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PREFACE

The author graduated in Electrical Engineering Irém tﬁe
- Jadavpur University, Calcutta, India,with a First Class degree
in 1959, Having completed his graduate épprenticeship with
the Oglcutta Blectric Supply Corporation, he worked in
fnaustry, both in Tndia and in the United Kingdom. He
Jjoined the Manchester dollege ofhsoience and Technology in
October 1962 and-obtained the degree of M,Sc, Tech, in
December 1963,  Since then he has been engaged in research
work, the major part of which is the content of the present

" thesis,
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SUMMARY

The predetermination of the performance of synchronous
generators, for the wide range of conditions under which they
operate in power supply'systems, agsumes a ma,j or imperfance
in present-day power-system quineéring practice, TFor all
but the simplest cases, a formal longﬁhand'anaiysis is usually
an intractable task, and some form of computing aid is -
required for accﬁrate and reiiable studies.

The present thesis has been devoted to an investigation
of digital technigues of analysis with particular reference
- to the transient conditions that frequently give risge to the
main operational iimitations. A comprehensive mathematical
model for a complete turho-~alternator unit,vinCIQQing the
voltage regulator and governing systeﬁ, is presented in a form
in which ité equations are amenable to solution byfauﬁbmatic‘i
ealéulator. In this way, a more detailed and accurate
representation than hitherto appears to have been available
has been developed and in which particular emphasis has been
placed gﬁpn the représentation of ‘the complex distribution
of eddyéiurrents in the so0lid rotor of wound rotor machines.

The validity of the differvent models investigated has keen

cﬁecked by comparing the resulte of extensive computer anaiysis

with those obtained from instrumented site tests on a 30 MW set

at Goldington Power Station, and a 120 MW get at\Belvede?ekPowef;p
‘ , A A
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Station. Having in this way confirmed the accuracy with
which practipaleperating and disturbance conditions may Be
represented, the digital methods developed have heen. applied
to detailed appraisals of rotor over?voltages in a,¢. excited
generators, short periods of aSynohranaus running, and
controlled synchronising and spontaneous resynchronising
conditions. Pinally, the methods have been applied to long-
range predictions in experimental analyses of the detailed

performence of large power generating units of capacity upto

© 660 MW.
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CHAPTER 1
INTRODUCTTI ON

~ (1.1) PROBLEMS OF MODERN POVER SYSTEM OPRRATION

' ‘ With‘the rapidvchanges in the present-day power systen
devélqpment;the analysis of power systemsand synchronous
mechines has assumed a major importaance in recent yearsf

The continued trend towards larger individual generating
units due to economic reasons and the transport of bulk power
over long distance transmission line at extra high volbage
due to the geographiéal seﬁaration of load areas from the
generating stations, has resulted in complicabionof system
opgrétion. Depending on the severity of the disturbance,
rotating plant may, at times, be projested into regions’from
which it may not spontaneously recover theoreby cmusing o
disruption or deterioration in supply. Automatic controlling
devices are, therefors, being increasingly used in order to
asslst the system or the oconnected mechines to ride through

a disturbance or respond spontaneously to varying system
oper@ting conditions, The deslrablility of inoreasing the
effiqieney of a gystem has resulted in the tendency of
opérat;hg the myﬁtem‘and the generators within a narrow margin
' of %h@'stability limlt. ’

| *While recognising the variows improvements that have

‘been achleved from the modern trend in power system planning,

o
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design and efficlent operation, it is accepted that, in recent
_years, a number of specific problems having increaging |
.influence on the system performanbe have emserged,

(2) The special features of the modern design of
& synchronous generator are:
(1) Incressing generator rating
(i1) Lower inertia
(iii) Lower short-circuit ratio
(iv) High reactance
(b) In case of an interconnected network with
increasing transmission system voltage, the technical

problems confronting the operation of the system are:

(1 Insulstion co=ordination
(11) Protection of interconnected network
(11i) Voltage stability and regulation for a

long distance transmission line
(ivg Reactive power compensation
Recovery of normal operation after a system: '
digsturbance, particularly when single eirouit S
‘ lines are used, _
All these faoctors, therefore, emphmsiae‘the importanoe
of an analytieanl technigue for the reliable yremdefermin&tien~
of the steady state, and transient performance of |
synchronous systems and machines.
(1.2) MATHREMATICAL REPRDSLNTAEION APPROERIATF T0 DIFFEHENT
STUDIRES .
. When asseseing %he_transien% responge of an integrated
system 1t ‘seems rewarding to réc@gnisa & divisian‘of intereét
botwoen studles of inberconneated netwerh 5y@tem, on the one-

hand, and those concerned more with the response of individual
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generators on the other. In the former, the complete system
analyses, 1t is uswal to carry out checks 6£ the steady state
and transient stability limits when designing new systems or
reinforcing the existing ones. The essential requirement

in these is that of adequately representing an integrated
system of generators, transmission and distribution circuits
and Lloads. It is also necessary to postulate from & very
wide range of possibilities the combination of conditions

for whichlthe analyses are to be carried out, since it may
not beApossible, it may neither be necessary to design a system
to cater for all possible conditions of operations,

Much of the success of such analyses which are invariably .
of a large scale nature, rests on reducing the system |
representation to the simplest form’whilst, at the same time,
preserving ilte essential physloal properties. Sometimes =
gradation of the simplification of system representation mey
be necessary depending on the location of the point of
digturbance. | |

"In relating the myﬁtem reductlion to the spaoifie
requirements of a gtudy it should also be consistent with the
tolerance 1o be al]awed on problem data, the grauping of
generators within & power station for rapralentation as &
single equivalent generating unlt and the probablility of the
conditions adopted Loxr analysils Qoeurring in praotlce in the

postulating combination, The real naturs of these analyses

;ﬂ




is in many cases less concerned with the sblution of the
system equations and more with the ‘trend of-these solutions
for a range of‘diffefgnt conditions of interconnections.' |
It therefore frequently follows that, in large scele

sytem stability anelyses, the emphasis is usually much less .
on the accurécy withVWhiqh the gystem is represéﬁted and more
on giving consideration to as wide a range of system conditions 

as.pOSsibie. _.Specific conditions may, howevef, sometime o
| perforce a satisfactory‘representation of a part of the
integrated network. Analyses of voltage sensitive loads may
be considered as an example, _

Coming to the specifioc analyses of ind;vidualzgenérating o

units a much more comprehensive mathematical_formulation of |
generator7electrodynam;cs becomes necessary, Such requirements
are ﬁsually necessary far aésaﬁsing the performancelef )
generator when new design features are incorporated and for
developing new controlling vechnilques relaﬁingAtheir
appiications 0 the synchronous mechine, The development of i‘
new components such ag excitation systemn, auwbtomatlo voltagev
regulator or governing mechanisms are more conditioned by |
the characteristics of individunl generating units to whioh
guch components are attached than by the intearated system,
~ Here again, the degree of representation of the different
vartes of the completes unit should he campatible a8 an

inéufficiant representation of one part might well invalidatev‘A




opr influeng@ the correct ¢ontribution of .others that
themselvee;are adequatély represented. The relationship
among the #epresentation of the various elements of the
eomplefé unit 1s then an essentlal consideration in the
detalled analyses of the transient performance of é generating

unit.

(1,3) THE IMPORTANCE OF FULL SCALE TESTS
' The results obteined from the purely theoreticsl study

hamebeen'écceﬁted, in the past, as adequate.,  With the
continued trend towards oberating & system or & generator
within the narrow stabllity margin‘a doubt is cest as to the
-maintenance of the well-@stablishad analytioal technlque based
on approximate methods. Within the last decade or 80 an
inoreaaiﬁg emphasis‘hds been glven to the axperimental
verifiontion of the vali@ity'of the purely methematical
gnalysis, The interest for such?éearohing étudy hes arisen
from two main reasouns ! | B

(a)w Tt 18 not only that the experimental results
chedk the sccuraoy of the computations and give confildence
in the theory, but, more important, én_experimental progran
provides poinmters to the way in whioh th@'thapry“needs to be
developed., The fomulation of the theory 1ls more likely to
introduce errors than the computation. |

(b) Once the aonfidgﬁce on the Validity of the

'ﬁ:ﬂ




ﬁheoretical work ig gained by experimental verification and
thus adding refinement to the theory, the degree of

extrapolatlon required to predict adequately the behaviours

2 5

; of a larger machine or a system of new design may be reliably

g minimised,
§ In the United Xingdom several full-~scale tests have been
carried out with wvarious sizes of generating units andl
different degree of network intercoﬁneotiog?ag While in several
ingtances the purpose of the tests was to investigate the
.dyﬁgmic performance of & generator connected t0 & large

syétem and subjected to disturbances of varylng severity,

the assessment of the contribution of fast acting voltage

regulators and other controlling devices has formed the main

purpose of several other tests.

(1.4) PURPOSE OF THE PRESENT INVESTIGATION

In the present invesitlgation a mathematioal model of &
synchronous machine in terms of the dqo réfarence frame was
developed including the quantities that are usually negleocted
in conventional mechine analyses. In further developing the
analytical technique to establieh a general model, it was
roqulired to collect together the equations'mﬁ typleal
excltation systems and, as far as péaaible, the equetions of
) Bteam turbine and 1tp asmociated governlng éystem.

An important part of the complete investiligation has heen

, : I
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the verification of the mathematical repfeseqtations by
comparing the results obtained from computer analyses with
those obtained from tests carried out in Goldington and
Belvedere power stations. To %ncorporate improvements into the
mathematical model it was required to develop a method by
which the effects of magnetic saturation are represented
throughout a complete transient study. An essential part of
the prgsent research has been devoted 1o formuléte improved
methods for representing the complicated distribution of
eddy-currents in solid rotor under transient conditions,

The model was also put to the test of experimentsal
analyses of pole-slipping conditions in order to. assess the
peak induced rotor volitages in an a.c., exclited generator under
conditions of operation in which, owing to the voltege
regulator action, the mmf balance between the stator and the
rotor is lost, thereby giving rise to a rapid varigiion in
robor flux-linkage and an attended high induced voltage 1o
which the rectifiers are subjected,

A flexible digital computer program was developed mo
that, apart from studying the verlous sspects of a single
machine system, it can be extended Lo study o system where

more than one machine ls present.
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CHAPTER II

(2) MATHEMATICAL MDDEL OF A TURBO~ALTERNATOR UNIT

‘(2.1) THE SYNCHRONOUS GENERATOR

The layout of the windinggsof a 2-poie 3;phasg
synchronous generator is shown in Fig.1.‘ The field and the
armature windings are represented by f,a,b and c respectively.
The axis of the field winding lies along the magnetic axis
of the roth. - The rotor bédy of a turbo-alternator is
usually forgéd frqm.solid iron and so, under any transient
operating conditions, eddy-currents are induced in the rotor
due to variation of flux linking with it. The eddy~current
paths are not easily definable and initially they are
represented by two.short-circuited coils, kd and kq, one of
vhich lies along the magnetic axls of the rotor and the
other is electrically at quadrature to it. The direction
of rotation of the rotor is taken to be anti-clockwise.

(2.1.,1) THE BASIC EQUATIONS

Based on the above arrangément, the following basic
equations may be.written in generalised'M;K.S.:unitéi For
power frequency operation, any capacitive effect is small
compared with resistances and reactances and is neglected.

(a) Instantaneous voltage equations

(1) Stator:




Ya
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FIG, 1

SCHEMATIC LAYOUT OF THE WINDING OF A
SYNCHRONOUS MACHINE
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Va = _pqé = Roly

vy = MY - Ry (2.1)
Ve = PY, - R,

(ii) Rotor

Veqg = PWeq + Rpgleg
0 = pbpq * Bairg ‘ | (2.,2)

0 ‘ = pfpkq + quikq

(b) Instantaneous flux-~linkage equations

(1Y Stator:

"~
o
[

“Yaata * Lapty *lactc " taratra * Takatxa * Pakqlig

Py = *lpada = Ippipy T lpele T loratra  okatka T lokqlng  (2.3)

Vo = Tloale T loply = Locte T loratra T Tokatra * tokqlig

(1i) Rotor:
Yea = ~Leaala = Lrvals ~ Troate tleratra lekata T rrgikg
Yia = ~lkaata = Lkvaty = lkeate * Lkratra * tkkatua * Lraglkg (2+4)

Prq = ~lxagla = Txbg®p = Tkeqle *Lrrqtra * Tkqatka * lrkqlrg

(¢) Electrical power output at the terminal

Pe = va'!ia .l_ Vboi-b+ vcoio (205)

(d) BElectrowdynamic equation of motion

= 2 - . '
P, = Mp“s + P, + Py = po (2.6)
(2,1,2) THE BASIC ASSUMPTIONS
The equations (2.1) to (2,4) cannot be solved since’
the instantaneous valuesof the inductance coefficients given

above are not yet known, It is, therefore, necessary to
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‘define the instantaneous values of these coeffieients

so that the equations become amenable to solution. To
do so.the following assumptions are necessary.

(i) So far as the mutual effects with the rotor
are concerned the stator windings are sinusoidally
distributed along thé air-gap.

| (11) The reluctance of the air gap varies
sinusoldally round the rotor periphery.

(iii) Harmonics are neglected..

(iv) Hysteresis is neglected. |

From the constructional point of view, every attempt
is made to satisfy the first two assumptions and any
imperfectionswhich may create harmonics are negligibly
smail. The importanoe-of hysteresis will be discussed later,
but foi the present purpose it ié neglected, otherwise the
equatlions become complicated because of the difficulty of
mathematical representation of the hysteresis loop.

On the basis of these assumptions, the inductance
coefficients can be expressed in the following wayf For an
instanténeous angle © between the field-winding axis and the
axis of the phase 'a' as shown in Fig. 1,

The stator self inductances

laa = ‘Laao + Laa2°°s 20 | |
— (o]
Lp = DLgao + Ly,n008 2(6 - 120%) (2.7)
: _ ' 0
lcc = Laao + Laagcos 2(6 - 2407)




1.

The stator mubtual induetances

Lip = Mg = Lupo * Iyapcos 200 + 30°) |
1, = 1, = DL, *3L,cos 2(6 - 90°) (2.8)
Toa = Tag = Tapo T Lagpcos 2(8 + 150°)
The rotor self-inductances
Teea = Tera
Loa = Fika (2.9)
Likg Tyicq |
The rotor mubtual inductances
Terg = lkra < Lfkdi (2.10)
Ieeg = lexg = Ywga T tkaqg T ©
The stator to rotor mutual inductances
Loga = leaa = Typqo0s O
laka = lxaa = Tara®o® ©
lokg = 1kaq‘ = -L,%in e
lueg = Llepg = Dgpgo0s(@ - 120°)
g = Lppg = Dapgoos (@ - 120°) (2.11)
Lokq = lkba = ~Taggdin(e - 120°) 7 |
logg = lpog = Lapqoos(e - 240°)
Lo = lyea = Taxaoos(® - 240°)
lokg = lkoq = «Lakqsin(g - 240°)

Substituting these inductances into equations (2.3) and (2.4)
a new flux linkage relationship is obtained as shown in

matrix form in Fig.2.
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(2,2) MATHEMATICAL MODEL IN d-q-O REFERENCE FRAVR

The flux-linkage relations that are given in Fig.2
are cdmplidatéd for solution because the instantaneous value
of the inductance coefficients depends on theﬁposition of
the equations is desirable, Mathematically, there are
different ways.of transforming the same equétions~into’
different frames of reference. Ihvﬁact Krorf has broadly
clagsified the varidusvreference;frames into which electro~ -
dynamic equations of machine analysis can be transformed.
The choice of any of these frames depends on the type‘of
problem under investigation as all of them are not equally.
suitable for a particﬁlar Problem, As Kroﬁ3 agsserts, in
electrodynamics, for each type of phénomena there exists
§'$€§§ Z?ﬁﬁ?ﬁ andtgf;g$22al formmM”“%£€§3$§£“§§§§§$ﬂ§§§f&§§§wmub
‘the dqo frame of reference is most widely used. Blonde14;
later Doherty énd~Ni§&le5 and subsequently Péark6 used this
transformation which leads to what is commonly known as |
"Two Reaction Theory". In this frame of representation
both the rotor and the stator windings are regdrded ag beiﬁg:
rigidly connected to the rotor or the field structure, T&e
transformation resol%es the time-~varying inductances into-:
two fixed components aiong two axes - one slong the polar én

axis of the rotor, called the direct axis, and the other

along the interpolar axis, called the quadrature axis. The
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physical significance of Park's transformation is that
the 3-phase a.c. machine is replaced by an equivalent 2-phase
generator with brushes on the direct and quadrature axes.
(2.2:1) PARK'S TRANSFORMATION
The process of transformation of the 3-phase variables
to dgo frame of reference is achieved in the foliowing, way.

Writing [ P] for Park's trensformation matrix

cos(8) cos (9 = 120°) | cos(0-2400)

'3 | -sin(8) | -sin(0-120°) | -sin(e-240°) | (2.12)
o . +

and [P]"1 for the matrix for inverse transformation which is

cos © ' -;sin(@) 1

cos(6 = 120°) | =sin(0 - 120°)| 1 (2.13)

00s(6 = 240°) | ~sin(e - 240%) | 1

the relations be'bweénithle 13-phase anq f}qo variables are given
in the following way: | : . | |

[dq0] = [2] [a'pc] | (2,14)
and -_iabe:] = [#]" [dqo0] (2.15)
where [abc] and [dqo] designate the variables of the 3-phase
machine and those of the quasi-nonholononic reference frame
respectively.

A more detailed déscription of the process of Park's

tronsformation is given in Appendix A, including the different
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stages that are involved in the transformation. It may be
concluded from what is described in Appendix A that the
analysis of a 3-phase machine for balanced and symmetrical
operation is carried out by taking only pﬁgge 'a ' into
consideration. The effect of other two phases is eliminated
during the process of transformation. Validity of such
analyses is maintained due to the fact that for symmetfical
operation, whether under steady-state or transient operation,
the effects in all the phases are identical except 120°
phase~differences. This has been verified dpripg full-gcale
site-testa? |

Applying the transformation to the phase variables
of a 3-phase machine the following expressiong for flux
linkages and voltages are obtained in the dqo frame of
reference, |

Flux~linkage equations

Vs = Topaleq + Topalia = Talg

Vg = Lakqtig = Tolq

Yo = - bolo (2,16)
Pea = Teeglea * Leraliua "A%@afdid

Ura = Tppatra * Digalea - Blakalka

wkq = ' ;kkqékq = gmakqikq
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Voltage equations
vy = p4h ~ Rgig = ¢dp9
= ] ~aa : i + b
Vg Py = Rglq * el
Vo T pll’o - Ryi,
- (2.17)
Veqg = Pleg * Regleg
0 = Py + Ryglyy
_ _ - 3
where I'cl - Laao * I'E:Joo f 2La&2
— | L3
Lq - Laao * Labo 2Laa2 . : (2,18)
Lo = Lano * 2Lapo |

(2.2.2) BQUATIONS IN PER-UNIT SYSTEM

Among the various per-unit systems which provide a
procedure for nondimensionalizing-ﬁﬁé‘differenf variasbles
of a machine, the reciprocal system i$ found most attractive
in case of a machine having dampef windings? Application
of this per-unit system makes the.Mutual inductances among
the different windings along each‘éxis assume g fixed value,
The method of developing the reciprocal per-unit system is
illustrated in Appendix B followiﬁg the approach suggésted
by White & Woodson® and in reference (21) |

The generator equations when'converted intq reciprocal .

per-unit system are:
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BDireet axiss

+ L_ .3 L

bas = Iogirg * Laalka = Yol
WPeq = Deeatra * Paatka = Yaala (2.19)
Vg =& Toglieg * Dpcadig = Lagta
= pls = Rii, = U po
Va p¢d Sata lpqp \
Veg T pq%d * Regleg (2.20)
0 = p¥y * Reaiyg
Quadrature axis: ‘
= I i, =Li -
Yq aq %q qQq - (2,21)
Vg = Trrqlig = Pagiq
= pd -~ R i+ fa
q PYy = Ryig + Yyp (5.22)
0 = pmkq + qulkq ¢

The above equations describe the electrodynamics of 2 3-phase
synchronous generatdr ﬁnder'symmefrical and balanced

- econditions except for the fact thaflthe axis ocurrents, id and
1, depend on the external machine connections. Otherwise,
with two equivalent shdrtmcikéﬁited coils to represent eddy-
current phegamena, equatibns (2.19) +to (2022) represent the
conplete process'of electro-mechanical ehergy conversion in .
s synchronous machine, In % conventional synchronous
genarator analyses with network éhalysé?<9gfanaiogug:computer<
many assumptioﬁs are made 0 simplify the above equationsﬁo’
Some of the usual ones ares

(a) The stator voltages induced by rate of change of
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Plux=linkage (i.e. p®, and p¢a) are assumed negligible°

(b) The speeduchangevduring'aitransient is. assumed -
t0 be negligible (i.e.Apde = O)oﬁmﬂ:

(¢) Subtransient effécpsiére negiééted and thus the
eddy-current phenomena are iénore&:and, instéad, the torque 
due to eddy current and mechanical friction is fépfesented by
a single torque which is proportional to ths';nstantaneous |
departure of the rotor speed from fundamental\frequenoyo

(d) Saturation is neglectedb‘“ |
(e) Transient and subtransient saliencngﬁineglected,

The gquantitative effect of making sdme-of‘fhé-above
mentioned assumptions are diseusséd later, '

To complete thé mathematical model the other{equations
that aie required are:? |

. Output power

Pe = Vdid + tiq | \ (2?23:) o
Terminal voltage |
_ 2 . 2% I
-V-m = {\V"\d*-l- Vq} ‘ L (2024)
Dynamic equation of motion .
- 2 : ‘
P, = Mp“s f P, + Py + kypO : (2325)
(N.B.) The equations relating to.the output currents of

the machine have been omitted at this stage as they depend =
e o «
on the nature of;external connection and, as such, no general

expression can be written down at this stage.
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(2,3) THE TRANSMISSION SYSTEM EQUATIONS

A %urbo—alternator is usually connected to system
busbar through a unit traﬁgformer and a short length of
cable or transmission line, The busbar and the system to
which the machine is connected may be congidered, for a specific
problem of analjsing a single machine system, to be a voltage-
source of constant amplitude and frequency and remain:
unaffected during any transient that may arise in the
machine, The magnetising current and the phase-shift caused
by it in the.unit transformer is ﬁegligibly small, Lumped
series in&uctance and fesistance are used to fepresent the
transformer and the transmission circuit and capacitances of
anj.kind are neglected for power frequency operationa' The
effect of transformer tap position mey be faken'into~consider-
ation by knowing the turns ratio of each tap positiono

By using Park's transformation the transmission system
equations may then be resolved into the generator direct and

quadrature axes and the following relations are obtained.

% .
Avy = Z’S‘f’ piy + R - Zo@; Xyty
Xt . . W R (2.26)
Z&vq = mg pi, + Rth + E; Xiig
where é&v& = vy ~ vein § (2.27)
Zkvd. =V, = 7,008 ¢




19.

(2.4) AUTOMATIC VOLTAGE REGULATOR AND EXQiTATION SYSTEﬁ

The effective contribution of a fast-actfgg automatic
voltage regulator towards accurate control of terminal voltage
and increasing the dynamic stability limit of synchronous
machines is well established' ',  The action. of & controlled
excitation system in generating positive damping during
transients in an alternator has been experimentally verified .
in previous analytical studies12, Pﬁébﬁééiﬁl% haﬁe been made
in recent years for the development‘df“additidnal subsidiary
feedback signals f%om various stfategic sources in the machine
8o that the action;of such regulating systems momentarily
over-rides or suppiéments the main terminal vcitage gignals in
order to stabilise the operation of the gen@rators when their
conditions deviate, from those of normal power generation.

‘%g%as concerned with

A part of the author's M.Sec. work
the investigation @f the possible ways of optimising the
operation of a modérn voltage regulator when connected to a
yarticular machine, 'A'searohigg'study was also made to find
out'the»possible contribution that c?n be derived from
subgidiary feedback signals depending on various functions of
rotor-angle,

A typioal excitation system including an automatic
voltage regulator is shown in the form of a biock diagram in
Fig.3. The main fdfward loop consists of an errbr-sensing

element, the output of which drives two stages of magnetic

- - N | . r '
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amplifiers. The output of thé second amplifier controls
the field of the main exciter. The saturation limits of the
magnetic amplifiers énd the main exciter are'considered by
linear approximation as shown in Fig.4. Among fhé various
pessiblé derivations of stabilizing ioops, two of . them are
shown in the block diagram of Fig.3. |

The response charaeteristiés of the autbmatic voltage
regulator and the exciter are based on the following
aSsﬁmptionso |

(a) The transfer characteristics of the control and
mein excitérs may be represented by straight line segments,

(b) The parameters of the regulator remain constant
throughout any transient.

(¢) The characteristics of the rectifier in em a.o,
excitation system may be represented by constrainingf%dtor
current to have one polarity only.

(d) Operation of the var limiter is assumed to be absent. 

The equations are then:

Comparator: o
-V = ko(vd. - \‘}m) - ) (2028)
Magnetic amplifier (1):
Tk,
VoS TETEY T Ve~ Ve2) O (2.29)

for v,lm:ln & Vy & Vymax




QUTPUT

INPUT

FiG. 4 REFRESENTATION OF EXCITER AND
MAGNETIC AMPLIFIER SATURATION




21.

Megnetie amplifier (2):

— Mul.‘l“
V2= Tiwp t O | (2.30)
for v2min = Vo = Vomax

The main exc;ter:

Vea = T+7p * Ce (2.31)
Stabilising signal from magnetic amplifier (2):
kT, pV ' '
I I
Vg1 1+ 7,p (2.32)
Stebilising signal from the méin exciter:
k,V.pv .
= 45 fd o =
V2 = 477 » (2.53)

(2.5) PRIME MOVER AND GQVEENQR.

The governor,considered\here,is a staqdard oil-gervo
type. The power admitted to-the turbine tnrbugh
the stop-valve and pilot valves is éontrolléd~in gccordance
with the main shaftspeed which bpeiafes the centrifugal
governor. A simplified representation of the physical system
is shown in Fig.5 and are iﬁased‘pn assunptions, the most
significant of which are: A |

(a) The delays in the prime-mover, governor valve and
pilot valve are represented by single time-constants.

" (b) The delays in the centrifugal governor and relay

mechanism aie negieetedo- ’

(¢) Boiler control are assumed to be inoperative
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dwring the transient period and so the power input to the
stop-valve is consgtant.
(d) The governor sleeve movement responds instantly to
changes in the generator shaft speed.
Then sleeve movement of the centrifugal governor:
= - o '
u UO G1p (2.34)
for 0L u =1
in which Uo is determined by the speeder-gear setting.
The governor valve position :
G, u
u, = 2 +u (2.35)
17 T+ (T+7gp) ~ . |

for05u153
The position of the stopdvalve is taken to exert 2 linear
ccontrol on the power admitted to the prime-mover, and so the
steam pbweq at the stop valve is |

Py = Gyu, ~ ' | (2.36)

Finally power input to the: turbine:
P

S - X ‘
: P, = TFT (2.37)
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CCHAPTER I1I

SOLUTION OF THE EQUATIONS OF THE
' TURBO-ALTDRNATOR MODEL

(3.1) GENERAL
The equations of tﬁe turbo-alternator model. including

excitation and‘governing systems as developed in,dhapter I
are inherently nonlinear involVing"multi—nrder differential‘-’
equations having variable coefficients., The inclusion of
the nonlinearities arising'from magﬁetic circuit saturation -
in the generator gnd in thefekéitation control system,
increases the difficulty in achie#ing a solution. A N
' gimplified linear form of analysis may be pbreserved where thé’i
studies‘may be eonfined'to Smail perturbations of the sysfem\’A
variables about a nominal operating p01nt if the parameters
| appropriate to this point are known. Small 030111ation |
gstudies of this form have been used, in the past, in specific‘
investigationsof the performance of excitation control

systems15

It is, however; igvariabiy»necessary to folloﬁ«.
this by large~disturbance studies to indicate thehadditional
effects caused by limiting somé of the éystem variables due ,‘
to saturation and other constraints such as governor valve
limits., A 1ine%r1sed form of solution is of limited value
and often doubtful in the investlgaticn of transient

Vphenomena such as opevation of a machine following a

disturbance in the stator circuit load rejection and
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agynchronous runping, for these give rise to conditions»that
depart substantially from those on which small oscillation
studies are based. A realistic appraisal of the different
modes of geneiator operations requirasa detailfﬁﬂclusion of
all the nonlinearities. |

At the same time, it is apparent that there is merit
in a general mathematical formulation of the machine equations
80 that they are amenable to use for different kinds of studies
including those in which it is required to represent more than
one ﬁachine. The method of d;gital solution given here stems
from the proposal for flexibility and generality in the .
analytical approach, it also‘provides the essential bases
for small oscillation or lérgé“disturbance anélysis or multi-.
machine assessments alike, without the need for rearrangement
of the basic method of solubion. | |

In the present investigation, the solution is confined
to the study of a single synchronous generator, but the
extension of the method to analyse a system having two of

moere machines is described later.

(3.2) SOLUTION OF THE DIFFERENTIAL EQUATIONS
The following differentisl equations are obtained when
equations (2.19) to (2.21) are rearranged.

Direct axis:
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@(’ o1 . (1 +v dp) .vfd
d Tea /. ; 2 °nr
T+ (g * kao)P + ao“hop d
14-h’+7mkp+x$$@ L3 ( .
- — « Y%y BRYL
T+ (vag +Tpga)P * Tho”éop
L‘] I, (1 + ﬁJd"P) vfd
it R i 4 | ) 2 ° p
1+ (7ﬁo *ﬁkﬂo)p‘+ qﬁoqhgp “fd
(1 +v p) -
- | iy "Y - '!'1’ - “tA"‘»“i‘L-ad:id (3-"2)
1+ ( do T kdo>P + T&o ao®
1pq = U+ TigoP) Ved
Lo il ‘T’
Tyl * kdo)P + Ta dép T
/ 2 B ) ? T *
L <*a kdo)p + 7&0*&39 . Tfa
L o laa Plg = i) (3.4)
i L] ] j v
| kd © reg (14+*vkdop)
Quadrature axis:
1 +’T"p '
Bg = = 1 +'qugp Yatq (305)
j_, .
- . P Q :
= 11 . AR T 10 W °
g = Tog ¢ T T " T, (3.6)

where the time constants as defined in the list of symbols

are calculated from the Tollowing expressions:

Tao = Lffd/rfd | | (3.7)
~ .1
_ agelea
Tao = rkd {1kd d'flfd-} (5.8)
Tido = Tika/Trd (3:9)
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T .1 . - |
1 . ad®d
PR (510
a ¥pq L FQ Ly |
L [ ] -]
oo { 2d*Ta°1fa T }. (3.11)
d g Liggeleg + 15 lfd Ta-Laa
i o1 B
a1 = T {11«1 ril ) (3.12)
ﬂd \ :
1.
o kd
o= okd (3.12)
kd rkq
v v o kg S (3.14) "
kqo rkq :
- 1 B ! R |

The differential equations given above, as well as those for
an aﬁtomatic'voltagé regulator, excitation,systéﬁ, tu:bine
and~govefning system are not diréctlyvaméﬁable to solution

by step~by-step forward integration methods in a digital

computer, To usé such methods it is required to derive a ' ..

sequence contaiﬁingfnonudifferéntial terms which define the
firet order derivative of each of the integrable variables.
Por such reduction, the introduction of auxiliary variables
may be necessary. The solution during an interﬁal isA
achieved on the basis of the-non-différential variables that
are caloulated from the linear algebraic equations,remaining
'constant‘@uripg the step interval, and thé-differential

variables having a constant rate of change as calculated
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at the beginning of the intervalq At the end of the step,
when the final values of the,iptegrable quanfities are known, .

the algebraic equations are then solved to obtain their new

- values and the process is thus repeated for every step

length, The complete4rearraﬁgement of" the equatioﬁs and

an analysis of the process of solution is given in Appendix C.

(3 3) SOLUTION OF THE ALGEBRAIC EQUATIONS

As mentioned in Section (2.2,2),in Chapter II, the power
output, and hence the stator current dependson the way in
which the machihe~is externally connected, ~ To derive an o
expression for'étatbrfcqrrent, a gimple cdnfiguration"of system
'cbnneation as'showﬁ inffngG is considered. The synchronous |
machine with its excitation system and turbine and governing
system is connected, through a unit transformer and a short |
iength of transmiésion line, to a large system which may be
,eonsidéred to'remain uwnaffected by any change in the maohine_‘
. operating conditions, The vector diagramhfor steady state
operation of a loaded machine for such interconnection is
shown in Fig.7. The stator currents in the two axes can
now be calculated from the following expressions neglecting

the effect of flux change in the transmission line.

vq - Vbcos § = Rtiq +:~; Xti
- (3.16)

o)
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@h@sa @xpressiaﬁs L@ néﬁ, however, applicable during the
transient operating conditions of a machine, For example,h
during s 3=-phase short circuit at the machinewtgrminal
when

vq = vy = Vb = Xt = Rt = 0
the stator current cannot be calculated from_equation (3.16).

(3.3.,1) CONCEPT OF SUBTRANSIENT QUANTITIES

The eonstant flux linkage theorem due to Doherty16
states that in any cloaed electric cireuit havmng no |
regsistance the flux linkages will remain constant immediately
after any change in the current, voltage or poSitioq of the |
other dircuits to which it is magnetically'couplied;. In
practical cages, where resistance is present, the flux 1inkages
cannot remain constant, but the'rate of change depends on:the)
equivalent time constant of the circuit., Similarly, in
maohinekoperaticn the terminal quanfities such as voltége, :
_ourrenf'and power, may be subjected to an abrupt change dué

to a discontinuity, but some of thelinternal quantities suéh
mslfluk linkages follow the change at a much slower rate.'

For the caloﬁlation of rapid transients in synchronous

machines it is, therefore, the usual practice to assume

thgt glowly varying'quaptities remain unéhanged during a

small interval of time when the interval is sméll compared
 with the total time constant of the varying quantities;

With an amortisseur winding on each axis, the flux linkage
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that will take the longest time to change i1s that which exists
behind the subtransient inductance.

In calculating the terminal varisbles during fransient
operations the subtransient voltages'calculated from the
subtransient flux linkages are considered. - When modified,
the equation (3.16) will be

va - V,cos O = Rth + O(x + Xy)iy

(3.17)

'V

Yo
where vy = pdh - R,i + Yipe | : (5.18)
V= Blg - Rl - g |

The derivation of expréssions-for‘Pa and‘Fa has been shown

in Appendix C. ‘
Considering the example of a 3=phase short circuit, 1t

is now possible to calculate the fault currents from |

equation (3.17) which gives

Loxn

11
W d
- ® (3.19)

1
V3

H

and iz = e
w, “a

During the rearrangement of the differéntial equations, an

attempt was made to get an expfession of a subtransient term

whenever possible and thus to maintain the highest accuracy

from the step-by-step method of solution,
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(3.3,2) THE ALGEBRAIC EQUATIONS
The necessary algebraic equations that are to be solved |

along wilth the differential equations are:

bg = W5 - T4, (3.20)
beg = ej = Dedis (3.21)
Pg = Yyt g o (3.22)
vd = plle - Raid _"-"Pquﬁ \{‘i'z ﬁﬂ‘*'cv"‘ﬁaiq,‘*"{"z}abe (%3.23)
P, o= vl + Vel (3.24)
e e (.26
pO = wo + Pé - ~ - ) (3027)
- 2 ‘P2 * | :
Yy = {¢q + d}* | (3.29)
Pl = Zi2ﬁ' : - (3030)

‘There are several other quantities which require estimation
but precise mathematical expressions are_nct available for
them, ~ These are the rates of dhénge of some of the machine
variables such ss pis.  They aréféalculated by straight-line
approximation and the method is illustrated in Fig,8. © Other
methods have been tried by taking into sccount of the values
of the variable for one or twofstéps preceding the step for
which the rate of change ig required but for a small step
length a single~step approximg%ioﬁ~has been found t0 be
adequate., The quantities that aré calculated in this Wéy

for the n th. step are:




;/re"/’z’ Yt

Yo
-l n v+
Plyyr = {Yn = T(n~ )}/hn
PIG.8 SOLUTION OF EQUATIONS BY

STRAIGHT LINE APPROXIMATION
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Pla(n) = {ia(n) La(at)y /B (3.31)
Ply(n) = {iq(n) - q(n71)} /b (3.32)
Pwd(n) = {wd(n) *‘wd(n~1)ﬁ'/h (3.33)
Pyn) = {Pq(n) ~Yqla-1)} /B (3°34?
- PYea(n) = {wfd(n) Ueg(n-1)y /2 (3.35)

(3.4) APPLICATION OF DIGITAL GOMPUTER FOR SOLUTION OF
BEQUATIONS

of all_the various computationﬁl aids for power-system
analyseg, the applicatiOn-of &igitai‘computers-has found the
greatesﬁ attradtion in recent years. The advantages and
disadvantages of digital analysis, compared with alternative
methods, have bheen digcussed on several oecasions.‘, and the
general outcome appears 1o have been a substantial and
apparently increasing preference for the use of digital
methods. |

In the present investiggtiOnia digital computer
solution has been chosen because of its all round analytical
power in this work and also iﬁ a wider pattern of power system‘
research of which the presént project is a parit. Furthermdre;
the'éaae with which a program once developed ma&y at short
notice, be used is in many ways a most Siéﬁifieant advantage,
particularly in promoting a contiﬁuity of work in loﬁg term

investigational projects.
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{(3.4.1) INTEGRATION OF THE DIFFERENTIAL EQUATIONS

The integration of the differential equations is
achieved by a step~by-step method., Several numerical
techniques are available for such forward step solutions, but
of these the most widely used and probably the simplest one,
is the Hunge~Kutta method, or its recent modified version,
called the Kutta-lMerson method. The use of éeveral other
technlques hes been proposed.1%-emphasisiﬂg the advantage of
longer step-lengths that can be used for different Predicfbr-~
Corrector methods for the same accuracy. In the present case,
‘however, the retention of a comparatively small step interval
is favoured in order to calculate accurateiy, the several
quantities such as pig, pVﬁ by a straight-line approximafioh.
Using the'Kutta-Merson'humerical routine, a step length of 5
millisecond - has been found satisfactoryAfrom a series_of
studies using‘different step-lengths,

(3.4.2) VALIDITY OF REARRANGEMENT OF DIFFERENTIAL

BQUATTIONS
‘There are several ways in which the raarraﬁgement of the

differential equations in Section (3;2) may be carried,oﬁt. |
The method chosen and its validity have been checked by
taking the following system of equations. |

£(y) = s (ﬁ"ﬁé)p |
t) = T | (5.36)
(y) = x{1 4 Cn) |

(1 +4p)(1 +Bp)

- - B ' ) -
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FIG, 9 SOLUTION OF DIFFERENTIAL EQUATIONS BY THE TWO
METHODS MENTIONED IN CHAPTER 1I1
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5 + Cy 4

. These four equations were first solved by applyingl
iaplaée Transform and then by the same process of rearrange-—
ment as has been adopted in the case of the turbo-alternator
model. The result is shown in Fig.9. Asguming that the
_applieatiqn of Laplaée Transform yields the most exact
solution for such differential equations, it is found from
Fig.9 that éhﬁ reéults obtained by'these.two&methods are .
almost'iﬁentical”fof"a étep length of 5 millisecond. :

(3.4.3) SOLUTION OF THE ALGEBRAIC EQUATIONS

The algefraic equations given in equations (3.20) to
(3.35) can be included within the integration routine, or
excluded from it, to solve them at the end of each step
interval, With a step=length of 5 millisecond, the accuracy
 gained by including them within the routine. is negligibly
smﬁli. The maximum error that has been found to occur was
in the first step interval after aradical discontinuity in the
process of solution, This error is eliminated during the
subsequent steps without adding any;adverée effect to the
remginder of the solutidn gince the‘transient golution is
more conditioned by the differential equations than by the
algebraic‘éqﬁations. The differential equatiqns are not
vul#érable to any sherp change due to;the presence of time-

congtants.
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(3,5) GOMPARISON OF COMPUTED AND TEST RESULDS

A digital computer program was developed in Extended
Mercury Aﬁto-codé for the numerical solution of the equations
of the turbo-alternator model aﬁd to assess the accuracy»of
the model by eompafing the computed results with those
obtained from instrumented site tests, The physical system
considered for the purpése‘of comparison is that of the test-
arfangement for the site~tests conducted at Goldington Power
0t tiozo'. The system conneotions\for the tests are simila:
to that shown in Fig.6. The automatic voltage regulator,
excitation systeﬁ and prime-mover governing system attached
t0 the test machmne are also similar to those shown in block
schematic form in Figs. 3 and §. The ratlng of the machine
‘and other necessary parameters for the model obtained from
the manufacturers and from different test results are given
in Tables I -1I,Some of the parameters were adgusted following
the suggestions made by Shackshaftzo The test machine was

_ fitted with a static type a.c, excitation system, and so long

as the field current does not attempt to reverse its polarlty,sv

the rectifiers do no’b modify the excitation characterlstlcs,
and oqnsequently no extra constraints are necessary to

represent the rectifier-characteristics.

(3.5.1) SYMMETRICAL.3-PHASE FAULT AT THE BUSBAR
The symmetricsl 3-phase fault is the most severe

disturbance condition of all the tests mentioned in Reference




TABLE 1

Values‘compuﬁéd

Parameters Values supplied 8t 1.0 Dalls

4 ‘ o terminal voltage
Mochine 37.5 VA, 11,8 KV |
rating 0.8 p.tf.(lag) 3000 R.P.M. -

Xq 2.00 (unsaturated) 1.816
X b 10816

q

Xyq 1.86 (unsaturated) 1.676
Xﬂq 1.86 (unsaturated) 1,676
Xeeq 2,00 (unsaturated) 1,816
Xy 0.14 (unsaturated) 0.14
Xgg 0,04 (unsaturated) 0,04

Xyq 0.04 (unsaturated) 0,04
Xy 0.2%32 (at 1 p.u. voltage) 0.249
X5" 0,143 (at 1 p.u. voltage) 0.141.

n - ' 0.1 : o
X" | s 69 R
G - , - 1738,3 b
%ra = B3 L
Rfd 0.00107 ‘ : - .

Ry 0.002 . = | -
Ry 0,00318 : N 1




TABIE 1 (continued)

Valueé'cbmputéd

Parameters Values supplied at 1.0 poil.
termin@l voltage

! 5,95 sec. 5,403 Bec.

ng. f 0,169 sec,

7y 0.73% sec.(1 p.u. voltage) 0.801 gec.

" 0,029 sec. | 0.107 sec,

qu - 1.818 860,

v 11 -~ 00169 860C,

q

"'kdla - 1.718 sec,
1 %a - 0.04 Bec.

H 5.3 kW sec/kVA -

Kd - 0.,0022

W 100 n rad/sec, -

M 0,0337 -

X,b 0.1802

R 0.0




TABIE 11
KO = 1.0 | rr:‘ = 00044 gec,
K, = 50,0 '1'-'2 = 0,10 sec.
K‘2 = 11,0 'Va = 0,20  sec,
Ke = » 3,05» ' 'T'3 = 0.10 gec,
= ~ -
K3 0,012 4 0,10 sec,
K4 0,014 5 240 gec.
01 - 64.2 ‘V‘Ol‘bs 'T‘6 = 2-00 BeC,
02 = «129,9 volts v1min = %D voj:bs
Co = '<15.0 volts | v,mox = =53.6 volts
vzmin = 0 \vol'bs
v max = 227 volte
TABIE III
¢, = 1,08 x 103 |7, = 0,10 sec,
G2 = 1,33 ‘1‘8 = 0,188 wsec,
Uy = ~0,267 ""g = 0,49 sec,
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. {20), Consequently, this was considered for an appraigsal of
the validity of the mathematical model, The fault was applied
at the terminalé of fhe unit transformer‘for a duration of
0,38 seconds with fhé generator initially“délivering full load
at rated power factor. Subsequently the Tault was cleared and
the machine restored to normal operation, The computed and
test results for several machine variables are shown in Figs,

by ¢ e (€)

10,11 and 12Aénd the steady state values of the same variables

before and after the fault is given in TablelY,

(3.5.2) DISCUSSION OF RESULTS
During the fault period the field and stator currents are
‘ _ ing, alde-tesk ,

less than what was obtained, and consequently the terminal
voltage is comparatively high ., resulting in a larger stator
éurrent as sbon ag the fault is cleared, The computed field
voltage is also higher compared with the test figures, The
reasons for these discrepancies are: '

(a) Saturation |

The self and mutual inductances on both direct and
quadrature axes depend on the fluxes in the machine ahd vary
according to the degree of saturation, Use of the
unsaturated inductance for the complete range of machine
operation is, therefore, unrealistic.,

(b) Amortisseur Winding Parameters

It is well known that the resistances and reactances

of the eddy current path do not remain constant during

L ’ | ‘.
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trangient operations of a machine,: Their computation during

49

asynchronous operation has been considered recentlyk but no
information is available for modulating these parameters during
machine operations when the flux variation is not sinusoidal.

(¢) Bxciter Characteristics |

The saturation characteristics of the main exciter and‘
magnetic amplifiershave been considered by straight line .
approximations, In actual cases these, of course, differ
from the‘idealised condition. Moreover, it was not possible
to represent‘thé output impedance of‘the exciter for which,
as & result, the field voltage obbtained from computation is
higher, The gains for the different stages of the
excitation s&stem correspond to the open circuit ratios of
the input and output quaﬁtities.

(d) Saliency

Since no information was avéilable sbout the saliency .
of the turbo generatbr, the quadrature axis synchronous
reactance was assumed to be equal to that of the direct
axis. It has been confirmed from tests that the turbo
generators also have an appreciable aaliency, hence such
assumption is bound %o include errors in the computed_xegglts ,
since during leading power factor region, saliency affects
gsubstantially the steady state operating conditions of thé

generator.




56.

CHAPTER IV
VARIABIE PARAMETER MODEL

(4.1) BASIS OF VARYING PARAMBIERS

The appreéiable discrepancy ﬁetween-the computed results
and those obtained from site-tests, as shown in Chapter IIT,
emphasises the necegsity of impfoving the mathematical model
"0 far developed, for obtaining more aocurate quantitative
information,

This Chapter is devoted to de#éloping»a gsuitable way of
including saturation characterigtics in machine analyses.

Satufétion has been considered in the-past in analysing'
electromagnetic phénomena in ferro-magnetic materials, "In

22, the magnetisation curve was approximated 4.

previous work
by several straight-line segments and, depegding on the flux
condition within. the substancé,.different vélues of relative
permeability Wefe considered, In machine analyses, however,
little effort has been made to consider saturation until
recently . The limited progress that has so far been made
in this aspect of analysis is due to the relatively limited
availability of fast computing.aids, because such congider-
ations make it necessary to calculate the transient and sub-

transient machine-parameters whenever the flux copditions

within the machine change.
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(4.1.1) FIUX-PATHS IN SYNCHRONOUS MACHINE

The flux-paths infa‘synchronous machine, comprise a
heterogeneous medium - partly laminated, partly solid iron
 and ﬁartly air., The mutual flux traverses the complete path,
the leakage flux, on the other hand, links only the
respeotiveiwindings and their paths are different from that
of the mﬁﬁual flux, In fact, the distribution of leakage
flux in a synchronous machine is involved and its.precise<‘
form is‘not eﬁtirely adoounted for gt the presen timea- It is;

" however, true to say that leakage. flux is usually less than

10% of the mutual flux, and its paths being mainly in air, . ..

contriﬁutes less significantly to magnetic cimouit
saturation than doesﬂthe'mutual flux. In this connection,
the following aséu@ptions:are introduced.

 (a) The.leaﬁage inductance of each winding is
independent of the state of the flux path of that winding
and itsbvalue is assumed to remain constant for the entire
range of flux variation in the core.

(b) ZILeakage flux does not contribute o the average
gsaturation of the oomposite flux~-path which is, therefore,
determlned only by bhe matual flux.,

(c) Saturatlon is a function of the total mutual flux
in the core calculated from the direct-and quadra#ure~akis
compounents of flux, |

(d) Though the flux in the two axes may be different,




38,

it is assumed that the saturation is effected equally in the
two axes. | | | |

Following assumption (a), only the mutual 1nductanee
changes with saturatlon, hence

L = XL

ad ado ' C ( )
- , 4.1
Laq - kLaqo S
where L g0 2nd Laqévare the ungaturateé‘direct-and quadrature—
axis mutual inductancesrespectively, and A
kK = f<w )/£(H) - o (4.2)

where f(#m).and £(H) are the functions of the air gap flux and
the magnetising force, From assumption (d)

L I | : i
=l = 20 | - (4.3)
ad ado

Alternative methods have been suggested for representing
saturation, The téchnique proposed by Boffi and Hass25, which‘:
is suitable for analogue computer solutlons, takes only the
directuaxis flux condition into account, and assumes that the -
quadrature-axis magnetic paths remain always unsaturated.
ifSteven24' on the other hmnd has developed a method of.
formulating an expression for-the saturation in the quadraturef~

axise

(4.2) VARIABIE INDUCTANCE CATLCULATION

The total flux in the air-gap is given by




9Ye

= W2 2yF | .
gy = (Vg v a2 (4.4)
where Wad is the direct-axis air gap flux and is
= Ibﬁ.{ifd i - id} ‘ (4.5)
and *ﬁq ig the quadrature-axis air gap flux which is
Hence from equations (4.4), (4.5) and (4.6)
T ¢ Lo 2 2
Vat = [Lad {1ea +,ikd'iq} iy {ikq iq}]
o (4.7)
On the basis of assumption (d),»equation (4.7) can be written.
as o . | - .
_ 1. 12,127 13 %
; _ w2 y2u2lE |
or boy = Toa(H§ + 2282} | (4.9)
= LogHat
where Hét = total equiﬁalent.magnetisinv forée
Hd = equlvalent magnetlslng force along “the
direct axis. .
= T g{ieg * g - 1)
and H = equivalent magnetising force along the
Vq quadrature axis .
= L ) — i '
otieg = 1) -
Therefore, L 4 = \Pat/Hat - o (4.10)

Equation (4.10) suggests that if, at any stage; the
magnetising force and the flux pypducedyﬁy.it are known,

the mutual inductance‘Lad can be easiiy calculated. The
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relation between 'y, and H . dependé on the degree of sature
ation, The requirement therefore, is to find a mathematical
, expression for the physical relation between total air»gap
flux and the equivalent total magnetising forece in an aqtual
machine, and the expréssion should be valid for.all conditioﬁs‘,
of machine operatlon. |

From equation (4.7) it is true to say that the
magnetising force can be applied for various comblnatlons of
the direct- and quadrature-ax1s currents, but the alr—vap
flux will be the same for a partlcular mmf, 1rrespe¢t1vekg,
of the combination of the different currents involved,

One way of finding the relationship between the air—gap
. flux and mmf is from the open~cifcuit,chéracteristic of the

machine, since at rated speed

or dividing by Ws ,
"P&f = I'adifd (4.12)
'1_bec§use iy o= iq = ikd = ikq = 0,

(4.2,1) BFFECT OF SALIENCY

The 0pen~c1reu1t oharacterlstlcs, however, do not
oorrespond to the reldtlonship between flux- and mmf for a-
loaded machine hav1ng pronounced saliency, for, in this
case, the‘reluctanc@ of the gquadrature axis is different

frbm‘that of the difect axis., For an exact solution of
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the problem in the case of a salient-pole machine it is,
therefore, necessary to know both Hd and Hq in equétion
(4.9), in order to be able to calculate L,q end then Laq
uoing assumption (d).

In cylindrical rotor machines, the saliency is
'comparatively small and, therefore, in ordef to simplify
the method of 1nclud1ng saturation, saliency is. neglected 1n
s0 far as the productlon of air-gap flux is concerned. If
is then possible to use the open oiycuit‘oharaeteristics to
provide 2 general relationship bétween flux and mmf for all
éonditions of machine operation, because eduation-(427)/cdn'

| then be wrltten as
Vot = dﬂ%ﬁ*lmf1&2+“%d“l)}
(4 2,2) VARIABLE INDUCTANCE FROM OPEN CIRCUIT
CHARACTERISTICS

Asguming at this stage that a mathematical expression
is available for the saturation charécteristic; the
inductance at any flux condition can be calculated in.the
following way, provided that the unsaturated value of mutual
inductance is known from tests,

Tﬁen referring to Fig.13, for a particular @if gap
flax 4% the unsaturated value of fluk isiPus

5o , Ws = Tagolag },

whereas @s; = L H
) . )

(4.13) .
ad " atvi '
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o ﬁ%,. - i@gw |

q;; ,Ladﬁ ‘ ~

) 4 | (4.14)
or ad ~ Tado Y o
and then ' L, = Alﬁé

It is, therefore, required to flnd oux\yug for a known
value of y/, this can be convenlently done by formulating the :
equations of the air gap 11ne, and the saturatlon'
characteristic and. expr9351ng, in both cases, the mmf as a

function of the open-01rcu1t voltage in the per unit notatlon.

(4.3) MATHEMATICAL CURVE FITTING FOR OPEN GIRCUIT
 CHARACTERISTICS

(4.3.1) TSCHEBYCHEFF'S LEAST SQUARE APPROXIMATION
The relation betﬁeen the mmf and air-gap flux is

expresged as a polynomial series of the form

_ 2 3. . oom
y = a, + g1x + ax” + a3x\ + os 2, X (3.15)
where y = total mmf acting round the circuit
and x = the air-gap flux. -

A-polyndmial‘of degree n has n+i coefficients, and n+i
conditions are required toAdeterminé‘thg coefficients uniqﬁély.
However, a situation may arise where the observations or sample
data obtained from some expeﬁiment do not conform to any
uynique solution. In such‘casés the tendency is to fit a

curve y(x) giving a smoothed set of values y(xi) which are,




“G/e

in general, different fyom the observed y,5  Tschebycheff's

least square approximation?5

is one of the most suitable
methods for such curve~fitting. The least square criterion
states that a good estimate for the polynomial is one which

minimises the deviations given by
> k '
e Vi = y(x-) = f(a a ool ) (5 16)
lzo[.l ‘1_] o?™1? n e

(4:3.2) GAUSS~SEIDEL ITERATIVE METHOD

The evaluation of the coefficients 852450008, CaN be
done by one of several methods, In this particular case of
séturationﬂécharacteristics the "Gausg-Seidel Iteratiﬁe“EG
method has been found suitable. ‘VA

The method of iteration lends itself to the solutlon
of nt+i simultaneous equatlons in n+1 unknowns. The process
can be explained in the following way.

Substituting the nt+l1 pairs of data (xi,yi) in equatlon

(3e14) and rearranging, the following equations are obtained,

- o n
&0 = yoﬂa“lxo"azxo-oo-toooaooaco""ﬁnx

(6]
- -1 -1 C =1
By T WE T BgF T 8% T ececcvece = 8%y
- -2 - ; -1 Ne=2
3.2 — y2X2 i aOXQ - a1X2 - X2 - oee ™ anxn (3.17)
: - -n -n ~-(n-1) _ e
an e ynxni - &OXn a1 n ¢oo0o0 = ap“1xn

A solution is then sought for the n+1 coefficients. Tteration

is initiated by assuming that the values of all the coefficients

are zero, Then from the first equation of (3.17) an
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ap@ﬁaxiﬁat@ valus of By =¥ ig obtained.,

Substituting this value of a  into the second
gequation a value of a1;is obtained which is now other than
zero. After meking (n+1) such'substitutiéns a set of
approximate values of all the a's are obtained and the leasf
square error can be calculated from equatioﬂ (3.16), The
iteration is then repeated until the least square error
is found to be a minimum and the values,of’thé coefficients
are retained corresponding to the minimum erfor only, as is:

shown in-Fig.14.

(4.%.%) ITERATIVE METHOD IN SATURATION CURVE FITTING

In applying the iterative method a polynomial of 8 th,

or 10th. order has been found quite sufficient as any incréase,

in the order does not improve the accuracy of the Titted
curve, Also the first ooefficieﬁt a  oan be omitted from
the polynomial‘expression-since‘the satgration charaeterié%ics o
almost always ﬁaés‘thfough the origin.' -
The computed curves are . compared with the actual
magnetisation curves in two cases as shown in Figs. (18 ) and =
(16 ) and Pigs. (17:),and (18 ) show the variation of mutual
resctance with stator voltage. A flow diagram of the

programning of iterative method is shown in Fig.( 19).

(4.4) COMPARISON OF COMPUTED AND TEST RESULTS

The turbo-alternator model, now including the effect
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of saturation, was subjected to several tests to ascertain
the performance of the variable parameter model., Wherejever
applicable the parameters used were the same as in Chapter III
except those which depend on the saturation oharacterlstlcs.
They are calculated at the beginning of every step interval,

A comparison of the machine parameters supplied by the
manufacturers and calculated for 1,0 per ugit terminal voltage

are shown in Table I .

- (4.4.1) TOAD REJECTION TEST

The full-load rejection test was initiated by an
imposed constraint corresponding to the opening of the 132 kV
circuit breaker in the physical system. The computed and
measured values of several machine terminal variables both
before and after the disturbance are shown in Table V,

The test and computed results are shown in Figs. (20~atj
by curves (a) and (b) respeet:.velyo The error of most
significance is 1n the final steady-state stator voltage, whlch
is higher than that computed. This is likely to ‘be due to the |
voltage regulator having in operation a much lower gain than
that specified by the}manufacturera No attempt was made {0
optimize the operation of the regulator siﬁce detailed |
information on the reductlon of gain was not available,

The response of the direct- and qu&drature—axis

components of stator voltage is shown in Fig.22 which
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iliustrates the decay of the quadrature-axis flux at é rate

_controiléd by the time constant associated with that axis.
The sudden rise from zero value in'the test field

voltage ls probably caused by the changing}ohabacteristics

of magnetic amplifiers during transition from a saturated

to unsaturated state. The governor response characteristics

in Fig. 23 notwithstanding that a verj simple representation

has been adopted, shows good agreement,

(4.4.2) SYMMETRICAL 3-PHASE FAULT
The symmetrical %-phase faulf at the transformer

terminals-describedAin Chapter III, Section (3.5.1) was repeated
with'the variable-parameter model, The steady state values of
the machine variables are given in Table IV and they show good
agreement with the site-test results. |

Considering all the traces that-are shown in Figs.10,
11 and 12 by curves marked (b), it can be generally concluded
thet the variation of the machine parameters on the basis of
magnetic circuit saturation has appreciably improved the
mathemdtical model as the results obtained from this model
show closer agreement with site-test results. The reasons
for the discrepancies that stiil exist are the same as
mentioned in Chapter IIT,

The analysis of the %-phase fault reveals several
interesting aspects of machine operations. In the

conventional machine study it is assumed that during a 3-phase

]
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- fault the direct axls voltage and quadrature-axis current is

instantaneously redueea to zero., From the presenf énalysis
it is found from Fig.24 that as soon as the fault occurs the
quadrature axis current jumps_to a negative value and then
decays exponentially based on the quadrature axis subtransient
time constant un%ii the fault is remcved? The direct axis
voltage, shown in Fig.25, follows the same trend. Though
currents and voltages exist along both the axes, the phase
_difference between the voltage and current at the generator
- terminal is maintained at 90o S0 thaf the power output during
the feult period is =zero, as shown in Fig.26, The dynamic
impedanoe measured at the machine terminal looking towards
the system is given in Fig.27. Immediately after the fault
is cleared, it is found from Figs. 26 ahd 27 that the generator
delivers power at a ieading power faqtoro This follows
logically from the fact that during’ﬁhe fault duration, the
firect-axis flux~linkage is reduced 1o a small value due %o
the heavy fault current and conseqqeﬂfly the terminal voltage
is small coﬁpared with the system voltage., Though the field
ﬁinding carries a large current, yet the operation of the
generator is, for a short time, gsimilar to that of an
under excited one. The flux, however, builds up rapldly and
the power factor swings back to the lagging region.

The variation of terminal power and slip is shown in

Fig.(28) as a function of rotor angle. The nature of power
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transient illustrates the phenomena of flux variations If
the flux linkages would remain constant, the power would haﬁe
fbllowed‘a fixéd power-angle characterigtic, Similar curves
have also been obtained from tests? This also shows the
effect of the voltage regulator in that the machine retains
& higher amplitude for the first few seconds before settling
down to the steady condition.

The wide range that the impedance locus covers in Fig.
(27) may be of interest from the protection point of view.
The usual practice  of calculating a fixed impedance circle
on the'béﬁis of a constant voltage behind the transient
‘ reaetahce is somewhat unrealistic when compared with the

results that are likely to he observed in an actual system,
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CHAPTER V
" ROTOR OVER~VOLTAGES IN A.C, EXCITATION SYSTEM

{5,1) LIMITATION OF D.C. BXCITATION SYSTEM

For many years it has been the general practice to

supply the excitation-power requirements of curbogenerators from

d.c. generators driven from the main shaft or a combined

induction motor d.c. generator unit running at a relatively

low speed.  This arrangement, partioularly the direct-driven

d.c. excitation has, in general, proved to be a reliable,

economic and satisfactory source of power for synchronous

generators of considerable size, With the present trend of

increasing size of individual units, the excitation power-
requirements, however, tend to exceed the practicable limit
of o d.c., generator, With higher output and the consequent
reduction in speed,'the d.c., generator size becomes
uneconomically large. The higher voltage and larger current
-ratings of the d.c. exciter to cope with the demand of power

requirements aggravate: the commutation problem,

(5.2) A.C. BXCITATION SYSTEM

The recent development of semiconductor rectifiers of
large current and high peak inverse voltage ratmné? has made
the rectlfled ouﬁpui of an a.c. supply a praetical source of

excitatlion power of modern 1arge turbo-alternator uwaits. The
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alimination of hruahg@af and consequent reduction of
maintenanee problem moake this arrangement an attractive
proposition and a. cﬁ‘eX01tat10n systems are now finding

widespread application,

(5.2.1) ARRANGEMENT ’OF_ THE RECTIFIER UNIT

ihé scufce of a.c. power may be obtained either from the
normal station agxiliary supply or from an a.c. generator |
cbupiedvdirectly to the main alternatbreghafta |

In the case of a static excitation~éystem where the
supply is obtained from the statlon auxiliary transformer,
the power, after reotlficatlon, is supplied to the main
generator field winding through sllp rings., This -
srrangement has the advantage of greater reliability with less
maintenance problem in casé of any fault in the'rectifying'
elements, The main disadvantage, however, is-that the
excitation is influenced by the system—voltage disfurbanoeé
and it is required to convert the constant voltage supply
from the transformer o a varlablemvoltage input to the
rectifier-unit to correspond to the response characteristics
of the regulating devices.,

In the alternative arrangement of a.¢, excitation the
rectifying unit is mounted directly on the main‘generator— |
shafﬁ?z»'Thé soyree of éuppiy is an aoc,lganefator of the
usual rotating fiéidtype‘cmnpled slgo to the main alternator

shaft, Mhe arqgtufé‘which may sometimes be rotating type
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ims%ead of the fiela; can have three or poly-phase construction.
The rotor is uqually made up of laminated iron in order to
elimlnate the generation of eddy-eurrent, The frequency of
‘the exclter is increased to 100 ¢/s or 150 ¢/s in order to

" reduce the response-time of the exciter. Other special .
design features of an a.c¢., exciter have been discussed in :
reference (33)., The main advéntage of direct-coupled.
exciter is that it meintains independence of excitation
supply. The rectifying elements agg'mduhted on the shaft |
and provide: a brushless machine with the added benefit of |
unit principie in plant léyout; The main disadvantage,
however, is found while replacing'fauify diodes or aﬁy’other
maintenance work for which the complete turbo-generator unit

hag to be brought to rest,

(5.2.2) RATING OF THE RECTIFIER UNIT >

To obtain the propér current and voltage ratings, the
rectiflers are uéed in series and parallel éombinations ags
shown in PFig.29 ;

(5.2.2,1) CURRENT RATING

In selecting the current rating of the diodes a number
of operating conditions must be considered, kFirstly, the
continuous rating, with oné section of the diode~-units |
isolated ﬁgxgmaiggénanoe or remaining faulty in case of
rotatingvunit, must exceed the rotbr current for Qontinuous-

naximum output of the generator taking into account @ny-'
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a@ra%ing‘@f individual diodeé, Secondly, the transient
ourrent to cope with-any abnormalIOPerating condition of
the machine must be within the short-time capability-Of,the
diodes. - |
(5.2,2,2) VOLTAGE RATING

The two conditions governing the voltage rating of the
diodes are the same as those for the current réting,~namely,
the m.c,.r, exgitaﬁion voltage and the exciter ceiling voltage.
In addition, if the generator funs‘;asynohroﬂously with high
initial loading or under pole-slipping with the main géneratbr
field circuit unexcited or 0pen.circuited‘high inverse voltage
:may be induced across the rectifier unit. The pé&kainverse
voltage rating of the complete rectifier unit should exceed
the meximum voltage that?g; induced under the worst operating

oondition.

(5.2.3) PROTECTION OF-RECTIFIER UNIT

(5.2.3.1) EXCESSIVE FORWARD CURRENT AND OVER
" HEATING -

High forward curfent can be caused by a fault at the
main generator terminal or on the d.c. side of the rectifier
stack. The excessive currenﬁ\raises the.juﬁction temperature
to the damaging level. The bresent-day practice of
protecting the diodéslfrom faults due to large forward current
is to fuse the individval strings of eleméﬁts. This

. 35
arcangement also prevents the possibility of feedback from
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otber parallel gircuits in the efent of a short-circuit in
. the faulty diode string, Suitable alarm circuits are also
incorporated for remote indication of tﬁe actual ldcation~pf
the faulf.

(5.2.3,2) EXCESSIVE REVERSE VOLTAGE

High VQltages mey be produced across the rectifier
- unit for many reasoﬂs; . In o?der to safeguard the>diodes each -
" one is shunted b& a resistor and capacitor'as shown in.Fig.ao
to grade the voltage distributidn acrbss thé complete sfring,
Sometimes thyrite variators are alsé uged across the
rectifier stack as shown in Fig.3l . The shunt capacitor
and resistor arrangement also prevent the damage of the
“diodes during clean«upss_intervals.

The prespect.of manufacture oftdiodeé with ultra-high
peak inverse Voitage and very large current rating in near
future supports the possibility of using a.c. excitation in
lafge turbo~alternator units that are maﬁufactured nowadays
and will be in fﬁturea

The overall advantage of ﬁsing_a,c0 excitation system
is that of availability of large amount of power as demended
by increasihg éynchronous-generator'size, less space. |
requirement and less maintanance~§roblem. Reliability
ags to the 10ngutime_durability of such system will, however,

be confirmed fram experience.,




Lo
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{5.3) OVER=VOLIAGE IN THE GENERATOR ROTOR CIRGUIT

‘The aoc._e;eitatibn system using semiconductor
rectifiers differs from the conventional d.c. system'in that
it is not pqssibie tofhave negative rotor currénts or
voltagé. Whenever the main generétor field current
attempts to reverse ite direction of flow, the high resistance
presented by the rectifiérs prevents it from doing so. In |
practice, this does not result in any appreciable'loés of
control. On the other hand, 1imit@t10n‘of current flow
is‘advantageous under such'oircumstanoes as reSynchronisatidn;?k
The major issue that stems out of this, however, is that"under’-k
the cohditioné.of'pole~slipping:ahd asynéhroncus'ﬁﬁnning, wheﬁ 
the rotgf‘ourrent‘aﬁtempts to reverse its direction but is
iprevénted from dbing sb; a high rotor voltage is induced

across the slip-rings.

(5.3, 4) THE PHENOMENA OF POLE-SLIPPING .
The phenomena of.polemslipping can be conveniently |
explained by refefring to Figs, 32;h5‘55 « In these‘figurés;w

the machine variables have been converted o dqo frame of

referenceggirom.ﬁhe 3-phase quantities obtained from the
site-tests described.in Section (5.4). The machine |
 variables are piotted as functions of rotor anglé and time
respectively to hring out a close insight into what exactly
happens during polewslipplng.
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Referring to Fig.32 , it can be seen that the direct-
axis stator current increases as the rotor angle moves from:
about 120 degrees to 180 dégrees° Then between 180° and
3600 of rotor angle the diregtmaxia current changes very
" rapldly from about 2,2 p.u. to —203~p;uo Thé high negative
rate of change is shown in Fig, 33'0 From equation ( 3.3 )

the expres ion for fleld current is given by

ror £ L (1 +
(1 477 32)Veg + Tg (1 kdp)gl amds
rogll + (Mgl + Tad) P Ta! ¥

indicates that the rate of build-up of direct-axis stator

ipg =
do. do

current has a marked influence in the £low of'fhe ;otor ourrent,k
particularly during the intervai‘when.the iield-voitage ;
- remaing more or less constantoh When{fhe direct-axis sta%or
current has a highjnegative rate of change, theifield,current
1s also progressively reduced until it becomes zero. 'The:
change of both stator and rotor current tends to reduce the
field~ and statbr-fianlinkages voth of which have a meximum
negative value when the rotor angle is about 180°, During
this period, howe#ery.fieid forcing is slowly applied a8 the
terminai voltage, which ét-this‘stagé is largelyndependeht
,‘upon'quadrature axis flux linkages, sfarts going below the
referehceuleVél as shown in Fig. 35 .

(5 %.2) FACTORS THAT EFFECT THE MAGNITUDE OF INDUCED

VOLTAGE

When the rctcr current has been forced to zero and then,
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ﬁ@@aus@ of the characteristics of the semiconductor
>reotifiers, iékprevented from flowing in the opposite direction, |
a gituation which is different from that of a conventional
d.c. excitation system, arises, At the instant of field
current being zero, if the rotor circuit is not short
circuited fhrough discharge or any other external resistor,
the rotor winding behaves like an open circuited coil having'
electro-magnetic coupling with the other direct-axis circuits.
This, in effect, reduces the open—c;?cuit timenconstant of the
field winding 4o zero and the flux build-up becomes much moré
‘rapid, as this is now arrested only by the transient and
subfiansient time constants which are much smaller than the 
field circuit time constant, Becauée of the absence of any
de~magnetising ampere-turns from the field circuit s high
induced voltage proportional to fhe rate of change of the.
field flux-linkage appears across:the field wihdipg ag shbwn‘
in Fig,33 and also in Fig.%4 . |

Beyond rator-angle values of 3600, the direct-axis éfator
current continues.to increase with even higher positive raté—'.
of-change thus boosting up the fiéid current tb a very high
level as can be geen in Fig. 32. The magnitude of the
induced voltage depends on a number of factors, of which the
following are important.

(5,3,2,1) INERTIA CONSTANT

As can be seen in Fig,.32, the phenomena oceurs during
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 the period when rotor angle mdveé from about 120° to about
3600. The ratemofwchahge of rotor angle greatly influences .
the‘rapidity of current and flux changes along'the~direct
axis,. For a particular input power, a largegfinertia
constant will slow-up the movement of the rotor-angle and
vice-versa with a smaller inertia constant. o
(5.%.2,2) INITIAL MACHINE OPERATING CONDITION

-When a generator is‘operating at a large ioad angle due
to its beingfunder—excited it can bq_seen from the vector
diagram iﬁ Fig.SG.tmaﬁ the current in the field winding is
smail; It is, therefore, more likely that the rotor current
will be forced to zero and the durafion~9f current=zero can |
also be prolonged, ~ On the other hand, with an initial
- largé current in the field circult the negative rate of .
change of the direct~éxis stator current may not be able to
force the field:oﬁrrentwto zero and thus the bossibility of
generétion of induced voltage may be awnided,during a cycile
of pole=slipping.: |

(5.%.2,3) OPEN. CIRCUIT TIME CONSTANT OF THE
FIELD WINDING .

As the‘lbad angle bstween,the direct-axis of thé
machine and the busbar to which it is connected, moves away
during the pole—élipping, both the direct- and quadratureuA
axis components of the‘terminal voltage mcve,along‘with ﬁhoée .-
of the busbar; The magnitude of the directw and quadraturemj, 

axis currents d@penﬁs on the difference of the corresponding

I
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voltage components for a constant external impedance., That
is, neglecting resistance
i = (vq ~ Vycos 0)/X,

iq = (Vbsin 6 ‘“Va>/xt

Now, how closely the machine terminal voltage will followMyg§;
busbar voltage depends on the rapidity of flux~linkage response
on the two axes. A smaller equivalent fime constant in any.
axis indicates that the flux-linkage‘will follow more fapidly
the component of the busbar voltage .in that axis. With a
larger time congtant in the direct axis, it is more likeély that
the direct-axis stator current will be larger both in the |
negative and positive direction with a possibility of more
rapid ourrent variation. |
(5.%,2.4) SUBTRANSIENT TIME CONSTANTS

During the period when the field current remaing zero,
the rapidity of flux variation is determined mainly by the
time constants of the damper windings in the direct axis., A
large damper-winding time constant will reduce the rate of
change of the flux linkages in the field circuit and
‘ congequently the reverse voltage appearing across the slip
ring will be small, Apart from controlling the magnitude
of the over-voltages, damper winding parameters play an
important part in the response of the machine variables during
the periocd when the field current starts flowing in the |

positive direction. During this periéd the flux-balance




for normal opevation beﬁween the stator and the rotor
clrecuits is established after it was lost during the period
when field current remained zero. The response of stator
current, particularly in the direct axis, corresponds to the
difference of two flux linkages;‘dne that builds up during
the occurrence of the over voltage and the other that would
exist if the field current was not kept at zero for a certain
period, Thig difference is mainly a function of the subu'\~ |

transient parameters.

(5.4) COMPARISON QF COMPUTED AND SITE TEST RESULTS

Tests were carried out in July 1962 on one of the
generators in Belvedere Powef.Station;7 to ascertain the
amplitude of the rotor voltage surges in order to confirm
the adequacy of the peak inverse Voltage rating of the
excitation rectifiers. The test.geherator was connected . .. i
to the system busbar and was"@eliverihg power to the system;
The condition oflpqle-slipping was simulated by.réducing the
reference input to the voltageQregulator comparator to 60%
of the normal value. During the test considered here for

the purpose of comparison the reference input was reset to the

original value after two pairs'of pole slipping and the machine

subsequently regained syﬁdhfonism. The excitation control
gystem of the generator is shown in Fig.37 and the equations:

peitaining to the various elements of the voltage regulating
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ﬁyﬁt@m_ére given in Appendix D, The system interconnection,
for the purpose of the study, can be‘nepresented in the same
way a8 shown in Fig, 6 ., For‘studying the phenomena of pole-
‘slipping by digital compubter analysis additional instructiqné
were incorporated in the pregram Yo represent the constraints
imposed by the field current having only one polarity and
consequent changes of éﬁmeﬂof the differential equations.
The difficulty that was encountered in formulating the
congtraint without losing the generglity>of the program, was
overcome in the way as described in Appendix D, The data 4
- for the test generator supplied by the manufacturers andu*;
obtained from the calculations are given in Tables VI amd VI,
The initial values of some of the machine variables
obtained from site tests and computation are given in Table
VIIZ . The transient response of these variables during pole-

Loy cwree( B) -
slipping are shown in Figsc38'h)44yi The compubted results

show close agreement with those from\siﬁé tests‘untii the‘pole%
slipping occurs with the consequent generation of the high
rotor voltage. . Phe maximam over-voltage and the subsequent
overshoot of field current obtained from computation as shown
‘in\Figssgy;afe satisfactory., After the first pair of pole~-
slipping, the compubted reéults deviate appreciably from -

those obtained from site~tests,




TABLE VI

Parameters

Supplied Values

Caleoulated Values‘at

— g

Generator Ratings

120 i, 13.8 XV,
0,9 P.F. (lag)

% phase, 2 pole,
50 e¢/s, Hydrogen

cooled

1.36 (unsaturated)

1.24 (unsaturated)

0.12

0.2035 (unsaturated)
0.1415 (unsaturated)

-

1.0 pe.u.terminal voltage |

b
-

14255
1,255
1,135
1.135
1,227
0,12
0.092
0,032
0,032
0,233
0,143
0.151
0.000862
0.002

0.01128
(0,00564)

0.01128
. (04 00564)

3 TOS

- 0,02

0, 60@‘
0.014"
0.201
0.065
0,025




TABIE VI (continued)

I

—

- Computed Values at
Parameters Supplied Values 1.0 p.u. terminal voltags
xd - 0,025
H 3,87 kW sec/KVA
Kd L - 0.00319
W, 314 yadians/sec. ~
M - 000246
| Generator Transformer
Rating 128 MVA -
0.0, Turn Ratio 13.8/140,5 kV -
Reactance 15% -




TABLE VII

Parameters for the Excitation System

Parameteré‘ Supplied Values
Hq : 0.30 second
To 0.244 second
’Y3 0,035 second
v, max 60 volts
v1min ~-60 volte
ky 63
add 0,007 second
k2 : 4,76

47% | 2,19 second
k3 0.00198
g 0.122 secqnd
fT7 0.3 second
k4 , 0,00225
‘?8 0.3 second
k5 ' 0.346
Té »O.3 second
vamin ‘ - 0.0 volts
Vomax 126.0 volts
Vfdmin . 0.0 volts
VpqMmax - 540,0 volts




TABLE VIII

Steady State Readings at Start of

Test

Test 1/3

Pole Slipping

Test Results

Computed Results

slip (%)

| Stator volfage 14,8 14.75

(kV)

Stator Current 4,56 4.68
(kA) .

Active Power 115.5 - 116,5
(MW )

Reactive Power 28,0 26,7
(MVAR)

Rotor Voltage 210 214
(volts)

Rotor Current 1314 1280
(amps)

Rotor Angle 35 36
(degrees)

| Measurement During Test

Peak Induced

Rotor Voltage
(volts) 1340 1295

Stator Voltage

(kV) at this

t‘ime 1005 10.5

Stator Current

(kA) at this :

time 12 10.8

Instantaneous

205 2°8
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(5.5 GEN@RAL COMMENTS ON THE RESUILTS

During the transient periods when machine operations
dd nbt correspond to the steady‘state conditions the~solution>
of the machine variables from the differentiel and other
equations is influenced by the parameters used, When the .
parameters are in error, the deviation is progressive with

the duration of transients. In case of analytical studieé'

of prolonged disturbances, the accuracy of the available data,
is very important in making any worthwhile assessment of
mechine operations, While trying éo program the correlation
study for the pole-slipping condition widely varying results
- Wwere obtained by meking small changeé in subtransient |
parameteﬁs and it was necessary to adjust the vaiuekof the
damper‘winding‘paraméters as given in Table VI'. In the
direét axis the subtransient parameters are not so impdrtant-
until the field current is re&ucéd to zero, whgreas in the
quadrature axis these are very critical, specially the time~-
congtants since there is no other dominantly large time
constant as in the direct axis.

The sources of error in the analytical results can be
attributed to the following main reasons:

(a) Governing System | |

No information was available about:the governing system
of the generator turbine. The governing system of the test

| generafor in Goldington Power Station was at one stage used
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for the present study, but the results were not very
encoﬁraging. v The input to the turbine was, therefore; assumed
t0 be constant during entire transient, Satisfactory results
were still obtained for the first several seconds due to the
slip remaining well within 1% of the rated freqﬁency for
sbout 6 seconds and the input power may not change appreciébly
for such speed change.

(b) Busbar Voltage

The busbar to which .the machine was connected was
assumed to be an infinite source not being affected by the
| machine operating conditions. It can be observed from Fig,34
that the busbar voltage was not constant during‘ﬁole-slippinga
Such variations of busbar voltage and phase displacement have
been r'ecorded“ during gite-tegts .2' ?

(e) Subtransient Parémetersj

‘The inadequacy of the eddy current representation by
short cilrcuited coiié with fixed parameters is well known,
The resistances and inductances'of‘fhe amortisseur cirecuits .
are caleculated from the short circuit tests whereas these
depend, instantaneously, on the rate of changecfyfflux on the
“rotor body. The single~valued parametérs are, therefore,
likely to introduce error in mathematical analysis wherever

their contribution is prominent.




CHAPTER VI

EDDY CURRENT PHENOMENA IN FERRO-
MAGNETIC MATERIAL

(6.1) GENERAL

A 1arge amount of work has hitherfo been carried out on
eddy‘current phenomena but a mathematically gound method of
considering the effects of eddy current in the analysis of |
synchrbnous machines under trangient conditions has not yet
been developed, Though the representation of eddy current
pathé'by~cohsﬁént parameters yields satiéfactory results
under certain conditidns, its inaccuracy for analysing

prolonged transienfs has been realised on several occasicnszo.

(6.2) PREVIOUS WORK

40 and Rosenberg1

Following fhe pioneering work of Thompson
analysés of'eddy current phenomena have been considered for
problems ranglng from essentlally academic studies to severely
practical ones, In some cases, the treatment of the subject -
has been of a general nature, whereas on other occasions the
iﬂvestigations_have been concerned with particular aspects of
the applications of the effects produced by the Tlow of eddy
currants; ‘ | | |

The work of P0h142, McGonne1143, Thomﬁson4o and, more
recently, by Agarwal44, Keghavamurthy and Rajagopalan45 and
Subbe Reo*® hayebeen concerned with anslysing the effect of
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the application of anlelectromagnetic field in a ferro-
magnetic material of comparatively simple configuration and
the emphasis has been towards a qualitative assessment of the
quantities such as flux variations and the current
distribution within the material., The work of Concordia and
Poriteky?!, Wood*®, Buarali and Adkins*®, and Hamilton’©

ZANEE on the otherhand, are more clogely assoclated

and others
with eddy current phenomena related to rotating mechines,

In most of the previous analyses except in referenoes‘(45)
and (42), the solution of the electromagnetic field equations
are based on the existence of an harmonically varying forcing
fanction. When it relates to rotating mechilnes, p&rt;dularly
.t0 alternators where the rotor is forged out of solid iron,
the solution takes a difficult form because of the complicated
nature of the flux path and the presence of slots round the
periphery of the rotor, Due to & pronounced skin effect duwring
flux variation, the degree of saturation of the material is not
uniform all over the flux path and the itreatment of the complete
problem poses a formidable task. It therefore becomes
necessary 6 calculate an equivelent flux path which
corresponds reasonably to the total effect of saturation,

Wood and Concordia®> have shown thet the ourveture of the

rotor body has relatively minor effects.
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(6,%) ELECTROMAGNETIC FIELD EQUATIONS
The generalised Maxwell's field equations of particular

interest for the present purpose are:

L
VxH = I +3p | (6.1)
oB

Vx h - e "a"'_"t" (6-2)
where H = magnetic field

E = electric field

d = conduction current density

D = displacement current density

B = magnetic flux density

The other relations that are of importance while dealing

with ferromagnetic materials are

E.' .
d = 35 (6.3)
B = pHE (6.4)

Making use of thése twe relationships the following equation

may be derived from equations (6.1) and (6.2)

5 p o2 - D 1
Y, xE=—p--é~E+ X 3¢ (6.5)

A general solution of equation (6.5) that can be applied
to a medium of any boundary and exé¢ited by any arbitrary foreing
function is not available in literature and assumptions are,
therefore, made to reduce equation (6.5) to a form that is
aménable to solution. With particular reference to the study

of eddy-currents in rotating machines, the following
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asgumptinns are usually made:
| (a) Displacemenﬁ currént is neglected.

(b) The material is assumed to be electro-magnetically - 7
 homogeneous .,

(e) Cufvatﬁre is neglected.,

(d) End effects are neglected.

(e) By assuming a simple shape of the material as
shown in Fig.45 where the material extends to infinity in
the z direction the equation‘is usually reduced to a two-
dimensional form.

Bquation (6.5), on the basis of these assumptions,
becomes

BZHZ(Xryr"t)
ox oy

oM, (x,y,t)

aHz(X,y,'t)
2 -

— (6.6)

(6.4) SOLUTION OF THE FIELD EQUATIONS

(6.4.1) LINEAR SOLUTION
A solution of the field equations is based, ag mentioned

earlier, on the consideration of a sinusoidally varying

magnetising force, The effect of hysteresis may be included .

by assuming a constant complex permeability54 but within the
range of flux variation that is encountergd in synchronous
nachine analysié, hysteresis is not impcrtant49, To
achieve, first of all, a simple solution, equation (6.6) is

further simplified by;%“{%p;g§§@n infinite half space for.

URIVERSITY |
LIBRARY




FIG.45 SECTION OF A SOLID IRON BIOCK SHOWING
_ THE COORDINATE SYSTEM

(dotted line indicates uwnit length in
the Z direction)




67,

which case Hz, B, J, are the only functions of y and %t that

z? "X
exist., So the final equation is

22

o H oH ’ :
22 = & -é“-'tﬂz"- (607)

For a magnetising force of the form

jwt

H, = Hge (6.8)
the solution for (6.7) is
H, (y,t) = Hoemmyeg(wt -‘my) (6.9)

where m = \,2p

(% is usually known as?%laésical depth of penetration)
The expression for the impedance fo the flow of the eddy
current$1, that can be derived from the solution given above,
is | ‘ |
sgg = V2Zoemed™4 | (6.10)
The two points 6f importance that are indicated by equation
(6,10) ares
(a) The impedance varies with Voo
(b) The impedance has a constént phase angle of 45°,

Tests carried out on several ocoasions55’49

have shown,
however, that the impedance angle is much smaller than 45°,
This discrepancy has led to a different approach to the

solution.
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(6.4,2) NON LINEAR SOLUTION

The nonlinear solution based on a rectangular
magnetisation curve was first used by MoCOnnell4? and
subsequently by Agarwal44a N

. The flux density is assumed to have a constant saturated

value iBs whenever the magnetising force H has a value other
than zero, as is shown in Fig.46. This theory is based on»
the assumption'that with a uniform magnetising force varying
sinusoidally, flux waves of constanﬁ deﬁéity BS impinge on the
outside of the material and propagate inwards towards the centre
until waves from all directions meet at the centre.  There-
after, the flux remains unchanged until the magnetising
force takes‘a reverse polarity.

This theory, on the bagis of which Agarwal44 has made.
a comprehensive analysis of eddy current phenomena,was
‘recently adopted by Bharali and Adkins*? for calculating
the admittance functions of generators during_ésynchronous
‘running condition for various slip frequencies., The

effective admittance for the rotor body given in reference

49 is
. 5 R
Y, = '& . gﬂ wl ﬁg o—J26.6 (6.11)
d kv i 40 sz g
where kv and ki are the factors depending on thé

effective number of turns in the
stator winding.

| ﬁm = peak working flux in the rotor.




-H H

-B

FIG. 46. RECTANGULAR MAGNETISATION CURVE
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w = axial length of the rotor,

1 = equivalent length of the flux path.

w = frequency at which the flux is varying.
Bguation (6.11) shows‘that the admittance, now calculated on
the basis of nonlinear theory, has an angle smaller than 450.

From experimental verification, equation (6.11) has been

found to provide more satisfactory results than equation
(6.10), specially when flux follows & harmonic variation.
The authors have concluded, hoﬁever, that under the
conditions where the flux in the core do not reverse the
results obtained from linear solution are adequate, The
success of applying the nonlinear method depends on the choice
of an appropriate value of Bs for a particular condition of

operation,

(6.5) DIFFICULTIES IN APPLYING THE SOLUTIONS UNDER TRANSIENT
CONDITIONS

The expressions for the admittance of the rotor derived
from the linear and nonlinear solutions have the following in
common :

(a) The impedance angle is constant, irrespective of
frequency or saturation.

(b) Both the resistance and inductance are frequency
sensitive, |

In both cases, solutions have been achieved by applying

a ginusoidal magnetising force.
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During transient operations of a synchronous generator,
neither the magnetising force nor the flux, whose response
is constrained by the operation of eicitation system and
terminal conditions of the machine, fdllows a harmonic
variation and, as such, an instantaneous frequency of flux
pulsation does not exist, The problem takesAa more stringent
Tform when the nonlinearity due to magnetic circuit saturation
ig included.

Bharali and Adkins49 have usedrthe expression given in -
equation (6,10) for analysing the 3-phase short-circuit
euprentsof unloaded machines-and showed that the subtransient
components of the short-circuit currents do not decay
exponentially, but follow a curve based on an error funotion49.
While developing this method; the suthors had to resort to a
great deal of simplification by assuming a constant voltage
behind the subtransient reactance for fhe entire duration
of the fault, Magnetic cirecuit saturation was also assumed

t0 remain unchanged.
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CHAPTER VII

REPRESENTATION OF EDDY CURRENT WITH
VARTABLE PARAMBTERS.

(7.1) INTRODUCTION

The eno?mous~complexity that is involved4‘_in deriving
- & general solution of the field equations applicable for all
conditions of flux and mmf vaiiation has not yet been overcome.
A compromise that has emerged from this situation, has
encouraged the trend towards developing equivalent circuits
to account for the flow of eddy currents. While in the qasé
of a generator the parameters of these ficﬁitious'éddy current
circuits are obtained from short circuit tests, theoretical
analysis in deriving their expressions are also

available??+40,

One46 of the énalytical methods for developing an
equivalent cireuit for eddy current paths starts with
sinusoidal solution of the field equations for an iron
‘‘section having large width/depth ratio., The expressions
that are obtaiﬁed for the resistance and reactance of the
eddy current paths, from this solution is again féequency~
dependent., However, based on the aséumption that the
transient response of a function is largely characterised
bj the low frequency response of the system, Subba Rao46
has finally prodﬁced an equivalent circuit with constant

resistance and inductance for the eddy current path as
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shown in Flg.47. The important assumption made in the
analysis is that, at low frequencies, less than about 5 ¢/s,
the ‘depth of penetration is very large compared with the
haif thickness of an iron section, The reasonablen
agreement between thé calculated and test results after
ineluding saturation by straight line approximation serves

to justifyithe asgumption made.

(7.2) DISCREPANCIES IN DAMPER WINDING PARAMETERS OBTAINWED
- FROM CALCULATION AND TESTS ’ ’

Fpom Fig,47 and also from reference (46) it is found
that the inductance of the eddy current ﬁath‘varies, depending
.on width/depth ratio; betweeﬁ 3%,%%% and 16.66% of the mutﬁal
induetance between the solid iron section and the magnetising
winding. Poh1#? has suggested a constant value of 22% of |
the mutual inductance. Though no precise relatién between
thevinductanoéﬁgie re§istance appears to exist, it is
invariably found that the numerical value of the former in
hén”g is comparable with that of the resistanqe in ohms,

In the case of synchronous generator, howeﬁer, where the .
resisténcesand reactances are calculated by well éstablished‘
methodsSG from short circuit tests, the éofresponding_values» :
are usually much less. Taking the specifie example of the
test generator at Goidington Power Station fhe following data .

is available:




R B Le
I . VAN AL A LLI2 R

‘where M = N° if(4ab)

I, = L) l(4ab)
R = I\T? .Q 8 .g.l_'."l')_
e 1 o
R1- = PField Winding Registance
‘ " = a./b . ) »
'AA.. =
P = Resww

E:IG. A7 BQUIVALENT CIRCUIT OF A SOLID IRON CORE,
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Mutual reactance, x, 1,86 p.u. (unsaturated)

Amortisseur leakage reactance = 0,04 p.u.:
=215%oi‘xd

Amortisseur resistance = 0,012 p
=O67/$of

d

The resistance was further reduced by Shackshaft2o

by -
-a factor of four to obtain a better agreement between eomputed
and test results. The general trend bf low numeriqal values
have been observed by the author for machines of widely varying
ratings.,

1_ Based on the nonliﬁear theory with rectangular magnet-
isation Agarwal44 has developed an expressionvforythe complex
surface impedance by applying Fourier transform to the non- .

sinusoidal surface voltage expressiono The impedance ig

Zrg -13-5- {[1 {1 - (mb)gf/z] Lme 2(mb)3]}
(7.1)

where igs the depth of flux penetration

1
m
b = half thickness of the iron core.

Since m is prcpbrtioﬁai té Vo the equation (7.1) shows
that the damper winding impedance varies between zero and
infinity as the frequency of flux variatioﬁ changes fréi
zero to infinity. The power factor of the equivalent eddy
current paths, based on the two theories,outlined in Chapter
VI has = constant value irrespective of the»frequenoy.

- While the theoretical values of the power factor éngle are

26.,6° and 450, those found from experimenta;,results55 appear
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t0 be in the region of SBOa

In a synchronous generator, from the functional point of
view, the generation of eddy currents is important in that,
on one hand, it creates losses in the rotor body, and it
contributes to the air gap flux veriation in the direck
and quadrature axes on the other. It is the latter function
that is of major consideration. Unless a generator is running
asynchronously, the loss due to eddy currents is quite small
compared with the rated output of the machine. On the
other hand it has been found from the author's experience .
(mentioned in Chapter V) that the subtransient time-constant.
plays an extremely important part, specially-in the quadraturef
éxis flux variation. In conventional machine analysis where
the subtransient quantities are included and also in the
mathematical model developed so far, thé“subtransient time
congtants (equations 3°8 b 315 ) are calculated agsuming a
frequency of 50 ¢/s. From equation (7.1) it can be shown
that for particular frequency w,

by = 45 00 {1 - [1 - 7]7/2)
Yeq = 32 mplf 3mb - 2(mb)? )

And on the basis of sinusoidal quantities and assuming the

(7.2)

depth of flux penetratlon t0o be less than the half thlcknesé?4
(b =) X
Tea = o = : (7.3)
kd w ‘

Similar equations can be derived from equation (6 10) but here

time constant
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Tieg = = | | (7.4)

These suggest that the time constants are, theoretically,
inversely proportional to the frequency where as the reactance

and resistance are proportional to Yw.

(7.3) BASIS OF VARYING THE DAMPER WINDING PARAMETER.

Having determined the requirements of varying the
parameters of the damper circuit a techniqué was developed to
incorporate a method for changing fhe resistances and reactances
at each step of solution. At the same time the basic idea
of an equivalent circuit W&SAStill maintained, |

To explain the technique, the following equation is
considered:

i(R + Ip) = V sin wh (7.5)
which corresponds to applying a2 sinusoidal voltage to an
induetive circuit. A compiete solution is simple if the
boundary conditions ére known., On the other hand, if the sine
waﬁe is divided into a large number of small sections as shown
in Fig.48 and if the magnitude and slope of the curve at the
beginning of each section is known then the sine wave can be

replaced by an equation (Fig. 48).

o f(8) = Hy o+ nfat (7.6)
where | HQ == H, + nfétf the O%TVGGkCLPOtnt
n = glope at that point.

Here, again, the solution of theﬂcurrent—equation (7.5) can

=)




H = H+ Smdt

where di =Ap = b

For an electric eircultb 1 -‘—-A_;.lﬁ(VT. - ioR‘)
where i_ = current at the end of the first step (above)

v° = I/R

FIG.4 8. INTEGRATION OF A SINE CURVE BY
STEP INTEGRATION METHOD.
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be achieved by a step-by-step process of integration.  This
then suggests that if the magnitude and slope at every small
interval of a time varying quantity is known then derivation -
of a_ﬁrénsient response can be obtained without knowing a
steady frequency response. In the step-by-step process of
solution, this is fortunately available at each step. With
the help of thé finite difference, ~ .- _ method_mehtiqpéd
in Chapter III, the slopg of the mmf functions producing flux
in the rotor body along each axis can be calculated whilg‘the,
magnitude is obtained from the solution of the other equations.
In per ug;t sygtem the mmf's are equal 1o ié along quadrature
axis aﬁ@ 1eg-ig along the direect axis, _» |

Again the following two equations are being considered:

H = Hesin ut ‘ (7.7)
Hy = H, + nt (7.8)

. aH1 A

Therefore el wHocos wh (7.9)
oH,, |

and == n (7.10)

Now dividing (7.9) by H,
oH, ‘ , |
Fra /Ho = @ cos wb (7.11)
Dimensionally, the right hand side of equation (7.11)
gives the instantaneous angular variation of magnetising

force H1. It is on this basis that the modulationsof the

parameters of the dampér winding cireuit are, in theory,
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determined, At every step, the rate of change of the
magnetising force was calculated and then dividing the slope.
by the mmf a quantity which can be considered as the

instantaneous angular variation of mmf, was obtained,

(7.3.1)_ SELECTION OF INITTAL PARAMETERS

While applying this technique in the analysis of the
Belvedere machine, the initial values of both the direct and
quadrature axes inductances and resistances were calculated
on the basis of the equivelent circuit shown in Fig.47. = The
following dimensions of the generator rotor wete available.

Axial length of the rotor = 170 inches

Diameter of the rotor = = 40 inches -

Resistivity of the rotor iron = 29 x 105 ohm meter

Unsaturated permeability of iron™ _
= 60 x 10

4 (approximately)
Since the unsaturated value of the mujual inductance was
known, information about the number of effective turns was
not necessary for calculating the resistande of an equiﬁalent
circuit (Fig., 47). |

The following dimensions were‘COnsidered initially:

Width of the magnetic path ;:370 inches

Depth of the magnetic path = 25 inches

Length of the magnetic path“= %5 inches
The next step was to relate these_péfameﬁeps to0 a particular

frequency of operation so that these could then be modulated

i
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whenever the rate of angular variation changes from the one
that igs congidered initially, No émperical relation is
avallable fo;kthis éﬁd, as a result, it was a trial and error
method, Initially an arbitrary frequency of 1 c¢/s was chosen
to qorreépond to the parameters developed on the basis of the
equivalent circuit, During transient analysié the parameters

were then modulated in the following way
‘ 1
- ‘w )
Xw) = X(mo)'two}

!
R(w) = Rlu) {ug |

]

where w the chosen frequency, ! c¢/s = 3.14 rad/sec.

w = the angular variati6£7éalculated in the way
: described in Section (7.3).
(7.3.2) ADJUSTMENT OF THE INITIALLY SELECTED PARAMETERS
During initial programming with the'variablelparameters
for the damper windings, the main mathe@aﬁiéal instability |
that was found to occur was due to the dampef winding timé_
coﬁstants'Tédo and T%d becoming very lérge:whén the rate of
change of thé megnetising force algné eitheﬁ\gf the two axes
beéame very small, This difficulty was ovércome by keeping
the damper winding parameters fixed during the period when the
rate of variation would beoome‘less‘than 0,025 ¢/s.,  There
was no difficulty on the higher ranges-of frequénciesp'
The other adjustment that was necessary was in selecting -

the original value of w. From several trial runs of the
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program better results were obtained by selecting the
damper wihding impedance oft46p.u. at a frequency. of 1
radians per second. The value of the resistance at this.
stage was adjusted to give a power factor angle of 320, Thé
variation of the inductances due to saturétion was included
throughout on the basis of the theory developed in Chapter
v, |
According to equation (7.11) it was necessary to divide
the slope by the mmf at each step of calculation. While in
that equation Ho is constant, the magnetising force iﬁ the -
poie glipping test varied between wide ranges. It was
'therefore necessary to adjust the value of the dividing faCEOr
.at some stages of computation. Again from trial run, the
Lselection of¥24p.u. for the dividing factor along both direct
and quadrature axes immediately after the field current started
building up in the positive direction was found to yiéld

gsatisfactory results.

* (7.4) COMPARISON OF COMPUTED AND TEST RESULTS

| The pole~-slipping test oh”ﬁﬁemﬁelvadere generator was
considered for comparing the experimental results and those |
obtained from computation including the variation of thé damper
winding parameters as developed in the last Section.,  The

results are shown in Figs. (38) to (44) by the curves marked

().




80.

The improvement, specially during the period when the
field current builds up in the positive direction after
remainihg zero for a éhort time,-is remarkable when oompared‘
with the results obtained in Chapter V with the machine
parameters Qalculated from short-circuit tests. The induced
rotor-over voltage (Fig. 38) is about 5% higher than that
found during live-tests. This is due to the damper winding
time-constants becoming small when the rate of change of the
maognetising force in the direct axis is very high during pole
slipping. Though the rate of change of ig immediately
after first pair of pole slipping is very high, the field
&urrent does not overshoot (Fig. 39) because the field winding
time constant, which is much larger than the damper winding..
time constant, comesinto action. The gtator voltage and
current follow reasonably closely the tested curves.

The overall éatisfactory.agreement between the test and
computed results therefqre justifies the validity of the
technique developed to modulate.the_parameters of
amartiéSeur ci:cuifs during transient operations of a
synchronousigeneratoé.

It may, however, be commented that there isscope to
improve fhe theory developed here.  Applying the sanme
technique to machines of various ratings and to different
types of operating conditions a general conclusion may be{

drawn about the nature of adjustment of the initial data
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that may be required under different machine performances.
In the present invegtigatory work the parameters were
adjusted on the basis of the results obtained from computer
analyses for only one type of test and no theoretical basis

was possible ‘bo be developed.

(7.5) MULTIWINDING REPRESENTATION OF EDDY CURRENT PATHS
The alternatlve method by which eddy current paths were
represented was based on the theory developed by Kesavamurthy

and Ragagopalan45

To represent both the steady state and
transient behaviour of a so0lid core the authors have
developed two different equivalent circuits of which the one
that seems to be of particular interest with regard to the
analysig of turbogenerator is in the form of & ladder network
as shown in Fig.(49). The inductances and resistances of

the cirecuit developed by the authors, are given by (Fig.49):

LO = ab[.t (7912)
S | ;
Rn = 2qn[r'(qn)]p | (7.13)
F'(q,.) |
- n’ .
L, = b —g (T.14)
A , n ,
where Rn = presistance of the n th. cireuit of the
complete eddy current path,
L, = inductance of the n th, circuit of the
complete eddy current path.
LO = mutual inductance between the magnetising
winding and the iron core,
R' = magnetising winding resistance




<
d

| J , _—

FIG. 49 LADDER NETWORK REPRESENTATION OF
EDDY CURRENT PATHS
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r = width/depth = &/p

Q@ =D th. root of the equation .
~-(4+r)q tan ¢ - 8 + 8 secg= O and

? o~ e - .
F'(q,) = 4(r-1)tan q = 4(x+1)aq,

Dividing equation (7.14) by (7.13)

I : '

Lo A bu |

R = 16 2 | (7:15)»
n q_n . ‘

which is an expression for the time constant of the n th.’

circuit., Bquation (7.15) suggests that the time constant .

6£ the n th. circuit varies inversely as qio' This is“becausé»‘

of the higher rate of increase of resistance as the order of
the circuit increases.
Since the first circuit of the ladder network has no

resistance, the current through the entire cirecuit is limited

by the series resistance which in case of a synchronous machine .

corresponds to the field winding. The other parallel circuits
are therefore significant only during transient periods.

Ag the impedance of each parallel circuit increases
rapidly with the increase of n, it can be agsumed %hat only
the first few parallel circuits are important to apply the
theory for investigating the transient behaviour of a ferro-
magnetic material.

(7 5.1) APPLICATION OF THE ANALYSIS IN SYNCHRONOUS

MACHINE PROBLEM
In an attempt to apply the technigue in machine analysés,

two parallel circuits were assumed along each axis. The

B
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specific case of the Belvedere test-set was again considered.
Lé was made equal to the mutual inductance of the generator.
The parameters of other circuits were calculated from the
dimensions of the generator given in Section (7.3.1). To
take the effect of other circuits that are in parallél, the
parameters of the second damper windings along each axis were
reduced by a factor of two. Variation of permeability due

to saturation was also taken into account,

(7.5.2) SOLUTION OF MACHINE EQUATIONS

Having the mutually coupled‘eircuits increased to four
in the direct axis and three in the gquadrature axis,
difficulties were encountered in arranging the necessary
differential equations into operational form since the
expression became quite complicated. |

Matrix method1o

of solving the maohine equations was
therefore adopted., The voltage régulator and excitation system
remained unchanged. The arrangement of the machine equations

for matrix method of solution is shown in Appendix B,

(7.5.3) COMPARISON OF COMPUTED AND TEST RESULTS

To provide a check on the analytical methodwgf multi
winding representation of the eddy current paths, performance
characteristics of the Belvedere test-unit was considered.
Computed results of the important machine variables are

compared with those from site-tests in Figs.(38) to (44).




84.
From initial programming_adjustmegf,of the parameters
obtained from theoretical baslis was necessary. The
inductances of the first circuit in both the axes had to be
reduced to T0% of their origihal values.
| Though the results shbw slightly better agreement with
the test results than those with oﬁe damper winding, they
are, héwever, much inferior to the results obtained with
variable damper-circuits parametefs. It was not possible
to iurther optimise the parameters as was felt desirable.
Considering\the necessity of changing the methodfg61Ving
the machine equations, it was felt by the author that the
variable parameter-model for the damper circuits is

preferable to the multi-winding representation.
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CHAPTER VIII
SYNCHRONISATION OF TURBO~ALTERNATOR

(8.,1) GENERAL

Synchronisation is the operation of putting a generator .
into service by connecting it to a system that is already in.
operaﬁion. It is always necessary to ensure that conditions
are electrically favourable for synchronisation at the instant
of connecting two alternating sources in parallel to guard
against the disturbances that may o%herwise'arise and may be,
at times, as severe as that due to any other fault in the
system. In the method of synchronisation that has beeﬁ
most Wideli used, the incoming machinevis brought close to
the rated speed of the system with which it is to operate in
parallel and the machine, at the same time, is excited so
that its terminal voltage corresponds to that of the system.
Much of the success of the method then depends on securing
small and preferably diminishing deviations in the
magnitude; phase and frequency of the two sources at the
instance when the electrical connection is made between them,

No previous account appears to have been devoted to a
study of synchronising conditions fér ranges of different
paranreters, such as is«enoountered in the present {rend
towgrds larger individual generator-units. In one aspect

the present study is related to the predetermination of the

\
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parmissible amplitude, phase and frequenéy deviatiéns asg is
required in formulation of the limits to be'incorporafed in
automatic synchrohising sequenceso Both the changing
rarameters of synchronous generators and the increasing
interest in automatic control ‘technique in the ruﬁning-up and
synchronising of generators suggest, in the author's view,

the desirability of applying an accurate and comprehensive
mathematical model of a turbo-alternator wnit to provide
reliable and desirable appraisal of synchronisimg conditions

in forming a bhasis for automation.

(8,2) IN-RUSH CURRENT AND SYNCHRONISING TORQUE

The two quantities that are of primary importance
during the'process of synchronisation are:

(a) In-rush current

(b) Synchronising torque

(8.2,1) IN-RUSH CURRENT

Due to the presence of phasé and amplitude difference
hetween the voltages of the incoming machine andfthewsystem
there is flow of current, usually referred to as in-rush
current, at the instant of circuit breaker closing. The
direction of flow of this current either into or out of the
machine is determined by its phase relationship with respect
to the large system, The magnitude of the current is

limited by the equivalent impedance of the two sources which
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under subtransient conditions comprises of the subtransient
impedance of the machine and the input impedance of the
system, Fig. 50 shows the nature of typical in-rush current
as a function of phasge-difference for different values of

the terminal voltage of the incoming generator,

The limitation imposed by the in=rush current is that
of mechanical force produced by the flow of such current,
For a phase difference of 180° the maximum current can be
as much as twice that of a 3~phase‘shdrt circuit at the
machine ﬁerminal, and the mechanical force to which the
windings will be subjectdto, may be four times that during
3«phase fault, From designers' point of view, definition
of permissible limits allowable during synchronisation- s¢
that the surges are within safety margin, is an important

_ task.,

(8.2.2) SYNCHRONISING TORQUE

The success of connecting two altérnating gsources
together depends to a large exteﬁt, on the generation,
at the instant of connection, of a synchronising torque which
tries to pull the two sources together, A formal
expression for the synchronising torque in terms of
frequency, phase and amplitude errors is difficult to derive
since it is a functivn of all the variables of the turbo-
alternator model, In the present study it is automatically

computed from the expression




STATOR CURRENT (p.u.)

FIG.50

lag é leaid

TYPICAL IN-RUSH CURRENT A3 A FUNCTION
OF ROTOR ANGLE AT THE TIME OF
SYNCHRONISATION

A AND B FOR DIFFERENT VOLTAGE DIFFERENCES
C AND D FOR DIFFERENT FREQUENCE DIFFERENCES
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T o= ﬂaié - éid - (8.1)

In general terms, the.rotor of the incoming machine is
subjected to the following torques at the instant of coupling.

(é) The electromagnetic torque produced by the
interaction of the stator and rotor currents and flux-
linkages. |

(b) The inertia torque due to acceleration or
retgr&ation of the rotor with respect to the fixed frequency
of the system.,
| (¢) The electrical damping torque arising from the
losses in the rotor of the generstor.

The dynamic équation of motion for the rotor is then:

w26 = T oM -1y | (8.2)
where Ti = {orque input to the rotor
‘ Te = electromagnetic torque at the air_gap
Tl = torque associated with rotor losses

(8.2.%) RANGE OF CONDITIONS AGOEPTED IN SYNCHRONISING

The maximum deviation in voltage, frequency and phase
that appears to be recommended for synchronisation without
producing any undué electrical surgés or mechanical shocks
are mentioned here. The limits are those that are used in
conpection with automatic synchronising gears.

(a) Frequency setting

0.25% - 0,5% =~ 0,75% of rated frequency
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(b) Pnase matching
| Continuously variéble between 20 to 45°
(¢) TVoltage sebtting
Steps of 2%, 4% and 6% of the rated voltage,

(8,3)  PERFORMANCE CALCULATION FOR SYNCHRONISATION

In order to investigate the transient response of the 
various machine variables during synchronisation, particularlyi
when the allowable limits are at their highest values,k o
theoretical studies were carried out with the Goldington
test generator. It was observed from the computed resultsl
that the changes in the terminal voltage and'phaSe—differencél
within the permissible limits do not make a significant
difference in the machine variables, for example Shaft-speed
and torgque. Frequency settings, on the other hand, have
marked inf1uenoe on these quantities, particularly when the
machine has a comparatively large inertia, Due: to the stored.a;
energy the rotor, when the phase angle is diverging at the
time of synchronisétiong tries to deviate away from the
nominal operating point and so a larger synchronising . torgue
is required to obtain a successful synchronisation as shown
in Fig.(51). Variations of rotor ‘amgle ' and slips for
two different initial frequency settings are shown in Figs.
(52) and (53). Considering the peak values of all +the |

variables, it may be concluded thet synchronisation within
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the limits usually recommended, is satisfactory since the

maximum amplitudes are not unreasonably high.

(8.4) THE RUSSIAN METHOD
58

The method of self-synchronisation or auto=

9

Log}

synchronisation™~ is widely used in the Soviet Union. The
method consists, first of all, of bringing the machine near
to the synchronous speed (usually sub-synchronqus) by
controlling the prime mover speed-control. The rotor winding
which remains unexcited until the coupling is done, is short
circuited through discharge resistance. Coupling is done
without controlling the phase difference between the two
voltage sources, Immediately after the coupling, the field
winding is excited; on account of the large time constant
éf the rotor circuit, the field current cannot reéch the
normal value for several seconds. The rotor oscillates
for a few seconds before settling down to the mean value of
the rotor angle, which corresponds to the loading condition
of the generator.

(8.,4.1) ADVANTAGES AND DISADVANTAGES OF SELF-

SYNCHRONISATION
The meritsof the self-synchronising method that are

ngually claimed59

are the following:
() The method is simple and practically excludes the

possibility of faulty connection to the system,
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(b) The coupling is effectively quick having the
particular importance in case the‘disturbances are to be
removed.

(¢) The process of connection can be easily autométised.

(d) The incoming generator can be connected to the
aystem even if the magnitude of the line voltage and
frequency are subjected to changes or swings.

(e) The connection of generator in parallel is simple
even in cases when the speed of prige mover is not controlled
automatically and when remote operating switches for
connecting generators are absent,

(f) The coupling between the system and the power
station through a transmission line, if disturbed, can be
restored swiftly by auvtomatic reclosing of the line, |
whereafter the generators of the station are brought to
instep operation either all at a time or in sequence by the.
gself synchronising method. |

The disadvantages that are encountered, however, are the .
following:

(a) There is always sbme rush-current at the time of
coupling the magnitude of such current depends on the
condition under which the connection is done.

(b) In the system, momentarily, there is a brief
voltage drop which‘again depends on the magnitude of the
current drawn‘out of the system and dies away within several

seconds. .
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In this eountry a considerable doubt is cast on the
overall merit of this method of synchronisation, due to the
possgibility of high transient current creating, for a short
time, a disturbance which may affect other parts of the sysfem
to which the incoming generator is connected, Particularly,
when the rating of an individual unit is in the region of 500
MW or above, the possibility of a large.dip in the system
voltage is considerably increased. It wasg, therefore, thought
desirable to subject this form of coarse synchronisation to

a detailed analytical investigation.

(8.,5) PERFORMANCE CALCULATION FOR SELF-SYNCHRONISATION

To make a comparative study of self-synchronisation 1t
was felt desirable to make an assessment of the difference
that is created by putting a generator in parallel operation
with an existing system, with end without field cireuit excited
- to correspond to the rated terﬁinal voltage.

Figs. (54), (55) and (56) show the transients of shaft-
torque, stator current and slip of the Goldington Machine
subsequent to an attempt to synchronise the generator at a
phase difference of «120° when the machine was running at a
sub-synchrenous speed with a slip of~055 radians/sec. It
can be observed from the diagrams that while the stator
current with excitation risesfabout twice as much as that

without excitation, the shaft torque swings upto more than
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5 times. Subsequent to the cirouit breaker closer, it
seems that the transients decay faster in case of an execited

generator than an unexeited one.

The results are, however, only comparative It was not

possible to study the effect of self-synchronisation on the

gystem since, in that case, the system has to be represented

as o gsource with a finite input or output impedance.

Héving no experimental information available for such
representation, an analysis was not possible,  Nevertheless,
the results invariably demonstrates the relative sevérity

to which an alternator may be subjected to, when

synchronised with and without excitation,
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QHAPTER IX

BXPERIMENTAT ANALYSIS OF LARGE POWER
UNITS AND ASYNCHRONOUS MODE OF OFERATION

(9.1) GENERAL
An essential fequirement of system design as the trend
towards larger»rating of éynchronous generator continues
coupled With a growing interest in the operation of generatorsv
uﬁdéf limited pole slipping conditions or short.pgrigd.oﬁlarfg
synchronous running is that of being able to reliably predict‘
the effects thét the ohaﬁging machiné parameters haﬁe on the
performanée of Zenerators connected to a power system.
,Ideally a unique mathematlcal model should cater for all the -
‘dlfferent machine characteristlcs that are likely to be
encounﬁered in ordinary system operation. The model
should, therefore, embrace the characteristics of a machine
- from both design and operationél'point'of‘view‘so that while
applying the quel for ahalysing the different modes of
operation, the necessary changes are reduced to few salieﬁt
~ parameters. A |
The validity cf a completely general representation of -
this kind would require to be exhaustlvely tested against smte-,i
test results as they become available, for there~is only one
vay in which any mathematical model can be confirmed as a
technically_adequate.foundation for power system application,

and that is by the careful correlation of the results the
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rapragentvation giV@svwith those obtained from fully
instrumented system tests. |

Having developed a mathematical repreSentafion of a
turbo-alternator uﬁit to a satisfachory extent; the present
Chapter is devoted to analyses of generatof_of 1érger power -
ratiﬁg for which it has not been possible to correlate.
From this point of view the analjses(aré therefore that of an
experimental nature, but it is nonetheless thought that these
will provide a sound-indication’baSQd_on g model which has
higher accuracy over any other theoretical representation
known to the author, to the performance trénd of generators o
of‘inéreasing powéf output’cdming into operatioﬁ as high merit
order‘base load supplying units. To this end, the main
',electrical transients are examined here for géperatOrs upto_.
660 MW rating, including their mode of opera#ion when |

synchronism is initially lost but where short period of

agynchronous running is permitted with a Tiew to subsequent
‘and spontaneous synchronisation with minimum manual intervention |
, : e 4

and circuit breaker operation.

(9.2) ASSLbSMENT OF MACHINE OPERATION DURING 3~PHASE FAULT
WITH POLE SLIPPING.,

. In order to meke an obServation of the. nature of the
response characteristics of a widely varying ggnerating unit%>ﬁ
a close-up 3-phase fault at the transformer terminals wag

applied to different machines whose ratings are in the range
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of %0 %o 660 MW, The fault duration was.so chosen that pole~
slippiné occurs in e#ery case before the generafors return to
steédy state conditions, The machines were COnditioned to
deliver rated power befére the fault was initiated. Only a
few of many results obtalned from computation are discussed

here, Jhe Pamaﬁnekns for bhe clamvfove Qmu&d%(mﬂffkﬂpbluwde%%&A»
bﬁ backe akwddioes . A , .
(9.2.1) ROTOR ANGLE TRANSIENTS

Variations of the rotor angles of the generators are shown
in Fig.S?. Thoﬁgh limited pole slipping occursg in allvcases,
the -positive damping‘preseﬁt returns the generators to steady.
running conditions.withih about-B seconds‘followéng Tault | |
incidence. In the upper range of power fgting %he damping
appéars to be'fractionally less than at lower-power.rating but
the trend is not emphasised; It is possible by the correct |
adjustment of the automatic voltage regﬁlator parameters
_appropriate to!mparticular machine to promofe the greatest
vositive damping torque. An optimisation of thig form was
not attémpted in the present seriés 6f analyses; the
regulator parameters in per-unit have\been maiﬁtgined.
constant for all thévmachines. In all cases a pésitive
synchronisation appears to result after oné pair of pole
slipping, except that in the case of the 500 MW machine
owing to somewhaf unusual combination of parameters in the

particular case, it slips two pairs of poles.




ROTOR ANGLE (Degrees)

ROTOR ANGEE (Degre0s)

© 600

400

200

goot
GOLPINGTO N~ Z0MW, HIGH MARNHAM~ 200 Mw.
H=5'3 S H= o
Goof H= 2 m_m 500}
400 400}
200 200 ‘
‘ WEST BURTON 500
H=3"5
L L L L i L ) 1 n
L~ o] 30 . ° i'o 20 30 . ) (K¢} 2'0 3c
USKMOUTH ~ |20 MW. BLYTH 360 Mw. )
H= 342 H=3Z% , i PRAX 660 MW.
- 4oor - S eoop. H=3F'6

400 400

00 200

1 I

L
o ) 2°0 30 i'o 20 30

TIME mwmhozau

FiG.57. ROTOR ANGLE VARIATION DURING 3-PHASE FAULT.
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(9,2,2) TERMINAL VOLTAGE TRANSTENDS

‘ For~the%éamé range of machine<ratings*and‘eperatihg~
under the same disturbing conditions the terminal voltage
variations are shown in Fig°58, In this the transients appear
to follow a consistent pattern without excessive over voltage.
1f anything, the over voltages fend to reduce as the machine
rating increases. Whilst a related study would be that of
induction motor auxiliaries during busbar voltage transient,
it is apparent from the voltage dip caused by a 3-phase faultb
with limited pole slipping that a p;ecipitation of instability;

is unlikely due to the short duration of the voltage dip.

(9.3) EFFEOT'OF“INERTIA CONSTANT IN MACHINE OPERATION

For assessing the effect of inertia ebnstan@ in generator .
perfdrmahces an experimeﬁtal‘analysis was oarried out by
considering a particular machine subjected %o a fixed
digsturbance while the inertia constant was varied within a
wide fange. The opefa%ionAcorrésponds to that of a B-Phase
fault at the unit transformer terminals for a duration of 0.38
seconds. |

The variation of rotor angle and terminal v?ltage are
shoﬁn‘in Figs. 59 and 60. The sfabilising effect due to
higher inertia constant is emphasised fromAthe nature of the
response characteristics of fhe machine variableé subsequent
to the fault clearance, Whilst with an”iﬂértia constaht of

upto 4 kw sec/kVA the machine slips two pairs of poles, an




WEST BURTON 500 MW.
: HIGH MARN HAM - 200MHW.
GOLDINGTON - 30 Mw. H= 2°815
H=5"3
i 1 1 § [ i
o K] 2°0 30 10 20 30 o 1'0 20 30
USK MOUTH —120MW _ DRAX -~ 660 MW.
H= 3°42 ‘ BLYTH -350 MW H= 3°6
"=3% E
-1 b 1 L { 1 i 1 !
o 20 30 10 20 30 1o 2'0 30
Time { second ) >

Fie.58. TERMINALVOLTAGE TRANS:ENT DURING JF-PHASE FAULT.



ROTOR ANGLE CDegree)M

Roop~ K00
600 — 602 gook
400 H=35 : 400 400
H=4%

200+ 209 200

1 | 1 i I J 1 i |

a 19 o] 50 0 ro 2'a 390 o] 10 25 30
§00}- 500- , . §00 -
400 — — . 400 4o
H=56'S.
H=50 H=60

2004 200 - X 200 —

1 1 0 At i 4 1 1

e

o i 20 50 o s 2°0 30 2 t'e z0 30
TIME (Second )—

FIG. 59. ROTOR ANGLE TRANSIZINTS DURING E-PHASE FAULT
FOR DIFFERENT INERTIA CONSTANTS.




STATOR VOLTAGE (K¢ )—»

i
gm f
i i
i P |
P \ b »
; | | i m
. i H=40 | mees
H= &5 ‘ m
i
|l |
|
L P ! Q I ] ! | | | I
o 0 20 30 o [ 29 30 o i 20 50
g :.N :.W —
«.N i \
\__ H=50 P m=e's
| /
M J
\ 1 ! 1 | i 1 I 1
) . . 1’5 Z'0 ) o) . ] 2°0 ) m.Q

.

!
_ 3
TiME (Secomnd

FiG. 560. TERMINAL VOLTAGE TRANSIENTS DURING 3-PHASE FAULT
FOR DIFFERENT INERTIA CONSTANTS.




98,

. ingreaage of the ingwvia to 4.5 stabilises the generator after
the machine has slipped one pole-pair only. A still higher
inertia gf 6.0 kw sec/kVA develops enough positive damping
for the machine not to Sllp any pole.

Similar effects are also noticeable in the stator voltage
trangients. After the initial drop in the terminal voltage,

the rapldlty with which the trans1ents settle down, increases

with hlgher 1nertla.

(9.4) ASYNCHRONOUS OPERATION

(9.4.1) VARIATION OF SLIP

Where as it has hitherto been the usual practice in
analysing the operating performance of schhronous generators
under asynchronous running conditions‘to aséume a constant
slipGo, the computed results in thé case df the Goldington
machine as shown in Fig.61 indicates that the slip is far frOm
.constaﬁt. The slip, corresponding to the rated output with
the field circuit short'circuited with discharge resistance
varies between almost éerq and 1.45% of the‘rated speed. The
previous analytical methods based on constant elip throﬁéhout

a cycle of operation seems to be in error on this account.

(9.4.2) STATOR CURRENT VARIATION
The fluetuation of stétor current between about 1.25 p.u.
and 0.7 p.u., is shown in Fig,62.‘ The inqreased'values of the

stator current of course result in increasged stator copper
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loss, At the same time, the limiting conditions so far as
heating is concerned are more 1ikg1y to be encouhtered,in
the rotor than in the stator. ’

It has not'beéﬁ possible to correlate the computed.
results with any sité\test results as the tests of Goldington
did not include a ﬁest of this form but a comparison with those

455

obtained from measurements at Marchwoo 1ndlcates a Slmllar

pattern of variation.

(9;4;3) TERMINAL POWER VARIATION
The operating conditions, as mentioned earlier,
correspond to a mean rated output powef. Du:ing é cycle of
operation, howevef, fhe variation aé shown in Fig.63 is

substantial, fluctuating between 0.65 and 0,95 per unit.

(9.4.4) TERMINAL VOLTAGE

When a synchronous machine is run as an:induétioﬁ
generator- an important consideration is that of voltage
variation that inevitably arise. In Fig.64 is shown the

voltage response which varies between a wnde limit.,

(9,5) GENERAL DISCUSSION

‘The present section serves to indioate the range of
studles to which the program developed may be readlly
Aapplied. Dtudies of this kind are likely to be of

1ncrea31ng 1mportanoe as machlnes and. system development take
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place, and where reliable information is required for

disturbance condi'tions61 other than those so far mentioned

may-be readily included in the program,
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CHAPTER X
CONCILUSIONS

(10.1) PATTERN OF INVESTIGATION
| The invesﬁigations documented in the present thesis have
taken a pattern that may be summarised in the following way:

(a) A formulation of the fundamental equations of a
synchronous generator in terms of dqo reference frame derived
from the basic equations of a 3-phase machine., |

(b)- The inclusion or the equations of a complete
excitation contrbl éystem and, in approximate form, the
equations of a prime-mover and its associated governing
system to formulate a mathematical model of a complete turbo-
~alternator unit, ‘

(¢) The development of a range of digital computer
nmethods with particular reference to the solution of the
equations of the model with a view to the accurate pre-
determination of the'dynamic response of a burbo-alternator
unit,

(a) 1In particuiar, account has been taken in the
analysis of:

(i) Steady state, transient and subtransient
saliency.

(ii) The voltage produced by the rate of change of
armature flux (p%d, pwa etc.). |
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(1ii) BEffects of the variation of the instantaneous

speed of the rotor under transient condition (p®).

(iv) Representation of the subtransient conditions.

(v) Input power modulation due to governor-action.

(vi) Representation of saturation in the magnetie
amplifiers and exciterﬂcharacteristics in the automatic
voltage regulating systenm, |

(vii) Representation of constraints on the governor
and main input valvesin the tﬁrbinéf |

(e) The correlation of the results obtained from the

conmputer solution of the turbo~alternator model based on
constant values of the machine parameters, with those obtained
from site-tests at Goldington Power Station. |

(f) The development of a variable-parameter mathematical -

model in which all the reactances and time constants associated

with the generator are continuously varied on the basis of
magnetic-oircuit saturation throughout the solution,

(g) An investigation of the phendmena of eddy current
flow in the solid-rotor body and the development of methods
by which the effects of éddy current distribution can be taken
into account in digital solution with greater accuracy than
if an equivalent short circuited winding in each axis is uged.
These methods include:

(i) The derivation of the equivalent-circuit

parameters firstly from the solution of the field equations
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of the robtor based on a sinusoidal forcing functione.
| (ii) Application of a technique by which the
parameters obtained from frequency response can be used for
transient response where the forecing function may btake any
arbitrary form. |
(iii) Two equivaleﬁt short circuited windings in

each axis,
| (h) A correlation of these more advanced methods with
the Belvedere gite~test results,with partiéular reference %o
the calculatioh of rotor over %oltages which represent a
stringent test on the{representation used for the flow and
distribution of eddy current in the rotor for, where the mmf
balance between the stator and the rotor is lost due to the
rectifiers permitting only positive flow of field current in -
an a.c., excited unit, the machine varialeS'are largely
conditioned by the properties of the rotor.

(1) An evaluation of the electrical conditions subsequent
to avtomatic and self synchronisation of turbo generators.

"(3) The experimental analysis of asynchronous running
and extension of the program for the analysis of generating

unite of up to 660 MW capacity.

(10.2) DISCUSSION OF DIGITAL METHODS OF ANALYSES
(10.2.1) GENERAL
The all-round analytical power of digital analytical

methods appears to have substantial advantage in large scale




PUwE ﬁyﬁ%em aﬁaiy@Qé and Wiil,in many daseé;be preferréd %@,[;‘
other alfernaﬁive methods-aﬁailableo> The ease with Whioh;é |
program once defelopéd ﬁay5at short notice,be used is inAﬁény:
Ways of signi@icant advantage . The flexibility of prbgramming‘
to represent a machine model,to such an extent és haSAhitherfo
been impossible, also emphasises'the adoption_of digital‘{

technique as an analytical aid.

(10.2.2) GENERATOR

~ The correlation studies that have been carried out in
the present work give fuﬁther support to the validity of ﬁhe.?
dq equations under balaﬁged and symmetrical operating ’
. conditioﬁs and it appears that if an adequafe.rotor
repnesentatien:is included in it, then the approach will bé:.-
satisfactory for a wide range of studies; The methods |
‘ adopted in the present,thesis‘to account. for. the effects oft$e .
 eddy\current flow iﬁ'the g0lidly forged'rbﬁor,jgppeérl“ﬁo beiv
satisfactory for the range of stu&ies to which they have been
applied.- The methods may be optimised on ﬁhe bagis of o
compayrison with siteqtestrresults for different sigzes of
generating units operating under widely varying operating
'conditiaﬁs. iThere*is; therefore, further'écopefcf4w0rk in
imprqving the basic method outlined in thé present work to ;
render it applicable for a wide range of machines.,

| Soﬁe reservation on the acéuracy of on formulation

should be méde'with,particular refereneé_to the representation




- of the saﬁurafion charaétemistieg of the wachine, The _
equations afe,based‘onthe:électriCal'and magnetic,independeﬁee.i
between the two axes. In the method of curve fitting
developed in the investigation?;agnetic cireuit:saturation
is'imtrdduced‘in terms of total flux calculated from eachanis
componenty the assumpﬁion»is then made that the mutual
in&uctanoe in the direct and«quadrafurefaxes are affected
edqally‘by saturation. In;reality, of ooﬁrse, owing to the
different relﬁctance paths caused by the presence of slots
and windlngs in the rotor the effects Wlll be different in
the two,axes. Meang of taking the 1nteractlon between the
two axes and}effects of sallency_lnto account repxesent an
extension of the basis provided here. |
Although the assumptlon of a counstant leakage flux
would appear to glve small errors, the evaluatlon of means
by which its variation can be taken into account would be a
worthwhile im?fo#eménﬁ of the analytical method, -,
HystereSiS'has4been‘negiected altﬂgethér in thg preseht'
work., The modulation-Of the machine parameters has been
achiéved from the flux and mmf relations of the mean ‘magnet-
isatipn curve, If the hyster981s were taken into account it
WOuld?appear from Lig°(68) that for the same mmf two dlfferent ‘
flux conditions may arise. Under steady operabting conditions :
Whilefthe flui;puﬁéétesat‘SO c/s in\thé étaﬁorg they remain

unldl*ectional in the rotor. Invéstigaﬁiaﬁ of the effects of




He

FIG3 68, EFFECT OF HYSTERESIS IN -CHANGING PERMEABILITY
| FOR A PARTICULAR MMP,
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hysteresis may alsd be worthuhiile,

(10.2.3) AUTOMATIC VOLTAGE REGULATOR

Of the different parts of the complete mathematical
;epresentation, the autoﬁatic voltage regulating system
presents, on the whole, the fewest difficultiés in digital
analys es, Its equations are formed on the basis of staﬁic_r
characteristics of each element and the time constants
associated with them appear to be readily available. The
saturation limit of each element has been represented by
gtraight line aﬁproximation and has been found t0 be
. patisfactory and the curve fitting for individual element does
not appear to be justifiaﬁle when the additional bomplicamon'_
that is involved, is considered., At the same time, where it
is thought that the output impedances of the different units
may reduce the effective forward gain of the loop as a whdle
" under conditions of the units supplying substantial level of
output current, then this may be accounted for in the equaﬁions
when these impedances are available.

The constraints that are introduced in the analysis to
correspond to the action of the vectifiers and based on their
haviﬁg zero forward resistance and infinite reverse resistance'_
appear to be satisfactory for a wide range of analytical |

purposes,

(1002.4) TURBINE AND GOVERNING SYSTEM
As used here, the representation of the prime-mover and
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it governing systen lg of a simplified Fowwm, bub it bas been
shﬁwn from correlation studies to‘give substantially close
»agfeement with site-test results, However, there is scope
 f0r further development of this part of the model, particularlj/
where limited pole-glipping and spontaneous resynchronisation
igs proposed. In general, the gqvernor will have relatively
small effect in preventing loss of synchronism, owing to the
long time delay in the control loop, but it will assumﬁfﬁéjof
importance in prOmQting conditions favouréble to resynohronis-
ation and subsequenﬁ build-upyof-loéd at a predetermined rate. |

Under those circumstances a greater degree of representation

of the prime mover and the governing system would be necessary.

(10.3) MULTI-MACHINE SYSTEM ANALYSIS

| The'present thesis has been confined to the analysis df a
singie turbo-~alternator unit, but the program and the methods
underlying it, affords its direct application to those cases -
in:which it is required to have regard for the interaction
be%ween machines. Since the machine equationsg are yalid for
steady Stéte, transient and subtransienf_conditions, the
extension can be achieved by calling, in the program, one
machine after another and calculating the new values of the
Variabies on the basis of the same equations at each step.
when the values are obtained, in terms of subtransient
Quﬁntities for all the machine,'the inter~connecting network

can be solved by one of the usual methods considering the
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machine variables remain constant for the interval chosen,
In this way the accuracy of a complete system representation
~ can be greatly improved., What is required from the programming

point of view is a large storage facility.

(10.4) SITE TESTiNG RELATED TO RELIABLE MACHINE ANALYSIS

A stage is reached in the theoretical formulation of
méchine representation in which ites further development can
only be profitably made by relating the computed results o0
those obtainéd from actual measureméntson the system, Thus,
-in further improvihg the rotor representation detailed flux
measurementsat different locationswithin the rotor body
- becomes desirable to indicate,ﬁith greater accurac& then
at present seems to be known, the flux distribution in the
surface of thé rotor., Local ﬁocth saturation complicates
any rotor representation and a knowledge of the likely flux
distribution at different points around teeth at different
locations on the rotor surface, may provide an analytical basis
for taking the effect into account. A

In 2 gimilar way, search coil meagurement to indicate the'
leakage flux and its variation with saturation could assist
considerably in including this into the mathematical
representation. Of particular merit are search coil
measufements in which the coils are arrsnged to be elactrically'
at right angles to each other, so that one of them indicatasA

the condition of the direct-axis flux path while the other'
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will do the same for the quadrature-axis flux path;

‘ While carrying out site tésts on a gingle machine
connected to a relatively iarge gystem, if appears to be
desirable to extract more information about the system, It
has been mentioned earlier that the effects caused by a
disturbance in the machine on the system could?%g studied
because the system was assumed t0 remain uneffected. If the
systeﬁ‘cbuld, instead, be represented_as a source with
finite input-output impedance, suchmanalysis would become

‘Ieasiﬁle,

(10.5) OVERALL commsxom

By providing a flexlble, accurate and comprehensgive method

of representing a synchronous generator it is hoped that the

present work will further contribute t0 the available knawledge*=

of transient performance, and, through those aspects of the
system design to which it relates, to the permanent require-

ment of\increaSing the security of synchronous power system.-
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APPENDIX (A)
PARK'S TRANSFORMATION

(A.1) CTARKE'S COMPONENTS
A set of three vectors representing currents, voltages .
or fluxes of a 3-phase system can-bé replaced by any one of
a number of different systems of component vectors. One of
them, Clarke's aBo components, is related closely to Pafk's
dgo tfansformation° | |
The coefficient métrix that transforms abe phase

variables into Clarke's aBo.components is giﬁen by

o B 0
af1 |'=%+ | =%
[(] = % v|o| 3 |- (A.1)
giving the relation
[ocBo] = [U [abc] - (A.2)
~and for inverse trahsformation
[abc] = ['0_ -1 [ocﬁo] (A.3)
where " ) |
1 0 1
[c]”' = |-% ig | 1 ‘ (8.4)
- m{g 1
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The coefficient matrix given in equations (4.1) and (A.4)

can also be'expressed in the following wéy

coé(O) cos(=120) cos(§é40)
[¢] = % |-sin(0) |-sin(=120) |-sin(~240) | (A.5)
cos (0) -sin(0) - | 1
amd. [¢]™" = |cos(~120) | -sin(<120) | 1 (4.6)
cos (=240) | —sin(-240) | 1 |

In a symmetrical System"operating under balanced
oonditions, the o component is equal to phase ‘a' of the B
phase system in magnitude and direction, The magﬁitﬁde of
B component is equal to that of phase-a but lags phase 'a’
by 90°, The zero component is absent. - In case of an
unbalanced and asymmetrical system all the components are
present and their magnitudes and phase relationship do not
maintain any symmetry as in the former case, In machine
analyses it is the usual convention fo assume that. under

- 8teady operating conditions the generated vpltages and output

currents are-balancéd and symmetrical so that

Ko = %,
K, = 0

The physical significance of this transformation is that a
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Z-phage machine is now replaced by a 2~phase machine, the

effective number of terms per phase being the same for both

the machines.

(A,2) TRANSFORMATION FROM aBo TO dgo COMPONENTS

The aBo components can be transformed into dqo
compbnents in the following way. . Assuming thaf the d axis
leads the axis of the @ components by an angle ©, the |

coefficient matrix that links the two oomponeﬁts is

‘cos © | -gin ©

bﬂ = | gin @ cos @ ' 3 : (A.8)

so that

[aad] = [0] [o8d] (4.9)
Substituting (L.2) into (A.9) a relation between the abe

variables and the dqo components is now given by

-

o

‘[d‘qa] =[] [] [abé] | - (4.10)

g

and multiplying |D] andf[C] fogether
[@ad] = [P] [abd | (8.11)

'where‘[P] = Park's transformation matrix,

cos O éos(@a1zd) gos(9~245)

[] = % |-sin 0 | -sin(6-120) | -sin(0-240) | (4.12)

+ LT | 3

H
T
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The different stages of transformatiqn are shown in Eig8§€5;
and. 66 ) |

(4.3) PHYSICAL SIGNITICANCE OF PARK'S TRANSFORMATION

‘The interpretation of Park's transformation as applied

in synchronous machine analysis, may be described by
considering an unloaded 3-phase~maohine generating
symmetrical and balanced vOltagesq The'voltage’equations

for the three phases of the machine can then be writtén as:

Vo = vspos wt .
v, = vgoos(ut - 120) | (A,13)

O ’ '
v, = vscos(wt - 240) | ( )
‘ - . ‘ A.14

In machine analysis, however, the usual practice of writing
the phase-~variables is

v, = Vv

!‘ a s

/ _ , 0
v, = vscos(m120 ) . (A.15)
L 0
v, = vscos(~240 )

The results obtained by applying Clarke's transformation to .
these two different sets of voltage-equations are entirely -
different. |

When the phase-voltages of equation (A,13) are
transformed to afo components by applying equation (4.5),

the following are obtained:
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Vo = Tge08 @t
= it - :
Vg = vgeoslwt - ) (A.16)
Vo = 0

The results obtained by applying the same transformation to

equation (4.15) are:

Ve = Vi
Vo = 0

In the particular case of an unloaded machine where the axis. |

of phagse ‘'a' coincides with the magneﬁic axis of the rotor,
the dqo cbmponents are:

Yo T g \ (4.18)

Vg = Vg |
It is, therefore, true to say that in the conventional
machine analyses, the application of Park's trapsformation
eliminates the B components during the process. Machine
analyses are carried out with the o component which undér.
balanced and symmetrical conditions corresponds to phase 'a'
of a 3-phase machine, |

While the analytical work is coneerﬁed with

symmetrical operation of a generator, the transformation
outlined above is écceptable since the phase—quant;ties are
identical except the 120° phaseédisplacement. Under

9
sgsymetrical conditions analytical studies have been done?

on the basis of Park's tranéformation agsumning that the
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generated voltages are balanced and symmetrical and are

not affected by the external conditions. This is, however,
unrealistic,. Due to varying éurrents in the three phases
during asymmetrical operation the rotating m.m.f. in the air-
gap is not of constant magnitude and harmonic voltages are
produced in the rotor and stator circuits%g The usﬁal
maohiﬁe model in the dqo reference frame is, therefore,

not adequgte for analysing asymmetrical operations of a

synchronous machine.
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APPENDIX B

THE RECIPROCAL PER-UNIT SYSTEM

"The first step in establishing-a per-unit system is to
define»a set of base quantities, The widely accepted practice
is to take the peak values of the rated armature current and
voltage of the generator as tﬁe bagse quantities of the

armature, This leads to the following definitions:

i, = rated phase current (peak)
V.o = rated phase voltage (peak)
. ~2 _
So VA, =%1i v .= (raged machine output)
Z ..-..mI; =X =-§'-°-
ao 0 ao a0 iao

= bagse impedance
Veo = Laoiao = base flux-linkage per phase

Jimilar quantities may be defined for the rotor olroults, but,
at this stage, it is not possible to assign any physical value
to these circuits. Nevertheless, whet ig important is to»find
.a relation between the stator and the rotor cirouit go that the
mutual inductance is the same in per unit system, It could he
eagily done if the eqﬁivalent turns of the stator and the
rotor circuits were known. In practice, the turns ratio is
not usually known. In any case, the flux~linkage equations
of Section (2.2,1) can now be expressed in per unit system,
dividing each equatiqn by the base flux linkage of the cirocuit
to which the equation applied,
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L, .1

Ya  Loracieae  tra . Taxalwao Ik g 14
Ti- T i Lo ti T - Toi. (B2
a0°ao 20780 “fdo a0 a0 kdo a0 80
where ifdo = per unit field current

1rgo = Per unit damper winding current.

Now indicating a per unit quantity by a bar under a

gsymbol
. - afattao ;- lakalido y _p (3.3)
=4 L sotao =fd Laolao =kd —d~d
Slmllarly, d1v1ding\yfd by Lffdoifdo
L, ~od i
kfd"kdo ffd 80
Weq = Leogieq * Ty —— 1 i (B.4)
~fd = =ffd=fd Lffdo £do =kd . 2 Lffdoirdo =d

For a reciprocal per wunit system the condition that is to be

gatisfied is, feom ef‘mmvw B3and 24

Lafdifdo = E‘Lfadigo
Loolao 2 Lrraotrao

The numerical values of Lafd and Lﬁad are the same and hence

(B.5)

from equaﬁion (B.5)

3. D
ffdoifdo 5 Looino
2 3 2
or  wileeqotras = % Taolao ' (B.6)

This then proves that for reciprocal mutual inductances the
volt-ampere ratings of the field winding ﬁhbuld be the same
ags the generator volt-ampere rating. In a similar way it ocan
be shown that the same condition holds for the damper circuits
as Wélle

It is now.required to £find base quantities for the
Tield winding. 0f the several ways of defining the base

field current, the one that is in wide use is %o consider that
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valué”of field current which produce in each stator phase,
under open 01rcu1t condltlons,Aa voltage Vg given by

v, = Wy I

a ad ao
Therefore, '
LW Lafdlfdo = Wolggdas
oF Loratrao = Ladiao | i - (B.T)
_Slmllarly Lakdlkdo = Lad a0 , .
‘Lakq;kqo = Ladiao . _ ~; | (3'5)

Substituting these relationships in.the flux linkage
:equatlons of Section (2.2.1) a new set of equatlona in the
‘ reclprocal per unit system are obtained as given in Section
(2.2.2). -

~ From equation (B,7) which is in MKShunit

L . .
a - ad ng ) .
‘ra0 ¥ Tt ®

afd ao

irdé‘can be obtained from the épen‘cirouit characteristios
of the machine and thus the numerical value of Léfdican be

found.,
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REARRANGEMENT OF DIFFERENTIAL EQUATIONS

(0;1 ) GENERATOR
(2)

From equation (3.1)

Direct-axis Flux Linkage

T

v, = Log {1+ Mg Vg

a - ' y . 2 °r
T (Tl + TP + M40 Tt

- ol ﬂr’ e tt
17+ ( q + T D +'Tdep _
T (vt T p 1 T R Fat
do kdo P do dop

Before any rearrangement; the gquadratic expressions in

p both in the denominator and numerator of the above equation

1 T2

ie factorised from the following i@gntitiés;;'
2 ... . |
T (Mao * Mo )Pt e et = (1 +mEI 1Ty (6.1)
and 1 + (¥] +7g,)D +'v§‘r'gp2 = (1 +’T’3p)(‘1 +Typ)
The direct axis flux linkage can then be written
o =1 (1 + Tedp) Ve (0 +7p) (1 +7 p)
d " Tad* (1 +7p)(1 +7,p) "rfd (T !‘11}9)(1 +sz) .
, L © ‘ (. 2)
This can be conveniently arranged by rewriting
o | . .
q’ = 1 - (1 : kd) fd L!! {keq +T p}L d
d” Tad T +‘r‘1p)(1+ D) *Tpg (1+"7‘pT T p)
| o (0. 3)
where Ly , usually called’subtrans;gnt inductance
'?
""‘é I.ld (014‘)
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V=T
. i - u"§ ﬁ
kgg = ‘f’ﬁ*’e | (C.5)
~ _ , A4 |
and Ty = T3t W - TsTy {"'1 * "'25 (0'6.) |
Now let
gy = qu + Lgig X (C.7)

where wg represents direct*axis flux;béhihdtthe5éub-transienf
inductance, then the first order equations can be formed from

(C.7)

A, |
vy = T+ ) S (c.8)
where ¢T = {L (1 + de) dr;(kéQikqéqg)Ldi&l//(i+”T
. (C.9)

Bquetions (¢.8)- and (0 9) may now be put into the required
first order differentlal form.‘ '

From equat10n4(c‘9),:
Pt = {L,q(1+7 TieaP) ig-(k -, Q)Ldid 1\7 (c.10)
and pl]ié' = {"’1 ...q; ‘

It is shown in- Sectlon (C 2) that p(vfd) may be formed from
excitation control system.. The pi term is obtalned by
11near approximation as descrlbed in App:ndhc(d 4).

(b) Rotor Current

From equation (3.3)

i

=

(1 + kdop) - Vrd . (1 +dep) - Pl

&gy ’”kdo)p* d"* “.'92 rfd 1 + ("'a'” )P“'dé'*'d 92 Fra

o} do kdo

H
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Applying equation (C.1) this can be written as:

. - (1+7 dp) zm+ (1+7 4000, 4 Ri_d- ‘*(CH”)*
£fa - (1+ 1p)(H— 5P) Tog (1+7 p)(1+'\“ g .

The first order equations are then found in the following

way, the pattern belng the same as used for direct-axis flux';

(¢) Field Flux-linkage

From equation (3.2)

linkage.,
. (1 +TadP)  Tpq Log (Ep=Tp0)i,
Yra T TFT DI +15p) Tog Led = Peq * T +'T‘1p)(1 FT,D)
(C.12)
where ifé = :ad o :?i o id (C.13)
’ ' _fd 1°2 '
_ lcd '
T = -7 ( Té) (0.152
If, furthef,it'is assumed that
. Ieg
then lfét = ‘:]“*_;"'3,;-5 (C.17)
(1+7T _.'p) v L, . (ko="T.p)
‘kdo fd ad £ 7 f . :
where I = - i (¢.18)
; fa (1-# p) Tpq rfd 1*+T3p a ‘
Then from (C.17)
_ : '
iy = A {Ifd - ig§ (C,19)
and from (c.18)
_ ] fd - -
Pleg = %, '{(1 "TkaoP Tog " Teq (kf FP)ig =1 d}

(C.20) -




(1 + ﬁagp) vfd
2 " Teg

Wy = Degg o -
v U
- 140 do* kdo)p+ a0 Y

- 1 4 (q-f ?).. ) R 2 Ladid.
kdo’? do do® ‘

Proceeding the same way the above equation may be

written as

qu‘ 1 .
b =1 (1'f op) Veq (1 +7 4p) _
20 T Veed © TT+7p) (1 +1,p) Tes (1 + 1 p) (1 F7,p) ~ad™d
(c.21)
The first order differential equations will then be
| | Wed -
Lpfd = (1 ,‘_ﬂrzp) - (0.22)

where ‘ o
{P - 1 T (1 + TN )vf (1 3+ ) T .4 (O 23)
gd = TT+7,p) | “ffd ao® /T kd®/ *Had d} U
or - . | :
. : - .
pq)fé_ —‘ ""’1 {Lffd(1 +'TJ "p) fd &d(1 + ’T‘kdp)ld o L)de’.} (C024)
and from (C,22)
_ T
plp‘d - {q)id fd} (0025)

(@) Direct axis damper winding current.
 From equation (3.4) |
Lad p(i - ifd)

—
—

Lra

Tkq +deop
L
& .—" 1
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(e) Quadrature-axis Flux-~linkage .

From equation (3.5)

i
a (T oP) Tae

Defining the sub-transient quadrature flux linkage as:

no. + T4 o
) -l ]
where " = ;rQW'L (C.28)
. '] . .
th U e J LT - ' C.
then Yy P {-Tglq = ¥ (¢.29)

(f)  Quadrature-axis Damper Winding Current

From equation (3.6)

i — Laq o piq "
L
. _ 1 ag _
then Pl = 'qug{:rkq . piq - iké} (¢.30)

(g) Equation of Motion

From equation (2.25)
- 2 A
P, = MpPS + P + k00 + Pp

Introducing an auxiliary wvariable giving

the equation of motion can then be written as

O ,
pU = 47 [P, - kgpe - B - Pp]} (¢.32)
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(6.2) SINGIR STEP FINITE DIFFERENCE METHOD

Whilst, in solving the system equations, it is
necessary to compute the rate of-change with respect %o
time of several machine variables such as p g or pid, explicit
mathematical expressions for these are not available among the
machine equatibnS, They are, therefore, evaluated by 2 simple
finite difference method in which the variables are assumed
to vary linearly during a step length and their rates of changé
- are theh computed by dividing the increment over thie step
by the step length.

Referring to Fig.8)

Y, = (T, - Yoy} /n (C.33)
where pY, = the rate of change of Y during the n th.
interval,
Yn = value of Y at the beginning of n th,

interval,

Y(nk1) = wvalue of Y at the beginnlng of (n~1)th.
- interval.

(C.%3) EXCITATION CONTROL SYSTEM
(a) Magnetic Amplifier (1)

From equation (2.29)

K,
~(v - v

?"4—7%p ‘81~ st) +0

V1
Sincde C is a constant the rearrangement can best be done by

writing the above equation as
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v, = v +C (C.34)
k1 |
where vt = T—:ﬁ;TE(v - Vgq - vs2) (C.35)
so that vt = %r {k1(v - Vs, = VSZ) - v{} (C.36)

within the range

v1min < vy S vymex

(b) Magnetic Amplifier (2)

Following the same step, equation (2.30) can be written

2

as ve o= v, + G, * ‘ - (C.37)
yielding v = ;%-» {kzv,[ - vz} (C.38)

2 - .
for vgmin A P ﬁivzmax

(c) The Main Exciter

From equation (2.31)
k eV

_ 2
Veq T 1-FTep
therefore pvey = #L-{kev2~m Vfd} ' " (C.39)
e

(d) Subsidiary feedback signals
From equation (2,32)

k. T.p
v, = fi..i
‘a1 + “r’
4
Since C, is constant, from equation (Co37)
pve = PV, (C.40)
substituting this .
k '
= ol - -
va‘l - rT14 --‘-:2 (k2 1 v ) VS1} (0041)




M'T_

Similarly from equations (2}33) and (C.39)

K,
= )42 - - .
PVa2 = 76{ v (kgVp = Veg) Vo) (C.42)

(C.4) PRIME~MOVER AND GOVERNOR - .
(a) Governor Valve Position

~ From equation (2.35)
u = ! + U
1 (1 + 7’71:)(1 + Top) & Tk

8+ ¢

Introducing two auxiliary variables, u' and Vs

wyo= oultw | (C.43)

v : .

and u' = 3 Tgp &(0.44)
: G;lu

where v3 = -1—-_;_-:;;5 | (C.45)

Then from (C.43) and (C.44)

- A fgu-
wy= G V) (c.46)
and pu' = =(v; -~ u') (C.47)
ap 53 |
for 0= = 1
(b) Turbine

From equation (2.37)
. . %

i' _} 1 ; gp
hence ' pPi = -%F{PS - Pi} ‘ e (C.48)
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APPENDIX D

(D.1) MATHEMATICAL REPRESENTATION OF THE BELVEDERE
EXCITATION SYSTEM

The voltage regulator and the ex01tatlon system fitted
t0 the test generator in the Belvedere Power btatlon is shown
in block schematic form in Fig. 37 . The equations of the

different elements of the excitation system are:

Magnetic Amplifier (1):

>

(1 ""'71?) ,
V1T T AR F V5P) v (D.1)
for v1m1n < v1 < v1max
where v = (Bg=-v, - Vgq = Vgo = Vé3) (D.2)

Magnetic Amplifier (2):
AL

Vo = T7 +'~r4p) " (D.3)

. L] 4 <
for Vomin £ V, £ Vomax

A.C. Bxciter (including rectifier):

kv : S

2.2 _
P (D.4)
for vpqmin £ Vey L VpgqlaX

Veqa T 07

Amplifier Stabilizer:
k. (1 + Y.p) : A
- D b ‘ 4
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Bxaibter Stabiliser:

k;p vfd

Ve2 = T TAgp (D.6)

Terminal'Voltage Stabiliser:
_ k_p‘vm o ' S
Vgs = —5——--1 T : | (D.T)
The values of the time constants and the gaing of
the different elementé are given in Table VIIL along with :
their saturating limits, o
| The solufion of the equations are achieved in the
same process of redﬁation a8 shéwn in Appendix C,
(D.2) PROGRAMMING OF FIELD CURRENT CONSTRAINTS
The tec@nique of prograﬁmiﬁg.the constraint for
Tield current having only one poiarity, is illustrated in
Fig.@SZ) The necessary changes'éﬁat are required to be
incorporated for sﬁch cbnstraint_are:
(1) Whenever the fiéld current tries'to‘ba
less than éero, it is to be kept at Zer0.
(2) When the field current is equal %o zero,’
the field winding behaves like an open-circuited coil if = ..
it is not short circuited by an external resistance and

coupled to the other windings on the direct axis. Hence -




| WYID0Ud  ¥EIAJIHOD NI ,
INIVEISEY INENNND QII4 40 NOIIvVINZszudmy (L9)°p1d

— |

b PSy
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The @pératianal equations for flux-linkages and voltages

are different from those when the field-current is nét ZeTO.,
(3) At the instant of the field current being

zero, it is necessary to switch on to a different set of

differential equations, the initial condition of which come

- from th@ lagt values of the previdus equations, Computation

then continues on the basis of new equationg until the field
current again triés.to build up in the positive direction.
(4) At the time vhen thg.field_durrent tries to
beopme positive, it is again necessary to switch back toi
the former set of differential equations along with the
proper transfer of initial conditions,
Por each time that the field current goes to_zero; it

is evident from (3) and (4) above,'that two sets of changes

~of differential equations and corresponding transfer of

initial conditions, are necessary, For the computer %o
différentiate between the‘two‘different changes, a marker
k, a5 shown in the figure, is used. So long as the field
current is positive, the marker moves along with the
independent variable, time. As éopn as ifd = 0, the

marker stops. So the first set of changes as in (3) above;

comegs into aétion when

ipg = 0 |
and k =t = t, (for example),

and the second set of changes, as in (4) above, comes into
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~action when
ifd is slightly greater than zero
but k£t = t2
as shown in the diégramo
However, soon after incorporating the changes in the
latter case, k is again set to move along with the time
scale until the next stage of current constraint comes into

action, The whole process is then repeated.
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APPENDIX B

(Bot) SYNCHRONOUS MACHINE EQUATIONS WITH TWO DAMPER
WINDINGS ALONG EACH AXIS

The machine equations with two damper windings in direct
axis and two in the quadrature axis can.be written in the
reciprocal per unit systend in the following way. Suffices
1 and 2 designate damper winding (1) and (2) respeotivelj.

Flux equations:

direct axis:

Wa = Taalea * Taglxat * Taairae = Tata

+ L i ., + i - I i

Yra = Peeatra * Laalkar * Taalkaz < Taa'a (B.1)
$rea1= Taatea * Bexarieat * Yaatiae ~ Taald
Yiao= Tagtra * Taglkatr * Ticaoivas = Taala
quadrature axig:
by = Laqikq1~* Taalkqe = Toq
Yrq1= Lkgiikgt * Taglkge = Taglq (8.2)
wkq2= Lk@%qu * kaququ - Laqiq
Voltage equations: f
direct axis: | |
Veq = Pleg * Tealpg
Va = pqd'"‘Raid = 4hp9.
O = Dphegs * Brarixar (=.3),
O = Plhao * Rygodrar
guadrature axis: _
v, = pﬁh - Raiq + qapg
0 = p¢kq1 + qu1ikq1 (B.4)
0 =

Plhgo * Bigoligr
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Gurrent equations:

(neglecting  resistance for the sake of

simplicity) _
ig = (V= Vyeos 8)/%, o (B.5)
i, = (v sin & - V,)/X, | . (E 6)

Substituting from equatlons (B,3) and (R, 4) 1n$o equatlon (B. 5)
-Xtid = ¢ - alq + deg - Vbcos S

or _ t ig = dp@ + V, cos S +R 1q = pda ‘ - (B.7)
Slmllarly from equation (E.6) and (E.3): |
thq —-Vbsmn(S + R,i4 *<¢qu '= pwd (an)) -
For field winding ,
- Vea T rfdlfd = "pyy - f\uﬁff\ . (E.9)
Fox dlrect axis damper windings ' | r :
Rearigar = P*k§1; . - (Ba0)
Byasiyar = Pheaz . - (B.11)
For quadrature axis damper_windiﬁgs‘
Byqiiegr = .p4£q1 | - (B.12)
Rygoigge = p¢kq2 L | , (B.13)

Replacing the left hand sides of equatlons (B. 7) to (B.13)

by y's, they can be rewritten as

i = Pl

V2 = PPyq |
y 3 = pikdE Q\\) \u\ﬂ}:
y 4 = P Lpd_

y5 = pwkq1
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Y6 = p»%qE
Y = PYy (B.14)
Now substituting from equation (E.2) into the first
expression of (E°14), it can be written that
V= T (hygy) + By (i) = Ty (piy) (E.15)
Proceeding in the same way, equation (E.14) can now be |
written in the matrix form in the following way:
Y4 Liié g | Lad -J_adi 'T@i&d
Yo | | Taa | Bigr| Lad |-Lad Plygs
T3 Lag | Yaa | Txxao Loy Plygo |
V4 1= [ Laa | Taa Lad | ~Log Plg
75 Ikggi ag | “-ogq Pl
M . [aq- kaq2’;1ag_“‘ _Efgggi
7 ] ;aqf E@q L pia‘
| | (B.16)
(B.2) PROCEDURE FOR SOLVING THE EQUATIONS OF THE -

MACHINE MODEL

MY the beginning of the step:

(a) the variable mutual_induotances.are calculated.

(b) inductance-matrix is reset with the new valués.

(¢) y's are calculated on the basis of the currents, rotor
angle, field voltage and instantaneous fréquenQy obtained
at the end of the last interval.

(d) the coefficient matrix is inverted and the differential

equations for the currents are solved by step integration
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PROCESS . At the same time other differential equations .

relating to the excitation and governing éystemsand.thei
dynamic equation of motion can also be solved. )
At the end of the step:

(a) Algebraic equations_are solved to get the values 6f
necessary quantities such as output power, terminal
voifage, total loss, instantaneous speed and aif-gap
flux. |

The process is repeated,
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APPENDIX F: THE MAIN PROGRAM

The program, finally written in Atlas Autocode, consists
mainly of several routines end blocks declared at the beginning
of the progrémg Bach of the routines or blocks are selected
for execubion at the appropriate time duvring the solution ‘
period. Spaces required for data storing and computation within
a routine or a blockjare declared at the beginning of the routine
whereas storage for variables common to several routines of
same textual levels are declared at the beginning of the

n vk Toe oboren we not Kept occupiect b

program, Care has also been taken to see,a period longer
than it is necessary. In this way the store~time has been
substantially reduced. At the aamé time an attempf hasg not
been méde to reduée the eomputation'time to the mbst
efficient level, |

The following blocks and routines have been used in the
_program: | |

(1) Curve fitting - This computes the coefficients of
the polynomial expression for the machine-saturation
characteristics.

(2) Machine Parameters - It caloulates the mechine

- parameters (unsaturated) based on open cireuit and short
circuit tests in the reciprocal per-unit system,

(3) Initial Conditions - This caloulates the numerical

values of all the machine variables including the voltage
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regulating system and the turbine and its governing system
corresponding to the operating conditions of the machine,

(4) Instep = This is a library routine for solving
the differential equations by the Kutta~Merson Method.,

(5) Field Current Congtraint - The function of this
routine is explained in Appendix D,

(6) Variable Parameter - This block ocalculates the new
values of the machine parameters depending on the
operating condition of the generator.

(7) Input and Output - By this block the test
conditions are imposed on the machine sccording to pre~

assigned constraints,

A flow diagram of the program ig glven in Fig,69 and a
print out is attached at the back of the thesis. ‘

e w e e N




Begin

Allocate Stores, Declare
Routines

* Select Test

Curve fitting

Machine Parameters

Variable Parameters

Initial conditions only once
during the solution period

Input Output Contrél
(Apply the test condition)

Solution of Machine Equationsg
1) Instep
2) Field current congtraint
3) Solve Algebrailc equations

Print
Test |
Solution Solution period
Period C t mp.L

FIG.69  FLOW DIAGRAM OF THE MAIN PROGRAM 4
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