availa®*
ble and hopefully, it will help and ciarify the actual data

requirements.

Further the basic electronic components thch are used
>in these excitation systems are similar to tﬂose used in
military and space applications for which some failufe rate data
is available. It must be observed; however, that much of this
is not directly relevant to the power system situation since-
the envirbnmental conditions and the maintenance procedures

are so different.

5.1 Rsliability Bvaluation of Static Excitatlon System No.1

The simplified system diagram shown in Fig:(3.1) can
be redrawn\from a reliability view point. This is shown in
Fig.(5.1). This excitation system can be analyzed using the
basic reliability buiiding blocks previously. described. This
diagram can be reduced to the one shown in Fig.(5.2) by
combining the series elements into. equivalent components. The
basic equations for the individual elements and the equivalent

blocks are shown in Table I.
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The reduced reliability block diagram shown in Fig.(5.2)
~ius.f"or the Actual System‘whichthas'been designated as configu=
ration 1. The design modification shown in Table II were
considered in the reliability evaluation. Reliability
Evaluation of different configuration was done with the help

of computer TDC-312.

The procedure for formuléting the basic reliability
block diagram and the reliability equation is relativ@lyi
straight forward after the éystem failure and Operating con-
ditions have been established. It becomes immediateély oﬁﬁious,
however, thatAthére is a real shortage of acceptable dutage
data and that present outage data collection procedures are

-inadequate for this purpose-

The failure data shown in_Appendix I (Table I) has
been used for the purpose of illustrating the relative impaét
‘of the design modifications given in Table II. The system -
reliabilities as function of time (RT) are shown for each
design modification in Table III, In case 1, the switching
reliability (RSW) asséciafed with the change over to the
standby avr'(d.c° véitage regulat&r) is assumed to be 0.93

and in case 2, it is taken 1.0,

5.2 Reliability Bvaluation of Static Excitation System No.2

The simplifi~d block diagram shown in Fig.(3.2) can
be redrawne?zsm a reliability point of view. This is shown in
and 5. - '
Fig.(5.5 / This system can also be analyzed using the basic

reliability building blocks previously described. This
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diagram can also be reduced to the one shown in Fig.(5.7 ).

The Actual System Equationsg are shown in Table IV,

The reduced reliability block diagram shown in Fig.(5.7 )
is for the Actual System which has been designated as Configu-
ration 1. The design modification shown in Table V were
considered in the reliability evaluation. The COMPUTER
PROGRAM for reliability evaluation of different cOnfiguraﬁions

was run on computer TDC-312.

The failure data shown in Appendix I.(Table II) was
suggested by Calgary Power Ltd. [88] for the purpose of illus-
trating the relative impact of the design modifications. The
system reliabilities as functions of time ére shown for diffe-
rent configurations in Table VI. In case 1, the switchiné
reliability (RSW) associated with the change over to the
standby avr is assumed to be 0.98 and in case 2, it 1s taken

1.0 as for Static Excitation System No.1.
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TABLE I

ACTUAL SYSTEM EQUATIONS

FOR
- STATIC EXCITATION SYSTEM No.1

If = Ah
/{52 /32‘

then R(f) = 331(’0).332(1:)[.14-33‘[1-){62 t] RS3(t).RS7(t)
If =% /!
/|32 /132
en R(t) (t)[Rq (%) Ay (R, (t)-R. (£))] (l)
then R(t) = R, (t)[Rs (£) + R ¥ R. (t)=R& (£))1R. (%),
en 5 S5 Sy /l 82— /132 55 S S3
| R, (t)
| 77
Where =—
_/ds £
RS1(t) = e 1 ; /|S1 = A1+ /[2+ A3 + /h'_
| -/Iszt
Rsz(t) = e ) /IS2 = Ag* A7+ N * /Tg*' Aot A
VIR * et gt At Ais
_ 2 . .
R§2(t) = e 3 /ls2 = A5t At Ao * Mot At Mo
' + A + A+ A
et pgt 137
Rg (t) = e (2-e 10
3
—’AS £

S8y, L
Rg, (B) = @ » Ag,® Ag* Aig* Avg* Asot Az

Assuming a fully reliable sensing and switching

mechanism (i.e. Rg = 1¢0) o=
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=2k /|22t -2k /22t
RSS(t) = e + 2”U422t e
R, (t) = [R. (£)13
% s,
Ro (3) = By (£).R. ()
5 Sy 56
-4 |t = -2k t
= [rg (©)1Le f22t, 2 Apot e fty

Bach of the design modifications has a different impact
on the reduced reliability block diagram shown in Fig.(5.2 ).

These effects are shown in Fig.(5.3 and 5.4).

TABLE II

DESIGN MODIFICATIONS
FOR
EXCITATION SYSTEM No. 1

The design condition shows the modifications made to the
ACTUAL System.

Configuration Design Conditions

2 No redﬁndancy in the static exciter
3 No d.c. voltage regulator

(i.e. Standby AVR)
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TABLE IVV

ACTUAL System Equations

For
Static Excitation System No.2

If = !
ds, = A8,

R(t) = Re (£)-Rq (£)[1 + R t1R. (£).Ra (£)
31 / .82 SW /{S2 S3 S,7

If =% A!
/{32 / S

| g o
£) = R. (£)[R. (£) + Reqs ——2——— (Ry () = R (£ DIRa(t).Ra(t)
R(t) s, )[RS2( ) L Ay 2 8,0 T8y,
Where
- Asf
RS1(t) = e ) )31 = Mt Aot ASt hy * As
- /{S2t
RS2(t) = e ; AS —/17 Agt /{9 A10+ A1t Ayt /‘13+/{14
..A‘ t +/{15+/i16
. s
- 2 1
Réz(t) = e 9).8 ‘/'6 /{8 Ag*t Ayo* )11+ Aot A3t Ay
| s * A5t Mg
T
. (t) = e A1’7 (2-¢ 177y
"3
'/Ish_t ,
R L,r(t) e ) /{34 = Mgt Ayot Ano* Ao * Aoz

-l t - A5t
Rss(t) = [e Ao (5-ke 237310

-24 /]231:(5_%- /1231:)

€

~( + 24 )t
fa, " 2 A2 (5ue 12308

=

~
ct

~—
i

= e

Contdo c » 0
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TABLE IV (Continued)

30 Ag ¥ Aot f o
(t) = ke “# i 3 (5-ke "23 )18

h( Ao+ 24 Aot
ASM A23?t - Aosb on

-3e (5-ke )

Rach of the following design modification given in
Table V has a different impact on the reduced reliability
block diagram shown in Figit(5.7). These effects has been’shown

in Figures(5.8 to 5.15).

TABLE V.

Possible Design Modification
For
Fxcitation System No.2

The design condition shows the modification made to the ACTUAL

System.
Configuration Design Condition

2 | Two power stabilizers

3 Synchronizing PT's connected to the
900V line

L - TWwo power stablllzers
Synchronizing PT's connected to the
900V line

5 ‘ No redundancy in the static exciter

6 No redundancy in the static exciter
Two power stabilizers

7 ~ No redundancy in the static exciter
Synchronizing PT's connected to the
900V line

8 No redundancy in the static exciter

Two power stablllzers
Synchronizing P.T 's connected to the
900V line

9 No standby avr




-
~
n
24
~
—
o
(2]
b
o 0
. =
—
ol
o w
. o4
s —
=
I -
R
P
&
;
" "~
- =4
v
of
)
24
™ *
o
™ -a
3 1 ~
)
A
o
Lot
-
o«
. “
- A
Il -
o >
. 7
o = &
=, |
] o ~
. <
. &
PL .
a3 i)
% —
v
)
ol
O
~
Lol
%
=
L]
b}
&
=
¢ A
. <
o o
- .
= ¥ e
e
b7
, -
w
w7
£
=
. &
¢
o
S
&
1] °
o _—
4"’
L ey
a
-
of m
®
o~
o
e
;
- o
Ll -
O o =
. 5 -
o w o
S B R
9 "~
o X
H
P
& 0
; .
o =
o
~
o

AL 1 pmany

Yorams

Bt vy
SR PR BoAn .

(&} -
o o g &
e A e - 9T
o < \ !
A!ﬂr.
o
e
i =
o N
2 ‘.J‘ o ” ‘x:g
] . r~ S, [ - .r
© i[d ,’.’( (Gl 11 5) 'r’dl
P = o
= PN
o .
= e T < ‘
e “
~ 7
P e
= ~ jots “ 7/
2 D:_l“ e ‘ “mm
1T % s NG TAE B -~/
“bi o -
L
- ~ 3 i
-
o ':J: :-."'zl c ¢ mmuj
- ,?‘ x'.J“ - 9[\ Z’UV - 5} f‘dl )
o
n!\l
. I : Ulm
prman a5 £ w
- -l LT - )Ty -
w ol : '
E‘P{ )
.
S";: i o
<
o x;n!w ~ té‘S" . V’m
! T - ¥ Ty
& i B A S TR T B
@ ol '
5
. e N
" L .

JRS B =
N , 3 o
g . o

=~ =) o v
L @ ~ A o
- ‘& - nzu’ .
-~ - ya A
o 1 5 - 9Ty
Uﬂ“
3 J—
o &
o1 d C?
— 2 4 LR - o T Hy)
: — 9 v
9 o
ol
VPP -
SR, -

or Configuration #3 -
ng PTs tonnected toc 900V line.

~
T

«9 Reliability diagram

0

#2

iguration

£
x

Con

3

synchroniz

lizers,

i

wer stab

WO DO

+
[



- gg uor3zeandtyuc) 107 uezdeIp LITITQRTISY P—Jmmwswﬂm

_.uogwuxm 37335 Ut LduBpUnpsI ou

L ]
I Y

vl
ST, . .58 <
oy - -5

33,
m.u
o
—
w
1
N
. W
134 1
~
A
-3

s and

famscneg

s¥ Stg, ﬂ-m«
2, 1, : ﬂu.ﬁ Nm.ﬁn
.ﬁm.m:_..m:g . ,“.on.«.a_m.ﬂu .am_.ﬁu.nJ )
L 1
,_ s ‘Y- 0.t |

—

525 y

91, ST, 90, ST,

B RURLR R

4y .\

ST
: o

My .Sy Py Sy

21y V0000, 8y 9, 9,

L

|

st

Sy ¢ .
Sy-Pe-Ba- Ty

.w .

SUTZIUOIYOUAS. PUR SISZIIIqR1S asxod omy
- p# uoriendryuo) ioy uexferp AITIIqeIloy QL°G 2andty

I
=

o2y %y 0%y

600,

*9UIT AQQ6 O3 PeIOSUU0D S]d

¥5, - rSe

4 S \\wm\ k L}
".Nui vf..wu' .n.ﬂ- R
) = a
L] L] L]
. - B
o g w?
W, e v
= % =
F ¥
_ i
1
. 4 4 . ¥
" Sy 5y
2, 18, 00, 22y 12,02 72,12, 02
61, 81T, Sy 81y Sty Ty

]

=y

4
umd . o—x.o-

D)
1, .01,

Pl $1y 20

5. 3y.by by

»
¥ )
. o.—d.m—m.:u.mmm.mmu

Ty 0. 6y.9y- %P5y

L

]

Sy.5y.hy




"SUTT AQ06 ©3 P3IJSUUOY SIg . - : . . ~——"§jozrITqels Iamkod
au Tz1 :Okﬂusmm fIDIIXT Uﬁumwn ut huﬁmﬁan..ﬂah ou ' oMl aLmuHUNm U,nu.mu.m urt Louepunpal ou
2 .ESmu:mAm:ou 103 uwexdetp A3TI1QRTIaY el mmhsmam - gy uwotjeandtyuo] oy wexderp A1TTIqEIILY g Ry sandty]

g
, .
S T
S s S
Sy ¥ ¥ Sy . 3 LI
= @ @ G 7 2
' - ‘. ¢ ' ' :
> -~ an » » e
[9 Ilnr . [9 {9 .-.l9. l..m' i
7 . Thg" TV, ! _ _
s, . 9, 97, : v
H Sy 4 Su Sy Sy -
Nw.n.nw.ow._ nma;.m?am_ 22,.1%, 0%, Ty 1y L, .1y 1y
81 3L, .mr_..ﬂa 615.81y, oz, 61, 3Ty 0z, 61y 81, 0z, o1, ﬁm
I3 3 —
Sy QI Sy Yy - et
—1 . xm«”\ ~| ~ xmx ”\
A .~ . o st _ 2 ‘ .wmmu - - omwu g
97, 41, ¢ I W2 S~ :
WM. O I T 91, ST, ¥1, <Ty 2y 9t mum. 2«.2«
£1,. 2, 17,01 8 135,00, 6, %) 9.5 .
L u-a- u~u . vy BBy Iy T Ty, 01y 8y By Ly %y 11, 00, 6, 9
‘ a...mﬁ
Sy Bty S nﬁ ;
L




~ gy uoizIndTItion 103 weid

e

*ZA® Aqpuess ou

?

eip L1711qeTIaY G| °Gaand1y

' £ - .5 Y
e B GG I B

14

L4

S,

3

2.1y

oz, 51,9

@ @ @
1 1 ?
- - ]
Y "o =
_ i _
lov, K 6g
By S ¥
| g, g 22,12, (12,12,
0z, 61, o1, .ow.ﬂm.m;_ 92,81, 31y

V O

L

L 1

%8 - 04l

Ty st g

.na‘.—wm.o»..wn.nu.hm

N .
8.7 5y B Ny

=

- Ismod om

Ao .wgﬁm ew%.@wwmwo ZT1TqElS

1 ‘I92310x3 '273e3s Ul AJuEpunpsx ou
- g4 uorjeandryuc) foF weadeip AITTIQRI(Y 4 |G SindTd

S,
S
o - e
vrw' nds. M.wuuv
- = .“.l‘u .\hd
1 t H]
=
o R P
~ - - “,
97, B
% sy N
224.12y.07, L RLRLY 2y, 10y Oy
LTy 81y 6T 8Ty 61,01,
1 |
DA
e (ly - .8k
m —i i, .\ g
V%, V7 — —
X © 9Ty 81, VL, ST, 2, v -9, 84, v1, ST, 2L

Ty 00y 6.8y Ly Wy

g0y 6.8, 9 7.5

m

J

T ShY




OOOOODOﬁPH\HOO.

+©609419°0

S046291"0 €OoghEBE'0 QLLLEAE 0 Z64108E°0 HE9BEIE 0 62HEOHI'O +H©620£29°0 9LEGHED O 0001
08098050 8HIBGTH'0 OHIESGIH 0 482522H'0 2226Llh'0 2HERHEI'0 491€499°0 92/0649°0 2920299°0 006
TTHRLSS 0 9280Z/M 0 §642L9v°0  L6HLBIN'O  968646H°0 6099824°0 2986114°0 €6156€24°0 6406904°0 008
Sh68809°0 €06€226°0 LELSLIS O S4L0616°0  THREGOSG'O  LOSHELL0 2E€2G9G4°0 01894940 28RALGL*0 004
649929970 <cEERI9L6°0 €92€996°0  1469ELS°0 . G612E€9G°0 669161870 GALE008°0 6EEZ0LR*0 04265640 009
009£814°0 98E/6€9°0 1944629°0 gL182€9°0 €848229°0 8660968°0 9HHIZTHS O 9811258°0 92h/iBES 0 - 004
6LIMGLLT0 +GBLE69°0 06E1069°0 S225969°0 SIHG489°0  1992h68°0 +©069288°0 OH26068°0 E£€LE6/8°0  00H
9GE1EER 0 640E494*0 0KO96GL°0 6025940 CIERASL®O +HL98826°0 HGEGHL6°0 +HEL2ZI26°0 +HG06916°0  00E
©009068°0 Q0GL0HB 0 LIEEREG 0 /6268E8*0 €41/2E8°0 028/856°0 90Hl256°0 8le6966°0 -9862066°0  00C
LEQI9M6°0 682441670 62EhhL6°0 €428916°0 E€CEGEL670 1£06286°0 LELEEL6°0 2lE6186°0: HLIhBL6°0 001

8 e Ty e T S A ! (SUN0H)
SNOIIWIND LANOD (Q6°0 = MGH) I 858) SHLL

o mtn——

IA HTIdVL

C°ON WALSAS NOIIVIIONHE J0. (I¥) XALITIEVITHY

_59..



o oes?® oo.@PﬂHOO.

\\\\\YL. - : .
\ 29470 Coghest o gLLLELE"D J64108E°0 HEIBEOE O g2HEOR9"0  H620E29°0 9 . .
“omwuwmom.o ghggéen’o  ORies o /g2SeeR 0 2eehlLin'0  ThEHRBIO £91£499°0 @m—mwwwww mewww oom,
oNN:émm.o gegoeln’0  B6LEIONT0  HERLEIO Q6g6Lh" 0 G099824°0 298611470 ELLGERLTO 6£06904°0 ww |
mﬁmmmoo.‘o €06E2e6 0 MELG LSO CLL0616%0 - THAEGOSTO  LOFHELLD 2€26964°0 0129494°0 2ShLISL™O oow
4 L9%°%° Scteolgro C9RE99GT0 MUGIELSTO  SOLEEIETO 6691619%0 GLIE008°0 6EELOLE'0 0£26464°0 009
o%mw;.o 99£/6€9°0  19445¢9°0 g1182€9°0 £848e29°0 96609680 Hn92H 0 9811258°0 GonlgEg0 - 004
mt:mk.o 26816690 06€ 1069°0 (2169690 §1h6L89°0 1992H68°0  H069288°0  OHZ6068°0 6 /£615"0 oo“
@mm,mmw.o 610€L9440  0R09654°0 0el694°0 E1EnLSLTO 11986260 HSEG616°0 W€ 125260 HG069N6°0 © 00
LLEERES 0 £6285888%0 €)1/269°0 02848560 90hIE56°0 g1£6966°0 -9862046°0  00C

+009068°0 805 1018"0

_m%@é.o 692016°0 62t 160 €/28916°0 EGEGEL6TO 1C06206°0 LEAE6L6°0 2LE6186°0: RLIHGL6'0 001
S s I M I/ | T ¢ 1. n. | TS — _
— ST L0 (860 = MoM) L2250 L | (GE0O

= 0N TLGAS NOLLVEIDXE i0. (I8 ) ALITIdYITHH
pIERC

-G9—~



COUGTIT0 0964SEE0 191064E%0  166RaRE0 ERgLilEro 09LgER9'D 6020 2 Eg69'0 §69L02970 000t
08098050 &mgga OLLLLI0 HE6ORTH'0 2048EVR'0 9B26489°0 6L9HOLI™O (166289°0 14616990 006
G0 TR0 00RO 0GHOD 6496660 EE0TEL'D BBROSILT0  N06RLTC 2ge660470 008
mj%@%”o SBIGHES"0 MISSELS'0 0%R12E"0 96IEDIST0 IHELLO agribel0 209806410 SEALT 005
5199299°0 QLUGRIS"0 €952895°0 €6EGGLS"0 ORRIGISTD HOBIGHETO0 HSHOO8'0 9cciC1gt0 99%9864°0 009
005E81L°0  LILLLES'0 2609029"0 26E4E9"0 6204’0 (96/868°0 9L0IGHE"0 9BHEHIB™D oLIg"0 00
6LIGLL"0 22€0104°0 0U64169*0 LS 1HB69*0 2002689°0 2GE9968°0 colgnapt0 SleREeeT0 Gromes’o o
omrmmm.o. %.8894°0 €810194°0 L689994°0 LERGRSL™O 0h9L0E6°0 9L 126%0 1E11826°0 16198160 006 x
H009068°0 €6EEIHG'0 G66ESER°0 (GLL6ERT0 GHBLEERTD 1EN96"0  L09EESE'O cogpagero giser0 0%
1EBIM6°0  LIORBLE'0 6LE0GIE*0 E66HLI60  L0RIAIG®O 6229€06°0 6020086°0 0L69280"0 26606L6'0 00k ¢

-0 ? A 3

A o 5 A A_l@mw%;
- . SNOTL 00 TN | ik

T0°1 = 1MS8) ¢ 658D
O TTI616 NOIIviTowE 40 (b)) LL11levITad

(petwyiuo)) IX ETEV




-67-

TABLE VI (Continued)

\\‘
o ~\\ .

Design T
Feature e

~ ConfigurationA

3/4% redundaney in exciter
No redundancy in exciter
One Power Stabilizer
Two Power Stabilizer
Synch. PT's to 415 V line
Synch. PT's to 900 V line

No standby avr

»4

™
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- CHAPTER 6

-ANALYSIS OF RESULTS

The information presented in Table III for Static
Excitation System No.1 and in Table VI for Static Excitation |
System No.2 can be analyzed in several ways. The specific
results woﬁld of course depend upon the numerical values used
for the component reliabilities. A number of specific
conclusions can be drawn from the particular set of values
shown in Table III and Table VI about the relative merits of
the various design al@ernatives tested by the analysis. Here
Excitation System N@@fiandzExcitétion System No.2 will be

analyz ed separately.

6.1 Analysis of Results of Exeitation System No.1:A comparison

of the probabilities of having a satisfactory operating system

after 1000 hours of operation for the three configuration can

be used to bring out a number of interesting facts —

(a) A comparison of configuration 1 and 2 shows that the
improvement aséociatedrwith, going from single bridge
rectifier to twin bridge rectifier is large being in the
range of 0.096 to 0.1002. Therefore redundancy in the
power rectifier is very effecéive since the probability of
successful operation drops about 0.10 when redundancy is
removed.

(b) A comparison of the results for configuration 1 and 3
indicates that there is signicant reliability advantage

in having a standby d.c. voltage regulator since it
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results in an improvement in probatility of successful
operation of about 0.106.

(¢) The small difference in the assumed reliabllity of the
change over switch (RSW) illustrated by caée'1 and case 2
results in a difference in probabilities of successful

operation in the order of 0.002 to 0,006,

The actual numerical values were obtained at
t = 1000 hours: The numerical results can be compared for

any specified time and similar conclusiors may be drawn.

6.2 Analysis of Results of Excitation System No.2

Results of Excitation System No.2 are also-analyzed in
similar way as for Excitation System No.1 . A comparison: of
the probabilities of having a satisfactory operating system
after 1000 hours of operation for the nine configurations
can be used to bring out a number of interesting facts —

(a) A comparison of tﬁe results for the group 1,é,3 or 4
with group 5,6,7 and 8 shows that the 3/ redundancy
in the exciter is very efféctive since the pfobability of
successful operation drops about 0.27 when that redundancy
is removed. |

(b) A comparison of the configuration pairs 1-2, 3-4, 5-6 and
7-8 shows that the improvement associated with, going
from one to two power stabilizers is small being in the
range of 0,010 to 0.017. _

(¢) Pairs 1-3, 2-4%, 5-7 and 6-8 show that the improvement

| which would result from supplying the synchronizing P.Ts

from the 900V line instead of through the tertiary of



-70-

the excitation transformer is in the order of 0.003 to
0.005.,

(d) A comparison of the results for configuration 1 and 9
indicates that there is a significant reliability advantage
in having a standby AVR since it results in an improvement
in probability of successful operation of 0.155.

(e) The small difference in the assumed reliability of the
change over switch (RSW) illustrated by case 1 and case 2
results in a differencé in probabilities of sucéessful

operation in the order of 0.003.

The actual numefical values were obtained at t = 1000
hours. The numerical results can alsc be compared for any-

specified time and similar conclusions may be drawn.
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CHAPTER

CONCLUSICN & SUGGESTIONE

Though a perfectly designed, thoroughly tésted and
properly maintained system should never fail but the experience
shows a failure in such cases too. The presenf tﬂeéis is a
step forward in fhe direction of suggesting the imbfovementi

which can be considered at the design stage.

In Chapter i, a brief introduction to conventional as
well as static excitation systems has been given. ﬁifferent
types of excitation systéms has been preéented in Chapter II.

“As the étatic excitation system for a.c. generafors is better
than usual rotating exciters dﬁe to flexibility of”instaiiation,
simplicity in tﬁe a.c. generator design and excellenf reliability
and performance, these have been described in detail in .

Chagpter IIT.

~In Chapter IV different basic reliability models for
simplifying the reliability block diagram have been - - presented.
A Computer Program for Reliability Analysis has been developed
in Chgpter V. The numerical results presented and discussed in
Table III & Table VI for Static Excitation Systems 1 &\2 in
this thesis illustrate that the method described gives a
reliability index for cohplex eXcitafion systems.v This index
can be used to compare the relatlve rellablllty merits of
alternative system designs. The . complete analytical proeedures
for this analysis hanEZi%en in Table I & Table IV of this
Chapter. Different design modifications which have been
considered for reiiability evaluatioh; havé also been given

in Table ITI & Table V.
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In Chapter VI, analysis of results have been done

separately for static excitation system 1 & 2.

Tt is concluded from the results of static excitation
system 1 that redundancy in power rectifier as well as standby
d.c. voltage regulator improves the reliability. Whiie from
the results éf static excitatign system 2, it is inferred that

3/4 redundancy in exciter is very effective and also there is

reliability improvement in having a standby AVR.

As the accuracy of reliability results depends upon the
acouracy of failure data, therefore reliable failure data for
each component should be available if these analysis are to be
useful to designers & users of such equipment. So a failure
data bank should be established in the country where exact
failure field data of all the power system oomponenté may be

kept.
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COMPONENT ' FATLURE RATE

T (FAILURE /HOUR)
1. Start Up Circuit Uy 0.000100
2. Crowbar Protection Circuit (A) 0.000057
3. 8.C.T. Control Winding (A3) 0.000010
e Rorulotor Control Switeh Uy, 0. 000057
s Comvention:l Rotating exciter (Ag) 0.000000625
6. Regulator Potential Transformer (Ag) 0.000010
7. Rectifier and Smoother QA7) 0.000023
8. Voltage Setting Rheostat (Ag) 0.000057
9. Reference Voltage . (/19) 0.000023
10. Phase Advance Amplifier Ao) 0.000023
11. MVAR Limit Panel A7) 0.000023
12. Current Limit Panel U1, 5) 0.000023
13+ Mixing Amplifier SNV PEY 0.000023
14. Output Amplifier (Ay,) 0.000023
15. Manual | Uy ) 0.00011%
16. Electric Power Supply (/116) 0.00011%
17. P.P.T. . A1) 0.000010
18, S.C.T, K (/118) 0.000010
19. Linear Reactor QA19) 0.000010
20. Rectifier Isolation Switch (A50) 0.000057 .
21, Water Cooling Path | A5y 0.00011%
22. Diode Ass) 0. 00000005

Case I RSW = 0.98
Case IT RSW = 1.0

Notes- The power magnetic components (PPT's,SCT's and linear

~8 0~

APPENDIX I

IABLE I

Component Failure Rates [71,8% and 88]

rez~tors) are designed to the same standards as other
critical transformers in the power station and are
therefore considered in a high reliability class. In

this thesis, failure rate of all these components have

been assumed equal for reliability evaluation.
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TABLT IT

Component Failure Rates [88]

FAILURE RATE"

COMPONENT 2
(FAILURE 4 HOUR)

1. Excitation transformer Ay) 0.000010
2. Crowbar (A5) 0. 000057
3. Tertiary (A3) 0.000010
4. Power Stabilizer 944) 0.000038
5. Switch 945) 0, 000057
6. 415/120 V P.T. (Ag) 0.000010
7+ 21 kV/120V P.T. (A5) 0.000010
8. Rectifier and Smoother Ag) 0.000023
9. Voltage Setting Bheostat (Ag) 0. 000057
10. Reference Voltage §J1o> 0.000023
11. Phase Advance Amplifier (Ayq) 0.000023

12, MVAR Limit Panel Ay 0) 0.000023 -
13. Current Limit Panel Uy5) 0.000023

4. Mixing Amplifier (Any) 0.000023 ™
15. Output Amplifier 9415) 0.000023
16. Manual Glyg) 0.0001 1%
17. Power Supply (A17) 0.00011k4
18. Cooling fans (J18) 0.000114 -
19. Rectifier and Divider Uy g) 0.000038
20. Constant Current Amplifier - - (f,4) 0.000038
21. Synchronizing P.T. 415/34V (Asq) 0.000010
22. Firing Gear - (A22) 0.000038
23. Thyristors . (Anq) 0.000016

Case I RSW = 0.98
Case II RSW = 1.0
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APPENDIX II

1, Computer Program for Reliability Analysis of Basi¢ Static

10%

‘Excitation System No.1

P.K. COEL RELIABILITY ANALYSIS CONPIGURATION(1) SYSTEM(1)
DIMENSION AL(22), ALS(22), ALSP(2)

READ N

D05 I=1,N

AT = LEMDA

READ AL (I)

CONTINUE

ALS = LEMDAS

0.98

RSW
T = 100.0

ALS (1) = AL(1) + AL(2) + AL(3) + AL(W)
ALEM = 0.0 .

D0 61 = 6,15

ALRM = ALEY + AL(T)

CONTINUE

ALS(2) = AL

| ALE'E.ALKS)

™10 1 =8, 15

ALE = ALE + AT (1)

CONTINUE

ALSP(2) = ALE

ALS(H) = AL(17) + AL(18) * AL(19) * aL(20) + An(21)
WRITE 20, ALS(1), ALS(2), ALSP(2), ALS(H)
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A = ALS(1)
RSIT = EXPF(-A*T)
B = ALS(2)
RS2T = EXPF(-B*T)

C = ALSP(2)
RS2P = EXPF(-C*T)
D= AL(16)

RS3T = EXPF(-D*T)*(2,0-EXPF(~D¥T))
E = ALS(%) '

RS4T = EXPF(-E*T)

F = AL(22)

RS5T

EXPF(-24,0*F*T)+(24. 0*F*T*EXPF (=24, 0*F*T) )

RS6T = RSHT**j | |

R87T = RSS5T*RS6T | o

WRITE 20,RSIT,RS2T,RS2P, RS3T, RS4T, RS5T, RS6T, RS7T

IF (ALSP(2)-ALS(2))14,15,1k%

RT = RSIT*(RS2T+( RSWTALS(2))/(ALSP(2)-ALS(2))
*(RS2T-RS2P) ) *RS3T*RS7T

GO TO 25 |

RT = RSIT®RS2T*(1,0+RSWALS(2)*T)*RS3T*RS7T

WRITE 30;RSW,T,RT

FORMAT (///,E,™ *QE;V“%E;'-HE)

FORMAT (///,"RSW = ",B,"TIME = " E,"RT = ",E)

T =T+ 100.0

IF (T-1000.0)11,11,22

o
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2. Computer Program for Reliability Analysis of Basic Static
Excitation System No.2

P.K. GOEL RELIABILITY ANALYSIS CONFIGURATION (1) SYSTEM (2)
DIMENSION AL(23), ALS(23), ALSP(2)
READ N :
D015 I =1,N
Ce AL = LEMDA
READ AL(T)
15:CONTINUE
C: ALS = LEMDAS
RSW = 0.98
T = 100.0
ALS(1) = AL(1)+AL(2)+AL(3)+AL(4)+AL(5)
ALEM = 0.0
DO 16 I = 7,16
ALEM = ALEM + AL(I)
165 CONTINUE |
ALS(2) = ALEM
ALE = AL(6)
D017 I = 8,16
ALE = ALE + AL(I)
173 CONTINUE
ALSP(2) = ALE
ALS(4) .= AL(18)+AL(19)+AL(20)+AL(21 )+AL(22)
WRITE 20,ALS(1),ALS(2) ALSP(Q) ALS(H)
1824 = ALS(1) '
RS1T = EXPF(-A®T) .

Q
(1]

B = ALS(2)
RS2T = EXPF(-B*T)
= ALSP(2)
RS2P = BXPF(-C=*T)
D= AL(17) -
RS3T = EXPF(-D*T)* (2 0- EXPF( D*T))
E = ALS(H4)

RSUT = EXPF(-RZT)
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= AL(23)

| ESST = EXPF(-24.0*F*T)*((5.0-4, 0*EXPF(~F*T) ) **g5)

RS6T = RS4T*RS5T

A = (4. 0*EXPF(-3.0*(E+24,0*F)*T)

#((5.0-4,0*EXPF(~F*T) )**18))

(3, 0*EXPF( =1, 0*( B+2k, 0*F)*T)

*((5 0-4 O*EXPF(- F*T))**24))

RS7T =

WRITE 20,381T,RSQT,RS2P,RS3T,RS%T,RSST,RS6T,RS7T

IF (ALSP(2)-ALS(2))25,30,25

RT = RS1T*(RS2T+( RSW*ALS(2))/(ALSP(2)~ALS(2))
*(RS2T-RS2P) ) *RS3T*RS7T

GO TO 31

RT = RS1T*RS2T*(1. O+RSW*ALS(2)*T)*RS3T’RS?T

WRITE 23, RSW,T,RT

FORMAT (///9E9n ll-’Esll ",E9" ",E)

FORMAT (///,"RSW = = ",E,"TIME =. " B,"RT = ", E)

T =T+ 100.0 ' |

IF (T - 1000.0)18,18,22

IF (RSW - 0.98)33,33,u4k

B

: RSW = 1.0

T = 100.0
GO TO 18
STOP

END
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APPENDIX III

Rectifier Theorys

For the purpoée of maintaining and operating rectifier
equipment, it is necessary to understand the theory of recti-
fier system 1in a graphic and qualitative manner [62].
Idealized Rectifier: An idealized 3-4 full wavé»bridge circuit
suppiying a highly inductive load is considered. The chief
assumption required for idealization is that the ac power
source have zero reactance. Other assﬁmptiOHSare that recti-
fier elements be perfect i.e. that they exhibit zero forward
véltage drop and infinite reverse impedance, that the supply
voltage be sinusoidal, that the resistance in the ac supply
windings be zero, and that there be no phase control i.e. that
the beginning of conduction of a rectifier not be retarded
beyond the point at which conduction would normally begin.The
later assumptions usually are fairly well met in practie in the

case of diode rectifiers. The major assumption, zero reactance,

is far from true.

The operation of such an idealized rectifier is des- -
cribed by reference to the circuit diagram FigIIEI)Conduction of
the upper bank of rectifiers AyB,C is governed by the instan-
taneous magnitudes of the supply phase voltages ENmA 3 EN¥B 5
Ey-c With respect to each other, that rectifier whose anode is
connected to the phase of the'highest positive voltage at any
given instant conducts. Switching of current from one

rectifier to another, commonly called commutation, occurs when

phase voltages are equal and in the idealized system occurs
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instantaneously. Thus each rectifier begins conduction at
m/6 or 30°, in its anode neutral-to-line wave, and ceases at
57/6 or 150°. Conduction for each rectifier then lasts for

12009 or one third of a cycle.

Similarly, in‘the lower bank consisting of rectifier
D,E,F, that rectifier whose cathode is connected to the phase
of the most negative voltage conducts. Switching again occurs
at the 30°\and 150° points in the negative haif cycles, it
coincides with the mbdpoints of the conduction periods of the

positive rectifiers.

Because the load is'inductive, load current is smooth _
dc, and the rectifier and therefore, ac line, current pulses

are flat toppéd, i.e. rectangular.

The positive field terminal is connected alternately
to line A, line B and line C through the appropriate conducting
diode A,B and C. The negative field terminal in connected |
slternately to line A, line B and line C through the appropriate
conducting diode D,E and F. Thus the potential of the positive
field voltage terminal w.T.te ﬁeutral in depicted by the
envelope of conduction in the top, while the potential of the
negative field terminal w.r.to neutral‘is dépicted by the
envelope of conduction in the lower portion. The voltage
across the field is the instantaneous voltage difference
between the upper and lower envelopes.

The line-to-line voltage Ep_, is determined by the
instantaneous relationship Eﬁ—A B |



'éag-

During conduction of the diode, the voltage is, of
course zero. When the diode is not oondupting, the voltage
across the diode is the voltage of the positive field terminal
Wer.t. neutral minus the instantaneous voltage of line A w.r.t.
neutral. The peak value of this reverse voltage is a major
factor in rating the diodes. It should be noted that the
peak reverse voltage is equal to the peak of the line-to-line

voltage, as is the peak of the field voltage.

Non-idealized Rectifier Operation: It has been noted that the

chief assumption which distinguishes the idealized rectifier
from the actual one is that the reactance of the power'source
is neglegted. The only additional assumption of significance

is that rectifier leg voltage drop is. zZero.

| Let us consider the second assumption first. Silicon
diodes exhibit a forward voltage drop of 0.5 to about 2 volts,
depending on cell temperature and magnitude of current. The
variation of voltage with éurrent at. a given temperature is
relatiﬁely small, pefhaps 0.5 volt in the normal opefatihg
range. For all practical purposes for rectifying systems of
the type discussed in this thesis, the forward rectifier cell
drop can be considered to be constant. A fighre of about
1.0 volt per diode or a total rectifier drop of 6 volts per ckt.
(since in the 3-phase full wave bridge ckt. eurrent flows
through two legs in series with 3 diodes in each leg) is a
reasonable value. In system analysls, this can be subtractéd

from theoretical rectifier output voltage to determine actual
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load voltage. Since the value is small compared to the opera-

ting direct voltage, it will not be considered in the following

analysiss

The presenéé of reactance in the alternating voltagé
sources the alternator, has the effect of preventing the
instantaneous transfer of current frbm one fectifier leg to
anotiler. It forces commutation to require a finite time,when
the'voltage of the phase to which current is *o be transferred,
for example, phase B equals that of the.phase in whieh current
i1s flowing, phase A, conduction begins in the rectifier of the
second phase B. As the instantanéous difference between the
two phase voltages increaées, the current incréases in recti-
fier leg B and decreases in rectifier leg A, because rectifier
circuit load is highly inductive, the sum of the two rectifier
currents which is equal to load current, is constant. When the

current in rectifier B reaches £he value Ieie1q » the field

current value, that in rectifier A reaches zero and commutation . -

is complete. The magnitude of the current in the on comming
diode cannot exceed the field current valuegy, since the oﬁtgoiﬁg
diode has ceased conduction, leaving the only path for curreﬁt
flow into the highly inductive field, whose current cannot
change5 The current in line B and line C Qill have a shape
identical to that of line A. ILine B current is displaced 120°

to the right and line C current is displaced 240° to the right.
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Note that during the commutating interval both recti-
fiers A and B are conducting. Hence phases A and B can be
considered to be short circuited through the rectifier legs,
~and fhe current flowing in ieg B during the commutating period
can be considered to-be a circulafing current, equal in value
during the interval it flows to the instantaneous line-to-line
short circuit current of the alternator exciter. This current
is determined by the instantaneous voltage difference between

the conducting phases and. the associated reactances.

Since the phase voltage difference is split evenly
between the two commutating reactances during the commutating
intervai, the voltage appearing at the machine terminals
during this interval is the instantaneous average of the

2-phase voltages.

Daring the first commutating interval EN—A is replaced
EN + B
-A N=-C

by 5 » During the second commutation interval
. E-p ¥ By g
Ey.p 1s replaced by 5 .

During the 3rd interval, Ey_, and Ey p are replaced by

Byea * By p
= .
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